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ABSTRACT 

With the objective to produce stable Cu nanoparticles (NPs) of size ≤10 nm for their multi-

facet applications particularly as an electrocatalyst for the CO2 reduction, various synthesis routes 

have been systematically applied. Otherwise quite reactive towards atmosphere, the desired Cu 

NPs were stabilized by incorporating the metal in inert matrix of Au to produce AuxCu1-xNPs (x=0 

to 1). For the purpose both single- and two-phase wet chemical routes having various combinations 

of stabilizers, reductants and reaction media were employed and the NPs were characterized by 

various pertinent techniques such as UV-visible and FTIR spectroscopy, TEM, HRTEM, STEM, 

elemental analysis, XPS and XRD. The NPs synthesized using alkyl amines, acting as both phase 

transfer agents and stabilizers, were not only in the desired size range but also exhibited adequate 

stability. However, the most interesting feature of amine-capped bimetallic NPs, confirmed using 

HRTEM, STEM and XPS measurements, was the surface segregation of Cu.  From the temperature 

dependent XRD studies higher crystallinity in the cores of AuxCu1-x NPs has been established.  

As for the pure Cu nanostructures, they were produced on glassy carbon electrode (GCE) 

from acidified SO4
2− and Cl− media using chronoamperometry (CA), cyclic voltammetry (CV) and 

linear sweep voltammetry on rotating GCE (RDE); the techniques also provided useful information 

such as optimal conditions to be applied for the CO2 reduction reaction (CRR) on in-situ produced 

Cu nanostructures. Regarding the Cu nucleation, CV study provided various relevant parameters 

and CA data fitted to the Scharifker-Hills models furnished information on kinetics and mechanism 

while RDE experiments were utilized to find out kinetic current density (jk) and rate constant (kf) of 

the process. FESEM coupled with EDX clearly demonstrated formation of Cu nano-dendrites. 

Differential electrochemical mass spectrometry (DEMS) has been used to establish products of the 

CRR. From the above mentioned electrochemical techniques it has been demonstrated that instead 

of using bulk Cu, addition of just few mM Cu(II) in the reaction mixture produces more efficient 

and durable in-situ catalyst for the CRR. Compared to SO4
2− it is better to use Cl− medium which 

renders stability to Cu(I) centers that have additional role towards higher catalytic activity of the in-

situ Cu. An interesting phenomenon observed for the CO2-saturated solutions is the splitting of Cu 

anodic peak with the Cl− concentration; a mechanism has been proposed which could very well be 

substantiated by additional CV experiments carried out in the presence of Cu(I) and CO. DEMS 

experiments employed for online characterization of the CRR products have provided evidence for 

the formation of CH3OH and CH4 which being products of interest in the area of alternate fuels.  
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4.20 

 

Effect of sample (over)loading on (i) Cu2p and (ii) Au4f XP spectra of 

C12N-capped Au0.9Cu0.1 NPs: (a) peak-splitting due to sample 

overloading on Si-wafer (charging effect) and (b) almost lack of peak-

splitting due to minimal loading achieved by spin coating. 
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4.21 

 

XP spectra of C16N-capped Au NPs: (a) survey spectrum with the inset 

showing characteristic Au4f doublet peaks and (b) high resolution 

deconvoluted N1s spectrum. 
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4.22 

 

XP spectra of C16N-capped Au0.84Cu0.16 NPs: (a) Au4f, (b) Cu2p (inset 

showing the presence of plasmon peaks), (c) N1s and (d) C1s. 
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4.23 

 

XP spectra of C16N-capped ‘Au0.92Cu0.08’ NPs: (a) Au4f and (b) Cu2p; 

the value of x determined from area analyses of Au4f and Cu2p doublet 

peaks comes out 0.96 compared to 0.92 obtained from chemical 

analyses. 
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4.24 

 

Deconvoluted N1s XP spectra of C16N-capped AuxCu1-x NPs having 

different x values (arrow at 398.1 eV in the spectrum of Au NPs 

indicates nitride peak). 
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4.25 

 

XP spectra of Cu disc after sputtering with Ar: (a) Cu2p and (b) C1s 

(peak ‘A’ is due to carbide formation during sputtering of the Cu 

surface) and (c) O1s XP spectra to showing (i) presence of surface 

oxide on the Cu disc and (ii) its removal by Ar sputtering. 
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4.26 XP survey spectra of bare Au-on-glass film at take-off angles (with 

respect to sample surface) of: (a) 10° and (b) 90°. 
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4.27 

 

XP spectra of: (a,b) bulk Au in Au4f region and (c,d) bulk Cu in Cu2p 

region; (a) and (c) show respective spin-orbital splitting while (b) and 

(d) exhibit presence of bulk plasmon peaks (inset of (b) depicts the 

deconvoluted plasmon peaks). 
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XP survey spectra of bulk: (a) Au and (b) Cu (normalized to the Au4f 

and Cu2p peaks, respectively); (i) and (ii) are the respective spectra 

before and after C16N self-assembly on the metal surface (increase in 

intensity of the C1s peak for the spectra (ii) demonstrates SAM 

formation). 
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4.29 

 

(a) N1s XP spectra of bulk Au after amine self-assembly obtained by 

two hours immersion in toluene solutions containing: (i) 10 mM  C12N, 

(ii) 10 mM C16N and (iii) 100 mM C16N (various N1s features in the 

‘peaks envelop’ are labeled as N1, N2 and N3) and (b) deconvoluted 

spectrum (ii). 
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N1s XP spectra of bulk Au after C16N self-assembly (by two hours 

immersion in 10 mM amine solution in toluene) showing effect of: (a) 

acid and (b) base treatment; (i) as produced and (ii) after washing with 

0.1 M HCl/NaOH in methanol (various N1s features in the ‘peaks 

envelop’ are labeled as N1, N2 and N3). 
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N1s XP spectrum of bulk Cu after C16N self-assembly obtained by two 

hours immersion in 10 mM amine solution in toluene (various N1s 

features in the ‘peaks envelop’ are labeled as N1 and N2). 
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4.32 O1s XP spectra (normalized to number of scans) of C16N-stabilized 

AuxCu1-x NPs showing increase in peak intensity with Cu content; (1-x) 

are given in the inset.  
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4.33 

 

Slab model with energetics illustrating oxygen-induced segregation of 

Cu to the surface. In the clean Au-Cu system (without adsorbed 

oxygen) presence of Au at the surface is preferred (I→II);adsorption of 

oxygen via favored binding to Cu results in its surface segregation 

(III→IV); energy differences and oxygen binding energies (referenced 

to molecular O2) are obtained using DFT calculations. 
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5.1 Thin layer flow-through cell used for DEMS studies (a-c) electrical 

connections for Pt mesh (counter electrode), Ag wire (Quasi reference 

electrode) and glassy carbon microfibers (working electrode), (d) 

Teflon part of the cell with inlet-outlet tubes, (e) stainless steel (SS) 

adopter for interfacing the cell with mass spectrometer (MS), (f) clamp 

joining the cell with vacuum chamber port and (g) SS frit used for 

supporting the Teflon porous membrane on which working electrode 

was placed; cell assembly with the MS is given at left while top and 

bottom views of (d) and (e) and SS frit are shown towards right. 
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Glassy carbon microfibers: (a) FESEM image with inset showing 

diameter of 7 µm and (b) selected area EDX spectrum.  
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(a) High background current exhibited by glassy carbon electrode in 0.1 

M K2SO4 after electrochemical cleaning and (b) cyclic voltammograms 

in 0.1 M aqueous K2SO4 containing 2 mM CuSO4 at various scan rates/ 

mV.s-1 (inset).  
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The Pourbex potential-pH diagram showing aqueous phase equilibria at 

25 °C for: (a) Cu/H2O and (b) Cu/Cl−/H2O systems. 
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5.5 

 

Equilibrium concentrations of various species of the aqueous CO2 at 

different pH values. 
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5.6 Typical CV curve obtained for Cu electrodeposition and its anodic 

dissolution in acidified sulfate medium at pH 2.0 (scanning cycle from 

+ve to −ve potential).  
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5.7 

 

Cyclic voltammograms at scan rates between 5 and 100 mV.s-1 (inset) 

for glassy carbon electrode (geometric area= 0.071 cm2) in 0.1 M 

aqueous K2SO4 containing 10.0 mM CuSO4 at pH 2.00. 
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2.00. 
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5.10 Typical CV curve obtained for Cu electrodeposition and its anodic 

dissolution in acidified chloride medium at pH 2.0 (scanning cycle from 

+ve to −ve potential).  
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Effect of chloride concentration on cyclic voltammograms measured at 

10 mV.s-1 on glassy carbon electrode in aqueous solutions at pH 2.0 

containing 1 mM CuCl2 and different concentrations of KCl: (a) 0.1 M, 

(b) 0.5 M and (c) 2.5 M. 
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Potentiostatic transients for Cu nucleation on glassy carbon electrode 

from 10.0 mM CuSO4 in 0.1 M aqueous K2SO4 at pH 2.0±0.1; the 

overpotentials (−η) changed from 18 to 73 mV. 
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Non-linear regression fitting (using the Butler−Volmer equation) of 

current density-time transient of Figure 5.13 at −73 mV. Inset is the 

current density versus time-1/2 (time range=1.0−2.5 s) linear plot 

consistent with the Cottrell equation.   
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Effect of deposition potential (Es) on: (a) diffusion coefficient of Cu(II) 

(DCu(II)), (b) number density of active Cu sites (N) and (c) nuclear 

number density at maximum (Nmax); data from Table 5.5.  
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curves in Figure 5.10 and (b) tz against j plots at η= −36 mV for Cu 
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(a) FESEM image showing cluster of needle-like structures on glassy 

carbon microfibers prepared from 10 mM CuSO4 in 0.10 M aqueous 

K2SO4 at pH 2.0 and (b) the magnified image clearly illustrating 

diameter of needles in nm range. 
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Current-potential curves measured at 20 mV.s-1 for Cu nucleation onto 

rotating glassy carbon electrode in Ar purged aqueous solutions at pH 

2.0±0.1 containing 1 mM Cu(II) and: (a) 0.1 M K2SO4, (b) 0.1 M KCl, 
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5.19 Koutechy-Levich plots at −0.60 V from Figure 5.19 for Cu nucleation 

in aqueous solutions containing 1 mM Cu(II) and 0.1 M: (a) K2SO4, and 

(b) KCl while inset shows the plots for various KCl concentrations. 
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at step potential of −100 mV for 120 s from 0.1 M aqueous K2SO4 

containing 30 mM Cu(II) at pH 2.0: (a-d) step-wise magnified FESEM 

images and (e) selected area EDX spectrum;  magnification indicates 
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Ex-Cu-TU (description in Table 5.2) prepared on glassy carbon 

microfibers at step potential of −100 mV for 120 s from 0.1 M aqueous 

K2SO4 containing 30 mM Cu(II) and 2 mM thiourea (TU) at pH 2.0: (a) 
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Cu-sulf (description in Table 5.2): (a) FESEM images indicating 

formation of nano-dendrites and (b) selected area EDX spectra. 
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(b,c) and (e,f) are the further magnified images of (a) and (d) 

respectively showing the nano-dendrites formation by deposition of 
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Current-potential curves for three consecutive scans measured at 10 

mV.s-1 using Cu disc electrode in CO2-saturated 0.1M aqueous K2SO4 

at pH 2.0 employing: (a) CV and (b) RDE at 1500 rpm. 
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Current-potential curves measured at 10 mV.s-1 using rotating glassy 

carbon electrode (at 900 rpm) in 0.1 M aqueous K2SO4 at pH=2.0±0.1 

after Ar purging: (a) without CO2, (b) with CO2 saturation, (c) in the 

presence 1 mM CuSO4 without CO2 and (d) in the presence 1 mM 

CuSO4 with CO2 saturation.  
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Current-potential curves measured at 10 mV.s-1 using rotating glassy 

carbon electrode (at 900 rpm) for CO2 reduction onto in-situ produced 

Cu nanocatalyst from CO2-saturated aqueous solutions at pH 2.0±0.1 

containing 1 mM Cu(II) and: (a) 0.1 M K2SO4, (b) 0.1 M KCl, (c) 0.5 
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5.28 Koutechy-Levich plots for CO2 electro-reduction from CO2-saturated 

aqueous solutions at pH 2.0±0.1 containing 0.1 M: (a,b) K2SO4 and (c) 

KCl; reduction was carried out (a) using Cu disc electrode and  (b,c) by 

Cu nano-catalyst in-situ produced onto glassy carbon electrode by 1 

mM Cu(II) addition in aqueous solution. 
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solutions of pH 2.0±0.1 having 1 mM CuCl2 and KCl concentrations of: 

(a) 0.1 M, (b) 0.5 M and (c) 2.5 M; inset shows the potential range 

corresponding to anodic dissolution of Cu to Cu(I). 
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absence (broken line) and presence (solid line) of CO; the scan was 
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deposited Cu from 0.1M aqueous K2SO4 containing 1.0 mM CuSO4 at 
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(m/z =44) decay, for two consecutive scans (first: black dots, second: 

red dots) measured at 10 mV.s-1 on Ex-Cu-TU (equivalent to the bulk 
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(m/z = 44) decay, for two consecutive scans (first: black dots, second: 

red dots) measured at 10 mV.s-1 on Ex-Cu-TU (equivalent to the bulk 
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(a) Cyclic voltammograms and (b) MSCV plots showing ion current 

(m/z = 44) decay, for two consecutive scans (first: black dots, second: 

red dots) measured at 10 mV.s-1 
in-situ produced Cu-sulf from CO2 

saturated 0.1 M aqueous K2SO4 containing 15 mM CuSO4 at pH 2.0. 
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5.36 (a) Cyclic voltammograms and (b) MSCV plots showing ion current 

(m/z = 44) decay, for two consecutive scans (first: black dots, second: 

red dots) measured at 10 mV.s-1 
in-situ produced Cu-sulf from CO2 

saturated 0.1 M aqueous KCl containing 15 mM CuCl2 at pH 2.1. 

223 

 

 

5.37 

 

MSCV plots for two consecutive scans (first: solid line, second: broken 

line) during CO2 electroreduction on in-situ deposited Cu-Cl from 0.1M 

aqueous KCl containing 15 mM CuCl2 at pH 2.1 showing potential-
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CHAPTER 1 

      

Introduction 

 

1.1 General Background 

Material science involving nanomaterials has seen great progress in the recent 

past by attracting attention of researchers in a variety of areas. Nanomaterials are also 

significant for their multifaceted applications in chemistry [1-3], physics [4,5], biology 

[6,7], medicine [8,9] and engineering [10]. The reason for growing need of nanomaterials 

in chemical research is also due to the fact that chemists have become interested to use 

more efficient materials as catalysts for various reactions and electrochemical processes 

[1,11,12]. However, research involving applications of the nanomaterials in areas like 

chemistry of environment and energy storage is still on the demand. On the other hand 

nanomaterials are also of basic interest as they serve to bridge the bulk materials with 

their structures at atomic or molecular level [13]; generally physical properties of bulk 

materials are independent of their particle size. On the contrary, size dependence of the 

properties has been consistently observed for the materials having size distribution in the 

nano-regime [14,15]. A commonly accepted explanation is that when size of the material 

particles is reduced to nanoscale, fraction of atoms at the surface in relation to their total 

number becomes significant [16]. Small size along with significantly high surface-to-

volume ratio of the nanoparticles (NPs) imparts distinct size-tunable optical, catalytic, 
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thermodynamic and electrochemical properties to them [17-19]. Interesting and 

sometimes unexpected properties of the NPs are therefore, largely due to contribution 

arising from their surfaces which dominate the small bulk of the material. Such variation 

in the properties on decreasing the particle size is attributed to conversion of the 

electronic density of states into discrete energy levels−−−−a phenomenon known as Quantum 

Confinement Effect (QCE) [20,21]. Scientists working in the area of nanotechnology are 

concerned with synthesis as well as stabilization of the nanoclusters of not only the 

required size range but also of the desired composition and morphology [22-26]. 

Characterization of the NPs is hence necessary in controlling syntheses, understanding 

structures and more importantly establishing their applications [27]. In this regard highly 

sensitive and divergent techniques can be made available. 

The rapidly expanding field of nanoscience has grasped various kinds of materials 

including ceramics [28], semiconductors [29], superconductors [30] and metals [31,32]. 

Metals are of prime importance due to their wide-spread applications as electrode 

materials [33], catalysts [34,35] and drug-delivery vehicles [36,37]. Extensive data is 

available for the unusual behaviour of elemental metals in the nano-regime as compared 

to their bulk analogues [38]. A variety of methods have been developed for the synthesis 

of metallic NPs [24] however, for some of the metals it is difficult to synthesize stable 

NPs under normal conditions [39]. To overcome the difficulty either alternate synthesis 

routes have to be adopted or the nanoparticles are stabilized by the inclusion of suitable 

metal(s) to make the so-called nanoalloys [14] which in turn are new materials showing 

altogether different properties than the NPs of the component metals. Even bimetallic 

nanoparticles (BNPs) of a given metal pair may exhibit different properties not only due 

to change of composition but also due to various structural configurations; these include 

random alloy, core-shell, sub-cluster and multi-shell /onion-like structures depending on 

the relative distribution of the constituent metals. Nanoalloys have become focus of a 

large number of recent research due to enhancement of certain properties compared with 

NPs of the constituent metals [40,41]. Numerous applications of the coinage metal (Cu, 

Ag and Au) NPs have been reported [27,42-44]; as has been suggested for bulk materials 

[45], it is expected that bimetallic nanosystems can also exhibit improved properties [40].  
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Bimetallics are significant not only in catalysis [46] and electrocatalysis [47] but 

also as antimicrobial agents [48]. They are employed as model systems for the 

computational studies to investigate their behavior towards alloy formation [41]. In 

bimetallics miscibility of the constituent metals can merely be predicted using the phase 

diagrams of the bulk material [49]. However, nanoalloy formation is also greatly 

influenced by various other parameters such as relative atomic sizes, surface energies, 

and cohesive energies of the constituent metals [40]. In addition, the preparation 

conditions and relative affinity of alloy components towards key reactive intermediates 

affect the relative distribution of metals in the final products [50,51]; possibility for the 

nanoalloy formation can be enhanced by co-reduction of metal ions in solution. 

Bimetallic colloids having layered structures are obtained using the seed mediated 

approach; seeds of one metal are made to get covered with the other metal by successive 

reduction of its ions [52]. To determine bulk and surface composition of the bimetallic 

clusters, use of various sensitive techniques like high resolution transmission electron 

microscopy (HRTEM), energy filtered TEM (EFTEM), X-ray photoelectron 

spectroscopy (XPS), energy dispersive X-ray analysis (EDX) etc. lead to better 

understanding of their structural and electronic properties. 

Nature of surface sites is of prime significance towards applications of BNPs in 

heterogeneous catalysis. Structural characterization leading to composition and relative 

distribution of the constituent metals in the BNPs is generally followed by exploring their 

applications. BNPs are being used as electrocatalysts for energy production and storage 

[53,54]; energy is indeed the central issue that impacts world economy, environment and 

health quality. Although combustion-based production plays the dominant role in 

meeting energy needs, it is also regarded as source of increased emission of greenhouse 

gases leading to long lasting consequences on the environment and global climate change 

[55]. Coping with the drastic global warming situation by production of clean energy and 

removal of excessive greenhouse gases (CO2, NOx etc.) from environment is on the 

demand; BNPs may be successfully employed for both the above purposes [56-60]. In 

addition to their use in conversion of chemical energy into electrical energy, NPs may 

also be used in the electrochemical production of useful chemicals such as alcohols, 

hydrocarbons, ammonia, hydrogen peroxide etc. from carbon dioxide, nitrate and oxygen. 
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It is pertinent to mention that bulk materials when used as electrocatalysts rapidly get 

poisoned due to adsorption of the reaction intermediates and products [61,62]. However, 

nanostructured materials play a key role to offer an extended number of active centers, 

owing to the high surface area to volume ratio of these materials. Hence an increased rate 

of reaction may result in large Faradic efficiency of the nanostructured electrodes. 

1.2 Aims and Objectives 

In the first instance the present work is aimed at developing a scheme for the 

chemical synthesis of stable Cu NPs at ambient conditions; Cu NPs are regarded as 

important catalytic material for a variety of processes [63-66]. For the preparation of the 

Cu NPs combinations of various reducing agents and stabilizers have been incorporated 

in the synthesis protocol. Although extensive research has been carried out on gold and 

silver NPs [27] mainly due to their ease of preparation and high stability but lesser 

amount of work has been reported on Cu NPs [67]. Unlike those of Au and Ag, Cu NPs 

are extremely sensitive to oxidation and the surface oxide layers are inevitably formed on 

them [39]. Due to problems faced in synthesis of long term stable colloids at ambient 

conditions, preparation of Cu NPs itself has become a challenge [68,69]. Recent research 

has shown potential applications of copper in developing novel optical, catalytic and 

electronic devices [70-72] however, at the nanoscale enhanced activity of copper towards 

oxidation hampers its use for various purposes. Alloying copper with some noble metal 

may render the desired stability. In this respect, gold can be used as an inert matrix since 

bulk Au and Cu are known to yield single-phase solid solutions and ordered phases over 

the entire composition range [49]. 

As gold is known to form stable NPs even in the size range around 1.0 nm 

[27,73], extensive research has been carried out to explore its multi-disciplinary 

applications [74-79]. Some of the previous studies on gold NPs include effect of capping 

agent [80], strength of ligand interaction [81] and the seed to Au
3+
 ratio [82] on particle 

size and morphology.  

  The goal of the present work is hence shifted to obtaining stable Cu NPs and 

Cu/Au BNPs that would exhibit the desired chemical properties as well as 
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thermodynamic stability at nanoscale. Whereas core-shell alloys with Cu on the surface 

(Cushell-Aucore) can be of great value, in the work available on Cu/Au BNPs co-reduction 

method under limited reaction conditions has been employed which led to formation of 

random alloys only (Tominaga et al. synthesized thiol capped Cu/Au random alloy for 

further use as electrocatalyst in glucose oxidation [83]). On the other hand by successive 

reduction of Au and Cu, Bakshi et al. prepared core-shell Cu/Au particles with Cu on the 

surface of Au seeds [84] however, particle size could not controlled due to their 

networked structures. There still remains need to design a synthesis protocol for the 

preparation of Au-Cu of desired composition and particle size range with maximum 

number of surface sites occupied by Cu. In the research on applications of bimetallic 

nanomaterials emphasis is given to both composition as well as particle size [14].  

Since Cu and Au both exhibit surface plasmon bands, measurement of UV-visible 

spectra of BNPs at different times will provide information on completion of reaction, 

stability of BNPs besides their composition and size. As for detailed characterization of 

Cu/Au nanomaterials, composition is conveniently determined using inductively coupled 

plasma−optical emission spectroscopy (ICP−OES) and X-ray photoelectron spectroscopy 

(XPS) besides energy dispersive X-ray spectroscopy (EDX) which can be aimed at 

individual NPs.  For the morphology, particle size and relative distribution of Cu and Au 

atoms within the BNPs, other sophisticated techniques such as transmission electron 

microscopy (TEM), high resolution TEM (HRTEM) and scanning TEM (STEM) are to 

be employed. In addition, X-ray diffraction (XRD) technique will be used to determine 

the crystallite size and number of phases present in the synthesized BNPs. From the 

measurement of Fourier transform infrared (FTIR) spectra of the stabilized Cu/Au BNPs 

nature of attachment of ligand will be determined. XPS studies of the BNPs will be used 

to extract further information on the surface interaction of various ligands with Cu/Au 

BNPs as well as with the bulk Au and Cu surfaces. In this regard ellipsometry will 

provide inclination of the ligand attached on the surface of the bulk.  

Role of coinage metals in the electro-reduction of CO2 is well documented [85]. 

When Au and Ag are employed as electrocatalysts for the CO2 reduction a large fraction 

is only reduced to carbon monoxide [86]. On the other hand Cu is rather more effective 
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electrode material capable of forming C1 to C5 organic compounds [87,88] and 

consequently its NPs should exhibit still greater efficiency towards CO2 reduction. 

Reduction of CO2 on Cu NPs stabilized as the Cu/Au BNPs can be of great importance 

for its applications in the efficient alternate energy sources. However, direct use of NPs in 

the present case is likely to offer various difficulties in handling, maneuvering and 

integrating them with the electrode base material.  

The above problems may be handled by in-situ synthesis of Cu NPs on electrode 

surface during CO2 electroreduction [89]. This may also prevent inhibition by enabling 

formation of fresh catalytic sites during the process leading to better yield. For this 

purpose Cu NPs will be electrochemically prepared on the surface of a glassy carbon 

electrode (GCE) which of course requires a series of optimization experiments under 

varying conditions. This is to be followed by study of the Cu nucleation type and its 

kinetics with the help of cyclic voltammetry (CV) and chronoamperometry (CA). In 

addition, detailed characterization of the Cu NPs will be done using field emission 

scanning electron microscopy (FESEM) and EDX. Finally electroreduction of CO2 will 

be carried out on the in-situ produced Cu nanostructures and qualitative information on 

the products will be obtained by differential electrochemical mass spectrometry (DEMS). 

1.3 Thesis Outline 

Focus of the present work is on synthesis and characterization of Cu-based 

nanomaterials and their interfacial studies. Chapter 1 (as mentioned above) presents 

background, aims and objectives of the work. Relevant references have been listed at the 

end of each chapter. Rest of the thesis is organized as below: 

Essential theories behind synthesis, stabilization and electrochemical nucleation 

of NPs with special emphasis to the bimetallics are presented in Chapter 2; exploitation 

of nanomaterials for the CO2 electroreduction is also included. Moreover, principles of 

various characterization techniques used in this work along with the instrumental details 

and software employed are outlined in this chapter.  

Chapter 3 includes preparation of AuxCu1-x (x = 0 to 1) NPs for which a number 

of synthesis protocols, both single- and two-phase, are employed. Parallel 
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characterization of the synthesized NPs using UV-visible spectroscopy, XRD, SAED, 

TEM and HRTEM, and analyses of the results provided justification for improving the 

synthesis protocol.  

Chapter 4 describes further characterizations and detailed analyses of the finally 

synthesized amine-stabilized AuxCu1-x NPs. The techniques employed in this regard are 

FTIR spectroscopy, STEM, XRD and XPS. Moreover, it includes surface studies like 

ellipsometry and XPS on the bulk Au and Cu to ascertain nature of the amine interaction 

at surface of the NPs.  

Chapter 5 includes synthesis of Cu NPs by electroreduction of copper ions on 

GCE at the optimized conditions using CV and CA; modes of nucleation are described on 

the basis of theoretical analyses. As an application of the Cu NPs, in-situ electroreduction 

of carbon dioxide is carried out in various media; DEMS studies provided online 

information on the useful products. 

Chapter 6 is devoted to conclusion of the work and summary of the outcomes.  

Chapter 7 enlists the publications/presentations made out of this piece of work. 
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CHAPTER 2 

      

Theoretical Background 

 

In order to understand the extraordinary behaviour of nanoparticles (NPs), it is 

essential to have an overview of the origin of differences in their properties from those of 

the respective bulk materials. In solution phase, the processes involved in stabilization of 

NPs differ depending on the nature of the solvent and the stabilizing ligand employed. 

The latter is quite important and affects the properties of specific NPs. In this regard 

various synthesis approaches, with special emphasis on chemical and electrochemical 

methods are briefly described. Moreover, theories about bimetallic nanostructures and 

related complexities compared with monometallic systems are discussed. To understand 

the properties and significance of nanomaterials, information on physical topography, 

chemical composition (especially in the case of bimetallics), chemical and electronic 

structure, electronic state of the metals in the nanoparticles and also a detailed description 

of the attached ligands at the surface of the stabilized NPs is required. A comprehensive 

study, in this regard, necessitates the use of various techniques. Essential theory and 

principles underlying spectroscopy and electron microscopy will be considered briefly. 

Electrochemical phenomena and the fundamental concepts behind these processes 
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relevant to the present work will be described. In addition, software employed for data 

compilation and interpretation will also be given in this chapter. 

2.1 Nanoparticle Assemblies 

The unique chemical and physical properties of NPs are displayed not only due to 

high fraction of total atoms occupying the surface but also due to different 

crystallographic structures [1,2]. The former is related to size of the NPs while the latter 

depends on their shape. Extensive research has been carried out to investigate the size 

effect on properties of NPs. One typical example is the strong dependence of the melting 

temperature of nanocrystals on their size, which is substantially lower than that of the 

bulk. The melting points of metal (such as Au [3]) and semiconductor (such as CdS [4]) 

NPs are lower than the respective bulk materials. The size dependence of many properties 

in NPs results from the so-called Quantum Confinement Effect (QCE) [5] which 

originates from the transformation of energy bands in bulk solids to discrete energy levels 

as the size decreases. A schematic description of this QCE for metal clusters is depicted 

in Figure 2.1 [6].  

 
Figure 2.1: Illustrations showing appearance of band gap and its increase with decreasing metal cluster 

size; adopted from Reference 6. 
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2.1.1 Synthesis of Nanoparticles  

NPs can be synthesized using either top-down or bottom-up approach as 

illustrated in Figure 2.2. In the top-down approach, for example by mechanical attrition 

[7], the NPs formed are mostly poly-dispersed. Control over particle size and particle size 

reproducibility and its distribution are difficult to achieve. The bottom-up approach, on 

the other hand, is favourable for producing monodispersed NPs whose surface 

morphology can also be tuned by changing the reaction conditions. Synthesis of NPs by 

the bottom-up approach can be carried out by various physical or chemical methods as 

described below. 

 

 

 

Figure 2.2: Diagram illustrating top-down and bottom-up approaches for the synthesis of nanoparticles; 

modified from Reference 8. 
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Physical methods include metal vapour deposition (also known as physical 

vapour deposition, PVD) [9-12] besides applying photochemical [13,14] and 

sonochemical approaches [15-17] whereas chemical methods essentially involve 

chemical reduction of metal ions by appropriate reducing agent with provision of control 

over the nucleation and growth steps. Monodispersed NPs of metals can be produced by 

chemical syntheses with control over their size employing different reducing agents such 

as sodium borohydride [18], sodium citrate [19,20], hydrogen [21], hydrazine and its 

derivatives [22,23], hydroxylamine [24] and ethanol [25]. Since NPs are mostly unstable 

in solutions, special precautions have to be taken to avoid their aggregation or 

precipitation. The most common strategy is the use of a protective agent which not only 

prevents aggregation, but also leads to formation of the functionalized NPs [26]. Besides 

providing the synthesis medium, the solvent may have an additional role towards 

stabilizing the NPs; depending on the specific requirements, a wide range of solvents 

varying from nonpolar such as hydrocarbons to highly polar such as lower alcohols and 

water is available. 

2.1.2 Stabilization of Nanoparticles  

Existence of stable NP-assemblies (NP+stabilizers) in solution phase is a 

manifestation of the presence of such interactions which prevent aggregation of these 

assemblies. Nature of stabilizing species attached to surface of the NPs provides a 

convenient way to predict the kind of interaction (Figure 2.3 [27]). Commonly, 

nanoparticle colloids prepared in polar media are stabilized by electrostatic repulsion 

forces resulting from interactions between electric double layers surrounding the 

particles. This may be achieved by adjusting the solution pH or adsorbing charged 

surfactant molecules on the surface of NPs [27]; this type of stabilization, being quite 

sensitive to pH and electrolyte concentration, is generally effective in dilute aqueous 

solutions. Agglomeration may occur at the pH where the NPs have no net surface charge, 

i.e. at their isoelectric point. However, in case of non-polar organic media the source of 

stabilization involves steric forces produced by adsorbed surfactant on the NPs. The 

lyophilic, nonpolar chains of adsorbed species extend towards the bulk solvent and hence 

provide steric stabilization to inter-particle approach. As particles approach each other, 



Theoretical Background 

17 

 

intertwining of the lyophilic chains of adsorbed molecules takes place which results in 

increasing their concentration in the inter-particle region. This (thermodynamically 

unfavoured) process leads to entropy decrease of the system. However, entropic 

stabilization demands an increase in solvent concentration in the region between NP-

assemblies which should become more effective at higher temperatures. The so-called 

steric stabilization, being lesser sensitive to various impurities than the electrostatic 

stabilization, remains effective even at higher concentrations of NPs [27,28]. Thiol-

containing compounds have been widely used as effective protective agents for obtaining 

monolayer-protected Au NPs, due to the steric stabilization afforded by strong affinity of 

the thiol group to Au surface [29]. 

 

Figure 2.3: Cartoon showing stabilization of nanoparticles by: (a) electrostatic repulsion and (b) steric 

interaction; modified from Reference 27. 

2.2 Electrochemical Nucleation   

In many cases, the metal NPs are used as electrocatalysts and hence need to be 

deposited on the electrode surface. Use of strongly bound passivating stabilizers in 

chemical synthesis to avoid aggregation and/or degradation is likely to be detrimental to 

the electrochemical properties of the desired metal NPs. In this regard electrochemical 
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method for the preparation of metal NPs are important due to achieving direct attachment 

on the electrode substrate making it a simpler and less time-consuming process. 

Moreover, electrochemical methods have a special advantage in that the number density 

and size of the prepared particles (typically known as nuclei for electrodeposition 

process) can be controlled by simply adjusting the potential and electrodeposition growth 

time [30,31].  

The morphology of electrodeposits depends on the surface energy of the electrode 

substrate employed [32,33]. High surface energy electrodes (noble metals such as Pt, Au) 

result in the production of a layer of electrodeposits which subsequently grows in three 

dimensions resulting in its coarsening while on low energy surfaces like carbon 

electrodes (graphite, highly oriented pyrolytic graphite and glassy carbon) individual 

metal particles are formed and the size distribution of these particles may vary as the time 

progresses [34].  The formation of individual particles on carbon electrodes may be 

attributed to the weaker van der Waals interaction of the deposited metal with the 

electrode surface.  

Various electrochemical methods such as cyclic voltammetry, current step and 

potential step techniques may be used to evaluate kinetics of the electrochemical 

nucleation [35]. The presence of a nucleation and growth process is qualitatively 

indicated in cyclic voltammetry by appearance of a current loop due to the cross-over of 

the cathodic and anodic curves besides an increase in their peak separation. Furthermore, 

the anodic peak for re-oxidation showing a sharp decay due to depletion of the deposited 

metal is characteristic of metal nucleation [36]. The potential step method is the most 

widely used technique to study the nucleation process since the current transients can be 

used for the evaluation of nucleation kinetics and nuclear number density. A typical 

current transient, corresponding to the metal particle deposition on an electrode surface 

has three regions A, B and C as shown in Figure 2.4 [37]. Region A, characterized by a 

current decrease, corresponds to the double layer charging and the initial formation of 

nuclei on the electrode surface. This is followed by an increase in electroactive area 

exhibited by enhanced current (B) that reaches a maximum value Im, at a time tm, which 
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depends on the applied potential step. Finally, a decreasing diffusion-limiting current (C) 

is observed due to change of the diffusional geometry, from three dimensional 

hemispherical to linear; this follows a linear I vs. t
1/2

 relationship given by Cottrell 

equation [35,38].  

 

Figure 2.4: Typical potentiostatic current-time transient with regions A, B and C respectively 

corresponding to double layer charging accompanied with nucleation onset current, nuclear growth current 

and diffusion limited current. Im and tm are the current and time at the maximum of transient. 

Using the potential step technique, various current- time relationships can be used 

to estimate different parameters as rate of nucleation, number density of deposited nuclei 

and above all the type of nucleation. Based on the dependence of nuclear number density 

on time, two types of nucleation processes can be distinguished: Instantaneous 

Nucleation in which nuclei are produced at once and there is no increase in the number 

density during growth and Progressive Nucleation, where nucleation of new particles 

takes place progressively during the growth of previously produced nuclei resulting in a 

linear increase with time of the number density of particles. Narrowly size-dispersed 

particles can be produced by separating the nucleation and growth processes [39], hence 

instantaneous nucleation may result in greater monodispersity than progressive 

nucleation. 
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The particle growth can take place under kinetics- or diffusion-controlled 

conditions depending on its slow or fast rate respectively, causing depletion of reactant 

species at the electrode surface; the respective growth laws (rates) for instantaneous and 

progressive nucleation are given as below [40]: 

 ( ) mr t kV C t  (2.1a) 

 

 ( ) 2 mr t V DC t
 

(2.1b) 

 

where k is the rate constant, Vm is the molar volume of the metal while C

 and D are the 

bulk concentration and diffusion coefficient of the metal ions. The time derivative (dr/dt) 

for the instantaneous nucleation is a constant while for the progressive nucleation it is 

directly proportional to t
1/2

. This shows that particle size distribution achieved at the end 

of nucleation is maintained during growth for instantaneous process while the size 

distribution of particles formed by progressive nucleation narrows with growth as the 

small nuclei merge with the larger ones. As the rate laws depend on the number and 

proximity of individual metal particles, the random distribution on the electrode surface 

can be a reason for size broadening of the particles during their growth [39].  

 

Figure 2.5: Effect of overpotential and its application time on particle size distribution due to depletion of 

the active species at the electrode surface; taken from Reference 41. 
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Depletion of reactant concentration near the electrode surface results in diffusion-

controlled growth which becomes slower, than predicted by Equation (2.1b), for particles 

which have overlap in their depletion layers; this process is called the Inter Diffusion 

Coupling (IDC). The IDC is responsible for broadening of the size distribution due to 

different growth rates for variously distributed particles on the electrode. Slow 

progressive growth at lower overpotentials ( = Eapplied  E
°
) in the potential step 

technique can help to improve the monodispersity; the effect of overpotential on particle 

size distribution is illustrated in Figure 2.5. For the rising part of the transients, time 

dependence of current (Figure 2.4) is well described by Equations (2.2) and (2.7) [30] 

given in Table 2.1 which also serve to establish the nature of nucleation.  

Table 2.1: Various current-time relationships for instantaneous and progressive nucleation. 

Instantaneous nucleation Progressive nucleation 
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(2.11) 

 

nF= Moles of charge transferred per mole of the depositing metal 

D= Diffusion coefficient for metal ions 

C

= Bulk concentration of metal ions 

Vm= Molar volume of the metal 

 N= Total number of nuclei produced 
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A

=  Steady state nucleation rate constant per site 

N= Number density of the active sites 

k′ =  Numerical constant given as:  k′=(8C

Vm)

1/2 

Various equations corresponding to the maxima in current transients, Equations 

(2.3)  (2.5) for instantaneous nucleation and Equations (2.8)  (2.10) for progressive 

nucleation, allow calculation of the number density of nuclei and rate of nucleation 

[30,42].  Also the product Im
2
tm is a diagnostic criterion for the type of nucleation for 

being independent of growth rates and number density of the nuclei. In addition the 

reduced non-dimensional I 
2
/Im

2
 vs. t/tm plots as well help the diagnostic evaluation of 

current transients [43]; the standard plots for progressive and instantaneous nucleation are 

shown in Figure 2.6.    
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Figure 2.6: Reduced currenttime transients [(I/Im)
2 

vs. (t/tm) plots] corresponding to: (a) progressive 

nucleation and (b) instantaneous nucleation. Im and tm are signified in Figure 2.4.

 

2.3 Bimetallic Nanoparticles and Nanoalloys 

NPs of noble metals play important role for their use as advanced materials with 

novel size-dependent electronic, optical, thermal and catalytic properties. Their numerous 

applications have been reported in various areas of physics, electronics, biology, 

medicine, material science and other interdisciplinary fields [44]. In chemistry and its 

related technologies, there has been always a demand for improving activity and 
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efficiency of the catalysts. In this regard bimetallic nanomaterials may present extended 

properties associated with the influence of size, composition and conformational structure 

[45]. Various conformational structures for a given composition of N atomic alloy 

clusters AxBy (N = x + y being the total number of atoms in the alloy cluster and x/y the 

composition ratio), known as Homotops, originate from different relative arrangements 

of the constituent atoms A and B while their geometric arrangement remains the same; 

Figure 2.7 illustrates some of the possible homotops for binary nanoclusters. Hence a 

single geometrical arrangement of N atomic cluster of A and B may give rise to 
N
PA,B 

number of homotops [46]:  

 N

A,B

N! N!
P

x!y! x!(N x)!
 


 (2.12) 

 

 
The formation of inter-metallic compounds and alloys provides a great variety in 

properties of metallic systems [47] since mixing metals A and B results in a variety of 

inter-atomic interactions, which may be homo-atomic as AA and BB or hetero-atomic 

such as AB. One of the reasons for the increased interest in nanoalloys is the fact that 

their physical and chemical properties can be fine-tuned by controlling their composition, 

size as well as the relative ordering of the constituent atoms. Phase diagrams showing the 

 

Figure 2.7: Some possible conformations (homotops) in binary nanoalloys showing: (a) core-shell, (b) 

segregated sub-cluster, (c) mixed and (d) onion-like multi shell structures; taken from Reference 46. 
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tendency of mixing or segregation of the two constituent metals in bulk of the binary 

alloys may be regarded as important guidelines also in the nanoalloys (NAs) [48]. 

However, NAs may display altogether different mixing and ordering properties from 

those of the bulks. So much so, for example, Fe and Ag are immiscible in the bulk phase 

but they readily mix in the nano-clusters [49]. The degree of segregation/miscibility of 

the constituent metals in the AxBy type NAs depends on various factors [46]:  

(a) Relative strengths of homo-atomic (AA or BB) and hetero-atomic (AB) 

metallic bonds; stronger hetero-atomic bond (negative enthalpy, Hmix) favours 

mixing otherwise the species with stronger homo-atomic bond tends to occupy 

core of the clusters.  

(b) Relative atomic sizes; the metal with smaller size prefers to occupy the core to 

minimize internal strain. 

(c) Surface energies; the element having lower surface energy segregates 

preferentially to the surface. 

(d) Electronegativity difference; greater difference in electronegativities of the 

constituent metals allows the charge transfer accordingly hence facilitates mixing. 

(e) Selective binding of surface ligand results in the surface segregation of the metal 

to which the ligand binds more strongly.  

Both physical [50] and chemical methods [51-55] are employed to synthesize 

BNPs. Physical methods are frequently used to prepare NPs directly from the bulk 

materials. The particles prepared by this method however, are larger in size and have a 

wider size distribution. The chemical reduction method can be divided into two 

approaches: one is the co-reduction of ions of the two constituent metals. Murphy [52] 

and El-Sayed [55] used simultaneous reduction of gold and silver salts to produce Au-Ag 

alloy NPs. The other approach is the sequential reduction of two metal ions which is 

usually carried out for preparing core-shell structures of metal nanoparticles. Mallik et. al 

[56] used a seed-mediated approach to synthesize core-shell type Ag-Au binary NPs. 
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However, the two metals in nano-sized clusters have a relatively high diffusion 

coefficient (19 orders of magnitude faster than that for the bulk) [57] which may lead to 

mixing of the two metals hence resulting in intermetallic compounds at thermodynamic 

equilibrium instead of the expected core-shell structures. 

Most of the research on NAs concentrates on the bimetallics of the higher 

transition metals groups (811), especially those formed between group 11 metals 

(coinage metals i.e. Cu, Ag and Au). The similarity of d
10

s
1
 structure of these metals and 

electronegativity difference facilitates their alloying in the solid state; Cu-Au and Ag-Au 

show propensity to mix while Cu and Ag present a wide miscibility gap [47]. In addition 

to extensive research in the field of bulk alloys of coinage metals, a number of theoretical 

and experimental studies have been carried out also on their NAs in recent years [2,58-

61]. 

 

Figure 2.8: Diagram illustrating dispersion colors of various binary and ternary nanoalloys of the coinage 

metals (Cu, Ag and Au). 

 

Figure 2.8 shows expected colours of the resulting solutions for Ag-Cu-Au 

nanosystem depending on relative amounts of the constituents. Various properties of 

coinage metals which mainly affect the ordering and mixing in their NAs are given in 

Table 2.2. 
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Table 2.2: Properties of coinage metals affecting the degree of mixing in their nanoalloys [46,62]. 

 Cu Ag Au 

Atomic radius/ Å 1.28 1.445 1.44 

Cohesive energy/eV -3.49 -2.95 -3.81 

Average surface energy/ meV
.
Å

-2
 113.9 78.0 96.8 

Electronegativity 1.9 1.9 2.4 

 

The bulk Cu-Au phase diagram shown in Figure 2.9 exhibits formation of solid solutions 

and ordered intermetallics over the entire composition range. The last decade has seen 

growing interest in the research of Cu-Au alloys [63]. Wilson and Johnston [64] carried 

out segregation energy calculations on high symmetry Cu-Au nanoalloy clusters of 

various compositions while Hsu and Lai [59] reported an optimization algorithm for 

studying bimetallic Cu-Au nanoclusters. Sra et. al [2] used a modified polyol approach to 

synthesize intermetallic Cu-Au nanocrystals and nanowire network. Pal et. al [65] 

synthesized various compositions of Cu-Au intermetallic compounds and the structure-

size relationship was studied for the synthesized materials using TEM and HRTEM. 

Preparation of Cu-Au NPs in non-aqueous phase (chloroform) and investigation of their 

 

Figure 2.9: Bulk phase diagram for the binary system showing formation of Au-Cu solid solution over the 

entire compositional range; from Reference 48, p. 199. 
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physical properties has been carried out by Kim et. al [66]. In spite of a number of 

experimental and theoretical studies carried out on Cu-Au , the system still remains of 

great interest for significance of the constituent metals in biodiagnostics [67-69], catalysis 

[69,70], sensors [71], electrocatalysis [72,73] and most importantly in the energy 

applications [73,74]. 

2.4 Electroreduction of CO2  

Although several different gases contribute to the greenhouse effect but CO2 is the 

major contributor in this regard. Amount of CO2 in the air has significantly increased 

during the recent years; nearly 100 countries all over the world have signed the Kyoto 

Protocol in 1997, pledging to control the greenhouse effect. On one hand chemists have 

been working on various ways to prevent CO2 accumulation in the atmosphere [75]. On 

the other hand they would like to convert CO2 into fuels and other useful chemicals in 

which regard electrochemistry can play a significant role [76,77]. Syntheses of various 

electrocatalysts have been reported for the CO2 fixation [78,79] which is based on two 

generic electrochemical methods, namely electrocarboxylation and direct 

electroreduction [80]. The former involves attaching CO2 to electrochemically reduced 

organic molecules for the synthesis of pharmacologically important chemicals. On the 

other hand the latter aims at producing hydrocarbons or alcohols for which either 

transition-metal complexes or metals can be used as the electrocatalysts [81].  

The CO2 reduction on various metal electrocatalysts has been the subject of 

numerous investigations [82-85]. Common metallic electrodes such as Hg, Cd, Pb, Tl, In 

and Sn show high overvoltage for reduction of CO2 to 2CO  which gets weakly adsorbed 

leading to predominant formate formation [86]. While low hydrogen overvoltage metals 

(e.g. Pt, Ni and Fe) reduce CO2 at low overpotentials to form strongly adsorbed CO [86], 

on the other hand medium hydrogen overvoltage metals (e.g. Au, Ag, Zn and Cu) yield 

loosely held CO [86,87]. However, as the rate of CO desorption from the electrode 

surface is very slow, it results in progressive deactivation (poisoning) of the electrode by 

blocking its active sites. Although Cu shows higher CO poisoning than Ag and Au [88], 

yet it can act as more promising electrode for the CO2 reduction to ultimately produce 
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alcohols and hydrocarbons [89,90]. The above discussion makes a good ground for using 

Cu in the electrocatalysts. To circumvent the problem of surface inhibition of Cu 

electrode one option is the generation of fresh active sites during the course of CO2 

electroreduction. This can be achieved by in-situ electrodeposition of copper on a glassy 

carbon electrode [91]. However, the reaction condition should be optimized to favour 

maximum solubility of the electroactive species and stability of the metal ions and 

deposited electrocatalyst. The other option is alloying Cu with a suitable metal as loss of 

the catalytic activity is dependent on the crystallographic properties and surface 

morphology of the electrode. In this regard Au can be a good option as it is not only more 

passive to the atmosphere but also does not strongly adsorb CO [92,93]. The main 

consideration of the Thesis has been Cu NPs and Cu-Au NAs.  

CO2 electroreduction on a Cu surface may involve its coordination with metal 

centres in three different ways as shown in Figure 2.10: (a) metal-carbon coordination, 

(b) metal-oxygen coordination and (c) mixed coordination. Whereas attachment of 

carbon to Cu takes place through a covalent bond, coordination of oxygen with Cu occurs 

through a dative bond using the lone electron pair. Possible reactions and the reduction 

products for CO2 electroreduction on Cu cathode are illustrated in Figure 2.11. The 

nascent hydrogen (Hads) adsorbed on the electrode surface may either get involved to 

produce some of the reaction intermediates or result in H2 evolution [94].  

 

Figure 2.10: Geometries showing CO2 coordination on Cu through: (a) a carbon atom, (b) oxygen atoms 

and (c) both carbon and oxygen atoms.  

(a) (b) (c) 
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 The electrocatalytic role of both Cu(0) and Cu(I) have been reported [95] but 

Cu(I) halide supported on Cu electrode has exhibited high faradaic reduction efficiency 

and greater selectivity for ethylene formation [96]. Also presence of Cu2O at the Cu 

electrode is advantageous possibly due to stronger binding of both CO2 and CO on Cu(I) 

centres than on Cu(0) which effectively leads to surface hydrogenation of CO2 

intermediates yielding CH3OH. 

 

Figure 2.11: Schematic diagram showing various steps involved in the electroreduction of CO2 on Cu 

electrode; modified from Reference 94. 

Reduction of CO2 is a complex mechanism involving different number of 

electrons to yield final products [81], as given in Equations (2.13)-(2.17).  

 
2CO H 2e HCOO      (2.13) 

 

 
2 2CO 2H 2e CO H O      (2.14) 

 

 
2 3 2CO 6H 6e CH OH H O      (2.15) 

 

 
2 4 2CO 8H 8e CH H O      (2.16) 

 

 
2 22CO 2e (COO )    (2.17)
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Figure 2.12: General scheme showing mechanism of CO2 electroreduction; taken from Reference 76. 
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Inspite of extensive research, mechanism of CO2 reduction is not fully understood. A 

scheme proposed by Antony et. al [97] (given in Figure 2.12) is generally accepted 

although the fundamental question about nature of the reaction intermediates has not yet 

been solved. The CO2 reduction has been widely studied using ex-situ analysis techniques 

such as gas chromatography coupled with mass spectrometry, high performance liquid 

chromatography and ion chromatography [98] but with these techniques only the final 

products could be detected. Detection of reactions intermediates necessitates the 

utilization of techniques which can provide in-situ analysis; use of FTIR spectroscopy 

and DEMS is reported in this regard [99-102]. 

2.5 Experimental Techniques 

2.5.1 UV-visible Spectroscopy 

UV-visible spectroscopy is widely used for the characterization of the NPs 

“colloids” of metals exhibiting their respective intense surface plasmon bands. Excitation 

of surface plasmons by light is denoted as a surface plasmon resonance (SPR) for planar 

surfaces or localized surface plasmon resonance (LSPR) for the nanometre-sized metallic 

structures. LSPR is a collective electron charge oscillations in metallic NPs when excited 

by light. Electronic energy levels of the NPs of a given metal are characteristic of the 

particle size and structure. The measured spectra may hence be used for both 

characterization and quantitative analysis. LSPR can cause intense colours of the 

dispersed NPs of metals (well documented for Cu, Ag and Au) that are not exhibited by 

the bulk metals. This extraordinary property has been exploited to increase light 

absorption in photovoltaic cells by depositing metal NPs on the cell surface [103]. For 

nanowires the absorption energy may differ when polarization due to light takes place 

along or perpendicular to their axes making primary and secondary bands appear at 

different positions [104]. In case of a nanoalloy the plasmon band appears at a position 

weighted average of the constituent metals [105]. 

2.5.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy 

has emerged as one of the most common techniques used to measure vibrational spectra 
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of small molecules adsorbed on NPs. While traditional FTIR spectrometers analyze the 

radiation transmitted through the sample, the ATR version makes use of the reflectance 

by measuring the change in a totally internally reflected beam. The IR beam hits an 

optically dense crystal (diamond, zinc selenide or germanium) creating an evanescent 

wave that is not transmitted through the sample which absorbs energy within the 

evanescent wave region (Figure 2.13). The resulting changes in the reflected beam are 

detected and analyzed to obtain the absorption spectrum of the sample. Factors that may 

affect quality of the spectrum are refraction indices of the ATR crystal and sample  

(crystal > sample), incidence angle and penetration depth of the IR beam besides extent of 

sample contact with the ATR crystal.  

In the present work ATR-FTIR spectroscopy has been employed for the 

qualitative analysis of stabilizers and their points of attachment with the NPs; also 

structural variations of the attached stabilizers can be probed by comparing the spectra 

with their pure analogues. Moreover, information on electrochemical reactions can be 

obtained using this technique for in-situ study of the adsorbed species on the electrode 

surface [106]. 

 

Figure 2.13: Scheme for internal reflection of IR beam in an ATR-FTIR spectrometer.  

2.5.3 X-ray Diffraction  

X-ray diffraction (XRD) involves photons in the energy range 100 keV to 1000 

keV which are diffracted by the atoms in a crystal. The technique directly provides 

information on inter-atomic spacings in crystalline materials. X-rays produce a focused 
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electron beam which slows down on collision with a stationary or rotating target to 

produce a continuous spectrum of radiation called „Bremsstrahlung’ [107].  

 

Figure 2.14: Schematic diagram for XRD spectrometer. 

The targets normally used in the laboratory instruments are Cu and Co; the X-rays 

produced from these metals are filtered off leaving the strongest characteristic line (K) 

at 1.5406 and 1.7892 Å, respectively [108]. The diffractometer used is either - type in 

which X-ray tube and detector move simultaneously or -2 type in which the X-ray tube 

is static while sample rotates at half the rate of the detector to maintain -2 geometry. 

The relative positions of X-ray tube, sample and detector are shown in Figure 2.14. 

The simplest way of understanding XRD is in terms of the Bragg reflection from 

atomic planes; the reflection occurs only when the incidence angle is equal to the Bragg 

angle (B) that satisfies Bragg’s law [109]: 

 

B2 .sin  Rn d  (2.18) 

 

where  is the X-ray wavelength, d is the spacing between atomic planes measured in a 

direction perpendicular to the planes and nR is an integer that represents the order of 

reflection. Whereas diffraction from a grating takes place at its surface, X-rays are 

diffracted through many atomic planes within a certain volume of the crystal that acts as 
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a kind of three-dimensional grating. Accordingly Equation (2.18) should involve a 

spacing d measured between diffracting planes rather than within a surface plane. 

Many metals such as copper and gold have a face centred cubic (fcc) structure, for 

which: 

 

2 2 2

a
d

h k l


 
 (2.19) 

 

where a is the lattice parameter (dimension of the unit cell), and h, k, and l are integers 

known as the Miller indices that describe the orientation of the planes (of spacing d) 

relative to x, y, and z axes of the crystal. Larger Miller‟s indices, according to Equations 

(2.19) and (2.18), correspond to smaller d-values and larger B, respectively. For a 

material of fcc structure from the known lattice parameter the expected d-spacing can be 

calculated using the additional condition that h, k, and l must either be all odd or all even. 

Therefore, the first few peaks in the diffraction pattern of a polycrystalline fcc metal 

correspond to the Miller indices: (hkl) = (111), (200), (220), (311), (222), .… 

XRD has many quantitative applications besides identifying the crystal structure 

e.g., measurement of lattice parameter, detection of long-range ordering and the phases 

present in unknown materials. Analysis of diffraction data usually refers to the 

determination of particular characteristics of single phases including crystallite size and 

sample composition [110]. Using the Debye-Scherrer formula [111,112] as given by 

Equation (2.20), the mean crystallite size (Dhkl/nm) can be calculated from the diffraction 

pattern, making correction for the contributions from strain and instrumental broadening: 

 

cos
hkl

B

K
D



 

 (2.20) 

 

all the symbols have significance while  is the peak width at half maximum intensity in 

radians and the Scherrer constant (K), having approximate value of unity, depends on the 

crystallite shape. 
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Figure 2.15:  Effect of Au content in Au-Cu binary alloys on the lattice parameter derived from XRD data 

using Vegard‟s equation [113].  

In case of binary alloys, composition can be determined from the lattice parameter 

since according to Vegard‟s law d shows a linear dependence on atomic ratio of the 

constituent metals as indicated for Au-Cu alloys in Figure 2.15 [113].  

2.5.4 Transmission Electron Microscopy  

Transmission electron microscopy (TEM) was developed in the 1930s in an 

attempt to improve the resolution of optical microscopy limited by the Rayleigh criterion 

[114,115] according to which theoretical resolution parameter (rTEM) is given by: 

 0.61

( sin )
TEM

la

r



 

 (2.21) 

 

where  is wavelength of the light beam, la is the semi-angular aperture of the lens and 

 is the refractive index of the medium while the term sinla is known as the numerical 

aperture of the lens. Lower rTEM value indicates higher resolution which can be achieved 

at shorter wavelength and a higher numerical aperture of the lens [115]. Accordingly X-

ray microscopy should vastly increase the resolution owing to the shorter wavelength but 

cannot be easily refracted to form an image. An electron beam offers the best alternative 

since the electrons, being charged particles, can be easily refracted by a magnetic field. 

With the advent of TEM a breakthrough came in the field of nanotechnology, which 

allowed characterization of nanomaterials by their imaging. 
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Introducing the concept of wave-particle duality, de Broglie‟s equation provided 

the following relationship between the wavelength and the momentum (p) of a particle: 

 
h h

p mv
    (2.22) 

 

h is the Planck‟s constant, m and v are the mass and velocity of the particle. Electrons can 

be accelerated by applying a potential difference (V) which can be related to its velocity: 

 
2

2

mv
E eV   (2.23) 

 

E and e are the energy and charge of the electron, respectively. Combination of Equations 

2.22 and 2.23 gives: 

 

1/2

1.228

(2 )

h

VmeV
  

  (nm)
 (2.24) 

 

However, at the acceleration voltages of ~100 kV used in TEM, relativistic effects have 

to be taken into account with c being velocity of light in space: 

 

2
2 (1 )

2

h

eV
meV

mc

 



 
(2.25) 

 

Working at high V will result in shorter  and hence better resolution. An acceleration 

voltage of 100 kV results in less than 3.70 pm of relativistic wavelength with the 

resulting electron velocity of 1.64 x 10
8
 m/s [116]; such high-energy electrons can 

penetrate several microns into given solids. For the crystalline solids, electrons are 

diffracted by atomic planes of the material just like the X-rays making basis for 

transmission electron diffraction pattern (first described by G. P. Thomson in 1927).  

Electron diffraction patterns are obtained by elastic scattering of electrons due to the 

Coulomb field of atomic nuclei in a crystalline material [117]. Just like X-rays, the fast 

electrons used in TEM also penetrate through many atomic planes and diffract within 

crystalline regions of the solid. However, since wavelength of the electrons is far shorter
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Figure 2.16: Path of a fast moving electron diffracted from atomic planes of spacing d; Rd and L being 

radius of the diffraction ring and camera length, respectively. 

than typical atomic-plane spacing (~0.3 nm), the Bragg angles (B) are also small. Using 

small-angle approximation ( << d) and considering the integer nR unity for the first-

order diffraction from planes of spacing d/nR, Equation (2.18) becomes: 

 

2 Bd d      (2.26) 

 

where =2B corresponds to angle of the diffracted electron.  

From the geometry of electron diffraction (Figure 2.16) an expression relating the 

scattering angle (), camera length (L) and the radius of diffraction ring (Rd) is given as: 

 

tan tan 2 d
B

R

L
     (2.27) 

 

Combining Equations (2.26) and (2.27) for the small angle approximation 

( B Btan 2 2sin   ), d-spacing may readily be calculated using the electron diffraction 

pattern from the expression below: 

 .

d

L
d

R


  (2.28) 

 

d 



Theoretical Background 

38 

 

The L value may vary due to changes in vertical re-adjustment of the specimen holder 

and lens settings on sample loading or even cleaning of the pole pieces; for precise 

calculations the camera constant (
.
L) should be frequently calibrated using a reference 

(like Au or Al) of known d-spacing. The coinage metals have fcc structure hence (hkl) 

assigned to the first few rings of their polycrystalline sample would be (111), (200), 

(220), (311), (222); ring for (111) being the brightest. 

TEM has become a powerful and invaluable tool for the size and structural 

characterization of NPs but its most important application is their atomically resolved 

real-space imaging. In addition, supplementing the diffraction and spectroscopic data the 

TEM is likely to give a more precise and reliable information on the crystal structure. A 

modern TEM is composed of an illumination system, a specimen stage, an objective lens 

system, the magnification system, the data recording system(s) and the chemical analysis 

system. The illumination system is an electron gun which typically uses W or LaB6 

thermionic emission sources. The thermionic emission gun produces high energy 

electrons which are then accelerated towards the sample and depending on the specimen, 

various processes can occur as shown in Figure 2.17. The objective lens determines the 

resolution limit of the image, which can be magnified up to 1.5 million times the original 

size with the help of the magnification system consisting of intermediate and projector 

lenses. The data recording system tends to be digital with the use of a charge coupled 

device (CCD), allowing quantitative data processing. The schematic for the parts 

arrangement in a TEM is illustrated in Figure 2.18. 

 

Figure 2.17: Various processes resulting after a beam of incident electrons strikes the specimen. 
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High resolution TEM (HRTEM) is rather more effective technique since it 

employs a field emission source as an alternate to the thermionic emission gun for 

performing high coherence lattice imaging and spatial resolution microanalysis. Further 

improvements in instrumental specifications such as higher accelerating voltages, 

aberration corrected lenses and high resolution CCD cameras make the HRTEM a 

tremendously useful characterization technique. Although HRTEM may not be sensitive 

enough to resolve elements with similar atomic numbers but for bimetallics having large 

difference in atomic numbers of the constituent elements, relative distribution of the two 

metals in the NP can be determined by measuring the lattice spacing.  

 

 

Figure 2.18: Schematic diagram showing various components of a transmission electron microscope. 

 

 TEM/HRTEM micrographs are usually bright-field images created with an 

objective aperture centred about the optical axis [118]. However, instead of selecting the 

Electron Gun 

Objective Lens 

Projector Lens 

Screen/ CCD 

Camera 

Condenser Lens 

Sample 



Theoretical Background 

40 

 

un-diffracted electron beam to form the image, the objective aperture can be horizontally 

displaced to admit only diffracted electrons. Strongly diffracting regions of the specimen 

then appear bright relative to their surroundings, resulting in a dark-field image because 

any part of the field of view that contains no specimen would be dark. One advantage of 

the dark-field image is atomic-plane spacing (d) determination provided displacement of 

the objective aperture is calibrated; the information can be used to establish crystallinity 

of the alloy. With the procedure just described, the image has inferior resolution 

compared to a bright-field image because electrons forming the image pass though the 

imaging lenses at larger angles relative to the optical axis, giving rise to an increased 

spherical and chromatic aberration. However, such loss of resolution can be avoided by 

keeping the objective aperture on-axis and re-orienting the electron beam arriving the 

specimen, using the illumination tilt deflection coils that are built into the illumination 

system hence resulting in high angle annular dark-field (HAADF) images. 

Energy dispersive X-ray spectroscopy (EDX) is the most commonly used 

reliable (micro)analytical technique coupled with TEM. Under the impact of an incident 

electron beam, inner electrons of atoms may be excited to either an unoccupied higher 

energy level or even to a free electronic state. The quantum transitions associated with 

these excitations emit X-rays and Auger electrons. These inelastic scattering signals, as 

indicated in Figure 2.17, are the fingerprints of the elements that provide specific 

electronic structure as well as quantitative information. 

2.5.5 X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS), more precisely called the electron 

spectroscopy for chemical analysis (ESCA) due to involvement of the Auger electrons, 

provides quantitative information besides the nature and oxidation states of elements 

[119,120]. Siegbahn et al. developed the XPS technique in the 1960‟s and earned Physics 

Nobel Prize in 1981 for the achievement. The technique works by irradiating surface 

atoms of solids with X-ray photons of energy h which causes ejection of electrons 

having kinetic energy Ek; from the h and Ek values electron binding energy (Eb) can be 

determined. Electrons near the Fermi level generally do not carry information about the 
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element however, tightly bound core electrons exhibit Eb that is characteristic of the 

element, its oxidation state and chemical environment of the atom. Eb values of almost all 

the elements are comparable to respective K energies (1253.6 and 1486.6 eV) of 

commonly used X-rays sources Al and Mg [121]. Although X-rays penetrate samples to 

the order of a micron, the useful electron signal Ek is only produced by the surface atoms 

present at depths from 10 to 100 Å making XPS a useful technique of surface analysis. 

The limited escape depth of the ejected electrons requires corresponding adjustment of 

analyzer angle with respect to the surface normal, a useful instrumental variable known 

as the take-off angle (ToA). Depth profiling of solids becomes possible by varying ToA 

making basis for the so-called angle-resolved XPS (AR XPS); a smaller ToA provides 

more information about the surface composition. A Schematic arrangement of various 

essential components of a typical XP spectrometer is given in Figure 2.19. 

 

Figure 2.19: Arrangement showing various components of an X-ray photoelectron spectrometer.   

 

From the principle of energy conservation, total energy at the initial state (h + 

energy of an N-electron atom) must be equal to energy at the final state (Ek + energy of 

the (N-1)-electron entity) as given below: 

 
1N N

initial k finalh E E E     (2.29) 
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Binding energy of an electron relative to vacuum level (
1

vac

bE ) of the sample is given by: 

 
1

1

vac N N

b final initial kE E E h E     (2.30) 

 

Since kinetic energy is measured after passing the ejected electrons through a 

hemi-spherical analyzer, spectrometer‟s contribution (a constant) must also be 

incorporated into the work function to justify value of the measured kinetic energy 

( measured

kE ) as depicted in Figure 2.20. The binding energy of electron with respect to the 

Fermi level ( Fermi

bE ) can be expressed as below: 

 

2

Fermi vac measured

b b spec k specE E h E      (2.31) 

 

where 
2

vac

bE  and spec are respectively binding energy of the ejected electron with respect 

to vacuum level of the spectrometer and its work function.  

 

 

Figure 2.20: Scheme illustrating effect of the electric connection between sample and spectrometer for 

producing spectra in terms of work function of the latter; for details see Equations 2.29-2.31. 

XPS peaks are labelled using quantum numbers of the level from where the 

transition originates; electrons in orbital l (0, 1, 2 and 3 or s, p, d and f) having spin s 
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(1/2) have total momentum j=|l±s|. Hence for l>0 two sub-levels separated by energy 

called spin-orbital splitting are responsible for appearance of doublets. The Au4f and 

Cu2p core electrons in the respective sub-levels cause intense doublet transitions to 

appear; in Au the lines originate from 4f7/2 (l=3 and j=3+1/2) and 4f5/2 (l=3 and j=31/2) 

while in Cu 2p3/2 (l=1 and j=1+1/2) and 2p1/2 (l=1 and j=11/2) are the sub-levels of 

origin. Relative intensity of the two peaks in a doublet is determined by the multiplicity 

(2j+1) ratio of the corresponding sub-levels. The spin-orbital splitting as well as Eb for a 

set of sub-levels increases with the atomic number. Every element has specific Eb values 

for its core electrons which result in the characteristic XPS peak positions. However, 

different oxidation states of an element and its various chemical environments are also 

responsible for changing Eb values for the core electrons; presence of electron 

withdrawing/ donating groups in the vicinity tend to change the Eb values [122]. The 

change in the XPS peak position (sometimes upto 3 eV) is known as chemical shift; 

higher oxidation states of metals and electronegativities of the surrounding species (such 

as ligands) tend to increase the Eb [123-125]. However, it is not always possible to 

identify the „chemical state‟ of an element based on the Eb measurements alone. 

Therefore presence of shake-up satellites in the XP spectra and/or chemical shift 

comparison with the Auger lines has to be taken into account [126]. 

Atomic fraction (Ci) of a constituent in the multi-component sample can be 

calculated from: 

 
.

.

ij iji
i

i ij ij

A RSFn
C

n A RSF
 
 

 (2.32) 

 

where ni and ni are respectively the atomic number densities of the i
th

 and of all the 

elements in the sample, while Aij and RSFij  are area and relative sensitivity factor of i
th

 

element‟s j-peak in the XP spectrum. 

With the above features, XPS not only provides elemental analysis (within 

0.5%) for ~100Å surface layer of a sample but also gives information on the chemical 
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state, chemical environment and hybridization in atoms of the element. Varying the ToA 

or energy of the X-ray source helps in depth-profiling of metals and alloys as well.  

2.5.6 Ellipsometry  

Being a type of reflection spectroscopy, the ellipsometry involves three 

parameters of importance: (a) phase change of the light upon reflection (b) refractive 

index of the film material and (c) film thickness. In contrast to the pertinent reflectance 

spectroscopy which deals with the intensity of reflected light at the wavelength of 

interest, the ellipsometry is sensitive to several other characteristics of the film material 

such as surface roughness, composition, and optical anisotropy besides optical constants 

(refractive index and extinction coefficient) of both substrate and medium [127].   

The principle of ellipsometry is based on change in polarization state of the light 

reflected from sample surface. As shown in Figure 2.21, a linearly polarized input beam 

is transformed into an elliptically polarized reflected beam; for any incidence angle 

between 0° and 90
°
, p- and s- polarized light will be reflected differently. The ellipse of 

polarization is described in the p-s coordinate system; the s-direction is taken to be 

perpendicular to the direction of propagation and parallel to the sample surface while the 

 

 

Figure 2.21: Schematic depiction of an ellipsometry experiment (details in the text). 

p-direction is taken to be parallel to the direction of propagation and also contained in the 

plane of incidence. Measurement of the polarization change to (generally) an ellipse 
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helps finding out complex index of refraction (Nci) which contains information for both 

the dispersion and absorption of light as its real and imaginary parts:  

 

ciN i   (2.33) 

 

 and  are the refractive index and  extinction coefficient which at the wavelength,  is 

related to the absorption coefficient() as ( =
.
/4).  

 Measurement of the modulus of reflection coefficients is easy but it is 

difficult to determine the phase changes of p- and s-components separately. However 

using ellipsometry, the ratio (rp/rs) of the Fresnel reflection coefficients for the p- and s-

polarized light can easily be measured; the ratio includes both amplitude and phase terms 

which can be expressed in terms of ellipsometric angles  (psi) and  (delta) as below: 
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(2.34) 

 

tan(), the amplitude term, is ratio of the reflection coefficients moduli and , being the 

difference of the phase changes p and s for p- and s-components, contains the phase 

information. Ellipsometry is therefore a unique kind of spectroscopy as each datum point 

contains two pieces of information,  and  which in turn depend on the angles of 

polarizer and analyzer of the ellipsometer (Figure 2.22). Since  and  are derived from 

the same light source, the technique has the important operational advantage of high 

immunity to noise in the light source.  
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Figure 2.22: Diagram showing various parts of a thin-film ellipsometer. 
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 Ellipsometry is used to study the nature of various interfaces involving solid/solid, 

solid/liquid, liquid/liquid, liquid/gas and solid/gas. The film thickness calculated in some 

cases is as highly resolved as few tenths of a nanometre [128]. For the simplest case of an 

isotropic, homogeneous and perfectly planar film illustrated in Figure 2.23, the various 

parameters involved can be summarized as:  

 

f (Nci(a), Nci(f), Nci(b), df, , ) = tan
.
 e

i
  (2.35) 

 

where Nci(a)=a, Nci(f) =f + if and Nci(b)=b + ib are the complex indices of refraction of 

air, of the film and of the bulk, respectively. Knowing a, b, b,  and , measurement 

of  and  can be used to calculate df, f and f. If the film is transparent to the incident 

beam, for example, for self-assembled monolayers of organic ligands on bulk metals, 

these transparent to red laser light (= 632.8 nm), and therefore, f =0. If the adsorbed 

species producing self-assembled monolayer (SAM) and f is known, the df value can 

easily be determined.  
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Figure 2.23: Diagram showing interaction of visible region light with a three-phased model system 

comprising air/film/bulk.  
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2.5.7 Electrochemistry 

2.5.7.1 Cyclic Voltammetry  

Cyclic voltammetry (CV) is invariably one of the first techniques employed in an 

electrochemical investigation of electro-active species since it is easy to perform and 

provides quick and useful information. As the CV experiments are performed in static 

solution, transport of any species „a‟ to the electrode surface, a purely diffusion 

controlled process, is governed by Fick‟s law [129]: 

 
2

2
.

 


 

a a
a

C C
D

t x
 (2.36) 

 

CV has been employed for almost all types of species to determine the potentials at 

which they undergo electrochemical processes, whether simple or coupled [38,130] 

which aims at studying kinetics of the process using the Nicholson equation [131].  

 

Figure 2.24: (a) Schematic illustration for three electrode arrangements; WE, CE and RE being working, 

counter and reference electrodes, respectively and (b) a scheme signifying minimization of solution 

resistance, Rs by placing RE closer to WE (Ru being the remaining uncompensated resistance); wor and aux 

are the work functions for WE and CE, respectively.  

Typically a three electrode cell configuration, shown in Figure 2.24, is employed 

in the CV experiments. Reference electrode (RE) is placed in close proximity of the 

working electrode (WE) using a Luggin‟s capillary so that uncompensated resistance, is 

minimized, which is normally neglected during the measurements [132]. Moreover, a 

potential is applied between counter electrode (CE) and the WE relative to high 

impedance RE so that no current flows between the RE and WE. The potential applied to  
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Figure 2.25: (a) Time variation of applied potential from its initial value, E1 to highest magnitude, E2 in a 

cyclic voltammetry experiment and (b) typical cyclic voltammograms for: (i) an irreversible, (ii) a 

reversible and (iii) a quasi reversible electron transfer process. 

 

the WE is swept linearly from an initial value E1 to a pre-defined limit E2. The analyte 

species capable of undergoing electron transfer process should produce a current peak 

during the potential sweep; if the electron transfer process is reversible, a peak is 

observed also on reversing the potential scan [129]. From the behaviour shown in 

voltammetric cycle, the electron transfer reaction may be categorized as reversible, 

irreversible or quasi-reversible. A typical potential waveform and the resulting cyclic 

voltammograms are shown in Figure 2.25. If rate of the electron transfer is fast enough so 

that a Nernstian equilibrium is achieved at the electrode surface, the reaction is said to be 

electrochemically reversible having characteristic separation of the reduction-oxidation 

peak potentials. The separation is independent of the scan rate and for n electrons 

transferred per species its value is 0.059/n volts. According to the Randles-Sevčik 

equation [38] the reversible reactions peak current (Ip) is related to the sweep rate (s) and 

diffusion coefficient (D):  

 
1/2 1/2 1/20.4463 ( )  p s

nF
I nFA C D

RT
 (2.37) 

 

which reduces to the following form at 25 
°
C: 

 
3/2 1/2 1/22,69,000p sI n AC D   (2.38) 
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where A is the geometric area of the WE in cm
2
, F is the Faraday constant and C


 is the 

bulk solution concentration in mol
.
dm

-3
. From slope of the Ip versus s

1/2
 plot D (cm

2.
s

-1
) 

of the electroactive species can readily be calculated. 

2.5.7.2 Using Rotating Disc Electrode  

Use of rotating disc electrode (RDE) is the most popular technique for kinetic and 

mechanistic studies, which involves forced convection to dominate mass transport to the 

electrode surface [133]. The WE used for the purpose is a small metal disc embedded 

centrally in a large cylinder of an insulating material such as Teflon. The electrode is 

rotated at a constant speed in order to obtain a laminar flow to cause the solution at the 

electrode surface move radialy outwards so that fresh solution is drawn hence a steady 

supply of electroactive material at the electrode surface is maintained (Figure 2.26).  

 

Figure 2.26: Production of laminar flow lines by rotation of disc electrode. 

Under the above conditions transport of species „a‟ to the electrode surface can be 

described by both diffusion and convection [134]: 
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 (2.39) 

 

In contrast to the CV results, the study of electrochemical reactions using RDE exhibits 

no distinct peak even at slow scan rates (~5 mV
.
s

-1
). However, on arriving at the redox 

potential the current rises to its maximum value called the mass-transport-limited current 
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(IL(mt)); the value of IL(mt) remains unchanged as the amount of electroactive species 

consumed at the electrode surface is replenished due to convective flow. However, IL(mt) 

only rises if either the rate of convective mass transport increases or a subsequent 

reaction takes place. Dependence of IL(mt) on  rotation rate ( /radians.s
-1

) of RDE is 

given by the Levich equation [38,133,134]: 

 
2/3 1/6 1/2

( ) 0.62L mt sI nFAC D     (2.40) 

 

A straight line passing through the origin for a IL(mt) versus 
1/2 

plot indicates that the 

process is entirely mass transport-controlled and D of the electroactive species can be 

determined from the slope. In case the reaction is not fully mass transport-controlled, 

dependence of limiting current (IL) on  is given by the Koutecky-Levich equation [133]: 
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(2.41) 

 

The plot of IL
 -1

 versus 
-1/2

 enables to determine D from the slope and forward rate 

constant (kf) from the intercept. 

2.4.7.3 Chronoamperometry 

In chronoamperometry (CA) current-time (I-t) response is recorded following a 

change in the WE potential. It is a widely used technique especially for the study of 

electrochemical interfacial nucleation [30,35-37,135-137]. In the single potential-step 

method, WE potential is stepped from rest potential (Ei) at which no electrode reaction 

takes place, to an appropriate value where the redox reaction(s) can occur; the resulting 

current is recorded as a function of time (Figure 2.27) [133].  

Solution of Fick‟s law applying boundary conditions for a planar electrode for reversible 

reactions gives the Cottrell equation [38]: 

 1/2

1/2D
I nFAC t  
   

 (2.42) 
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Following the above relation I-t transients show a decay of current with time; a 

linear plot between I and t
-1/2 

passing through the origin should provide the diffusion 

coefficient of the electroactive species. Although large number of data points increases 

reliability of the results, the largest measuring time is limited by the build-up of density 

gradients and stray vibrations causing convective disruptions of the diffusion layer. 

 

Figure 2.27: (a) Potentialtime profiles for single step chronoamperometry starting from Ei at which no 

redox reaction takes place and (b) currenttime responses at various step potentials: (i) E1, (ii) E2 and (iii) 

E3; E1, E2 and E3 have been chosen such that the reaction is diffusion controlled, controlled by both 

diffusion and kinetics, and kinetically controlled, respectively. 

 

For slow reactions and at short times, the reaction is kinetically controlled and the second 

limiting case of CA for short times results in a linear dependence of the current at short 

times, Ist on t
1/2 

instead of t
-1/2

 according to: 
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k k
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 (2.43) 

 

Here kb is the rate constant for the backward reaction. 

 For metal nucleation on the electrode surface, Cottrell‟s equation can be 

employed under the assumption that the whole electrode surface is covered by the nuclei 

and hence diffusion to the surface is linear. Using rising section of the current transients 

at short times, the type of nucleation and its kinetics can be investigated along with an 

estimation of number density of the deposited metal particles. The background theory 
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related to electrochemical nucleation and growth of the metal particles, and the role of I-t 

transients in the kinetics studies has been given in section 2.2. 

2.5.8 Differential Electrochemical Mass Spectrometry  

Differential electrochemical mass spectrometry (DEMS) is a technique which 

couples mass spectrometry with electrochemistry so as to detect products of Faradaic 

reactions immediately after their formation [138]. It is mostly applied for mechanistic 

studies of electrocatalytic reactions which have practical relevance to the environmentally 

important processes such as CO2 electroreduction and in fuel cell research. The DEMS 

setup involves interfacing a mass spectrometer (MS) to an electrochemical cell via a 

porous Teflon membrane which is permeable to only volatile products of the electrode 

reaction (for being hydrophobic, Teflon does not allow water to penetrate through its 

pores). A high vacuum maintained at the mass spectrometric side of the membrane helps 

reducing the transfer time of reaction products during their online detection [139]. 

Selection of the critical pore size of the Teflon membrane is determined by surface 

tension and contact angle of the solvent (for water the pore size chosen is < 0.8 m 

[140]). For the aqueous systems Gore-Tex Teflon membrane (thickness= 75 m; pore 

width= 20 nm) having 50% porosity is used. The electrocatalyst (electrode also acting as 

catalyst for a specific reaction) is loaded on the Teflon membrane in different ways: (i) 

sputtering [82], (ii) electrochemical deposition [82], (iii) physical vapour deposition [141] 

or (iv) coating the ink of carbon supported NPs [142-144]; the latter has high roughness 

factor resulting in higher rates of product formation. However, thickness of the 

electrocatalyst must be less than the diffusional thickness (d

) given by d


 ≈ (2Dt)

1/2
 with 

D being the diffusion coefficient of the reaction product of interest while t is the time 

required for that product to penetrate the membrane from the electrode surface.  

A typical cell used for DEMS study is shown in Figure 2.28. It has a steel frit in 

the part connected to MS hence providing support to the electrocatalyst coated porous 

membrane. However, for the fast electrochemical reactions use of small volume cells is 

insufficient for repeated experimentation. In such case, a cell with provision to flow the 

electrolyte solution for continuous replenishment of reactant species is required as 
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depicted in Figure 2.29. Also the flow rate optimization is required so that the reaction 

product is given sufficient time to diffuse through the membrane to avoid flushing by the 

fresh solution. 

 

Figure 2.28: Two dimensional view of a commonly used cell for the differential electrochemical mass 

spectrometry (DEMS) studies; taken from Reference 139. 

 

  

Figure 2.29: Dual thin layer cell for differential electrochemical mass spectrometry (DEMS) under 

constant flow of electrolyte (a) top view of the KelF part of the cell and (b) side view of some components 

of the cell: (1) KelF support, (2) Kalrez washer, (3) working electrode (WE), (4,5) Teflon washers, (6) 

porous Teflon membrane, (7) stainless steel (SS) frit, (8) SS connection to mass spectrometer and section 

XX of (a). Parts (9), (10) and (11) are the capillaries for flushing argon through the cell, the solution inlet 

and outlet and connection of top chamber with SS frit, respectively; taken from Reference 139. 
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DEMS confirms formation of products in the electrochemical reaction by 

measuring ion current (Iij) for the j
th

 species entering into the MS compartment; Iij is 

proportional to flux (Jj) of the species and hence related to the Faradaic current (IF) of the 

corresponding reaction: 

 

 
o

o F
ij j

K I
I K J

nF
 

(2.44) 

 

oK includes settings of the spectrometer and ionization probability of the j
th

 species. 

Since the entire j
th

 species contributing to IF do not reach the MS and a part thereof 

diffuses away into the bulk solution, Equation 2.44 should involve transfer efficiency (j) 

of the product to give following equation: 

 *  
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j F

j F

K I K
I I

nF n
 (2.45) 

 

where K
*
=K


j/F. Calibration for a given electrochemical reaction  can be done from the 

number (n) of electrons involved in the formation of j
th

 species while 
*K  can be 

determined from the plot between Iij and  IF.  

To conclude, DEMS studies involve simultaneous measurement of IF and ion 

current(s) due to product(s) of interest during potential sweep or potential step 

experiments; the resulting plots between the ion current and time (in potential step) or the 

applied potential (in potential sweep) is called mass spectrometric current (MS I-t) 

transient or  mass spectrometric cyclic voltammograms (MSCV), respectively. Additional 

advantage of DEMS may be demonstrated from the fact that around 100 different ionic 

species may be detected simultaneously. 

2.6 Instruments and Software Employed 

For the analyses of Au and Cu in the NPs, inductively coupled plasma-optical 

emission spectroscopy (ICP-OES) was used employing a CIROS VISION spectrometer 

from SPECTRO Analytical instruments Inc. which required digesting the NPs samples in 
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the aqua-regia. The elemental analyses of the organic ligands, attached to NPs, were 

carried out on a Carlo Erba Flash EA 1112 CHN analyzer that required solid samples. 

UV-visible spectra were recorded on a pre-calibrated Perkin Elmer Lambda 25 

UV-visible dual beam spectrometer (range: 190-1100 nm; resolution: 1 nm). All the 

spectra were measured in 200-850 nm region and employed for qualitative analyses. The 

technique was used to establish formation of metal NPs and NAs of various 

compositions. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra 

were measured from 4000 to 500 cm
-1 

on a JASCO FT/IR-4100 spectrometer; the 

recorded spectra were averages of 64 scans with point resolution of 4 cm
-1

. 

Measurements were performed either by placing drops of samples dissolved in the given 

solvent on a diamond/ZnSe ATR crystal and subsequently evaporating the solvent to get 

a solid film or by placing a small amount of solid material on the crystal top. The much 

sought for information of the technique was regarding alkylamines attached to the NPs. 

Electron microscopic studies were performed on different instruments
1
. TEM 

was carried out on JEOL 200 kV 2000FXII (resolution of 0.4 nm) and JEOL 300 kV 

3010X (resolution of 0.2 nm) microscopes which were equipped with EDX and selected 

area electron diffraction (SAED) facilities. For the scanning TEM (STEM) a JEOL 

200kV 2100F microscope having point-to-point resolution of 0.1 nm was used. The 

STEM instrument was coupled with aberration corrector to avoid sample displacement 

during the bright- and dark-field imaging. Samples for TEM were prepared by 

evaporating a drop of diluted NPs solutions onto amorphous carbon coated 400 mesh Ni 

grids (instead of generally used Cu grids to avoid background Cu signal in the EDX 

spectrum). The images provided information on surface morphology, crystal parameters 

and size distribution of the NPs; the latter was determined from measurements of at least 

100 particles randomly selected from different areas of the grids.  „Digital Micrograph‟ 

and „ImageJ‟ software were used to process electron microscopic images for establishing 

the particle size distribution and calculating lattice spacing by FFT analysis. 

                                                           
1
 The microscopes available at the Material Science Department, University of Liverpool, UK. 



Theoretical Background 

56 

 

FESEM
2
 was used to image the electrosynthesized Cu NPs; for the purpose Cu 

NPs were deposited on glassy carbon fibers. Computer controlled field emission-

scanning electron (FES) microscope (Hitachi S-4800-I; accelerating voltage: 15.0 kV) 

with additional EDX detector was employed for imaging and elemental analysis of the 

NPs. 

X-ray Photoelectron (XP) spectra were measured on a Scienta ECSA300 X-ray 

photoelectron spectrometer
3
 equipped with a hemispherical electron analyzer and a high 

power rotating aluminum anode (1486.7 eV) as the source while vacuum of the analyzing 

chamber corresponded to <1x10
-9 

Torr. The photoelectrons and their energies were 

determined using multichannel detectors and a spherical sector analyzer, respectively. For 

the sample mounting, a drop of NPs solution was spin coated on silicon wafer. The XP 

survey spectra were recorded from 0 to 1325 eV at a resolution of 1.0 eV. Since NPs 

have no planar geometry, measurements were carried out at 90

 ToA (with respect to the 

surface) while spectra of bulk Au and Cu were recorded at 10
 

ToA to have maximum 

signals from the surface layers. In order to enhance signal to noise ratio (S/N >10), 

enough number of scans were carried out in the characteristic regions for Au4f, Cu2p, 

O1s, C1s, and N1s. Spectral deconvolution was carried out using CasaXPS program 

while binding energies for all the peaks were corrected using the C1s signal of CH2 as 

reference at 285.0 eV. The technique provided information on the NPs composition, 

oxidation states of Au and Cu as well as binding strength of the attached ligand. 

X-ray diffraction (XRD) patterns were collected using a PANalytical X‟pert 

PRO multipurpose diffractometer. The diffractograms were obtained for the samples 

pressed as thin films on a silicate glass holder; a Co source (K1=0.1789 nm) was 

employed primarily in the 2 range from 20 to 125 with approximate step size of 

0.002. For the deconvolution of overlapping peaks, „Origin version 8.0‟ was employed 

using the following Gaussian peak fitting profile: 

                                                           
2
FESEM images were taken under the guidance of Jiri Franc at J.Heyrovský Institute of Physical 

Chemistry, Prague, Czech Republic. 

3
The facility provided by the NCESS, STFC Daresbury Laboratory, Warrington, Cheshire, WA4 4AD, UK.  



Theoretical Background 

57 

 

 2

2

2( )
exp

2

po c

pp

A x x
y y

  
   

    

 (2.47) 

 

where y
o 

and xc are respectively the baseline correction term and position of the 

deconvoluted peak; Ap and p correspond to area under the peak and its width at half 

height. Crystallite sizes of NPs were determined from p using the Debye-Scherrer 

formula described in section 2.5.3; XRD lines for Au and Cu were simulated using 

„Powdercell‟ software.
 

Cyclic voltammetry (CV) and chronoamperometry (CA) were carried out on an 

Autolab III system (Eco-Chemie, The Netherlands) equipped with a PGSTAT20 

potentiostat and specialized modules for customizing the equipment to the needs of the 

experiment. To ensure high speed data transfer and their analyses, a compatible USB 

adaptor was used for interfacing the instrument to a dedicated computer installed with 

„general purpose electrochemical system (GPES)‟ software.  

Differential electrochemical mass spectrometry (DEMS) studies were carried 

out using a simplified instrument (Fraunhofer ICT, Germany) equipped with a QMS 200 

quadrupole mass spectrometer (resolution: 50 ms), a PGSTAT20 potentiostat and a two-

chamber vacuum systems consisting of a Turbo-molecular pump (PFEIFFER, Germany) 

and a rotary pump; the instrument is shown in Figure 2.30
4
. During measurements, less 

than 210
-6

 mbar pressure of was achieved. A computerized data acquisition system 

supplied with „Quadstar 32-bit‟ and „GPES‟ software was coupled to carry out DEMS 

studies. 

Ellipsometry was done on an L126 rotating analyzer instrument from Gaertner 

Scientific Corporation, USA, provided with 1mW He-Ne laser beam (= 623.8 nm) 

subjecting the sample at an incidence angle of 70

. The data were recorded and analyzed 

using the „Filmfit‟ and „Ellgraph‟
5
 software, respectively. 

                                                           
4
 The instrument is available at J.Heyrovský Institute of Physical Chemistry, Prague, Czech Republic. 

5
 The software developed and provided by Dr. R. Greef, University of Southampton, UK. 
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Figure 2.30: Front view of differential electrochemical mass spectrometer: (a) 100 channel mass 

spectrometer, (b) stainless steel joining adaptor with steel holder on which electrochemical cell is fixed, (c)  

SS flexible tubing that allows attachment to vacuum line, (d) Rotary pump and (e) Turbo pump. 
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CHAPTER 3 

      

Synthesis and Characterization of AuxCu1-x Nanoparticles 

 

Studies on nanomaterials generally include optimization of synthesis conditions 

followed by characterization of the synthesized products; the ultimate goal may be certain 

specific applications. According to the requirement, single component nanoparticles 

(NPs) may be further modified by incorporation of other material(s). In this regard binary 

nanoalloys are considered as useful materials for their variety of applications [1]. Particle 

size distribution for both single metal nanoparticles as well as nanoalloys may depend on 

a number of factors such as: i) nature of the stabilizer and its binding sites [2], ii) molar 

ratio of the stabilizer and metal precursors [3-5], iii) strength of the reducing agent and 

its initial concentration [6,7], iv) applied potential (in the case of electrochemical 

syntheses) [8], v) temperature, heating rate and pH of the reaction mixture [9-12].  

The initial objective of the work remained synthesis of stable Cu NPs; however, Au 

has to be incorporated with the consideration that Cu is reactive towards atmosphere at 

nanoscale. NPs of metal(s) can be synthesized in two different ways: either by dispersion 

of larger particles into smaller assemblies (top-down approach) or by condensation of 

smaller units (bottom-up method). However, materials prepared by the dispersion method 
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may consist of particles of irregular shapes and wide range of size distribution. On the 

other hand, as a better strategy to achieve monodispersity of the nanometals (including 

nanoalloys) a bottom-up method is used involving reduction of the metal ions (co-

reducing ions of the metals) [13-16]. Similarly, metal NPs can also be prepared as 

colloids stabilized by appropriate ligands such as citrate [17], alkanethiols [18-21 

alkylamines [22-24], organic polymers having specific functional groups [25-27] and 

surfactants bearing organic cations [28]. Stabilization effect of the above ligands is due to 

surface functionalization of the metal particles thereby preventing aggregation [29].  

3.1 Chemicals  

All the reagents employed were of analytical grade and used as such. Further 

specifications are listed in Table 3.1 below.  

Table 3.1: List of the chemicals employed for synthesizing AuxCu1-x nanoparticles. 

No. Chemical Name Chemical Formula % Purity Source 

1 Tetrachloroauric(III) acid HAuCl4 99.999 Sigma-Aldrich 

2 Cupric sulfate  CuSO4.5H2O 99.995 Sigma-Aldrich 

3 Cupric chloride  CuCl2.2H2O 99.9 Sigma-Aldrich 

4 Cupric nitrate  Cu(NO3)2.3H2O 98.0  Fisons 

5 Sodium citrate tribasic  C6H5 O7Na3.2H2O ≥99.0 Sigma-Aldrich 

6 Hydrazine sulfate  N2H5SO4 99.999 Aldrich 

7 Sodium borohydride  NaBH4 98 Aldrich 

8 CTAB 
a 

C16H33 (CH3)3NBr 98 Fluka 

9 TOAB 
b 

(C8H17)4NBr ≥99 Fluka 

10 Hydrazine  N2H4 35 (w/w) Aldrich 

11 Dodecanethiol  C12H25SH 98 Riedel-de Haën 

12 Dodecylamine (C12N)  C12H25NH2 98 Aldrich 

13 Hexadecylamine  (C16N) C16H33NH2 90 Fluka 

14 Ethanol  C2H5OH 99.8 Fisher Scientific 

15 Toluene   C6H5CH3 99.9 Sigma-Aldrich 

a: CTAB stands for cetyl tri-methyl ammonium bromide; b: TOAB stands for tetra n-octyl ammonium bromide. 
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The de-ionized water (resistivity: 18MΩ
.
cm) employed throughout the experiments was 

obtained after purification of distilled water using a Milli-Q system (Millipore plus 185). 

Since preparation of the NPs demands a high level of purity, the glassware employed in 

the syntheses and purification work were thoroughly cleaned with the aqua-regia, rinsed 

with the de-ionized water and finally dried in an oven before the use. 

3.2 Experimental Section 

In the subsequent parts of this section, several methods employed for the 

synthesis of stable AuxCu1-x binary NPs (x values ranging from 0 to 1) are reported. These 

syntheses protocols were implemented varying nature of the reducing agents, stabilizers 

and also the dispersion medium. For the so-called single phase syntheses, tri-sodium 

citrate and cetyl tri-methyl ammonium bromide (CTAB) were used as stabilizers while 

tri-sodium citrate, hydrazine sulfate, hydrazine and sodium borohydride were employed 

as reducing agents. In the two-phase approach, the toluene/water system provided the 

reaction media while tetra n-octyl ammonium bromide (TOAB) [23], alkanethiol [21] or 

alkylamine [24] was employed as stabilizer; TOAB and alkylamines, when used, acted as 

the phase transfer agents (PTAs) as well. To obtain the best desired results, various 

combinations of the synthesis aids were used; the success of a given protocol was 

checked using certain preliminary analytical techniques. The methods employed for the 

syntheses of AuxCu1-x NPs, based on the phase and stabilizer, are given below.  

3.2.1 Single Phase Syntheses  

All the single phase syntheses were carried out in aqueous medium using various 

reagents to act as either stabilizer or reducing agent or both. Regarding the above citrate 

and CTAB are frequently used.  

3.2.1.1 Citrate-Stabilized NPs 

Although citrate acts as both reducing agent and stabilizer, an additional reducing 

agent may also be employed in the single phase synthesis. 
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i. Without Additional Reducing Agent  

First of all it was tried to synthesize NPs of individual metals and their 1:1 

nanoalloy without employing an additional reducing agent. 

a. Cu NPs  

The typical protocol due to Turkevich [30] for the synthesis of Au NPs was 

followed for the synthesis of Cu NPs using CuSO4.5H2O as precursor.  

250 mL 0.252 mmol aqueous CuSO4.5H2O was placed in a reflux assembly, purged with 

argon for 20 minutes, heated to boiling and then an aqueous solution of sodium citrate 

(25 mL, 0.969 mmol) was added with continuous stirring. The solution color turned 

darker (due to complexation of Cu(II) with citrate ion), but reduction to Cu
0
 was not 

observed even after refluxing overnight. The procedure was repeated five times 

increasing the citrate to Cu(II) ratio the formation of stable Cu NPs was not achieved.  

b. Au NPs  

In order to synthesize stabilized Cu NPs the strategy of Au incorporation has been 

attempted [31,32]. For this purpose, first of all Au NPs were synthesized following a 

previously reported method [30].  

250 mL 0.252 mmol aqueous HAuCl4.3H2O was heated in a conical flask. On boiling, 

sodium citrate aqueous solution (25mL, 0.967 mmol) was added with continuous stirring. 

After 30 minutes of refluxing, the reaction mixture turned to a ruby red colour indicating 

formation of Au NPs. The mixture was further refluxed for 10 minutes to attain 

monodispersity of the NPs. The solution was subsequently filtered through a grade-1 

filter paper to remove large size particles and the clear red filtrate containing Au NPs was 

used for further characterization.  

c. Au0.5Cu0.5 NPs  

Preparation of Au-Cu nanoalloy particles with equal molar ratio of the two metals 

was undertaken following the above schemes (a and b). For this purpose equimolar 

solutions of the two metallic precursors were used. 

200 mL aqueous solution containing equal concentrations (0.1 mmol) of HAuCl4.3H2O 

and CuSO4.5H2O was heated under argon till boiling and then 25 mL 0.04 M aqueous 
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sodium citrate was added with continuous stirring. The resulting dark red solution was 

allowed to cool and was passed through grade-1 filter paper (to get the original filtrate) 

maintaining an inert atmosphere. The UV-visible spectrum of this original filtrate, 

however, did not show the expected characteristics of AuxCu1-x even for x >0.5. To 

further ascertain the ratio of the constituent metals in the NPs formed, the re-dispersed 

sediment of the NPs (not the original filtrate) was analyzed. Care was taken to avoid 

interference from the unreacted metal precursors. To achieve this, a portion of the 

original filtrate, maintained at 8 
o
C, was centrifuged at 16000 rpm for 30 minutes and 

sediment containing the NPs was washed twice with de-ionized water. UV-visible 

spectrum was measured after dispersing the sediment in de-ionized water. The results 

from both the above analysis techniques did not indicate presence of Cu in the NPs.  

It can readily be concluded that although citrate is a suitable agent to reduce 

Au(III), for the reduction Cu(II) to yield its NPs and/or its nanoalloys with Au, an 

additional stronger reducing agent should be used. 

ii. Use of Hydrazinium  

 After some preliminary experiments to optimize the reaction conditions e.g. metal 

ions concentration, metal ions to stabilizer molar ratio and order of mixing metal ion 

solutions the below procedure was followed for synthesizing AuxCu1-x NPs (0≤ x ≤1). 

To 100 mL aqueous solution, containing 1 mM total metal concentration and the required 

molar ratio of Cu(II) and Au(III) (according to the desired value of x), 12.5 mL 0.04 M 

aqueous sodium citrate was mixed over a period of 10 minutes with continuous stirring. 

25 mL 8.0 mM aqueous hydrazine sulfate was added drop-wise and the resulting mixture 

was stirred for 1.5 hours under an inert atmosphere. Upon addition of the hydrazine 

sulfate solution the reaction mixture first turned reddish and subsequently became darker 

indicating completion of the reduction. The reducing agent, the hydrazinium ion was 

added in large excess. The pH of the final mixtures containing the NPs was 6.0±0.3. The 

UV-visible spectra of the final mixtures clearly showed a red shift compared to the 

spectrum of Au NPs, which gradually increased with Cu content. Although preparation 

method using the hydrazinium ion as an additional reducing agent was successful, the 
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TEM analyses demonstrated that the NPs formed were of significantly larger size (~30 

nm). Consequently a still stronger reducing agent [33] was investigated.  

iii. Use of Borohydride  

When sodium borohydride was used as the reducing agent the following approach 

was employed for the syntheses of AuxCu1-x NPs having x values of 0.0, 0.5 and 1.0. 

50 mL aqueous solution containing 0.252 mmol of metal precursor(s) was placed in a 

reaction vessel through which argon was flushed for about 20 minutes. To obtain x=0.5, 

equal amounts (0.126 mmol each) of Au(III) and Cu(II) were dissolved in the aqueous 

solution. To the precursor solutions, 25 mL aqueous solution having 0.969 mmol sodium 

citrate was added with continuous stirring. The mixtures containing Cu(II) turned dark 

blue indicating the formation of Cu(II)-citrate complex [34,35]. To each of the above 

mixtures 1 mL solution containing 0.132 mmol of sodium borohydride was added with 

vigorous stirring. The solution changed colour immediately to brown or reddish brown 

indicating formation of small NPs [36]. The freshly prepared Cu NPs solution exhibited 

the typical surface plasmon band of Cu [37,38] but after several hours the color of the 

solution started fading to greenish brown and ultimately turned blue after 48 hours which 

indicated that the Cu NPs were unstable and oxidized to Cu(II) resulting in the formation 

of the citrate complex. By contrast, the Au NPs were intact after several weeks. For the 

alloy NPs, their formation was indicated by the expected red shift of the UV-visible 

spectrum. However, after one week the NPs started precipitating due to aggregation.  

Since the use of even a stronger reducing agent in the presence of citrate did not 

work to improve stability of the AuxCu1-x NPs, employing a better stabilizer was 

investigated. For this purpose citrate was replaced by CTAB, known for its strong 

passivation effect [39]. 

3.2.1.2 CTAB-Stabilized NPs  

For the synthesis of CTAB-stabilized AuxCu1-x NPs both sequential and co-

reduction methods were employed.  
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i. Sequential Reduction  

Synthesis of CTAB-stabilized Au-Cu NPs was carried out following a protocol 

adapted from Jana et al. [40] that requires Au NPs as seeds synthesized according to a 

procedure described elsewhere [41].  

3.0 mL and 0.5 mM aqueous solutions each of HAuCl4 and sodium citrate were mixed 

under argon atmosphere with continuous stirring to synthesize Au seeds. This was 

followed by addition of 0.6 mL freshly prepared ice-cold 0.01 M NaBH4 solution; the 

reaction mixture turned immediately reddish brown. Stirring was continued for another 

30 minutes. Seed formation was confirmed from the UV-visible spectrum that showed a 

typical absorption peak at 508 nm for Au NPs of less than 10 nm [42]. Subsequently the 

seed solution was left for 2 hours to allow the oxidation of surplus BH4
−
. The so-called 

growth solution (also to be used as a stock solution) was prepared by mixing equal 

volumes of 0.5 mM aqueous solutions of both CuSO4.5H2O and CTAB. 1.0, 2.0 and 3.3 

mL of seed solution were added to 10 mL portions of the growth solution (corresponding 

to x values of 0.10, 0.17 and 0.25, respectively) with continuous stirring for a few 

minutes to attain homogeneity. To each of the above homogeneous mixtures 5 mL 0.01M 

aqueous hydrazine sulfate was added under argon with vigorous stirring. Since hydrazine 

is a mild reducing agent [43] it was expected that a slow reduction of Cu(II) to Cu
0 

would 

take place
 
resulting therefore in its deposition on the Au seeds as NPs. On mixing the 

reducing agent, the color of the solution first changed to brownish red followed by a 

gradual change to dark red indicating accomplishment of Cu(II) reduction. Although the 

synthesized particles were stable for several weeks as demonstrated by UV-visible 

spectra, the TEM analysis showed formation of nanofractals instead of symmetrical NPs 

mainly, attributed to uncontrolled growth of Cu at Au in the presence of CTAB [44].  

Since enhanced stabilizer concentration could also not produce the desired results 

giving symmetrical Au-Cu NPs hence a protocol involving the co-reduction method was 

adopted as an alternative.  

ii. Co-Reduction  

The procedure used to synthesize AuxCu1-x NPs (0≤ x ≤1) was similar to that 

described by Wu et al. [45]. 
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1.0 mM stock solutions of both HAuCl4 and CuSO4.5H2O were separately prepared in 

0.01 M aqueous solution of CTAB. The two solutions were subsequently mixed in 

suitable volume ratios to give the desired values of x. 5 mL of the each resulting mixture 

(having 1.0 mM total concentration of the metal precursors) was de-aerated by flushing 

argon gas for 20 minutes. This was followed by adding 5 mL 0.1M hydrazine also 

prepared in 0.01 M aqueous CTAB solution with continuous stirring. In all the cases, 

colour of the reaction mixtures turned blue [46] except when Cu(II) was not present (in 

which case it became colorless). By adding few µL of aqueous ammonia to each of the 

above, pH was increased to about 11.0 and the resulting mixtures were stirred for about 

30 minutes until the colour changed to reddish brown indicating the formation of 

dispersed NPs in the medium. Stability of the NPs was indicated from the fact that their 

UV-visible spectra (although quite broadened) remained consistent even after five weeks. 

However, after eight weeks partial sedimentation was exhibited due to presence of large-

sized NPs; TEM results of the mixtures indicated NP size between 25 and 40 nm.  

All the single-phase protocols so far mentioned demonstrated that the Cu 

containing NPs (either as the pure metal or alloys), if formed, were produced at low 

concentrations but more importantly not of the desired size (~10 nm). As for achieving 

higher concentrations, a method of steric stabilization of NPs involving reverse 

micellization in an organic phase was also tried [47]. The method is characterized by 

transfer of metal species into the organic medium where they are subsequently reduced to 

metallic NPs; the organic medium already contained the “hydrophobic stabilizer with 

active ligand site(s)” [48]. 

3.2.2 Two-Phase Syntheses 

In the two-phase method the NPs are synthesized in an immiscible organic solvent 

after the metal ions are transferred from the aqueous phase; a so-called phase transfer 

agent (PTA) facilitates the ions transfer to otherwise almost non-polar organic phase [49]. 

However, the synthesis may still require a suitable stabilizer for accomplishment of the 

desired results. 
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3.2.2.1 Thiol-Stabilized NPs  

Thiols, as compared to citrate, may be regarded as better stabilizers for producing 

NPs with lower size distribution and also for their ability to store NPs in solid form which 

could be re-dispersed in (non-polar) organic solvent(s) [21,50]. Thiol being strongly 

interacting group [51] should produce small size NPs but may reduce electrocatalytic 

activity by blocking active sites on the NPs [52].  

Prior to undertaking synthesis of the thiol-stabilized Au-Cu NPs, a detailed study 

on the mechanism of TOAB utilization as PTA was carried out. As suggested earlier [21], 

metal ion transfer to the organic phase by TOAB may only be made possible via 

interaction between [N(C8H17)4]
+
 and the anionic complex of metal ion existing in the 

aqueous phase in contact. In the first instance elemental analyses of the organic phase 

were carried out to ascertain the transfer efficiencies to organic phase for Au(III) and 

Cu(II) species from the aqueous solution containing the metal precursors HAuCl4.xH2O 

and CuSO4.5H2O; the results however showed poor transfer of Cu(II). In order to 

improve and optimize transfer efficiency for Cu(II), formation of its anionic complex was 

facilitated by using CuCl2.2H2O (in analogy to HAuCl4.xH2O) instead of CuSO4.5H2O, 

The Cu(II) transfer was indicated from the organic phase turning yellowish. However, 

analysis of the phase showed only 30% transfer of Cu(II) supposedly due to partial 

conversion of Cu(II) to CuClx
2-x

. The experiment was repeated with excess Cl
−
 ions by 

maintaining 1 M KCl in the aqueous phase. The system, initially comprising 5 mM 

TOAB in toluene and 2 mM Cu(II) in 1 M aqueous KCl, was allowed to settle after one 

hour vigorous stirring. The phase transfer of Cu(II) was noticed from the aqueous phase 

bleaching and the organic phase becoming orange. Also the elemental analyses of several 

samples confirmed at least 90% Cu(II) transfer to toluene. 

After successful accomplishment of Cu(II) transfer to organic phase, the objective 

in view remains synthesis of  AuxCu1-x NPs. It is known that besides the stabilizer, 

reducing agent also plays a role by controlling the reduction rate(s) of metal(s) and hence 

size distribution of NPs.  
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i. Use of Hydrazinium  

Following the above scheme, a new protocol for simultaneous transfer of the two 

metal species (by modifying the Brust-Schiffrin method originally applied for Au NPs 

[21]) was tried in which instead hydrazine sulfate has been used as the reducing agent. 

80 mL toluene having 2.20 g (6.82 mmol) TOAB was placed in a three-necked round 

bottom flask to which 100 mL 0.5 M aqueous KCl containing 0.198 g HAuCl4 and 0.085 

g CuCl2.2H2O (0.50 mmol each to set x=0.5) was added under argon. Transfer of the 

metal species into toluene phase was facilitated by one hour continuous stirring after 

which the organic phase was separated. Subsequently 30 mL dodecanethiol solution (also 

in toluene containing 0.618 g or 3.0 mmol) was added and cooled in an ice-water bath. 

After adding 100 mL 0.1 M aqueous hydrazine sulfate with rapid stirring the system was 

stirred for two hours under inert atmosphere. The organic phase was subsequently 

collected in a separation funnel and repeatedly washed (5 to 6 times) with de-ionized 

water to remove unreacted ionic species. Although the experiment was repeated by 

varying the conditions (working at higher temperature and employing higher 

concentration of reducing agent) but from the UV-visible spectra it was indicated that the 

metal ions did not get reduced possibly due to absence of hydrazinium ions in the organic 

phase. 

 In order to improve the transfer of reducing agent in the organic phase, tetra n-

propyl ammonium bromide  (TPAB) and tetra n-butyl ammonium bromide (TBAB) as 

additional phase transfer catalysts (PTCs) were tried in the organic phase to act as cation-

exchanger for the hydrazinium ion; however reduction of metal ions could not be 

achieved. This led to the use of BH4
− 

as reducing agent because it should not require an 

additional PTC. 

ii. Use of Borohydride 

In the light of all the above considerations, a synthesis scheme for thiol-stabilized 

AuxCu1-x NPs is given below that employs BH4
−
 as reducing agent and the modified 

phase transfer method of metal species. 

The same procedure as given in 3.2.2.1 (i) for Au0.5Cu0.5 NPs (making use of CuCl2.2H2O 

and 0.5 M KCl solution) was followed but in the reduction step 100 mL aqueous solution 
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containing 0.38 g (10.0 mmol) NaBH4 was added. After two hours stirring in inert 

atmosphere, the organic layer was separated and repeatedly washed with de-ionized water 

to remove all ionic impurities. Subsequently volume of the organosol was reduced to 10 

mL in a rotary evaporator working below 40 °C. Adding 250 mL ethanol with rapid 

stirring resulted in precipitation of NPs (supposedly bimetallic).  Keeping the mixture 

overnight below 0 °C and centrifuging at 4000 rpm caused complete sedimentation of the 

NPs which were collected after repeated washing with ethanol and drying in a vacuum 

desiccator. Formation of Au0.5Cu0.5 NPs was confirmed from the EDX coupled TEM 

analysis; in the same way Au1.0Cu0.0 NPs (Au NPs) and Au0.0Cu1.0 NPs (Cu NPs) were 

also synthesized. Au NPs were successfully synthesized but Cu NPs could not be 

uniformly re-dispersed in toluene after purification and drying. Although synthesis of 

small size (~ 2 nm) NPs (of at least Au and Au0.5Cu0.5) was successfully achieved using 

thiol but in view of its anticipated drawback of blocking the active sites, an alternate 

synthesis route involving nitrogen containing stabilizer was tried. 
 
  

3.2.2.2 TOAB-Stabilized NPs  

Following the procedure in 3.2.2.1 (i) again (but excluding dodecanethiol), 

reduction of the metal ions was carried out using NaBH4. 

100 mL 0.1 M aqueous NaBH4 was added under argon to 80 mL toluene solution 

containing 2.20 g (6.82 mmol) TOAB wherein Au and Cu precursors (x=0.5) have 

already been transferred. The reaction mixture was continuously stirred for one hour 

upon which the mixture color turned initially brown and finally purple. The mixture was 

left for 30 minutes to attain phase separation. A stable reddish organosol was formed in 

the upper organic layer while in the aqueous phase black precipitates settled whose 

analysis showed presence of Cu alone. Moreover, the organic phase was separated and 

repeatedly washed with de-ionized water to obtain purified NPs according to the 

procedure described in 3.2.2.1 (ii). However, the UV-visible spectrum obtained after re-

dispersing the NPs in toluene exhibited peak only at 510 nm (typical of the Au NPs of 

less than 10 nm); also the elemental analysis of NPs demonstrated absence of Cu. To find 

out optimized Cu(II) concentration for synthesizing TOAB-capped Cu NPs, experiments 

following the above procedure were repeated by gradually decreasing the aqueous phase 
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concentration of Cu(II) from 10.0 to 1.0 mM but the black precipitates were formed in 

each case.  

The failure in the syntheses of Cu NPs and Au-Cu NPs may possibly be due to 

interaction between Br
− 

and
 

partially reduced intermediate species, Cu(I) to form 

insoluble CuBr which should ultimately yield aggregated Cu particles on further 

reduction. Regarding the above a bromide-free protocol was investigated for the synthesis 

of Au-Cu NPs by employing alkylamines (again nitrogen-containing stabilizers) which 

can simultaneously act as PTAs as well.  

3.2.2.3 Amine-Stabilized NPs 

  In a number of previous studies metallic NPs have been synthesized using amines 

as stabilizers alone [53,54] and as stabilizers as well as reducing agents [55-61]; however, 

the use of amine as reducing agent has resulted in the formation of larger NPs [55,56]. 

However, alkylamines (in spite of their adequate coordination abilities) were not used for 

transfer of metal species to the organic phase [53,62-64].  However, using an amine as 

PTA for both the metal species is particularly attractive for the controlled synthesis of 

bimetallic nanomaterials. 

 The Leff method [24], originally applied for the synthesis of Au NPs, was 

employed for the preparation of a complete range of AuxCu1-x NPs; the method uses 

alkylamines which act as both stabilizers and PTAs. There may be two different 

approaches to synthesize amine-stabilized AuxCu1-x NPs: (a) co-reduction of Au(III) and 

Cu(II) and (b) sequential reduction of Au(III) on Cu seeds.  

i. Co-Reduction 

In the co-reduction method, both the metals are simultaneously introduced into 

the mixture and the reducing agent should be sufficiently strong. 

10 mL aqueous solutions containing total 1.0 mmol of CuNO3 and/or HAuCl4.3H2O (with 

Au(III) to Cu(II) ratio determined by x in AuxCu1-x) were mixed with 50 mL solutions 

containing 2.5 mmol of dodecylamine (C12N) or hexadecylamine (C16N) in toluene with 

gentle stirring to avoid foam formation. Phase transfer of the metal ions was observed by 
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the simultaneous bleaching and colouring of the aqueous and organic phases, 

respectively. The organic phase was collected and 10 mL aqueous 4.0 mmol NaBH4 was 

added with vigorous stirring under inert conditions. The mixture suddenly turned reddish 

(brown for x=0) indicating reduction of the precursor ions to their respective metals to 

form organosols; the stirring was continued for one hour to facilitate completion of the 

syntheses. It is worth-mentioning that the above mentioned concentrations of metal ions 

(in the given ratio) are just high enough to successfully accomplish the synthesis; 

doubling the concentrations resulted in formation of a metal containing layer at the water-

toluene interface. The resulting organosols were purified according to the procedure 

described in 3.2.2.1 (ii) and the NPs re-dispersed in toluene were protected against 

oxidation by adding enough hydrazine to have 10 mM concentration in the final mixtures. 

UV-visible spectra of the final mixture series indicated formation of bimetallic NPs and 

exhibited red shift with increasing Cu content; elemental analyses of the NPs confirmed 

AuxCu1-x formation with the anticipated x values. From complete miscibility character of 

the two metals [65] and due to co-reduction of their ions, random alloying in the Au-Cu 

NPs was expected. However, TEM analyses demonstrated formation of bimetallic core-

shell NPs over the entire series. Also low z-contrast shell showed the Cu enrichment at 

the NPs surface regions indicating surface segregation under the experimental conditions.  

In order to synthesize Aushell@Cucore NPs (Cu protected by Au), the sequential 

reduction approach described below was employed for only one composition. The 

objective of this experiment was to see mutual distribution trends of the Au and Cu atoms 

in the NPs at equilibrium. 

ii. Synthesis of Au0.8Cu0.2 by Sequential Reduction  

The sequential reduction approach employed reduction of Cu(II) in the first 

instance to produce Cu seeds (cores) onto which Au atoms were deposited.  

2mL aqueous CuNO3 (0.2 mmol) was added with gentle stirring to 10 mL C12N (0.5 

mmol) solution in toluene to achieve Cu(II) transfer to the organic phase. This was 

followed by addition of 2 mL aqueous NaBH4 (0.8 mmol) with one hour stirring under 

argon to achieve completion of Cu seed formation; the brown organic phase was 

separated and washed with de-ionized water to remove the unreacted BH4
−
. 0.8 mmol 
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AuCl4
− 

in 8 mL aqueous solution  was phase transferred to 40 mL toluene containing 2.0 

mmol C12N as PTA; organic phase containing the Au(III) species was added with 

continuous stirring into the Cu seed organosol kept under argon. Subsequently 8 mL 

aqueous hydrazine (4.0 mmol) was added drop-wise to the above organic phase with 

vigorous stirring that continued for 3 hours to reduce Au(III) indicated by gradual 

darkening of the mixture color. The resulting organosol was washed and concentrated, 

and the NPs were precipitated according to the procedure described in 3.2.2.1 (ii) for 

further characterization. 

 The synthesis protocols were followed by characterization of NPs making use of: 

i) UV-visible spectroscopy, ii) Elemental Analysis, iii) ATR-FTIR spectroscopy and     

iv) Electron microscopy that included TEM, HRTEM and STEM; the instruments and 

software employed for the purpose are described in Chapter 2, Section 2.6. 

3.3 Results and Discussion 

With the objective to synthesize AuxCu1-x type stable NPs of uniform size (≤ 10 

nm) having maximum Cu-sites available at the surface, various reported [21,24,30, 

40,41,45,66,67] and also modified protocols were adopted. The protocols were 

substantiated by suitable characterization techniques to monitor and optimize the 

conditions pertaining to the use of metal precursor(s), stabilizer(s), reducing agent(s), 

PTA(s) and the synthesis media. A comprehensive and systematic discussion on the 

synthesis protocols and characterization results is presented below.  

Among the single phase syntheses the classical citrate method was first tried to 

prepare AuxCu1-x NPs with x 0.0, 0.5 and 1.0 but only Au NPs (x=1.0) exhibiting high 

monodispersity were formed as indicated in Figure 3.1(a); the average particle size was 

10.0±1.3 nm as seen from the histogram in Figure 3.1(b). Also the SAED pattern shown 

as inset of Figure 3.1(a) depicts that the diffraction features are consistent with an fcc 

structure of the metallic crystalline Au; the bright rings correspond to (111), (200), (220) 
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Figure 3.1: TEM images and the corresponding histograms for particle size distribution of citrate-

stabilized (a,b) Au and (c,d) anticipated Au-Cu NPs; inset of (a) is selected area electron diffraction 

(SAED) pattern for the Au NPs. The multi-faceted structures obtained for the latter are clearly seen in (c) 

while enlarged views of particles X and Y further depict the presence of regular icosahedral and marks-

truncated decahedral structures, respectively.  
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and (311) diffraction planes. NPs synthesized by this method with a nominal x value 0.5 

show a bimodal distribution with diameters of 1.4±0.5 and 8±2 nm as indicated from 

Figure 3.1(d). The corresponding TEM image of the NPs in Figure 3.1(c) clearly 

demonstrates presence of the non-agglomerated particles with characteristic geometry of 

fcc structures [68]; this is further substantiated by the magnified views which show 

distinct icosahedra and mark-truncated decahedra. Plasmon absorption band of Au NPs 

has been reported in various studies: Kim et al. [69] claimed to have synthesized 10 nm 

NPs for which the band appeared at 511 nm while Wang et al. [70] studied Au NPs of 

various sizes (for 8 nm the SPR peak position observed at ~517 nm) besides Au-Ag NAs 

for which the peak practically did not shift at small Ag contents. A simulation study on 

10 nm NPs in water furnished SPR peak positions at 520 nm for Au and 600 nm for Cu 

[38].  However, the measured peak was reported at 570 nm for 10 nm Cu NPs [71]; the 

same position has been reported by Dhas et al. [72] for 20-30 nm Cu NPs while Wu et al. 

[45] found the peak at 577 nm for 5 nm NPs. From the above studies it is expected that 

alloying Cu with Au should result in SPR peak lying between 510 and 600 nm for ≤10 

nm NPs regarding which UV-visible measurements allowed monitoring formation of the 

NPs during the course of synthesis. The synthesized Au and (expected) Au0.5Cu0.5 NPs 

absorbed at 510 and 528 nm, respectively (Figure 3.2) confirming Au NPs formation of 

<10 nm and hinting at Cu alloying from the red-shift. As for the Au NPs, they were quite 

stable as illustrated by the UV-visible spectra measured over 30 days (Figure 3.3).  
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Figure 3.2: UV-visible spectra in aqueous phase for the citrate stabilized (a) Au and (b) anticipated Au-Cu 

NPs showing their respective λmax.  
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Figure 3.3: UV-visible spectra of the citrate-stabilized Au NPs after: (a) synthesis, (b) 8 days and (c) 30 

days demonstrating their stability. 

On the other hand peak shift from 528 nm (for reaction mixture containing the so-called 

Au0.5Cu0.5 NPs) to 520 nm was observed when the purified NPs were re-dispersed 

(Figure 3.4); the purification is indicated from decrease in the absorbance below 320 nm. 

The above spectral findings point to the absence of Cu in the synthesized NPs. The red-

shift for the so-called Au0.5Cu0.5 NPs compared to the Au NPs may be attributed to the 

role of Cu(II) ions in the formation of asymmetric multifaceted structures as evidenced 

from Figure 3.1(c).  
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Figure 3.4: UV-visible spectra of the citrate-stabilized anticipated Au-Cu NPs: (a) just after synthesis 

without purification, (b) without purification after 2 days and (c) just after synthesis and purification. 
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Powder XRD studies were carried out to compare diffraction patterns of the Au 

and the so-called Au0.5Cu0.5 NPs after dispersing them on amorphous carbon (Vulcan XC 

72R purified with nitric acid) from the aqueous phase by ultra-sonication under argon. 

Both Au and Cu metals having fcc lattices exhibit similar XRD patterns but the peak 

positions are different. Since the lattice constant of Cu is smaller than that of Au [73], 

peak corresponding to a specific lattice plane appears at higher 2θ value for the former. 

Figure 3.5 shows XRD patterns for Au and the so-called Au0.5Cu0.5 NPs along with their 

indexing to the fcc crystal lattice. Sharp peaks were observed probably due to aggregation 

of the NPs during dispersion on the carbon support. However, the peak positions for the 

so-called Au0.5Cu0.5 NPs when compared with those of Au NPs did not exhibit significant 

inclusion of Cu in the lattice. Also the most convincing results obtained from elemental 

analysis using ICP-OES did not confirm presence of any Cu in the purified ‘bimetallic’ 

NPs.  
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Figure 3.5: XRD patterns of the citrate−stabilized (a) Au and (b) anticipated Au0.5Cu0.5 NPs while the inset 

is an extended pattern for the Au NPs illustrating presence of fcc crystal structure. The patterns were 

recorded after depositing the NPs on acidified Vulcan XC 72R.  

 

  

 In pursuit of plausible reason(s) for the failure in producing Au-Cu NPs, 

preparation of Cu NPs was carried out following the procedure described in 3.2.1.1(i) to 

see whether Cu(II) could be reduced to Cu(0) using citrate. The UV-visible spectra of Cu 

(II) solution before and after the citrate addition illustrated that Cu ions are not reduced; 

even adjusting pH of the reaction medium at 5.6 and 8.0 did not bring about the desired 
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reduction. Berchmans et al. [34] and Guan et al. [74] have reported that bonding between 

Cu and carboxylate ions results in the formation of stable complex [75]; due to citrate 

being a weaker reductant and a stronger complexing agent particularly for Cu(II), it may 

not accomplish the desired reduction of Cu(II) which would also not be available in the 

un-complexed form for its reduction.  

Finding citrate not sufficiently strong for reducing Cu, alternate reductants were 

investigated. It was considered useful if the reductants could perform dual role of Cu(II) 

reduction as well as oxygen removal from reaction mixture so as to avoid re-oxidation of 

Cu
0
 even during storage. Hydrazine and its derivatives can be utilized for the purpose for 

being stronger reducing agents besides oxygen scavengers [76]. In this regard, hydrazine 

sulfate was employed as reducing agent in the presence of citrate which acted as 

stabilizer. Although there was indication for the formation of Cu NPs but they were not 

stable due to subsequent aggregation. Also Khanna et al. have reported synthesis of Cu 

NPs using mild reducing agent to avoid copper oxide formation but the result was 

production of large clusters [77]. On the other hand, syntheses of AuxCu1-x NPs up to a 

Cu mole fraction (1-x) of 0.83 could be successfully achieved but the drawback of 

hydrazine sulfate (a mild reducing agent) was formation of larger size particles with high 

degree of polydispersity [72]. TEM image of Au0.5Cu0.5 NPs in Figure 3.6(a) and the 

corresponding histogram for particle size distribution in Figure 3.6(b) demonstrate 

colloidal particle size distribution of 28 ±8 nm, with up to 5% particles even in the 

regime of 50 nm. The image also reveals the presence of multiply twinned particles 

having a surface morphology of either decahedrons or icosahedrons. SAED pattern for 

the area shown in Figure 3.6(c) shows ring pattern which may be due to polycrystalline 

nature of the NPs; the lattice fringes with spacing between those of pure Au and Cu imply 

the presence of Au-Cu structures. Distinct surface plasmon bands were observed for the 

series of samples prepared according to the procedure described in 3.2.1.1(ii); the spectra 

of AuxCu1-x NPs with different x values are presented in Figure 3.7(a) which exhibits 

systematic shift in the SPR peak with x attributed to the nanoalloys formation. It is worth 

mentioning that the plasmon band λmax of the nanoalloys suffers a linear red shift, with 

respect to that of Au NPs, with Cu mole fraction as illustrated from Figure 3.7(b).  
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Figure 3.6: Citrate-stabilized Au0.5Cu0.5 NPs prepared using hydrazine sulfate as reductant: (a) TEM 

images and truncated-decahedral geometry of the NPs as shown in the inset, (b) histogram of size 

distribution, (c) selected area electron diffraction (SAED) pattern showing the presence of AuCu lattice 

fringes and (d) EDX spectrum emphasizing Au and Cu present in 1:1 ratio. 
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Figure 3.7: (a) UV-visible spectra of citrate-stabilized AuxCu1-x NPs prepared using hydrazine sulfate as 

reductant for different x values given in the inset and (b) plot showing almost linear dependence of red-shift 

of the surface plasmon band with the Cu content in the NPs. 
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Initially only single symmetric SPR peaks were observed for the whole series due 

to spherical NPs and their primary dipolar extinction alone however, the spectra recorded 

after 12 days exhibited an additional peak at 647 nm (Figure 3.8). To study the ageing 

effect on the stability of the synthesized NPs, Au0.83Cu0.17 was selected as the study 

sample; the spectra were re-measured after 16 and 25 days of preparation. The original 

peak remained at 537 nm but its intensity continued to decrease while a new peak started 

emerging near 647 nm at the expense of the original peak, which simultaneously suffered 

red-shift (to 651 and 656 nm); The band emerging near 650 nm may be due to  secondary  
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Figure 3.8: Aging effect as seen through UV-visible spectra and corresponding peak deconvolution (given 

on right side) for the citrate-stabilized Au0.83Cu0.17 NPs prepared using hydrazine sulfate as reducing agent: 

(a) life time and (b) incubation time at 60 
o
C; other details given on the spectra.  
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plasmon effect caused by formation of non-spherical structure [78]. To speed up ageing 

process the sample was incubated at 60 ◦C for one, two, and five hours; after passage of 

one and two hours the 647 nm peak shifted to 651 and 658 nm, respectively while the 

original peak maintained its position at 537 nm.  After five hours of incubation both the 

peaks apparently suffering red-shift appeared at 547 and 744 nm. However, 

deconvolution of the spectrum demonstrated presence of yet another peak at 638 nm. The 

unusual spectral behavior after long term ageing of the Au0.83Cu0.17 hydrosol may be 

further investigated through TEM studies.  

   

Figure 3.9: Aging effect as seen through TEM imaging for the citrate-stabilized Au0.83Cu0.17 NPs after 

incubation at 60 
o
C for 5 hours; formation of 3D interconnected network structure by NPs fusion may 

clearly be observed.  

  

TEM imaging of the Au0.83Cu0.17 NPs after five hours incubation at 60 ◦C 

revealed fusion of spherical NPs to form 3D network (Figure 3.9). Incorporating the SPR 

results, a plausible explanation for the appearance and shifting of the second peak is the 

formation of linear strings made of spherical NPs whereby the original peak remains at 

537 nm due to retaining of the NPs diameter. This may be supported by previous studies 

in which appearance of the secondary absorption peak for Au nanorods was reported by 

Parab et al. [79] and Nikoobakht et al. [80]; in another study appearance of broad band at 

518 to 1000 nm is assigned to the formation of nanowire-like structures [81]. With 

further ageing both the peaks suffer red-shift and the deconvolution indicates that a third 

   200 
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peak is also present. The spectral change from the single original peak to the second 

shifting peak and ultimately indication for the presence of a third peak points to linear 

strings formation from the spherical NPs and ultimately transformation into 3D 

interconnected structures; the scenario is well supported by the TEM image.   

By using mild reductant (hydrazine sulfate) except for the Cu NPs, the whole 

series of AuxCu1-x NPs could be prepared however with significantly large polydispersity. 

Qi et al. [82] and Samim et al. [83] have reported the use of NaBH4 to synthesize Cu 

NPs. Thus NaBH4 (a still stronger reducing agent) should be tried to acquire the desired 

average size, size distribution and long-term stability of the NPs.  

As the next step, making use of NaBH4, AuxCu1-x NPs with ‘nominal’ x values 

(being the molar ratio of the metal ions) of 1.0, 0.5 and 0.0 were prepared. UV-visible 

spectra of Au, Au0.5Cu0.5, and Cu NPs exhibited SPR peaks at 514, 528 and 568 nm, 

respectively (Figure 3.10). Considering linear dependence of the SPR peak position on x 

[84], its value for the ‘Au0.5Cu0.5’ sample calculated by weighted average contribution of 

Au to the 528 nm peak came out 0.74. A well defined single SPR peak (at 528 nm) for 

the bimetallic NPs, inspite different reduction rates of Au(III) and Cu(II) [75], suggests 

that the (actually produced Au0.74Cu0.26) NPs should be homogeneous at the atomic level.  
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Figure 3.10: UV-visible spectra of citrate-stabilized AuxCu1-x NPs prepared using BH4
−
 as reductant; values 

on the top of spectra are respective x and λmax.  
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By using NaBH4 the difficult task of Cu(II) reduction to Cu NPs could be successfully 

accomplished however, rapid degradation and re-oxidation were observed which also 

took place in case of bimetallic NPs.  

Re-oxidation of Cu NPs on exposure to air during handling shows that citrate is 

not a sufficiently strong ligand to protect Cu; the high air-sensitivity needs adequately 

revised synthesis routes to achieve long-term stability of NPs. In this regard synthesis of 

Au-Cu NPs was investigated employing a traditional surfactant, CTAB which may 

also passivate the NPs. Jana et al. [85] and, Tanori and Pileni [86] have utilized CTAB 

for controllable growth of NPs to form different shapes of Ag and Cu, respectively. 

Enhanced stability of Cu NPs in the presence of CTAB has been assigned to lowering the 

metal surface energy [87]; the steric effect between long alkyl chains of CTAB on 

neighboring particles may be another contributing factor against aggregation. The 

stability of CTAB-capped Cu NPs was utilized to produce AuxCu1-x NPs.  

In view of the idea that presence of ‘nuclei’ (to act as growth points for the metal 

ions reduction) in the reaction mixture may lead to controlled particle sizes [88,89], Au 

seeds produced by the Turkevich method [66] were subsequently used to aid Cu(II) 

reduction and deposition of Cu NPs on them. Generally the small size of NPs renders 

them the transport properties similar to those of liquids [90] but more importantly the 

complete miscibility of Au and Cu should facilitate the formation of Au-Cu random NAs. 

Using oleylamine (a mild reducing agent) Zhou et al. demonstrated sequential reduction 

of Au and Pt [53] while employing hydroxylamine−hydrochloride (another mild reducing 

agent) controlled preparation of Au NPs of various sizes was accomplished by the Au(III) 

reduction on already existing Au seeds [91]. The citrate-stabilized Au seeds were 

successfully prepared using the procedure described in 3.2.1.2(i) for which the UV-

visible spectrum (Figure 3.11(a)) shows an SPR peak at 508 nm indicating the presence 

of monodispersed NPs of apparently uniform size. TEM image (Figure 3.11(b)) and the 

corresponding particle size distribution histogram (Figure 3.11(c)) giving an average size 

of 9.5±1.0 nm for the Au seeds substantiate the SPR finding. Reduction of Cu(II) from 

the aqueous CTAB was carried out on the Au seeds using hydrazine (a mild reducing 
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agent) to ensure subsequent Cu deposition on the Au seeds and avoid formation of 

individual Cu NPs.  

400 450 500 550 600 650 700 750 800

 

 

A
b
s
o
rb

a
n
c
e
/a

.u
.

λ / nm

 508 
a

 
 

 
 

 

 

 

 

 

 

 

Figure 3.11: Features of citrate-stabilized Au seeds prepared for subsequent reduction of Cu from aqueous 

CTAB: (a) UV-visible spectrum with λmax at 508 nm, (b) TEM image showing double layer and (c) 

histogram for the particle size distribution. 

 

Sequential reduction has been employed in the present work by adding the Cu 

precursor to the Au seed solution in such a way that for all the AuxCu1-x preparations 

constant metal ionic strength was maintained. The Cu-to-Au atomic ratios were set at 9.0, 

4.9 and 3.0 to achieve nominal x values of 0.1, 0.17 and 0.25; the same x values obtained 

from elemental analysis up to two decimal places (analyzed Cu-to-Au ratios were 8.87, 

4.80 and 2.97, respectively) indicate formation of the anticipated NAs. TEM imaging of 

the final sols (Figure 3.12) however exhibited the presence of fractals hence showing an 

uncontrolled growth of Cu on the Au seeds in contrast to the expected results. Formation 

of three dimensional dendritic Pt NPs while using CTAB (a structure directing agent) is 
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reported by Habib Ullah et al. [92]. CTAB is responsible for producing hydrophilic NPs 

by formation of a bilayer around metallic clusters, with polar head of one layer attached 

to the NPs while the second layer facing its polar group towards the bulk solvent [93]; the 

 

 

 
 

Figure 3.12: TEM images of CTAB-stabilized AuxCu1-x nano-fractals synthesized using Au seeds at x 

values of: (a) 0.10 and (b) 0.25 (at least one dimension of fractals is below 100 nm). 

 

preferred growth at ‘hot spots’ may be ascribed to the specific arrangement of CTAB 

around metallic nuclei. UV-visible spectra of the synthesized AuxCu1-x NPs with above 

mentioned x values exhibited broad peaks which were deconvoluted using Gaussian 

functions. The resulting deconvoluted spectra for all the three samples consisted of two 

peaks at ~540 nm and ~650 nm reflecting the presence of hetero-faceted non-spherical 

particles [94]. Spectral results for Au0.10Cu0.90, Au0.17Cu0.83, and Au0.25Cu0.75 NPs 

(respectively labeled as i, ii, and iii) are shown in Figure 3.13(a). The deconvoluted 

spectra (Figure 3.13(b)) were used to analyze positions of the two contributing peaks. A 

distinct blue-shift of the lower wavelength peak can be clearly observed with decreasing 

mole fraction of Cu (increasing x value); the peak appeared at 555, 536 and 532 nm 

(intermediate positions with reference to the reported peak position for Au and Cu NPs) 

for Au0.10Cu0.90, Au0.17Cu0.83, and Au0.25Cu0.75, respectively.  
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Figure 3.13: (a) UV-visible spectra of CTAB-stabilized AuxCu1-x nano-fractals synthesized using Au seeds 

at x values of: (i) 0.1, (ii) 0.17, and (iii) 0.25 and (b) the respective deconvoluted spectra indicating λmax. 

The sequential reduction procedure of Au and Cu using two different stabilizers 

and reducing agents in the seed-formation and growth steps did not result in a controlled 

growth of the particles while employing a higher CTAB-to-metal ion ratio also did not 

render the desired results making to look for an alternate synthesis procedure. 

Maintaining higher pH (≈11) as reported by Wu et al. [45], synthesis of AuxCu1-x 

NPs was carried out by co-reduction of the metal ions with hydrazine in aqueous CTAB. 

UV-visible spectra of the resulting AuxCu1-x NPs are given in Figure 3.14. The SPR peaks 

for Au (x=1.0) and Cu (x=0.0) NPs appeared at 534 and 594 nm respectively, which 

merely shifted to 530 and 590 nm after five weeks while the bimetallic NPs exhibited 

SPR bands near 520 and 870 nm (x= 0.83), 526 and 885 nm (x=0.75), 576 nm (x=0.50), 

564 nm (x=0.25) and 564 nm (x=0.17) all of which apparently did not shift with time. 

Opalescent nature of all the AuxCu1-x hydrosols point to the formation of large-sized 

clusters. It is also noteworthy, as demonstrated from almost unchanged positions and 

intensities of the SPR peaks in Figure 3.14, that the NPs in the whole series including 

those of pure Cu remained stable over five weeks even without maintaining the inert 

conditions. As for the otherwise highly reactive Cu NPs, their enhanced stability has been 

attributed to the following reaction [45]:  

 2

3 2 2 4 2 42Cu(NH ) N H 4OH 2Cu N 4NH OH+ −+ + → + +

 

(3.1)
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Figure 3.14: UV-visible spectra of CTAB-stabilized AuxCu1-x NPs, synthesized by co-reduction using 

hydrazine, measured on the same day (solid lines) and after 35 days (broken lines); x values given on the 

spectra.  

 

Wang et al. [95] have reported formation of large sized (~100 nm) Cu cubes and 

attributed the multiple SPR bands appearance to the Os symmetry of clusters. On the 

contrary, in the present study single and rather narrower SPR peaks were obtained for the 

monometallic NPs. However, broadened (and multiple) bands for the bimetallic NPs are 

interpreted rather differently by incorporating TEM results. The images (Figures 3.15 and 

3.16) were recorded at various resolutions using a 2000FXII electron microscope which 

provided morphology, size and particle distribution of the AuxCu1-x NPs. Figures 3.15(a) 

and 3.15(b) depict 36.5±8.6 nm and 34.6±9.4 nm sizes for the CTAB-stabilized Au 

(x=1.0) and Cu (x=0.0) NPs, respectively. Although the average diameter was a bit larger 

for the Au as compared with the Cu NPs, the corresponding histograms show smaller 

standard deviation (of size distribution) for the former. The sizes of bimetallic NPs 

determined from the representative TEM images (Figure 3.16) are 28.4±8.1 nm (x=0.83), 

28.6±8.0 nm (x=0.75), 32.4±10.9 nm (x=0.50), and 32.6±6.8 nm (x=0.25). It may be 

noticed that over the entire series there is no significant variation of the average NPs size
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Figure 3.15: TEM images and corresponding size distribution histograms of the monometallic CTAB-stabilized NPs synthesized using hydrazine as reductant: 

(a) Au and (b) Cu. Also shown are enlarged sections of the images. 
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Figure 3.16: TEM images and corresponding size distribution histograms of the bimetallic CTAB-stabilized NPs (synthesized using hydrazine as reductant) at x 

values of: (a) 0.83, (b) 0.75, (c) 0.50 and (d) 0.25. Also shown are enlarged sections of the images. 
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however, a wider size distribution for a given composition is obtained; the observations 

may be attributed to progressive nucleation and slow reduction due to hydrazine being a 

relatively mild reducing agent [96]. HRTEM images also contain low z-contrast tiny 

particles on the larger dark colored clusters for bimetallic NPs having x values of 0.83 

and 0.75; since Cu has a lower atomic number, the z-contrast from the image suggests 

that the Au nanoclusters are decorated with the Cu NPs. Presence of two SPR peaks near 

520 and 880 nm in the UV-visible spectra of Au0.83Cu0.17 and Au0.75Cu0.25 NPs may be 

attributed to existence of an incomplete Cu-shell on the Au clusters [97]. HRTEM images 

of the samples with x≤0.5 (having excess of Cu) indicate the formation of complete shell 

making core-shell structures (Cushell@Aucore). These results are also supported by the UV-

visible spectra in which only a single SPR band appears for the preparations having x 

≤0.5.  

Averitt et al. have proposed a two-stage model for the Au@Au2S NPs formation 

and related the shift of Au SPR peak with the growth of (Au2S)core and (Au)shell [98]. In 

the present study the higher wavelength (870 nm) broad band initially undergoes red shift 

due to growth of the Au core accompanied with deposition of Cu NPs at the surface. For 

the NPs with x ≤0.5 just a single band appeared possibly due to no further growth of the 

Au core. However, the band (at 576 nm) for x=0.5 shifted to 564 nm for x=0.25 after the 

Cu-shell is completed [97] but remained persistent at 564 nm for x <0.25 due to 

continued growth of the shell. TEM investigations not only support the above 

conclusions but also suggest a mechanism for the growth of Cushell@Aucore as outlined in 

Figure 3.17.  

Using the above protocol the entire series of AuxCu1-x NPs (x=0.0−1.0) could be 

synthesized however, removal of the superfluous CTAB from solution remained an issue 

that may cause undesired aggregation of the NPs [99]. Although using CTAB (a strong 

protecting agent) solved the stability problem, production of large sized NPs and 

difficulty with their cleaning led to undertake two-phase synthesis approach. 
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Figure 3.17: Effect of varying the Cu-to-Au relative atomic ratio on formation of the Cushell@Aucore structures in AuxCu1-x NPs (red: Au; yellow: Cu). 
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History of the two-phase synthesis goes back to 1857 when Faraday first prepared 

colloidal Au by reducing aqueous AuCl4
−
 with phosphorus [100]. In the Brust-Schiffrin 

method [21] the two-phase approach is elaborated by employing alkanethiols to obtain 

remarkably stable thiol-derivatized Au NPs; following the same strategy, synthesis of 

Au-Cu bimetallic NPs was tried for the production of thiol-derivatized AuxCu1-x NPs. 

However the method was re-visited with the following modifications: 

a. Discarding the aqueous phase after the phase transfer of metal-ion species (both 

Au(III) and Cu(II)) in order to get rid of the species remained un-transferred thereby 

avoiding the metal-ion reduction in the aqueous phase.  

 b. TOAB, otherwise a well-established PTA [23,101], failed to transfer Cu
2+ 

into the 

organic phase. It was considered that the transfer may be accomplished by first 

transforming Cu
2+ 

into its anionic analogue.  This paved way to addition of excess Cl
−−−− to 

convert Cu
2+
 into CuCl4

2−
; in Equations 3.2 and 3.3 a two-step comprehensive and 

generalized mechanism has been proposed which is also depicted in Figure 3.18. 

i. Phase transfer of an anionic complex of metal ions by interaction with tetraoctyl 

ammonium ([N(C8H17)4]
+
) ion according to:  

 n n n

4 (aq) 8 17 4 (org) 8 17 4 4 (org) (aq)xMCl nx[N(C H ) ] Br x[nN(C H ) ] MCl nxBr− + − + − −+ → +

 

(3.2) 

 

where M
(4-n)+

 stands for metal cation which in the present work is Au
3+

 or Cu
2+

. 

ii. Organic phase reduction of metal in the anionic species (MCl4
n−

) in which step 

BH4
− 

(the electron source) is also captured from the aqueous phase by free 

[N(C8H17)4]
+
 causing the reduction to take place in the organic phase that is 

already enriched with the stabilizer as summarized below:  

 n n

8 17 4 4 (org) 12 25 (org) (aq) (aq)x[nN(C H ) ] MCl yC H SH (4 n)xe 4xCl+ − − −+ + − → +

 
n

x 12 25 y z (org) 12 25 (org) 8 17 4 (org)[(M) (C H SH) ] zC H SH nx[N(C H ) ] +

− + +  

 

(3.3) 
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Figure 3.18: A schematic presentation of the metal species transfer to the organic phase and their 

subsequent reduction to produce organosol of the metal NPs. 

 

In view of the above proposed mechanism CuCl2.2H2O was employed instead of 

CuSO4.5H2O and addition of KCl provided the excess Cl
−
 to form [CuClx]

2−x
 which on 

transfer turned the organic phase orange; an efficient phase transfer of copper has been 

indicated by the elemental analysis. Depending on the medium CuCl4
2− 

may either exhibit 

square planar geometry or distorted tetrahedral form [102]; orange color of the organic 

phase is not only an indication for the transfer of Cu(II) but its existence in the latter 

form.  

In the first instance the two-phase approach was employed for the synthesis of 

Au0.5Cu0.5 NPs using dodecanethiol as stabilizer and TOAB as PTA while excess Cl
−
 was 

added in accordance with the optimized conditions. In addition both hydrazine sulfate 

and NaBH4 were separately tried as reducing agents respectively furnishing N2H5
+
 and 

BH4
−
 as the reductants. In the case of hydrazine sulfate there was no indication for the 

presence of reduced metal ions in the organic phase which was corroborated by UV–

visible spectroscopy as no spectral change was observed upon addition of the reducing 
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agent (Figure 3.19). The finding clearly points to non-availability of N2H5
+
 (otherwise a 

good reducing agent [103]) for the reduction purpose in the organic phase. At the same 

time it may also be concluded that, in accordance with  a number of previous studies 

[104,105], the metal-reduction is not an interfacial process otherwise a rather large 

number of contact points available at the interface in the vigorously stirred reaction 

mixture should result in the metal-reduction even in the absence of phase transferred 

reductant. Reason of the failure may be the same as has already been described regarding 

the case of Cu(II) transfer to toluene.  
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Figure 3.19: UV-visible spectra of Au and Cu species in toluene (transferred from aqueous phase using 

TOAB) before (solid line) and after (broken line) the addition of aqueous hydrazine sulfate as reductant. 

 

Mansell et al. [106] studied the cationic exchange process pertaining to the 

removal of N2H4/N2H5
+
 from water. Keeping in view the problem associated with the 

cation phase transfer in the presence of TOAB, the idea was employed for the phase 

exchange of N2H5
+
. In this regard experiments were carried out to select a suitable PTC 

(an electrolyte soluble in both water and toluene) whose cationic part could easily diffuse 

into aqueous phase to compensate for the N2H5
+
 transferred to toluene. In this regard, 

tetra n-alkyl ammonium bromides (alkyl chain up to C4) were selected which are 

reportedly quite soluble in water at ambient temperature [75]. Among all the selected 

bromides, the most suitable PTC seemed to be TBAB as it exhibited higher than 0.01M 
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solubility in toluene; similar solubility behavior of TBAB also in aromatic hydrocarbons 

has been reported [107]. TBAB however, did not prove as a suitable PTC in the case of 

hydrazine sulfate; again the non-accomplishment of the metal-reduction (even in the 

presence of the PTC) was substantiated by UV-visible spectra being the same as in Figure 

3.19. Since N2H5
+ 

failed to provide the desired result (at least using TBAB), the protocol 

for the TOAB-capped Au-Cu NPs synthesis had to be limited to NaBH4 being capable of 

furnishing readily transferable BH4
−
 according to the Brust-Schiffrin method [21] which 

was modified as per requirement of the present study described above. 

The synthesized AuxCu1-x NPs according to the modified Brust-Schiffrin method 

could readily be handled like simple chemical compounds and stored as solids after 

drying. The NPs exhibited remarkable stability as they could be dissolved/re-dissolved in 

non-polar solvents such as toluene, carbon tetrachloride and hexane; attachment of 

dodecanethiol at surface of the NPs may be concluded from the hydrophobic nature of the 

functionalized NPs. This was further confirmed from the elemental analysis showing 

presence of C12H25S moieties with a carbon to sulfur atomic ratio of 12.5:1 (in fair 

agreement with the expected value within experimental error). Analysis of the 

functionalized Au (x=1 for AuxCu1-x) NPs demonstrated on the average one thiol-moiety 

per 16 Au atoms (also for Au0.5Cu0.5 NPs a similar ratio (1:14.5) was obtained). UV-

visible spectrum of the cleaned Au NPs after baseline subtraction (Figure 3.20) exhibited 

a broad SPR peak at 520 nm; the broadened (and diminished) SPR band may be 

attributed to rather small size of the NPs [108]. In fact imaging the NPs with a 200kV 

JEOL 2000FXII microscope did not prove successful therefore images were taken 

employing a high resolution 300kV JEOL 3010X microscope. The HRTEM image and 

corresponding histogram given in Figure 3.21 furnished average NPs diameter of 2.4±0.5 

nm. Further magnified image of a single particle (inset of the Figure 3.21) shows 

crystalline structure of the NPs; highly resolved lattice fringes with average spacing of 

0.234 nm corresponding to the (111) plane of the fcc Au indicates presence of the 

metallic Au [73].  
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Figure 3.20: UV-visible spectrum of the dodecanethiol (C12SH)-capped Au NPs in toluene.  
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Figure 3.21: Dodecanethiol-capped Au NPs: (a) TEM image with inset showing HRTEM image of single 

nanocrystal and (b) histogram for size distribution.  

As for the synthesis of Au0.5Cu0.5 NPs, the TEM image and EDX analysis given in 

Figure 3.22 respectively demonstrate formation of the stable bimetallic NPs having 

2.2±0.5 nm size with equal atomic ratio. Main signals observed in the EDX spectrum 

(measured with the 300 kV JEOL 3010X microscope) indicate presence of Ni, Au, Cu, S, 

and C. The Ni signal originates from the grid while the main source of C and S is thiol 

present at the NPs surface. Absence of N and Br signals ensures sufficient cleaning of the 

NPs for complete removal of ionic species present in the reaction media. 
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Figure 3.22: Dodecanethiol-stabilized Au0.5Cu0.5 NPs: (a) HRTEM image with inset showing the size 

distribution histogram and (b) EDX spectrum (measured on a 300kV JEOL 3010X microscope). 

 

Keeping in view the application of Au-Cu NPs as electrocatalysts, a strongly 

adsorbed stabilizer on the NPs surface (with strength comparable to a covalent bond [51]) 

is undesirable as it may reduce the catalytic activity. Therefore the stabilizer chosen 

should be easily removable after surface immobilization of the synthesized NPs on the 

support. As for avoiding the incorporation of the synthesis co-reagents, one suitable 

compound may be tried which could act both as PTA as well as stabilizer for the NPs. 

Since TOAB has also been extensively used as stabilizer (N being the attachment site for 

the NPs [101]), synthesis of Au0.5Cu0.5 NPs was tried without using dodecanethiol 

according to the procedure already described in (3.2.2.2); stable organosol was obtained 

however a considerable amount of black precipitates was also formed which could not be 

dissolved either in polar (like water and ethanol) or non-polar (such as toluene, 

dichloromethane and hexane) solvents. Elemental analysis of the black precipitates 

indicated presence of Cu alone. On the other hand the purified organosol showed the 

presence of Au further supported by its UV-visible spectrum (Figure 3.23) exhibiting 

SPR peak at 510 nm (the position being characteristic of monometallic Au NPs [69]).  
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Figure 3.23: UV-visible spectrum of TOAB-stabilized anticipated Au0.5Cu0.5 NPs in toluene (λmax at 510 

nm).  

Repeating the protocol for the Cu NPs synthesis did not produce stable NPs even 

at Cu(II) concentration as low as 1 mM in aqueous KCl. Failure in synthesizing Cu NPs 

using TOAB may be attributed to particle aggregation according to the below-suggested 

reaction pathway: 

 2

4 (org) 8 17 4 (org) (s) (s)a[CuCl ] b[N(C H ) ] Br ae (a b)CuCl bCuBr
− + − −

+ + → − + +

 

8 17 4 (org)b[N(C H ) ] (3a b)Cl
+ −

+ +  

(3.5)
 

 

 0

(s) (aggreg)CuX e Cu X
− −

+ → +

 

(3.6) 

 

Precipitation of Cu may be described on the basis of role played by various 

reagents involved in the protocol. Since TOAB is the only species present in the organic 

phase acting both as PTA and stabilizer, ([N(C8H17)4]
+ 

along with its counter ion (Br
−
) 

forms reverse micelles around Cu(II) species which in the present case is CuCl4
2-

. The 

electron transfer process for Cu(II) reduction to Cu
0
 takes place in two steps via 

production of Cu(I) species as intermediate which get stabilized by Br
− 

to form CuBr. 

However, due to its very small solubility product in toluene CuBr precipitates out and 

with X
− 

≡ Cl
−
or Br

−
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Cu
0
 produced in the subsequent reduction are aggregated. Lack of sufficient surface 

functionalization does not allow dispersion in the given organic solvent. 

In view of the above, the synthesis protocol widely used for Au NPs could not be 

employed for Cu NPs as well as Au-Cu NAs. Consequently a bromide-free strategy for 

synthesizing stable AuxCu1-x NPs was worked out that utilizes alkylamines. 

 Employing amine as PTA may help in circumventing CuBr formation by the 

intermediate species; alkylamines have been previously used as both PTAs and stabilizers 

for the synthesis of Au NPs [24]. Use of amine also did not require additional Cl
− 

because 

no anionic complexes of the metal ions have to be present in the reaction mixture for their 

phase transfer. Figure 3.24 presents diagrammatic description of various synthesis steps 

for the amine-capped AuxCu1-x NPs (x=0 to 1.0 at interval of 0.1; x being the expected 

fraction of Au in the NPs). In view of the formation tendency of CuyO and its 

thermodynamic stability the NPs were stored under reducing conditions by adding 10 

mM hydrazine, known for its efficiency towards oxygen removal [76].  Under the storage  

Figure 3.24: Various steps involved in two-phase synthesis of AuxCu1-x series NPs using dodecylamine 

(C12N) as both phase transfer agent and stabilizer: (a) transfer of metal species from aqueous to the organic 

phase, (b) organic phase exhibiting change of color with x (x given on the samples) and (c) reduction by 

BH4
−
 to produce organosols of the NPs. 
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conditions the entire series exhibited long term stability (over several months) except for 

the Cu NPs (x=0) which degraded just after 24 hours. UV-visible spectra measured for all 

the preparations after cleaning with ethanol showed shift of the SPR peak with changing 

x value; Figure 3.25(a) shows the UV-Vis spectra of AuxCu1-x NPs stabilized with C16N. 

The successful synthesis of  NPs over the entire composition range is indicated in the first 

instance from the SPR bands which were observed at 510 (x=1.00), 519 (x =0.90), 526 (x 

=0.80), 533 (x =0.75), 540 (x =0.70), 550 (x =0.50) and 574 nm (x =0.00) demonstrating 

not only red shift with decreasing x in the AuxCu1-x NPs but also an almost linear 

dependence of the peak position on the Cu content as depicted in Figure 3.25(b); a similar 

trend has also been observed for the C12N-stabilized AuxCu1-x NPs. Appearance of just a 

single SPR band in case of all individual compositions clearly indicates formation of the 

NAs and not merely the physical mixture of NPs of the two constituent metals. It is 

pertinent to mention here that also in a number of previous studies on binary NAs it has  

400 450 500 550 600 650 700

0.90

 

 

In
te

n
s
it
y
/ 
a
.u

.

λ/ nm

1.00

0.80

0.75

0.70

0.50

0.00

a

 Figure 3.25: (a) UV-visible spectra of hexadecylamine (C16N)-stabilized AuxCu1-x NPs prepared using 

two-phase approach for different anticipated x values given on the spectra and (b) plot showing almost 

linear dependence of red-shift of the surface plasmon band with Cu content. 

 

been reported that the SPR bands, depending on the composition, appeared at positions in 

between those of the constituent monometallic NPs [28,109-111]. Role of the 

alkylamines (C12N and C16N) as capping agents (stabilizers) has been demonstrated from 

the CHN-analysis of the whole series of AuxCu1-x NPs in which C, H and N contents 

found were in good agreement with the expected values. However, the metal analysis of 
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the AuxCu1-x NPs prepared (using the two stabilizers, C12N and C16N) furnished higher 

Au-to-Cu (atomic) ratios than those expected from the x values. Moreover, TEM imaging 

of the amine-capped NPs indicated formation of Cushell@Aucore; further details of the 

elemental analysis and TEM results to be discussed in the following chapter. 

An interesting outcome revealed from the TEM studies of the amine-capped 

AuxCu1-x binary NPs (synthesized using the above described co-reduction method) was 

surface enrichment by the Cu atoms. In order to investigate the relative distribution trend 

of Au and Cu under the reaction conditions, a slightly different procedure was followed 

for the Au0.86Cu0.14 sample based on a sequential reduction method, as described in 

3.2.2.3 (ii), which involved Au deposition on the pre-synthesized Cu seeds using 

hydrazine (a mild reducing agent). As for achieving the desired composition, it was 

confirmed from the elemental analysis of Au0.8Cu0.2 NPs in which Au-to-Cu ratio was 6.0 

corresponding to x=0.86. No significant difference in the properties of NPs was observed 

upon changing the order of metal species reduction.  

Due to extraordinary features shown by the amine-capped AuxCu1-x binary NPs 

towards surface segregation of Cu, an extensive study was carried out on some selected 

samples using various advanced techniques. A discussion on this part of the work is 

presented in Chapter 4. 

3.4 Summary 

The chapter deals with the syntheses of AuxCu1-x NPs using single- and two-phase 

protocols. The single-phase approach involved synthesis in the aqueous medium while in 

the two-phase protocol the metal-reduction was carried out in organic medium after phase 

transfer from water. A variety of particle sizes and morphologies was obtained during 

optimization of the reaction conditions such as reductant, stabilizer, medium, pH, PTA 

(in the case of two phase protocol) besides employing co-reduction and sequential 

reduction methods. For the characterization of NPs various techniques such as UV-visible 

spectroscopy, elemental analysis, TEM, HRTEM, EDX, SAED and XRD were 

employed. The single-phase approach employing commonly used stabilizers and 

reducing agents did not give the desired results in terms of size and stability of the 
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AuxCu1-x NPs (relegating the reagents like citrate, CTAB, hydrazine sulfate); using 

NaBH4 (a strong reductant) and CTAB (a strongly passivating stabilizer) together 

resulted in the formation of stable NPs however, not in the desired size range. Compelled 

to use two-phase synthesis, for the phase transfer involving TOAB as PTA (with thiol as 

stabilizer) the protocol necessitated presence of the anionic metal species in aqueous 

phase. Although the approach resulted in monodispersed thiol-stabilized AuxCu1-x NPs of 

size below 3 nm, but in view of the strong metal-to-S attachment (that can reduce 

electrocatalytic efficiency) TOAB already present in the reaction mixture was made to act 

as PTA as well as stabilizer. However, Br
−
 emanating from TOAB caused precipitation of 

Cu(I)Br; the problem was circumvented by using alkylamines (N-containing reagents 

capable of simultaneously acting as PTA and stabilizer) which proved in successful 

synthesis of the AuxCu1-x NPs in the desired size range and also remaining stable for 

several months. The NAs prepared by either co-reduction or sequential reduction method 

exhibited structure having Cu enriched surface regions; the unusual attributes are 

discussed at some length in the next chapter. 

3.5 References 

1. R. Ferrando; J. Jellinek; and R. L. Johnston, “Nanoalloys: From theory to applications of alloy 

clusters and nanoparticles”, Chem. Rev. 108 (2008) 846-910. 

2. K.-S. Kim; D. Demberelnyamba; and H. Lee, “Size-selective synthesis of gold and platinum 

nanoparticles using novel thiol-functionalized ionic liquids”, Langmuir 20 (2004) 556-560.  

3. M. J. Hostetler; J. E. Wingate; C. J. Zhong; J. E. Harris; R. W. Vachet; M. R. Clark; J. D. Londono; S. 

J. Green; J. J. Stokes; G. D. Wignall; G. L. Glish; M.D. Porter; N. D. Evans; and R. W. Murray, 

“Alkanethiolate gold cluster molecules with core diameters from 1.5 to 5.2 nm:  Core and monolayer 

properties as a function of core size”, Langmuir 14 (1998) 17-30. 

4. J. W. Guo; T. S. Zhao; J. prabhuram; and C. W. Wong, “Preparation and the physical/electrochemical 

properties of a Pt/C nanocatalyst stabilized by citric acid for polymer electrolyte fuel cells”, 

Electrochim.  Acta 50 (2005) 1973-1983. 

5. D. Zanchet; B. D. Hall; and D. Ugarte, “Structure population in thiol-passivated gold nanoparticles”, 

J. Phys. Chem. B 104 (2000) 11013-11018.  

6. H. Anastasia; P. Elias; and T.-K. Aristides, “The size-selective synthesis of metal nanoparticles”, 

Patent 2006/038045 A1 (2006).  

7. M. S.-Dobrick; K. V. Sarathy; and M. Jansen, “Surfactant-free synthesis and functionalization of gold 

nanoparticles”, J. Am. Chem. Soc. 127 (2005) 12816-12817. 

8. M. T. Reetz; and W. Helbig, “Size-selective synthesis of nanostructured transition metal clusters” J. 

Am. Chem. Soc. 116 (1994) 1401-1402.  



Synthesis and Characterization of AuxCu1-x Nanoparticles 

110 

 

9. R. Sardar; N. S. Bjorge; and J. S. Shumaker-parry, “pH-controlled assemblies of polymeric amine-

stabilized gold nanoparticles”, Macromolecules 41 (2008) 4347-4352.   

10. D. Kim; S. Jeong; and J. Moon, “size control by rate of heating. Synthesis of silver nanoparticles 

using the polyol process and the influence of precursor injection”, Nanotechnology 17 (2006) 4019-

4024. 

11. M. Chen; Y.-G. Feng; X. Wang; T.-C. Li; J.-Y. Zhang; and D.-J. Qian, “Silver nanoparticles capped 

by oleylamine: Formation, growth, and self-organization”, Langmuir 23 (2007) 5296-5304.  

12. A. B. Smetana; J. S. Wang; J. Boeckl;  G. J. Brown; and C. M. Wai, “Fine-tuning size of gold 

nanoparticles by cooling during reverse micelle synthesis”, Langmuir 23 (2007) 10429–10432.  

13. R. F. Aroca, R. A. Alvarez, N. Pieczonka, S. Sanchez, J. V. Garcia, “Surface Enhanced Raman 

scattering on colloidal nanostructures”, Adv. Colloid Interface Sci. 116 (2005) 45-61. 

14.  O. Masala; and R. Seshadri, “Synthesis routes for large volumes of nanoparticles”, Annu. Rev. Mater. 

Res. 34 (2004) 41-81.  

15. N. Toshima; and T. Yonezawa, “Bimetallic nanoparticles−Novel materials for chemical and physical 

applications”, New J. Chem. (1998) 1179-1201.  

16. B. L. Cushing; V. L. Kolesnichenko; and C. J. O’Connor, “Recent advances in the liquid-phase 

syntheses of inorganic nanoparticles”, Chem. Rev. 104 (2004) 3893-3946. 

17. J. Kimling; M. Maier; B. Okenve; V. Kotaidis; H. Ballot; and A. Plech, “Turkevich method for gold 

nanoparticle synthesis revisited”, J. Phys. Chem. B 110 (2006) 15700-15707. 

18. Y. Wu; Y. Li; and B. S. Ong, “Nanoparticles with covalently bonded stabilizer” US Patent 

2008/0226896 A1 (2008). 

19. M. J. Hostetler; C.-J. Zhong; B. K. H. Yen; J. Anderegg; S. M. Gross; N. D. Evans; M. Porter; and R. 

W. Murray, “Stable, monolayer-protected metal alloy clusters” J. Am. Chem. Soc. 120 (1998) 9396-

9397.  

20. T. P. Ang; and W. S. Chin, “Dodecanethiol-protected copper/silver bimetallic nanoclusters and their 

surface properties”, J. Phys.Chem. B 109 (2005) 22228-22236. 

21. M. Brust; M. Walker; D. Bethell; D. J. Schiffrin; and R. Whyman, “Synthesis of thiol derivatised gold 

nanoparticles in a two phase liquid –liquid system”, J. Chem. Soc., Chem. Commun. (1994) 801-802. 

22. J. Yang; J. Y. Lee; and H.-P. Too, “Core-shell Ag-Au nanoparticles from replacement reaction in 

organic medium”, J. Phys. Chem. B 109 (2005) 19208-19212. 

23. F. J. Ibañez and F. P. Zamborini, “Reactivity of hydrogen with solid-state films of alkylamine and 

tetraoctylammonium bromide-stabilized Pd, PdAg, and PdAu nanoparticles for sensing and catalysis 

applications”, J. Am. Chem. Soc. 130 (2009) 622-633. 

24. D.V. Leff; L. Brandt; and J. R. Heath, “Synthesis and characterization of hydrophobic, organically-

soluble gold nanocrystals functionalized with primary amines” Langmuir 12 (1996) 4723-4730. 

25. A. K. Sra; and R.E. Schaak, “Synthesis of atomically ordered AuCu and AuCu3 nanocrystals from 

bimetallic nanoparticle precursors”, J. Am. Chem. Soc. 126 (2004) 6667-6672. 

26. R. E. Schaak; A. K. Sra; B. M. Leonard; R. E. Cable; J. C. Bauer; Y.-F. Han; J. Means; W. Teizer; Y. 

Vasquez; and E. S. Funck, “Metallurgy in a beaker: Nanoparticle toolkit for the rapid low-

temperature solution synthesis of functional multimetallic solid-state materials”, J. Am. Chem. Soc. 

127 (2005) 3506-3515.  



Synthesis and Characterization of AuxCu1-x Nanoparticles 

111 

 

27. F. Kooli; V. Rives; and W. Jones, “Reduction of Ni
2+

-Al
3+

 and Cu
2+

-Al
3+

 layered double hydroxides 

to metallic Ni
0
 and Cu

0
 via polyol treatment”, Chem. Mater. 9 (1997) 2231-2235. 

28. J. Zhang; J. Worley; S. Dénommée; C. Kingston; Z. J. Jakubek; Y. Deslandes; M. Post; N. Braidy; G. 

A. Botton; and B. Simard, “Synthesis of metal alloy nanoparticles in solution by Laser irradiation of a 

metal powder suspension” J. Phys. Chem. B 107 (2003) 6920-6923. 

29. D. Roy; and J. Fendler, “Reflection and absorption techniques for optical characterization of 

chemically assembled nanomaterials”, Adv. Mater. 16 (2004) 479-508. 

30. B. V. Enustuna; and J. Turkevich, “Coagulation of Colloidal Gold”, J. Am. Chem. Soc. 85 (1963) 

3317-3328. 

31. K. J. Major; C. De; and S. O. Obare, “Recent advances in the synthesis of plasmonic bimetallic 

nanoparticles”, Plasmonics 4 (2009) 61–78. 

32. J. Yang; J. Y. Lee; and H.-P. Too, “Core-shell Ag-Au nanoparticles from replacement reaction in 

organic medium”, J. Phys. Chem. B 109 (2005) 19208-19212.  

33. H. I. Schlesinger; Herbert C. Brown; A. E. Finholt; James R. Gilbreath; Henry R. Hoekstra; Earl 

K. Hyde, “Sodium borohydride, its hydrolysis and its use as a reducing agent and in the generation of 

hydrogen”, J. Am. Chem. Soc. 75 (1953) 215-219.  

34. S. Berchmans; P. J. Thomas; and C. N. R. Rao, “Novel effects of metal ion chelation on the properties 

of lipoic acid-capped Ag and Au nanoparticles”, J. Phys. Chem. B 106 (2002) 4647-4651. 

35. J. Guan; L. Jiang; L. Zhao; J. Li; and W. Yang, “pH-dependent response of citrate capped Au 

nanoparticle to Pb
2+

 ion”, Colloids and Surfaces A: Physicochem. Eng. Aspects 325 (2008) 194-197. 

36. A. Majzik;  R. Patakfalvi;  V. Hornok;  and I. Dékány, “Growing and stability of gold nanoparticles 

and their functionalization by cysteine”, Gold Bulletin 42 (2009) 113-123.  

37. I. V. Blonskii; I. M. Dmitruk; O. A. Yeshchenko I. A. Pavlov; V. M. Kadan; P. I. Korenyuk; A. A. 

Alekseenko; A. M. Dmytruk, “Surface plasmons and transient optical response of copper 

nanoparticles”, Ukr. J. Phys. 54 (2009) 123-129. 

38. J. A. Creighton; and D. G. Eadon, “Ultraviolet-visible absorption spectra of the colloidal metallic 

elements”, J. Chem. Soc. Faraday Trans. 87 (1991) 3881-3891.  

39. Z. M. Sui; X. Chen; L. Y. Wang; L. M. Xu; W. C. Zhuang; Y. C. Chai; and C. J. Yang, “Capping 

effect of CTAB on positively charged Ag nanoparticles”, Physica E 33 (2006) 308-314.  

40. N. R. Jana; L. Gearheart; and C. J. Murphy, “ Seed-mediated growth approach for shape-controlled 

synthesis of spheroidal and rod-like gold nanoparticles using a surfactant template”, Adv. Mater. 13 

(2001) 1389-1393. 

41. M. S. Bakshi; F. Possmayer; and N. O. Petersen, “Simultaneous synthesis of Au and Cu nanoparticles 

in pseudo-core-shell type arrangement facilitated by DMPG and 12-6-12 capping agents” Chem. 

Mater. 19 (2007) 1257-1266.  

42. D. Compton; L. Cornish; and E. V. Lingen, “The third order nonlinear optical properties of gold 

nanoparticles in glasses, Part II”, Gold Bulletin 36 (2003) 51-58.  

43. J. C.-Torres; E. Valles; and E. Gomez, “Synthesis and characterization of Co@Ag core-shell 

nanoparticles”, J. Nanopart. Res. 12 (2010) 2189-2199. 



Synthesis and Characterization of AuxCu1-x Nanoparticles 

112 

 

44. A. Kuczkowski; S. Schulz; and W. Assenmacher, “Growth of GaSb whiskers by thermal 

decomposition of a single source precursor”, J. Mater. Chem. 11 (2001) 3241-3248. 

45. S.-H. Wu; and D.-H. Chen, “Synthesis of high-concentration Cu nanoparticles in aqueous CTAB 

solutions”, J. Coll. Interface Sci. 273 (2004) 165-169.  

46. R.T. Pflaum; and W. W. Brandt, “Metal-amine coördination compounds. I. Copper(II) complexes”, J. 

Am. Chem. Soc. 76 (1954) 6215-6219. 

47. S. Nath; S. K. Ghosh; S. Praharaj; S. Panigrahi; S. Basu; and T. Pal, “Silver organosol: Synthesis, 

characterisation and localised surface plasmon resonance study”, New J. Chem. 29 (2005) 1527-1534. 

48. J. Yang; and J. Y. Ying, “A general phase-transfer protocol for metal ions and its application in 

nanocrystal synthesis”, Nat. Mater. 8 (2009) 683-689. 

49. J. Yang; J. Y. Lee; and J. Y. Ying, “Phase transfer and its applications in nanotechnology”, Chem. 

Soc. Rev. 40 (2011) 1672-1696. 

50. S. Nath; S. Jana; M. Pradhan; and T. Pal, “Ligand-stabilized metal nanoparticles in organic solvent”, 

J. Colloid Interface Sci. 341 (2010) 333-352.  

51. D. Zanchet; H. Tolentino; M. C. M. Alves; O. L. Alves; and D. Ugarte, “Interactomic distance 

contraction in thiol-passivated gold nanoparticles”, Chem. Phys. Lett. 323 (2000) 167-172. 

52. Y. Li; and M. A. El-Sayed, “The effect of stabilizers on the catalytic activity and stability of Pd 

colloidal nanoparticles in the Suzuki reactions in aqueous solution”, J. Phys. Chem. B 105 (2001) 

8938-8943. 

53. S. Zhou; G. S. Jackson; and B. Eichhorn, “AuPt alloy nanoparticles for CO-tolerant hydrogen 

activation: Architectural effects in Au-Pt bimetallic nanocatalysts”, Adv. Funct. Mater. 17 (2007) 

3099-3104. 

54. A. Kumar; S. Mandal; P.R. Selvakannan; R. Pasricha; A. B. Mandale; and M. Sastry, “Investigation 

into the interaction between surface-bound alkylamines and gold nanoparticles”, Langmuir 19 (2003) 

6277-6282. 

55. Y. Zhang; W. Huang; S. E. Habas; J. N. Kuhn; M. E. Grass; Y. Yamada; P; Yang; and G. A. 

Somorjai , “Near-monodisperse Ni-Cu bimetallic nanocrystals of variable composition: Controlled 

synthesis and catalytic activity for H2 generation”, J. Phys. Chem. C 112 (2008) 12092-12095. 

56. C. Subramanium; R. T. Tom; and T. Pradeep, “On the formation of protected gold nanoparticles from 

AuCl4
−
 by the reduction using aromatic amines”, J. Nanopart. Res. 7 (2005) 209-217.  

57. M. Chen; Y.-G. Feng; X. Wang; T.-C. Li; J.-Y. Zhang; and D.-J. Qian, “Silver nanoparticles capped 

by oleylamine: Formation, growth, and self-organization”, Langmuir 23 (2007) 5296-5304. 

58. I.-C. Chiang; and D.-H.Chen, “Synthesis of monodispersed FeAu nanoparticles with tunable magnetic 

and optical properties”, Adv. Funct. Mater. 17 (2007) 1311-1316. 

59. X. Liu; M. Atwater; J. Wang; Q. Dai; J. Zou; J.P. Brennan; and Q. Huo, “A study on gold 

nanoparticle synthesis using oleylamine as both reducing agent and protecting ligand”, J. Nanosci. 

Nanotechnol. 7 (2007) 3126-3133. 



Synthesis and Characterization of AuxCu1-x Nanoparticles 

113 

 

60. L. Polavarapu; N. Venkatram; W. Ji; and Q.-H. Xu, “Optical-limiting properties of oleylamine-

capped gold nanoparticles for both femtosecond and nanosecond laser pulses”, Appl. Mater. 

Interfaces 1 (2009) 2298-2303. 

61. C. Wang; H. Yin; R. Chan; S. Peng; S. Dai; and S. Sun, “One-pot synthesis of oleylamine coated 

AuAg alloy NPs and their catalysis for CO oxidation”, Chem. Mater. 21 (2009) 433-435.  

62. C. Shen; C. Hui; T. Yang; C. Xiao; J. Tian; L. Bao; S. Chen; H. Ding; and H. Gao, “Monodisperse 

noble-metal nanoparticles and their surface enhanced Raman scattering properties”, Chem.  Mater. 20 

(2008) 6939-6944. 

63. A. Kisner; S. Lenk; D. Mayer; Y. Mourzina; and A. Offenhäusser, “Determination of the stability 

constant of the intermediate complex during the synthesis of Au nanoparticles using aurous halide”, J. 

Phys. Chem. C 113 (2009) 20143-20147. 

64. L. Polavarapu; and Q.-H. Xu, “A simple method for large scale synthesis of highly monodispersed 

gold nanoparticles at room temperature and their electron relaxation properties”, Nanotechnology 20 

(2009) 185606 [pp. 7]. 

65. M. Hansen and K. Anderko, Constitution of Binary Alloys, McGraw Hill: New York, 2
nd 

edn., 1958,  

p. 199. 

66. J. Turkevich; P. C. Stevenson; and J. Hillier, “A study of the nucleation and growth processes in the 

synthesis of colloidal gold” Discuss. Faraday Soc. 11 (1951) 55-75. 

67. G. Frens, “Controlled nucleation for regulation of particle-size in monodispersed gold suspension”, 

Nat.-Phys. Sci. 241 (1973) 20-22.  

68. M. J. Yacamán; J. A. Ascencio; H. B. Liu; and J. G.-Torresdey, “Structure shape and stability of 

nanometric sized particles”, J. Vac. Sci. Technol. B 19 (2001) 1901-1103. 

69. K. Kim; H. B. Lee; J. W. Lee; H. K. Park; and K. S. Shin, “Self-assembly of poly(ethylenimine)-

capped Au nanoparticles at a toluene-water interface for efficient surface-enhanced Raman 

scattering”, Langmuir 24 (2008) 7178-7183. 

70. C. Wang; H. Yin; R. Chan; S. Peng; S. Dai, and S. Sun, “One-pot synthesis of oleylamine coated 

AuAg alloy NPs and their catalysis for CO oxidation”, Chem. Mater. 21 (2009) 433-435. 

71. I. Lisiecki, and M. P. Pileni, “Synthesis of copper metallic clusters using reverse micelles as 

microreactors”, J. Am. Chem. Soc. 115 (1993) 3887-3896. 

72. N. A. Dhas; C. P. Raj; and A. Gedanken, “Synthesis, characterization, and properties of metallic 

copper nanoparticles”, Chem. Mater. 10 (1998) 1446-1452. 

73. J. Emsley, The Elements, Clarendon Press, New York, 1989, pp. 54,78. 

74. J. Guan; L. Jiang; L. Zhao; J. Li; and W. Yang, “pH-dependent response of citrate capped Au 

nanoparticle to Pb
2+

 ion”, Colloids and Surfaces A: Physicochem. Eng. Aspects 325 (2008) 194–197. 

75. D. R. Lide (Ed.), The CRC Handbook of Chemistry and Physics, 89
th

 ed., CRC Press, New York, 

2008-2009. 

76. E. W. Schmidt, Hydrazine and its Derivatives: Preparation, Properties, Applications, John Wiley & 

Sons: New York, 2001.  

77. P. K. Khanna; S. Gaikwad; P.V. Adhyapak; N. Singh; and R. Marimuthu, “Synthesis and 

characterization of copper nanoparticles”, Mater. Lett. 61 (2007) 4711–4714.  



Synthesis and Characterization of AuxCu1-x Nanoparticles 

114 

 

78. G. Kawamura; Y. Yang; and M. Nogami, “End-to-end assembly of CTAB-stabilized gold nanorods 

by citrate anions”, J. Phys. Chem. C 112 (2008) 10632-10636. 

79. H. J. Parab; H. M. Chen; T.-C. Lai; J. H. Huang; P.H. Chen; R.-S. Liu; M. Hsiao; C.-H. Chen; D.-P. 

Tsai; and Y.-K. Hwu “Biosensing, cytotoxicity, and cellular uptake studies of surface-modified gold 

nanorods”, J. Phys. Chem. C 113 (2009) 7574-7578. 

80. B. Nikoobakht; and M. A. El-Sayed, “Preparation and growth mechanism of gold nanorods (NRs) 

using seed mediated growth method”, Chem. Mater. 15 (2003) 1957-1962.  

81. P. Kannan; and S. A. John, “Synthesis of mercaptothiadiazole functionalized gold nanoparticles and 

their self-assembly on Au substrates”, Nanotechnology 19 (2008) 085602 [pp. 10]. 

82. L. Qi; J. Ma; and J. Shen, “Synthesis of copper nanoparticles in nonionic water-in-oil 

microemulsions”, J. Coll. Interface Sci. 186 (1997) 498-500. 

83. M. Samim; N. K. Kaushik; and A. Maitra, “Effect of size of copper nanoparticles on its catalytic 

behaviour in Ullman reaction”, Bull. Mater. Sci. 30 (2007) 535-540. 

84. L. M. Liz-Marzan, “Tailoring surface plasmons through the morphology and assembly of metal 

nanoparticles”, Langmuir, 22 (2006) 32-41. 

85. N. R. Jana; L. Gearheart, and C. J. Murphy, “Wet chemical synthesis of silver nanorods and 

nanowires of controllable aspect ratio”, Chem. Comm. 7 (2001) 617-618. 

86. J. Tanori; and M. P. Pileni, “Change in the shape of copper nanoparticles in ordered phases”, Adv. 

Mater. 7 (1995) 862-864. 

87. S. Chen; Z. Fan; and D. L. Carroll, “Silver nanodisks: Synthesis, characterization, and self-assembly”, 

J. Phys. Chem. B 106 (2002) 10777-10781. 

88. N. R. Jana; L. Gearheart; C. J. Murphy, “Wet chemical synthesis of high aspect ratio cylindrical gold 

nanorods”, J. Phys. Chem. B 105 (2001) 4065-4067. 

89. N. R. Jana; Z. L. Wang; T. K. Sau; and T. Pal, “Seed-mediated growth method to prepare cubic 

copper nanoparticles”, Current Science 79 (2000) 1367-1370. 

90. H. Yasuda; H. Mori, M. Komatsu; and K. Takeda, “Alloying behavior of gold atoms into nm-sized 

copper clusters”, Appl. Phys. Lett. 01 (1992) 2173-2174. 

91. W. Haiss; N. T. K. Thanh; J. Aveyard; and D. G. Fernig, “Determination of size and concentration of 

gold nanoparticles from UV-vis spectra”, Anal. Chem. 79 (2007) 4215-4221. 

92. M. Habib Ullah; W.-S. Chung; I. Kim; and C.-S. Ha, “pH-selective synthesis of monodisperse 

nanoparticles and 3D dendritic nanoclusters of CTAB-stabilized platinum for electrocatalytic O2 

reduction”, Small 2 (2006) 870-873. 

93. C. J. Murphy; T. K. Sau; A. M. Gole; C. J. Orendorff; J. Gao; L.Gou; S. E. Hunyadi; and T. Li, 

“Anisotropic metal nanoparticles: Synthesis, assembly, and optical applications”, J. Phys. Chem. B 

109 (2005) 13857-13870. 

94. Q. Zhang; J. Ge; T. Pham; J. Goebl; Y. Hu; Z. Lu; and Y. Yin, “Reconstruction of silver nanoplates 

by UV irradiation: Tailored optical properties and enhanced stability”, Angew. Chem. Int. Ed. 48 

(2009) 1-5. 

95. Y. Wang; P. Chen; and M. Liu, “Synthesis of well-defined copper nanocubes by a one-pot solution 

process”, Nanotechnology 17 (2006) 6000-6006. 



Synthesis and Characterization of AuxCu1-x Nanoparticles 

115 

 

96. James E. Morris (Ed.), Nanopackaging: Nanotechnologies and Electronics Packaging, Springer 

science & business media: Portland, USA, 2008. 

97. S.J. Oldenburg; R. D. Averitt; S. L. Westcott; and N. J. Halas, “Nanoengineering of optical 

resonances”, Chem. Phys. Lett. 288 (1998) 243-247. 

98. R. D. Averitt; D. Sarkar; and N. J. Halas, “Plasmon resonance shifts of Au-coated Au2S nanoshells: 

Insight into multicomponent nanoparticle growth”, Phys. Rev. Lett. 78 (1997) 4217-4220. 

99. E. E. Connor; J. Mwamuka; A. Gole; C. J. Murphy; M. D. Wyatt, “Gold nanoparticles are taken up by 

human cells but do not cause acute cytotoxicity”, Small 1 (2005) 325-327. 

100. M. Faraday, “The Bakerian lecture: Experimental relations of gold (and other metals) to light”, Phil. 

Trans. R. Soc. London 147 (1857) 145-181. 

101. J. M. Abad, S. F. L. Mertens; M. Pita; V. M. Ferna´ndez; and D. J. Schiffrin, “Functionalization of 

thioctic acid-capped gold nanoparticles for specific immobilization of histidine-tagged proteins”, J. 

Am. Chem. Soc. 127 (2005) 5689-5694. 

102. F.A. Cotton; and G. Wilkinson, Advanced Inorganic Chemistry: A Comprehensive Text, 3
rd

 ed., 

Interscience Pubs-John Wiley & Sons: New York, 1972, p 912. 

103. T. R. Dulski, A Manual for the Chemical Analysis of Metals, ASTM manual series, MNL 25: Ann 

Arbor, USA, 1996, p. 39 (ISBN 0-8031-2066-4).   

104. J. H. Fendler and F. C. Meldrum, “Colloid chemistry approach to nanostructured materials”, Adv. 

Mater. 7 (1995) 607-631. 

105. M. Sastry; A. Swami; S. Mandal; and P. R. Selvakannan, “New approaches to the synthesis of 

anisotropic, core-shell and hollow metal nanostructures”, J. Mater. Chem. 15 (2005) 3161-3174. 

106. R. S. Mansell; S. A. Bloom; and W. C. Downs, “A transport model with coupled ternary exchange 

and chemisorption retention for hydrazinium cations”, J. Environ. Qual. 30 (2001) 1540-1548. 

107. N. Ohtani; and Y. Hosoda, “Phase behavior of tetrabutylammonium salt in aromatic hydrocarbons or 

aqueous solutions”, Bull. Chem. Soc. Jpn. 73 (2000) 2263-2268. 

108. S. Berciaud; L. Cognet; P. Tamarat; and B. Lounis, “Observation of intrinsic size effects in the optical 

response of individual gold nanoparticles”, Nano Lett. 5 (2005) 515-518. 

109. S. W. Han; Y. Kim; and K. Kim, “Dodecanethiol derivatized Au/Ag bimetallic nanoparticles: TEM, 

UV/vis, XPS, and FTIR analysis”, J. coll. Interface Sci. 208 (1998) 272-278. 

110. Y. Herbani; T. Nakamura; and S. Sato, “Femtosecond Laser-induced formation of gold-rich 

nanoalloys from the aqueous mixture of gold-silver ions”, J. Nanomater. (2010) 154210 [pp. 9] 

doi:10.1155/2010/154210. 

111. M. Gaudry; E. Cottancin; M. Pellarin; J. Lermé, L. Arnaud, J. R. Huntzinger; J. L. Vialle; and M. 

Broyer , “Size and composition dependence in the optical properties of mixed (transition metal/noble 

metal) embedded clusters”, Phys. Rev. B 67 (2003) 155409 [pp. 10]. 

 

 



 

 

 

 

 

 

 

 

 

CHAPTER 4 

      

Advanced Studies on Amine-capped AuxCu1-x Nanoalloys 

 

Bimetallic NPs with tunable chemical and physical properties have been of great 

experimental as well as theoretical interest [1-11]. This class of nanomaterials may 

exhibit the so-called surface segregation at atomic level to make them significant in 

developing new catalysts of desired activity and selectivity [3-11]. Au-Cu NPs 

synthesized using various (strongly attaching) stabilizers like polymers, surfactants and 

thiols displayed random alloying behavior [12-14] making a large proportion of Cu-sites 

unavailable for the catalytic activity particularly relevant to energy conversion [15]; 

moreover, if the stabilizer is not completely removed it may further lead to the activity 

retardation. It is pertinent to mention here that differential scanning calorimetry studies 

have shown quite strong attachment of thiols compared to amines on the NPs surfaces 

[16]. In view of the above considerations, a two phase synthesis protocol employing 

(weakly attaching) alkylamines has been developed in the present work that enabled 

producing Au-Cu NAs of various compositions (details in Section 3.2.2.3). The present 

chapter deals with characterization of the amine-capped AuxCu1-x NPs making use of the 

essential techniques beside some advanced surface studies (employing XPS and 
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ellipsometry) to establish amine interaction with the NPs as well as surfaces of bulk Au 

and Cu.  

4.1 Materials  

All the glassware was cleaned with freshly prepared aqua-regia followed by 

repeated rinsing with ultrapure de-ionized water (resistivity: 18MΩ.cm); various aqueous 

solutions were also prepared in the de-ionized water. For surface studies on bulk metals, 

Au-on-glass was obtained from Arrandee (Germany) while Cu discs (thickness= 3mm) 

were cut from the high purity rod. Specification of various materials used in the advanced 

surface studies is listed below: 

Table 4.1: List of the materials employed for advanced studies on amine capped AuxCu1-x NPs. 

No. Chemical Name Formula % Purity Source 

1 Dodecylamine (C12N)  C12H25NH2 98 Aldrich 

2 Hexadecylamine  (C16N) C16H33NH2 90 Fluka 

3 Amorphous carbon 

(Vulcan XC 72R) 

C  --- Cabot  

4 Toluene  C7H8  99.9 Sigma-Aldrich 

5 Methanol  CH3OH  99.8 BDH  

6 Hydrochloric acid  HCl 37  Riedle-deHäen 

7 Nitric acid HNO3 70 Sigma-Aldrich  

8 Sodium hydroxide NaOH ≥97 Sigma-Aldrich 

9 Copper rod (Φ= 10 mm) Cu 99.99 Alpha Aesar  

 

4.2 Experimental Section 

FTIR and XRD measurements were carried out on purified and dried samples of 

NPs. Since temperature-dependent XRD measurement requires heating the sample to 

high temperatures which may result in the particle aggregation due to enhanced mobility 

and/or removal of the stabilizer.  For this reason the NPs were first supported on 
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amorphous carbon (Vulcan XC 72R); the carbon was pre-treated by refluxing with 70% 

HNO3 for two hours to remove transition metal impurities from its matrix.  

Ellipsometry was done on a pre-calibrated instrument (details given in Section 

2.6); the Laser source was allowed to adequately stabilize before use and the instrument 

was calibrated using a standard Si/SiO2
 wafer supplied by the manufacturer. Each 

measurement was carried out on a fresh Au-on-glass slide which was annealed in a 

butane flame to provide reproducible surface with mainly (111) terraces [17]; 

subsequently the slides were dried after washing with acetone and toluene, and finally 

kept under argon. 

Optical constants (µs and κs) of each bare Au-substrate were determined from 

measurements of the ellipsometric angles ∆ and Ψ before applying the amine film on the 

slide. For the self-assembly of amines slides (Au-substrate) were kept immersed in 10 

mM toluene solution of the amine (C12N or C16N) for two hours; afterwards the slides 

were rinsed with toluene, dried under argon and subjected to measurements. Each time 

after mounting the slide, at least twenty readings were taken at randomly selected points 

on the surface to ensure representative averaged values of ∆ and Ψ  corresponding to the 

entire substrate. For a given sample the measurements were retaken several times after 

repeatedly immersing the slide in the solution for one hour till constant values of the 

angles were obtained which also corresponded to the maximum amine coverage. For the 

self-assembly toluene medium was used for two reasons: (i) n-alkylamines do not 

spontaneously adsorb on Au-surface, due to weaker Au-N interaction, while competing 

excess number of more polar molecules of solvents such as alcohols [18,19] and (ii) to 

provide the analogous conditions as during the NPs synthesis and storage. Using the 

software ‘Ellgraph’ (details in Section 2.6) dependence of ∆ and Ψ on film thickness of 

the individual amine was simulated; making use of the simulated plot the average angles 

measured for the samples provided film thickness as well as inclination angle of the self-

assembled amine on the Au surface. 

For the HRTEM and STEM studies due care was taken to employ cleaned NPs 

as presence of excessive amount of organic species can severely degrade the quality of 



Advanced Studies on Amine Capped AuxCu1-x Nanoalloys 

 

119 
 

HRTEM images. Cleaned samples were obtained by dispersing the amine-capped 

AuxCu1-x NPs in minimum possible volume of toluene, centrifuging after precipitation in 

ethanol and finally drying under vacuum; the sequence was repeated twice so as to 

remove traces of unbound amine.  

XPS measurements of the NP samples were carried out after spin coating their 

dispersions on sections of Si wafers attached to a mounting metal stub using a double-

sided conducting tape. Samples of minimum possible thickness were used to avoid peak 

shifting and splitting due to charging while less than10-9 torr pressure was maintained in 

the sample chamber during measurements. XP spectra for bulk Au and Cu were recorded 

without and with self-assembled monolayers (SAMs) of amines. The Au-on-glass slides 

were rinsed with toluene and dried in argon prior to the XPS measurements. After 

treating Cu discs with 1M HCl to remove surface oxides, it was rinsed with de-ionized 

water and toluene, and subsequently the dried discs were stored under Ar; before XPS 

takes, the Cu-disc loaded in preparation chamber was Ar-sputtered to remove any 

residual oxide. 

 For the self assembly of amines on the bulk metals, the samples were immersed 

in a 10 mM solution of C16N or C12N in toluene for at least two hours. In order to find the 

saturation concentration of amines at the metal surface, Au-on-glass slide was also 

immersed in 100 mM solution of C16N for two hours. After immersion the samples were 

rinsed with toluene to remove physically adsorbed amines from the surface and 

subsequently dried under Ar; extreme care was taken in the case of Cu to minimize its 

exposure time between drying and loading in the spectrometer. Core level photoemission 

spectra were then acquired to examine amine coverage and interaction with the Au and 

Cu surfaces. In order to investigate the effects of acidic and basic pH on the N1s-peak 

splitting, Au slides containing self-assembled C16N were subjected to XPS measurements 

after immersing in 1.0 M solution of HCl and NaOH respectively (in methanol solvent) 

for 30 minutes.  
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4.3 Results and Discussion 

In this section discussions on the results obtained from various characterization 

techniques have been organized. Also the outcomes of techniques have been correlated to 

draw mutually supporting conclusions. 

4.3.1 Elemental Analysis 

The relative atomic ratios of the constituent metals of the AuxCu1-x NPs were 

determined using ICP-OES technique; CHN analysis provided chemical composition of 

the capping agent and its surface coverage on the NPs. The results obtained for both 

C12N- and C16N-capped AuxCu1-x NPs over the entire series are given in Table 4.2. 

Table 4.2: Elemental analysis results for C12N- and C16N-capped AuxCu1-x NPs. 

Capping 

agent 

Sample   x values CHN content /weight 

% 

expected measured C H N 

 

 

C12N 

Au0.5Cu0.5 0.50 0.83 78.7 13.5 7.8 

Au0.75Cu0.25 0.75 0.90 78.9 13.5 7.6 

Au0.8Cu0.2-sr* 0.80 0.86 79.1 13.9 7.0 

Au0.9Cu0.1 0.90 0.94 79.5 13.8 6.7 

 

C16N 

Au0.5Cu0.5 0.50 0.84 79.6 14.5 5.9 

Au0.75Cu0.25 0.75 0.92 80.3 14.1 5.6 

Au0.9Cu0.1 0.90 0.95 80.1 14.3 5.6 

     * prepared by sequential reduction method; all others by co-reduction method. 

 

As for the composition of stabilizers, percent contents (by weight) in the case of 

C12N were:  C=79.1±0.4 (77.8), H=13.85±0.6 (14.6) and N=7.0±1.0 (7.6) while for C16N 

were: C=79.8±0.2 (79.7), H=14.4±0.5 (14.5) and N= 5.9±0.4 (5.8); the calculated values 

are given in parentheses. Analyses of the C12N- and C16N-capped bimetallic AuxCu1-x 

NPs furnished lower Cu contents than those expected from the x values; the difference 

between determined and anticipated values decreased with increasing x. It may be noted 

from Table 4.2 that for the two amines practically the same Cu intake is observed for a 

given composition of NPs. One possible reason for lower Cu contents in the NPs may be 
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Table 4.3: Stabilization efficiencies of amines estimated from elemental analysis and TEM results of C12N- and C16N-capped AuxCu1-x NPs. 

Capping 

agent 

Sample  NP size a 
/ nm 

Vm 
b  / 

cm3.mol-1 
[Me(s)/Me(b)] c 

% surface 

coverage 

by amines 
d 

As
   / 

107 
×cm2 .mol-1 

Cs
   / 

10-12 
×mol.cm-2  

 

 

C12N 

Au0.83Cu0.17 10.3±3.8 9.68 0.132 140 2.19 3.65 

Au0.86Cu0.14-sr 4.9±1.2 9.78 0.256 103 3.66 2.18 

Au0.90Cu0.10 7.8±3.2 9.90 0.162 110 2.97 2.36 

Au0.94Cu0.06 7.5±2.6 10.03 0.169 100 2.90 2.07 

C16N Au0.84Cu0.16 9.5±2.8 9.72 0.132 135 2.20 3.18 

Vm =molar volume of the sample; [Me(s)/Me(b)] = ratio of surface to bulk metal atoms; As= surface area of NPs; Cs= total surface coverage by the 
amine.  
a: calculated from TEM images. 

b: taken as weighted average of the Vm of pure metals (7.11cm3.mol-1 for Cu and 10.21 cm3.mol-1 for Au), assuming the same Au-to-Cu ratio at the 
surface as in the bulk of NPs. 

c: calculated from surface to volume ratio of NPs.  

d: considering spherical NPs.  
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its inefficient phase transfer by amine. However this may be excluded on the basis that 

after separately transferring Au(III) and Cu(II) into toluene, the analyses demonstrated 

>90 % transfer for both the metal species. The other possibility could be re-dissolution of 

some Cu due to its oxidation during the purification steps. Besides co-reduction method 

employed in all above mentioned cases, Au0.8Cu0.2 NPs were prepared using sequential 

reduction approach which also provided similar results. Hence it may be concluded that 

the composition of Au-Cu NAs should not depend on the reduction approach. Moreover, 

Table 4.2 may be used as a guideline for the actual ratios of the two metals in the 

synthesized NAs whereby the initial Cu content in the reaction mixture must be higher 

than desired. In the following discussion, the analyzed (actual) x values will be used 

for the description of the bimetallic NPs. 

Results of elemental analyses may be coupled with TEM results to draw useful 

conclusion on the particle sizes and coverage by the amines used as stabilizers. Assuming 

a spherical geometry of the NPs, making use of the average NP size obtained from the 

TEM images and from the metal-to-N ratio found by elemental analysis, the estimated 

surface coverage by the amines has been determined as ~3.0x10-12 mol.cm-2 (Table 4.3). 

Moreover, from the average surface to total metal atoms ratio in an NP, almost 100% 

coverage by the amines was calculated. More than 100 % coverage in some cases is due 

to overlooking the multifaceted geometry of the NPs; larger and more non-spherical is 

the NP, greater becomes the positive deviation [20]. From the phase transfer efficiency 

and extreme surface coverage rendered by them, it may be concluded that the two amines 

employed not only acted as good PTAs but also as excellent stabilizers. 

4.3.2 Attenuated Total Reflectance-Fourier Transform Infrared Analysis  

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy 

was employed to investigate the structures of amines and variation when present on the 

monolayer protected AuxCu1-x NPs; the displayed spectra have been averaged over 64 

scans. The spectra have been measured exclusively for the entire series of NPs capped by 

C16N; it is expected that similar trends would be exhibited by the C12N-capped series. It is 

noteworthy that spectra of the neat C16N and that involved in the capping of NPs are quite 

much the same particularly for the alkyl part which demonstrates that the amine itself acts 
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as stabilizer. Figures 4.1 shows FTIR spectra for neat C16N (a) and one spectrum 

representative of the C16N-capped series (b), respectively (no appreciable difference 

between spectra of other samples in the series was observed). Vibrations at 2919 and 

2851 cm-1 correspond to the anti-symmetric and symmetric CH2 stretch while the 1459 

and 1366 cm-1 bands correspond to the –CH3 asymmetric bending and the methylene 

wagging modes, respectively [21]. However, notable difference between the spectra of 

free and attached amine is almost complete suppression of peaks at 3100-3350 cm-1 

{νstr(−NH)} and 921 cm-1 {νwag(−NH)} (relative to the νstr(CH2) peaks ) as shown in the 

inset of Figure 4.1. Moreover, the peak at 1608 cm-1 assigned to νb(−NH) is red-shifted to 

1640 cm-1  expectedly due to attachment of amine with the metal surface; such behavior 

has also been observed previously [22,23].  
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Figure 4.1: ATR-FTIR spectra of hexadecylamine (C16N): (a) free (solid line) and (b) attached to Au-Cu 

NPs (broken line); the inset illustrates effect of the NPs−capping by C16N on its NH-stretching peaks. 

 

The above results demonstrate that the structure of C16N is retained in the process 

of NPs stabilization. Suppression of the 3100-3350 and 921 cm-1 peaks and red-shift of 

the 1608 cm-1 peak are strong evidences of surface binding of the amine to NPs via 

nitrogen linkage in agreement with previous studies [24-28]; the effect appears most 

likely due to the surface selection rules of the bound amine nitrogen. 
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4.3.3 Ellipsometry on Bulk Au for Self-Assembled Alkylamines 

The changes observed in the –NH vibrational peaks are indication for the 

adsorption of the amine (C16N) at the metal surface. In order to find out geometry of the 

adsorbed amines ellipsometry studies were carried out on bulk Au substrate. For nitrogen 

containing aromatic compounds, a tilted or perpendicular geometry for adsorbed species 

on Au substrates has been reported [29,30]. Similar adsorption geometry may be 

expected for the SAM of aliphatic amines as well because at high coverage on metal 

substrate, steric interaction due to aliphatic chains (even more voluminous than that of 

aromatic structures) would not allow the adsorption geometry parallel to the metal 

surface.  

 

Figure 4.2: Formation of self-assembled monolayer (SAM) of amine via nitrogen interaction with metal 
surface.  

 

Figure 4.2 is a schematic depiction for the SAM of aliphatic amine having alkyl 

chains inclined at θ (θ=90° for perpendicular inclination) relative to the metal substrate 

surface. In fact, the ellipsometry studies provided thickness (df) of film formed by SAMs 

of C12N and C16N on Au-on-glass substrates from which θ was calculated. Similar studies 

could not be carried out on bulk Cu for non-availability of the defects-free metal 

substrate. Table 4.4 presents parameters obtained from the ellipsometry measurements on 

bare Au-on-glass slides and after SAM formation on them by the amine (C12N or C16N); 

the parameters include optical constants (µs and κs) of the bare substrates as well as 

ellipsometry angles (∆ and Ψ) of bare and SAM loaded slides. 
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Table 4.4: Ellipsometry parameters* for Au-substrates before and after self-assembly of the amines. 

* for details see text. 

Making use of ∆, Ψ, µs and κs values  for the bare substrates (Table 4.4) and using 

1.46 as refractive index of the amines [31], dependence of ∆ and Ψ on the film thickness 

(df) was simulated employing the software ‘ELLGRAPH’; simulation results for the C16N 

and C12N SAMs are given in Figures 4.3 and 4.4, respectively. For both the amines, 

ellipsometry angles exhibited linear dependence however, Ψ showed negligible change 

with film thickness; ∂Ψ/∂df=(2.000±0.007)×10-3 degrees per Å. After Ψ becoming 

independent of df, only ∆ remains the variable of df. The ∆ values for various 

measurements on the bare Au substrates (Figures 4.3c and 4.4c) and of those loaded with 

the amine-SAMs (Figures 4.3d and 4.4d) are shown in Figures 4.3 and 4.4. It is to be 

noted that the experimental ∆ value, in agreement with ∆-df simulation trend, decreases 

upon the amine self-assembly; the change in ∆ was used to determine the film thickness. 

For C12N and C16N-SAMs df was determined as 4.8 Å and 6.5 Å, respectively. The 

corresponding inclination angle for both the amines, regardless of their different chain 

lengths, comes out to be ca. 24 degrees. It is suggested that the so-called inclined 

adsorption geometry of the amines at metal surface may be responsible for the sluggish 

N-H vibrations.   

 

 

Bare Au substrate C16N-SAM 

∆∆∆∆ /deg ΨΨΨΨ /deg µµµµs κκκκs ∆∆∆∆ /deg ΨΨΨΨ /deg 

 Average 106.93 43.75 0.165 3.35 106.28 43.74 

Std. dev. 0.16 0.02 0.003 0.01 0.07 0.02 

 
Bare Au substrate C12N-SAM 

∆∆∆∆ /deg ΨΨΨΨ /deg µµµµs κκκκs ∆∆∆∆ /deg ΨΨΨΨ /deg 

 Average 107.45 43.78 0.163 3.386 106.97 43.73 

Std. dev. 0.09 0.02 0.002 0.006 0.04 0.08 
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Figure 4.3: Ellipsometry results for Au substrate: (a,b) simulated calibration plots showing variation of phase (∆) and amplitude (Ψ) parameters with the  

C16N-SAM thickness (df). (c,d) being the measured ∆ for the bare Au and C16N self assembled on the Au substrate, respectively.  
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Figure 4.4: Ellipsometry results for Au substrate: (a,b) simulated calibration plots showing variation of phase (∆) and amplitude (Ψ) parameters with the  

C12N-SAM thickness (df). (c,d) being the measured ∆ for the bare Au and C12N self assembled on the Au substrate, respectively.
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4.3.4 TEM, HRTEM and STEM Analyses 

TEM studies were done first using the 200kV JEOL 2000FXII microscope 

however no clear images could be obtained either because of small particle size or 

presence of organic ligand at the surface of NPs. Subsequently, a high resolution 300kV 

JEOL 3010X microscope was employed to take the TEM images of which micrographs 

of C12N- capped Au, Au0.90Cu0.10, and Au0.83Cu0.17 NPs are shown in Figures 4.5(a)−(c), 

respectively. The above bimetallic NPs clearly exhibit core-shell structure comprising 

core of high z-contrast atoms while the shell of low z-contrast atoms. Although 

histograms (Figures 4.5(d)−(f)) measured for at least one hundred NPs provided sizes 

from 2 nm to upper values of 7 nm, 15 nm and 20 nm for Au, Au0.90Cu0.10 and 

Au0.83Cu0.17, the respective average particle size distributions obtained from the Gaussian 

fitting of the above three histograms were 4.2 nm and 6.4 nm (since a bi-modal size 

distribution was observed for Au NPs), 7.8 nm and 10.3 nm. Increase of the average 

particle size with increasing Cu content is an indication that the shell of binary NPs is 

more enriched with Cu than the core [32].  

Figure 4.5:  TEM images (a-c) of Au, Au0.90Cu0.10 and Au0.83Cu0.17 NPs, and their respective histograms for 
size distribution (d-f).   
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HRTEM and STEM studies were carried out employing a 300 kV 3010X and a 

200 kV aberration-corrector coupled 2100F microscopes having respective point 

resolutions of 0.2 and 0.1 nm; the latter was also equipped with a hexa-pole aberration 

corrector, an in-column Omega filter, and a high-angle angular dark-field detector. 

Lattice fringes in the HRTEM images were indexed after their fast Fourier transform 

(FFT) analysis using ‘Digital Micrograph’ (GMS Version 1.8.1; Gatan Inc., Pleasanton, 

CA). The FFTs of HRTEM images were then compared with the measurements 

employing the software ‘ImageJ’ (Version 1.42q, NIH, USA) and the calculated d-

spacing (inter-planar distance) values using lattice parameters (a) of Au, Cu (space group 

Fm3m), ordered Au3Cu, AuCu3 (space group Pm3m), and ordered AuCu (space group 

P4/mmm); the values of lattice constants [33,34] are tabulated in Table 4.5 for reference. 

d-spacing calculated for various orientations of Au, Cu and their intermetallics are given 

in Table 4.6. The atomic distributions of AuxCu1-x NPs were examined along with the 

lattice planes analysis using scanning transmission electron microscope.  

An example of HRTEM image of the C12N-capped Au NPs is shown in Figure 4.6 

revealing multiple-twinned geometry with polycrystalline structures. Regions marked ‘A’ 

 

Figure 4.6: HRTEM image of C12N-capped Au NPs with ‘A’ and ‘B’ exhibiting the fringe spacing of 

(0.243±0.008) nm and (0.211±0.003) nm, respectively; FFT analysis of I and II regions are given in (a) and 
(b), respectively. 
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Table 4.5: Lattice parameter (a) of Au, Cu and their intermetallics. 

Material Au
a 

Au3Cu
b AuCu

b* AuCu3
b 

Cu
a 

a/nm 0.408 0.3965 0.3964; 
0.3672 

0.3747 0.361 

* two values due to tetragonal structure. 

a: Reference [33].  
b: Reference [34]. 
 

 

Table 4.6: Inter-planar spacing values for different allowed orientations of Au, Cu and their relevant 
intermetallics calculated using lattice parameters from Table 4.5.   

Orientation  
Spacing /nm for 

Au
a
 Cu

a
 Au3Cu

b
 AuCu3

b
 AuCu

c
 

(100) --- --- 0.3965 0.3747 0.3964 
(001) --- --- --- --- 0.3677 
(110) --- --- 0.2804 0.2650 0.2803 
(011) --- --- --- --- 0.2696 
(111) 0.2355 0.2087 0.2289 0.2163 0.2229 
(200) 0.2039 0.1807 0.1982 0.1873 0.1982 
(002) --- --- --- --- 0.1838 
(210) --- --- 0.1773 0.1676 0.1773 
(201) --- --- --- --- 0.1745 
(220) 0.1442 0.1278 0.1402 0.1325 0.1402 
(311) 0.1230 0.1090 0.1196 0.1130 0.1186 
(222) 0.1177 0.1044 0.1145 0.1082 0.1115 
(400) 0.1020 0.0904 0.0991 0.0937 0.0991 
(331) 0.0936 0.0830 0.0910 0.0860 0.0906 
(420) 0.0912 0.0808 0.0887 0.0838 0.0886 
(422) 0.0833 0.0738 0.0809 0.0765 0.0798 

a: Face centred cubic structure (Fm3m) 
b: Primitive cubic structure (Pm3m) 
c: Tetragonal structure (P4/mmm) 
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in the image (Figure 4.6) exhibit an average lattice spacing of (0.243±0.008) nm that 

agrees well with the spacing of (111) lattice planes of Au crystals while some of the 

particles also exhibited {200} facets as shown by (0.211±0.003) nm spacing of lattice 

planes in regions ‘B’. From the spacing values and angles between the crossed lattices it 

is noticeable that each individual Au NP is a multigrain particle comprising small 

crystallites. It may be concluded that initially formed small crystals are transformed by 

growth and aggregation into larger spherical Au NPs. As for the bimetallic NPs, a 

representative magnified TEM image of C12N-capped Au0.90Cu0.10 is shown in Figure 4.7 

 

Figure 4.7: TEM image of the Au0.90Cu0.10 NA showing formation of core shell structures; inset is the 
HRTEM image of single particle showing high z-contrast core. 

which also confirms formation of core-shell structures. In addition a surprising feature of 

the structure in some NPs is the presence of more than one core implying a complex 

mechanism of the particle growth and metal segregation within the NPs; presence of 

multi-cores in a single NP may be established from the HRTEM image shown as inset of 

Figure 4.7. 

Figure 4.8(a) presents the HRTEM image of a group of multi-twinned Au0.90Cu0.10 

NPs with a high-contrast core compared with the near-surface regions; area of the grid 

had particles with sizes lying towards lower side of the Gaussian distribution for the 

sample. The lattice fringes observed had d-spacing of (0.341±0.001) and (0.254±0.003) 

nm, which are close to those of the AuCu(001) and AuCu3(110). The representative 

STEM image shown in Figure 4.8(b) indicates formation of multi-domain NPs. Although, 

values of lattice spacing were obtained from FFTs were slightly higher than the 

 

     50 nm 
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corresponding calculated values (Table 4.6), the FFT analysis of region A shows lattice 

fringes at spacing of 0.288 and 0.240 nm corresponding to (110) and (111) fringe spacing 

Figure 4.8: (a) HRTEM images for the C12N-capped Au0.90Cu0.10 NAs showing presence of various lattices 
planes corresponding to AuCu(001) and AuCu3(110) and (b) HAADF image of a single particle with the 
lattice spacing of A, B and C regions given in respective FFTs.  
 

for Au3Cu, respectively while the d-spacing of 0.170 nm in region B indicates the 

presence of AuCu3(210). To further investigate the structure of this NP, another region C 

close to the surface was analyzed which has planes with a spacing of 0.270 nm which is 

close to the value for AuCu3(110), thus indicating the presence of Cu-rich regions closer 

to the surface. Presence of darker core than the shell was also observed in the HRTEM 

image, (Figure 4.8(a)) while in Figure 4.8(b) appearance of a core-shell structure is 

obscured by diffraction of the individual atoms in the shell. These results are in 

contradiction with theoretical calculations, which indicate a preference of Cu to reside in 

the core [35]. Surface segregation in a condensed phase for functionalized nanoalloys, 

however, is difficult to predict due to the presence of chemically bound ligands [36].  

Several geometries were observed for the synthesized NPs. Figure 4.9 shows the 

aberration-corrected HAADF image of C12N-capped Au0.86Cu0.14-sr NPs along with the 

selected area image at high magnification. The surface atomic distribution shows a six-

fold twinning geometry. Surface atomic planes in regions I and II of a representative NP 
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Figure 4.9: Aberration–corrected HAADF image of the C12N-capped Au0.86Cu0.14-sr NPs (sr stands for 
synthesis by sequential reduction method). Lattice spacing in regions I and II of the magnified image (right 
top) are described in the Figure.  

(right image in the Figure) are (0.175±0.002) and (0.254±0.002) nm which illustrate that 

not only low-index surfaces such as {110} were observed, but also some high-index 

surfaces such as {210}. The reflections may correspond to either Au3Cu or AuCu but 

since they are weak for the former, the planes probably correspond to AuCu. Formation 

of dodecahedral Au NPs has been previously described and morphology of particles 

depends critically on the additives employed during synthesis [37] 

Figure 4.10 shows bright-field and HAADF STEM images of C16N-capped 

Au084Cu0.16 NPs exhibiting various lattice fringes and a twinned structure. Using ‘ImageJ’ 

software the inter-planar distances and angle between atomic planes were obtained, 

which allowed indexing of lattice fringes and surface facets. Near-surface lattice planes 

clearly visible in the bright field image have spacing of (0.179±0.003) and (0.151±0.002) 

nm close to those of {201} and {220} planes in AuCu, the likely Cu-rich region 

compared to the volume average composition of NPs. The spacing determined for other 

regions in HAADF image are described in Figure 4.10 and are close to the values for 

{110} and {111} planes of Au3Cu. A decahedral structure is observed in the STEM 

images. Presence of five-fold twinned structures for Au NPs has been reported [38]. The 
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Figure 4.10: STEM images of C16N-capped Au084Cu0.16 NAs: (a) bright field and (b) aberration-corrected 

HAADF exhibiting various lattice fringes and five-fold twinned structure at 77.5±0.5°. 

twinning angle for {110} planes having spacing of (0.301±0.007) and (0.302±0.003) nm 

was 77.5±0.5°, larger than the value of 72° expected for a symmetric geometry. A higher 

angle may be due to a tilt of the NP resulting in errors in measurement of angle. The 

likely reasons for this difference, however, are elastic anisotropy effects caused by 

inhomogeneous strain distribution within the NPs [39]. However, in contrast a higher 

twinning angle than predicted in the present work may be attributed to strain distribution 

quite different from pure Au due to the inhomogeneous distribution of the alloying 

elements. 

Other examples of HRTEM and STEM images of the AuxCu1-x NPs are given in 

Figures 4.11-4.13. Bright and aberration-corrected HAADF images of C12N-capped 

Au0.83Cu0.17 NPs are shown in Figures 4.11(a) and (b); the images clearly demonstrate the 

Ostwald ripening process under high energy electron beam irradiation whereby smaller 

nanoparticles can be clearly seen getting diffused with closely lying larger ones. The 

lattice spacing measured in regions A to D were (0.252±0.002), (0.253±0.008), 

(0.259±0.006) and (0.253±0.004), respectively while d-spacing in region E was 

(0.23±0.01); the larger error in spacing of region E was due to less resolved planes. The 

d-spacing of AuCu (tetragonal structure) (110) and (111) planes are 0.280 nm and 0.223 

nm, respectively while those for AuCu3 (primitive cubic) are 0.280 nm and 0.229 nm. 
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Since the (110) reflection for AuCu3 is very weak, it is more likely that the spacings 

correspond to AuCu alloy having {110} plane present as steps and surrounded by {111} 

terraces; deviation from the calculated values may be due to lattice contraction at the 

nanoscale. Presence of various facets are also observable in Figure 4.11(c) resulting in 

the NPs exhibiting cub-octahedral structures as outlined on the right of Figure 4.11(c); 

identification of steps on the surfaces of NPs by HRTEM imaging has been recently 

reported [40]. Figure 4.12 depicts the presence of multi-domain NPs (probably with edge) 

containing (110) planes corresponding to some Au-Cu alloy. Moreover aberration–

corrected HAADF image of single C16N-capped Au0.92Cu0.08 NP (Figure 4.13) clearly 

shows presence of the individual metal atoms scattered around the NP; similarly few-

atomic clusters can clearly be seen in Figures 4.9 and 4.12. 

 

Figure 4.11: HRTEM images  of C12N-capped Au083Cu0.17 NPs: (a) bright field, (b)  dark field  exhibiting 
core darker than the shell and (c) bright field showing presence of multi-twinned cuboctahedral structure 
with lattice spacing close to those of {111} and {110} planes of some Au-Cu alloy.  
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Figure 4.12: STEM images of C12N-capped Au0.86Cu0.14-sr NP: (left) bright field and (right) HAADF. The 

respective lattice spacing of 0.278±0.005 and 0.259±0.009 nm in regions A and B may be assigned to (110) 
planes of Au-Cu alloys.   

 

 

Figure 4.13: Aberration-corrected HAADF image of single C16N-capped Au0.92Cu0.08 NP surrounded by 
randomly attached metal atoms.  

   

In the HRTEM and STEM images (Figures 4.8-4.10), d-spacing values close to 

the NPs edges indicate presence of Cu-rich regions referring to establish the more likely 

phenomenon of surface segregation; the effect has not been previously observed for Au-

Cu nanomaterials [12,13,41,42]. TEM imaging alone may not provide accurate 
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information on segregation effects in the near-surface regions and chemical mapping of 

individual AuxCu1-x nanoparticles by analytical microscopy is required [43,44]. 

4.3.5 X-Ray Diffraction Studies 

X-ray diffraction (XRD) measurements were carried out on the entire series of the 

C12N-capped AuxCu1-x NPs (Figure 4.14) for determining average crystallite size (to 

correlate with the respective NPs size obtained from TEM); in addition the measurements 

confirmed that the synthesized bimetallic particles corresponding to a given composition 

were not merely physical mixtures but the NA. Indexing the XRD patterns is consistent 

with that of fcc crystal structure showing the presence of peaks for (111), (200), (220) 

and (311) reflections and a weak feature corresponding to the (222) orientation.  
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Figure 4.14: XRD patterns for C12N-capped AuxCu1-x NPs; fractions given on the patterns are x values 
determined by elemental analysis.  

 

XRD peak positions for Au, Cu and their three possible intermetallics were 

calculated for the employed Co-Kα source (λ=0.1788965 nm) using the corresponding 

literature lattice constants (Table 4.5); the results are presented in Table 4.7. It is to be 

mentioned that the results in Table 4.7 for pure Au and Cu are in agreement with the 

simulated XRD patterns of the two metals employing the software ‘PowderCell’.  
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Table 4.7: Calculated values of 2θ (degrees) for the most intense reflections of Au, Cu and their 

intermetallics employing λ(Co Kα) =0.1789 nm. 

Material/Reflection (001) (110) (111) (200) (220) (311) 

Au - - 44.65 52.03 76.67 93.33 

Au3Cu - - 46.00 53.64 79.30 96.87 

AuCu 28.16 37.22 47.31 53.65 - - 

AuCu3 - - 48.85 57.04 84.94 104.70 

Cu - - 50.76 59.32 88.83 110.31 

Equations used: 
Cubic  

2θ = 2sin�� 	λ�h + k + l�� �2a � 
Tetragonal (Only for AuCu, the rest of the materials have a cubic structure) 
 

2θ = 2sin�� 	λ�h/a + k/b + l/c�� �2 � 
 

Mean crystallite sizes, Dhkl (in nm) of various AuxCu1-x samples were calculated 

from broadening of peaks for various reflections using the Debye-Scherrer formula 

[45,46]. The line broadening can be determined either from direct measurement of 

FWHM of the broadened diffraction line after background correction or from the integral 

breadth of a diffraction peak by dividing the peak area by the intensity of the 

corresponding reflection [45]. Dhkl was calculated from Equation 2.20 putting value of the 

geometric factor (K) as 0.9 for the former and 1.0 for the latter method [46]. The 

crystallite size was estimated after deconvoluting the peaks for various reflections using 

the Gaussian function (Equation 2.47) by making baseline correction so that background 

correction term (y0) becomes zero; a representative deconvoluted XRD (111)-(200) 

reflection is given in Figure 4.15. For the determination of crystallite dimensions using 

the integral breadth method, contribution from the (200) reflection was subtracted from 

the total measured reflection of the region while the (111) peak area was calculated using 

the software ‘Origin’ [47]. Table 4.8 enlists (besides NPs sizes from TEM) the 

comparison of crystallite sizes (Dhkl) obtained from both the FWHM and integral breadth 
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Figure 4.15: Deconvoluted XRD (111)-(200) peaks of Au0.90Cu0.10 NPs after background correction; inset 
shows the peak area utilized for particle size calculation by integral breadth method. 

 

methods for the (111) reflection while for the (220) and (311) reflections the Dhkl values 

were calculated employing only FWHM method. The (111) reflection being the most 

intense diffraction signal should provide the most reliable results which is also evident 

from the nearly same Dhkl values calculated using both the methods. As for the (311) 

reflection, which could not be reliably deconvoluted because of the overlapping (222) 

reflection but being the second intense peak, it provided Dhkl values quite close to those 

determined from the (111) reflection. For all other reflections {like (200), (220) and 

(222)} which were seemingly weaker, much smaller sizes have been obtained; similar 

variations have been previously reported for Au-Hg NAs [48]. It is to be noted that the 

XRD crystallite sizes (irrespective of the reflection and method employed for the 

calculations) come out smaller than the NP sizes obtained from the TEM studies. On the 

other hand in the previous studies XRD has provided larger particle sizes than those 

obtained from TEM; the behavior has been accounted for on the basis that XRD data 

represent ‘volume average’ of NPs hence, even a small proportion of large particles in the 

sample can greatly influence the calculated sizes [49]. But the fact of matter is that TEM 

provides the NP size while XRD furnishes size of the crystallite (particle having certain 

specific crystallinity) and the two types of size should not be inter-changed; the TEM and 

XRD sizes are same only if the NPs are mono-crystalline. Smaller crystallite than NP 

determined in the present work is an indication that NPs are polycrystalline [50]; the 

finding is further substantiated from the multi-twinned structure of NPs observed in the 
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Table 4.8: Comparison of NP size (DNP) determined from TEM, and crystallite size (Dhkl) calculated from various XRD reflections 

using the IB and/or FWHM methods*; λ(Co Kα) =0.1789 nm. 

Sample  DNP  
/ nm 

Peak position in 2    θθθθ/degrees for Dhkl / nm determined by  

(111)  (220)  (311) ** IB method 

from (111) 
FWHM method from 

(111) (220)  (311) 

Au0.83Cu0.17 10.3 45.22 77.54 93.94 3.1 3.3 2.1 3.2 

Au0.86Cu0.14-sr 4.9 45.16 77.33 93.67 2.6 2.6 1.6 2.4 

Au0.90Cu0.10 7.8 45.07 77.35 93.43 2.2 2.1 1.8 2.8 

Au0.94Cu0.06 7.5 44.93 77.07 93.34 3.1 2.6 1.5 2.2 

*FWHM = full width at half of the maximum height and IB = integral breadth 
**the reflection could not be reliably deconvoluted from (222). 
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HRTEM images shown in Figures 4.8-4.10 and 4.13. A recent study of NAs has also 

demonstrated that sizes from XRD were significantly smaller that those obtained from 

HRTEM [48]. Another point to be considered regarding mono-crystalline NAs is the 

difference in crystallinity due to structural features (core and shell). As diffraction is 

dependent on the coherent length of the lattice being analyzed, the sizes obtained should 

be more influenced by the regions of higher crystallinity. Thus if the core of NP is highly 

ordered, the dimensions obtained by XRD will come out smaller than the actual values; 

the above discrepancy in sizes has been attributed to disorder induced in the shell by 

alloying [48]. Moreover, no evidence for the presence of the crystalline intermetallics 

Au3Cu, AuCu or AuCu3 is available due to absence of (100) and (110) reflections in the 

XRD patterns (Figure 4.14); the same may also be confirmed by comparing the reflection 

data in Table 4.7. The above results, in addition to the polycrystalline nature of NPs, also 

indicate the presence of Au-rich core with well defined lattice parameter since poorly 

structured surface regions tend to have smaller or even insignificant contribution to the 

diffraction pattern.  

The most prominent (and accurately measureable) (111) and (220) reflections 

exhibited slight shift to higher 2θ values on increasing the Cu content; on the contrary 

behavior of the other reflections could not be established essentially due to the 

deconvolution requirement. Using the (111) and (220) reflections of AuxCu1-x NPs lattice 

parameters (a) were calculated at various x values and have been accordingly plotted in 

Figure 4.16 for comparison.  
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Figure 4.16: Variation of the lattice parameter (a) with x of the synthesized AuxCu1-x NAs (Vegard’s law).  
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It has to be considered that the lattice parameter of a bulk metal (a′) is different than a (of 

the NPs) [51,52]; a should depend on size of the NPs and in case of NAs also on the 

composition. As for the size effect in the case of pure NPs, Equation 4.1, assuming 

spherical geometry, gives quantitative relationship between the relative lattice contraction 

(∆a/a′) and NPs diameter (DNP) [53]:   

 
1

1 /NP

a a a

a a GD

′

′ ′

∆ −
= = −

+ γ
 (4.1) 

 

where G and γ are respectively the shear module and surface energy of the pure metal. 

Making use of the 298 K values of G and γ (Table 4.9 and references cited therein), the 

simulated size effect on ∆a/a′ for the two metals has been depicted in Figure 4.17. For 

both Au and Cu the plots start overlapping and become horizontal approaching the 

limiting of zero at DNP ≥ 50 nm; it may be noted that for Au and Cu, no significant lattice 

contraction takes place for the larger size NPs. On the other hand the plots for Au and Cu  

Table 4.9: Shear module (G) and surface energy (γ) values for Au and Cu and percent lattice contraction 

(%∆a/a′) in NPs with respect to bulk determined using Figure 4.17.  

Metal   G /  

(×1010 N.m-2)a 

 γγγγ /  

(J.m-2)a 

%∆∆∆∆a/a′′′′ for NP size of 
 Change in 

%∆∆∆∆a/a′′′′ per nm
b 

4 nm 10 nm 

Au 2.60  1.508  -1.43 -0.58 0.14 

Cu 4.83 1.793 -0.92 -0.37 0.09 

a: Reference [53]. 

b: assuming linear variation of %∆a/a′in the 4 to 10 nm size range. 

 

are distinctly separated when size of the NPs is below 10 nm which also being the range 

(4-10 nm) in which AuxCu1-x NAs have been synthesized. One should expect not only 

maximum lattice contraction in this size range but also its different contributions from the 

constituent metals in the NAs.  However, the calculated ∆a/a′ in the range 4-10 nm (inset 

of Figure 4.17) for NPs of the two metals comes out as merely ≤1.5 % and hence can be 

ignored; it may be concluded that for the synthesized AuxCu1-x NAs there should be no 

role of size on the lattice contraction. 
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Figure 4.17: Simulated variation of percent lattice contraction relative to the bulk lattice parameter (% 

∆a/a′) with the NPs size (DNP) of Au and Cu; inset gives the elaborated view for the DNP range of 4 to 10 
nm. 
 

According to Vegard’s law (ignoring the size effect) [54,55] linear dependence of 

a on x is expected and ideally for the AuxCu1-x NAs the slope (∂a/∂x) should be 0.046 nm 

(being difference of the a′ values of the two metals, Au and Cu) [33]. For both (111) and 

(220) a vs. x plots (Figure 4.16) are linear within the experimental limitations however, 

the slopes (0.029±0.003 nm and 0.022±0.003 nm, respectively) are not only much lower 

than the expected ideal value but also different from each other; also previous workers 

have suggested data from (111) as more reliable [56,57]. The discrepancy between the 

determined and ideal values of (∂a/∂x) may be attributed to different degrees of lattice 

contraction experienced by the constituent metals in the NAs. Inset of Figure 4.17 

demonstrates that not only the contribution to the lattice contraction from Au and Cu but 

also the (∂a/∂x)x=0 and1 values at extremes of the size range (4-10 nm) are almost same; the 

(∂a/∂x) value obtained is 0.045±0.001 nm corresponding to the ideal value. From 

discussion in the above paragraphs it may be concluded that lattice contraction is not the 

(main) contributor for the low slope value in Vegard’s law. However, an important factor 

in this regard could be the compositional inhomogeneity of the synthesized NAs at the 

atomic level. Extent of XRD peak shift to higher 2θ with increasing Cu content 

demonstrates that composition of ordered regions of the synthesized NAs, mainly 
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responsible for the reflections, is different than that determined for the overall sample by 

chemical analysis; smaller than predicted 2θ values manifest presence of lesser Cu in the 

contributing regions which substantiate the assumption that the diffraction patterns 

observed are mainly determined by properties of the crystalline Au-rich cores. Also the 

HRTEM image of NAs at least for one composition (Au0.90Cu0.10) given in Figure 4.7, in 

agreement with the XRD results, clearly demonstrates the presence of multi-grain Au-

rich core. Moreover, the volume average Au-Cu alloying was confirmed by the single 

phase XRD reflections which further support that Au-Cu NPs are not ‘physical mixtures’ 

of NPs of the constituent metals.  

In an attempt to improve the crystalline structure, the NPs (Au0.83Cu0.17) were 

subjected to thermal treatment and subsequently the XRD measurements were carried 

out. The NPs were first supported on Vulcan carbon (XC 72R) to prevent the particles 

aggregation during heating; the thermal treatment was done under reducing atmosphere 

by flushing 10% (by volume) mixture of H2 in Ar. The samples were heated at 5 °C/min 

upto the final pre-set temperatures (100, 200, 300 and 350 °C) at which they were kept 

for at least 3 hours and finally allowed to cool under the reducing atmosphere. XRD 

patterns of the above annealed samples are given in Figure 4.18.  
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Figure 4.18: Temperature-dependent XRD patterns of Au0.83Cu0.17 NPs along with standard patterns for 

pure Au and Cu simulated for a CoKα (λ=1.789Å) source using ‘PowderCell’ software. Positions of weak 
reflections due to CuyO and Cu are marked as (o) and (*), respectively.  
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The sample treated at 100 oC exhibited an additional weak reflection assigned to 

CuyO(110) [58]; the oxide may have been formed on the surface during the sample 

synthesis and purification but on milder temperature treatment it gets ordered. 

Disappearance of the (110) feature after annealing at the higher temperatures may well be 

accounted from reduction of CuyO to Cu; appearance of relatively prominent Cu(111) 

reflection upon 350 °C annealing provides one good evidence for the said reduction. 

Overall peak shifting to higher 2θ values compared to 25 °C values (decrease of a) was 

observed after annealing at 300 or 350 °C which, in agreement with the reported work 

[59], is an indication that annealing above 300 °C results in the formation of randomly 

mixed Au-Cu solid solution. In fact the overall behaviour upon annealing is the initial 

shifting to lower 2θ values as demonstrated by the pattern at 100 °C but subsequently the 

2θ values exhibit increasing trend till at ≥300 °C the observed shift is in positive domain 

(Figure 4.18). The above behaviour of the temperature dependent XRD pattern may be 

assigned to an initial disorder of Au and Cu sites accompanied with some segregation at 

atomic level which later on gets transformed into short-range ordered (atomically mixed) 

structure at the so-called critical order-disorder transition temperature [59,60]; the said 

transition temperature appears to lie between 200 and 300 °C which agrees with the 

reported value. Using the Scherrer formula, Dhkl values were calculated employing the 

(111) reflection and plotted as a function of annealing temperature, T (Figure 4.19).  
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Figure 4.19: Relation between annealing temperature and average crystallite size (Dhkl) calculated from the 
(111) reflections of Figure 4.18; Dhkl approaching its limiting value of 10 nm which being close to the NP 
diameter of 10.3 nm measured using TEM.  



Advanced Studies on Amine Capped AuxCu1-x Nanoalloys 

 

146 
 

It is clear from the Figure that Dhkl increases with T approaching a limiting value of 10 

nm which is very close to the NP size determined from the TEM measurements (10.3 

nm). The observation also reveals that the correspondence between sizes determined 

using TEM and XRD techniques depends on degree of crystallinity in the NPs.  

4.3.6 X-ray Photoelectron Spectroscopy Based Analysis  

Analyses based on X-ray Photoelectron Spectroscopy (XPS) performed on C12N- 

and C16N-capped AuxCu1-x NPs provided information on the presence of Au and Cu, their 

atomic ratios (x values in the final products) and most importantly, nature of N-bonding 

with the surface of NPs. For the XPS measurements, the samples were prepared by drop-

casting the organosol of NPs on a Si-wafer. Due care was taken to avoid over-loading 

with the capped NPs which can cause ‘charging effect’ due to limited electrical contact 

between the wafer and the upper layer of NPs. An example of this artifact leading to the 

apparent peak splitting is shown in Figure 4.20(a) for Au4f and Cu2p; the effect was 

prevented by spin-coating the wafer with minimal amount of the organosol as shown in 

Figure 4.20(b). 

 

Figure 4.20: Effect of sample (over)loading on (i) Cu2p and (ii) Au4f XP spectra of C12N-capped 
Au0.9Cu0.1 NPs: (a) peak-splitting due to sample overloading on Si-wafer (charging effect) and (b) almost 
lack of peak-splitting due to minimal loading achieved by spin coating.  
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4.3.6.1 Amine-capped AuxCu1-x Nanoparticles 

XPS studies were carried out on the entire series of the bimetallic NPs. However, 

as a member of the series Au NPs have distinct position being monometallic. Therefore 

they are separately treated in the subsequent sub-section.  

i. Au NPs 

Survey XP spectrum of the C16N-capped Au NPs from 0 to1325 eV and their high 

resolution spectra in the Au4f and N1s regions are presented in Figure 4.21. The survey 

spectrum confirms the presence of Au, C, O, and N in the sample while, as a sign of the 

synthesis quality, no evidence for incorporation of impurities like B and Cl from the 

chemical precursors was found; similar results have been previously obtained as well 

[61,62]. On the other hand in some studies, employing BH4
− as reducing agent, existence 
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Figure 4.21: XP spectra of C16N-capped Au NPs: (a) survey spectrum with the inset showing characteristic 
Au4f doublet peaks and (b) high resolution deconvoluted N1s spectrum.  
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of metal boride has been reported [63,64]. Inset of Figure 4.21(a) depicts presence of the 

4f-doublet for the metallic Au occurring at Eb values of 84.1 (4f7/2) and 87.7 eV (4f5/2) in 

good agreement with the respective literature values of 84.0 and 87.6 eV [65]. Leff et al. 

[22] used C12N along with TOAB (as PTA) to prepare amine-capped Au NPs but 

surprisingly no N1s peak was observed for the final product. On the other hand Kumar et 

al. [24] employing XPS demonstrated that nitrogen of the capping agent is indeed 

attached to Au NPs however no further analysis of the N1s ‘peaks envelop’ was carried 

out. In the present work the samples were subjected to 30 scans for having reasonable 

signal-to-noise ratio of the N1s signal. Figure 4.21(b) shows the N1s ‘peaks envelop’ 

which has been corrected for the background and deconvoluted to establish different 

types of nitrogen actually present at the surface of NPs; it is the different oxidation states 

of nitrogen atoms, their interaction strengths and sites of attachment at the NPs surface 

that may make them distinguishable from each other. Features of the deconvoluted peaks 

[position eV (contribution%; FWHM eV)] obtained for the N1s are 398.1 (10; 1.45), 

399.3 (30; 0.97), 400.4 (20; 0.84) and 401.6 (40; 1.97). The peaks at 399.3 and 400.4 eV 

are due to the amine adsorbed on the NPs; the slight difference in the FWHM of the two 

peaks may be due to differences in the chemical environment (e.g. steps, edges) on the 

NPs. While the peak at 401.6 eV may be assigned to protonated amine as suggested 

earlier [24,66-69] but the effect of surface chemical bonding has to be incorporated as 

well [70,71]. The 398.1 eV peak has been attributed to either re-organization of Au atoms 

at the surface causing coordination of some nitrogen moieties with multiple Au atoms 

[72-74] or metal-to-N charge transfer resulting in the formation of gold nitride [75].  

ii. Bimetallic AuxCu1-x  NPs 

The high resolution XP spectra of the binary NAs over the entire series were 

measured for which no significant differences were observed. As typical representative, 

narrow range Au4f, Cu2p, N1s and C1s spectra for C16N-capped Au0.84Cu0.16 NPs are 

given in Figure 4.22. Figure 4.22(a) shows the Au4f doublet peaks occurring at 84.2 

(4f7/2) and 87.9 eV (4f5/2); the line-shape and doublet separation for the Au4f peak is also 

consistent with the Au0 state. The respective Eb values for the entire series may be 

expressed as (84.29±0.08) and (87.97±0.09) eV which being slightly higher than the 

values reported for the metallic Au [65]. Higher Eb values for the monometallic NPs than 
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the respective bulk material have been attributed to the QCE [76,77]; on the contrary 

some studies have reported decrease in the Eb as well [78,79].  
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 Figure 4.22: XP spectra of C16N-capped Au0.84Cu0.16 NPs: (a) Au4f, (b) Cu2p (inset showing the presence 
of plasmon peaks), (c) N1s and (d) C1s. 

 
 
Figure 4.22(b) shows the Cu2p doublet peaks at Eb values of 932.2 (2p3/2) and 

952.0 eV (2p1/2) which being slightly lower than the respective literature values of 932.7 

and 952.9 eV [65]. The respective Eb values for the entire series came out (932.3±0.1) 

and (952.2±0.2) eV. Cu2p XP spectrum exhibits presence of both surface and bulk 

plasmon bands (characteristic of the metallic species) as elaborated in the inset of Figure 

4.22(b). However, lack of shakeup satellites indicates absence of an open shell structure 

such as in Cu2+ having d9 character [80]; the feature is unlike that of the essentially filled 

3d sub-shell as in Cu and Cu+ [81]. Since the XP spectrum being same for Cu0 and Cu+, it 

cannot establish the presence or absence of the latter [81,82]. Information regarding 
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nitrogen bonding to the metal(s) remains masked in the main Au4f and Cu2p doublet 

peaks exhibiting no further splitting probably due to insignificant electron transfer for the 

metal-N bonding.  

Quantitative analyses for each element using the XPS results of various amine-

capped AuxCu1-x NPs were carried out after correction due to number of scans; employing 

Equation 2.32 the % atomic ratio of the ith element, Ci was determined using integrated 

peak area determined from the spectrum and relative sensitivity factor for a given 

transition.  

Using Equation 2.32, the Au4f and Cu2p XP spectra were analyzed for the entire 

series of AuxCu1-x NPs to find the Au-to-Cu atomic ratios in the NPs. In addition to the 

representative Au4f and Cu2p spectra for C16N-capped Au0.84Cu0.16 NPs in Figure 4.22(a) 

and (b) respectively, the corresponding spectra for Au0.92Cu0.08 NPs picked from the 

series are shown in Figure 4.23 (subscripts signify x values obtained from the ICP-OES 

analyses).  

Figure 4.23: XP spectra of C16N-capped ‘Au0.92Cu0.08’NPs: (a) Au4f and (b) Cu2p; the value of x 
determined from area analyses of Au4f and Cu2p doublet peaks comes out 0.96 compared to 0.92 obtained 
from chemical analyses. 

 

The x values were also determined from the XPS analyses using Equation 2.32 for the 

entire series of NPs capped with both the amines; the values from XPS, although being in 

good agreement with the ICP-OES results, come out slightly higher (Table 4.10). On the 

other hand % variation in the Cu contents (1-x values), determined from the two 
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techniques, seem significant which can be explained from the fact that escape depth is 

greater for Au4f photoelectrons than Cu2p photoelectrons (kinetic energy ~1400 eV for 

Au4f being much higher than 550 eV for Cu2p [83]) and hence the former will be 

attenuated less by the organic capping layer.  

Table 4.10: Comparison of x values determined from XPS dataa and elemental analysis of AuxCu1-x NPs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a: from Au4f and Cu2p peaks.  

 

Figure 4.22(c) shows N1s signal deconvoluted after the background subtraction; 

features of the deconvoluted peaks [position eV; FWHM eV] are (399.8; 2.6) and (401.3; 

2.01). As discussed earlier the former corresponds to weakly adsorbed amine while the 

latter may be due to protonated amine; however no 398 eV feature was found for the 

bimetallic NPs which may be due to weaker N-interaction with the Cu atoms present at 

the surface of AuxCu1-x NPs. It is worth mentioning that presence of Cu-rich shell has 

already been confirmed by TEM studies. Further investigation on amine interaction with 

the two metals, based on XPS analyses for amine-SAMs on the bulk Cu and Au, is 

presented in the following section. High resolution N1s XP spectra of the C16N-capped 

bimetallic NPs exhibit shifting of the ‘peaks envelop’ maximum to higher Eb as 

compared to Au NPs (Figure 4.24) and the deconvoluted N1s ‘peaks envelop’ exhibited 

features at positions same as those for Au0.84Cu0.16 NPs (given as a representative in 

Figure 4.22). On the other hand the 398.1 eV feature observed for the Au NPs is not 

present for bimetallic NPs. It remains to analyze the behavior regarding the 398.1 eV 

Capping 

agent 

 

Sample  

 x value determined by 

Elemental analysis XPS  

C
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N
 

Au0.83Cu0.17 0.83 0.85 

Au0.90Cu0.10 0.90 0.90 

Au0.94Cu0.06 0.94 0.95 

Au1.0Cu0.0 1.00 1.00 

C
16

N
 

Au0.84Cu0.16 0.84 0.87 

Au0.92Cu0.08 0.92 0.96 

Au0.95Cu0.05 0.95 0.98 

Au1.0Cu0.0 1.00 1.00 
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feature and to establish assignment of the 401.6 eV feature; the XPS studies carried out 

for the amine-SAMs on bulk Au and Cu may be helpful in this regard.  
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Figure 4.24: Deconvoluted N1s XP spectra of C16N-capped AuxCu1-x NPs having different x values (arrow 
at 398.1 eV in the spectrum of Au NPs indicates nitride peak). 

 

High resolution C1s XP spectrum after background subtraction and deconvolution 

is shown in Figure 4.22(d). There are two distinct features in the C1s ‘peaks envelop’, 

one set at 285.0 eV corresponding to the C-C alkyl backbone (acting as reference) and a 

higher Eb shoulder at 286.7 eV which may be attributed to C-N moieties [84]. Analysis of 

the C1s spectra for the other combinations of amine-capped AuxCu1-x NPs also revealed 

presence of two peaks as before, one set at 285.0 eV and assigned to C-C carbon of the 

chain while the shoulder above 286 eV attributed to a carbon atom directly attached to 

amine nitrogen [67]. The C1s peak fit results for amine-capped AuxCu1-x NPs are given in 

Table 4.11. The percentage of C-N came out higher for both the amines probably due to 

the so-called ‘electron displacement effect’ of surface bound nitrogen extending to more 

than one nearest carbon neighbor. Cumulative effect due to the aforementioned features 

tend to make the C-N peak appear at slightly varying positions in different NPs; the Eb 

values with respect to the internal reference (C-C peak) set at 285.0 eV come out as 

286.9±0.5 eV for C12N and 286.5±0.2 eV for C16N. 
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Table 4.11: Analysis of the amine-capped AuxCu1-x NPs based on deconvolution of C1s XP peak. 

a: the expected % ratios of C-C:C-N are 93:7 and 91: 9 for C16N and C12N, respectively.  
 

Areas of C1s and N1s ‘peaks envelops’ of the amine-capped NPs were employed 

for quantitative analysis (using Equation 2.32) to determine the C and N contents in the 

capping agent. The C-to-N atomic ratios of 29±6 and 19±4 were determined for the 

C16N- and C12N-series. Significantly higher carbon ratio than the respective expected 

values of 16 and 12, and quite large standard deviations may be due to attenuation of the 

N1s photoelectrons by the alkyl chain (layer of carbon atoms) covering the nitrogen 

atoms lying beneath resulting in lower nitrogen content. 

4.3.6.2 The Amine-SAMs on Bulk Au and Cu 

XPS measurements on bulk Au and Cu were carried out to investigate nature of 

N-to-metal bonding at the surface after formation of the amine-SAM directly from the 

toluene solution. Since XPS measurements get influenced by various factors like 

presence of surface impurities and the take-off angle (ToA); the former may interfere 

with the amine interaction at the surface while the latter may affect sensitivity for the 

amine detection. Hence optimization experiments were carried prior to XPS measurement 

regarding surface cleaning and selection of ToA.  
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Au0.83Cu0.17 285.4 287.5 88 12 

Au0.86Cu0.14-sr 285.6 287.9 83 17 

Au0.90Cu0.10 285.6 286.9 81 19 

Average  - - 84 16 

 

C
16

N
 

Au0.84Cu0.16 285.5 286.9 83 17 

Au0.90Cu0.10 286.2 287.9 92 8 

Au0.92Cu0.08 285.6 287.2 85 15 

Au1.0Cu0.0 285.2 286.4 86 14 

Average  - - 86.5 13.5 
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Figure 4.25 shows the Cu2p, C1s and O1s XP spectra for bare polycrystalline Cu 

disc after sputtering with Ar to remove surface oxides (O1s before and after sputtering); 

almost disappearance of the O1s signal on sputtering (Figure 4.25(c)) demonstrates 

effectiveness of the treatment. However, the treatment results in carbide formation on the 

surface as shown in Figure 4.25(b). Instead of employing Ar sputtering, the oxide 

removal from copper surface was relied on mild etching with HCl, washing with de-

ionized water, drying under Ar and finally storage in toluene under inert conditions. On 

the other hand Au-on-glass films were not subjected to any treatment due to passivity of 

Au towards oxidation.  

 

Figure 4.25: XP spectra of Cu disc after sputtering with Ar: (a) Cu2p and (b) C1s (peak ‘A’ is due to 
carbide formation during sputtering of the Cu surface) and (c) O1s XP spectra to showing (i) presence of 
surface oxide on the Cu disc and (ii) its removal by Ar sputtering. 

Figure 4.26 shows the XP survey spectra for Au-on-glass at two ToAs (90° and 

10°) with respect to the surface in which presence of carbon containing impurities is 

evident. More pronounced C1s peak at 10° is due to higher sensitivity for the surface 
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atoms near the grazing angle which also justifies measurements on the bulk metals to be 

done at 10°.  

 

Figure 4.26: XP survey spectra of bare Au-on-glass film at take-off angles (with respect to sample surface) 

of: (a) 10° and (b) 90°. 
 

Under the above mentioned optimized conditions, high resolution XP spectra of 

bare Au and Cu substrates were measured in the Au4f and Cu2p regions, respectively 

(Figure 4.27). Detailed spectral analyses have revealed that both the substrates, in 

addition to their respective primary core peaks, exhibit shoulder peaks appearing at 

higher Eb values. Accordingly the photoelectrons should have lower Ek than that 

corresponding to the primary doublet peak (Equation 2.31), causing exhibition of the so-

called ‘energy loss peaks’. Table 4.12 summarizes the analysis results regarding positions 
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and separation of primary peaks along with those for the ‘loss peaks’. It is to be noted 

that separation between the doublet peaks and their intensity ratios for both the primary 

as well as the ‘loss peaks’ for individual metal match with each other. Hence the 

shoulders in the spectra may be assigned as plasmon peaks appearing due to loss of Ek of 

the photoelectrons by their interaction with the surface conduction electrons. 

Figure 4.27: XP spectra of: (a,b) bulk Au in Au4f region and (c,d) bulk Cu in Cu2p region; (a) and (c) 
show respective spin-orbital splitting while (b) and (d) exhibit presence of bulk plasmon peaks (inset of (b) 
depicts the deconvoluted plasmon peaks). 
 

XP survey spectra of the Au and Cu substrates were also measured after the amine 

self-assembly (Figure 4.28). Appearance of C1s peak for the Cu disc after its immersion 

in amine solution is an indicative of the SAM formation while the same for Au is 

indicated from enhancement of the peak intensity; exhibition of a low intensity C1s peak  
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Table 4.12: Analysis of primary and loss (plasmon) peaks for the Au4f and Cu2p XP spectra of bulk Au and Cu, respectively. 

*Eb=Binding Energy  

a: 4f7/2 for Au and 2p3/2 for Cu 

b: 4f5/2 for Au and 2p1/2 for Cu 

 

  

 

Metal 

Position/ eV for Eb* interval / eV between Intensity ratio for Eb interval/ eV between 

primary and loss peaks for 

 Primary peaks Loss peaks  Primary 

peaks 

Loss peaks 

 

Primary 

peaks 

Loss peaks 
 1 2 

1
a 

2
b 

1 2 

Au 83.89 87. 56 89.98 93.28 3.67 3.30 1.25 1.26 6.09 5.72 

Cu 932.55 952.35 946.7 965.5 19.8 18.8 2.25 2.48 14.15 13.15 
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for the bare Au may be attributed to carbon impurities present in Au-on-glass film. The 

SAM formation on the two bulk metals is further substantiated from the appearance of 

N1s signal which, with reasonable signal-to-noise ratio, was obtained after at least 25 

scans due to low sensitivity factor (the N1s signal could not be obtained for the bare 

substrates). Regarding A4f and Cu2p doublet peaks, an additional feature observed was 

 

Figure 4.28: XP survey spectra of bulk: (a) Au and (b) Cu (normalized to the Au4f and Cu2p peaks, 
respectively); (i) and (ii) are the respective spectra before and after C16N self-assembly on the metal surface 
(increase in intensity of the C1s peak for the spectra (ii) demonstrates SAM formation). 
 

broadening upon interaction with the amines; the effect has already been reported for 

nitrogen adsorption on Au [85]. Peak features (position eV; FWHM eV) of 2p3/2 and 2p1/2 

appearing at (932.5; 1.04) and (952.4; 1.81) for bare Cu were found at (932.6; 1.17) and 

(952.4; 2.02). For the bare Au 4f7/2 and 4f5/2 appearing at (83.9; 0.67) and (87.6; 0.69) 

were obtained at (84.1; 0.73) and (87.8; 0.80) after formation of the C16N-SAM while the 

corresponding features obtained for the C12N-SAM were (84.0; 0.71) and (87.7; 0.78), 

respectively; it may be noted that lower broadening effect is observed for the smaller 

amine chain whereas no appreciable relative shifts of the peaks occurs. However, for both 
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the substrates, it has been observed that the lower Eb peaks (4f7/2 and 2p3/2) undergo lesser 

broadening than their counterparts.  
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Figure 4.29: (a) N1s XP spectra of bulk Au after amine self-assembly obtained by two hours immersion in 
toluene solutions containing: (i) 10 mM  C12N, (ii) 10 mM C16N and (iii) 100 mM C16N (various N1s 
features in the ‘peaks envelop’ are labeled as N1, N2 and N3) and (b) deconvoluted spectrum (ii). 
 

N1s XP spectra of SAMs by the two amines on bulk Au are presented in Figure 

4.29(a); spectra (ii) and (iii) measured for the C16N-SAMs employing 10 and 100 mM 

solutions do not exhibit any difference which suggests saturation even at the lower 

concentration. All the N1s spectra were deconvoluted after subtraction of a linear 

background and the ‘envelops’ were found to comprise three peaks (deconvolution of 

spectrum (ii) is given in Figure 4.29 (b)); differing FWHM of the peaks may be due to 

various spatial environments available to the nitrogen atoms. The deconvoluted peaks 

labelled as N1, N2 and N3 have features (position eV; FWHM eV) at (402.1±0.1; 

2.5±0.4), (399.1±0.2; 1.3±0.1) and (397.4±0.1; 0.9±0.1), respectively. N1 having large 
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FWHM may be attributed to protonated amines [24,69] and N2 to the amine adsorbed on 

Au [65] while N3 appearing at the lowest Eb (397.4 eV) is due to an increase in electron 

density at the nitrogen atoms and has been assigned to formation of nitride, AunN [75]. 

Percentage of nitrogen present as nitride in the gold film was (14.9±0.9) as determined 

from the integrated area analysis of the N1s spectra. Effect of pH on the N1s peak 

splitting was investigated by measuring the spectra after immersing the C16N-SAM 

containing Au-slides in 1.0 M methanolic HCl/NaOH for 30 minutes and subsequently 

rinsing with methanol. It was found that pH lowering resulted in the increase in % area of 

N1 (from 24 to 44) at the expense of N3 while that of N2 (the major peak) remained 

unaffected (Figure 4.30(a)). On the other hand for the base treated Au-slide, although the 

% area of N1 (the smallest peak) decreased from 27 to 12 but there was just slight 

increase also for N2 (Figure 4.30(b)). Dependence of the N1 (402.1eV) peak area on pH 

demonstrates protonation of amine-N in addition to its interaction with Au atoms at the 

surface.  

 

Figure 4.30: N1s XP spectra of bulk Au after C16N self-assembly (by two hours immersion in 10 mM 
amine solution in toluene) showing effect of: (a) acid and (b) base treatment; (i) as produced and (ii) after 
washing with 0.1 M HCl/NaOH in methanol (various N1s features in the ‘peaks envelop’ are labeled as N1, 
N2 and N3). 

 

Figure 4.31 presents XP spectrum of the C16N-SAM on Cu disc in N1s region. 

Absence of N3 peak in the spectrum indicates that nitride formation does not take place 

since N atom/ion has to be present in (higher) excited states in order to react with Cu 
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[86]. On the contrary, appearance of N3 peak (Figure 4.29) demonstrates relatively easier 

nitride formation by Au; this can be substantiated from a recent finding that AunN can 

readily be produced by irradiating low energy nitrogen ions on Au(110) surface [87]. 

From an ab initio calculation it has been demonstrated that Au3N has 2.5 eV higher 

energy than its reactants (Au and N2) suggesting the compound to be meta-stable [85]. In 

spite that the nitridation of Au involves smaller amount of energy, formation of meta-

sable AunN merely through the amine adsorption needs to be understood. A plausible 

reason for the Au-nitridation could be long term irradiation of X-rays (acquisition time 

~2 hours for N1s narrow range spectral measurements to have a reasonable single-to-

noise ratio). In case of Au the exposure may provide energy more than the corresponding 

threshold to produce AunN however the energy is insufficient to obtain CunN. 
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Figure 4.31: N1s XP spectrum of bulk Cu after C16N self-assembly obtained by two hours immersion in 10 
mM amine solution in toluene (various N1s features in the ‘peaks envelop’ are labeled as N1 and N2). 
 

Summarizing the XPS results, it has been observed that amine-SAM on bulk 

metals demonstrate different N-to-metal interaction for Au and Cu. Since amine-SAM on 

bulk Cu does not exhibit N3 feature, its absence also in the N1s XP spectra of amine-

capped AuxCu1-x binary NPs, despite the presence of Au, is a fairly strong indication for 

Cu segregation towards the surface; the conclusion is in agreement with the TEM results 

and further strengthened by the O1s spectral analysis in the following section.  
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4.3.7 Oxygen Induced Cu Segregation: O1s Spectra and Computational Studies  

It is well known that composition of an alloy surface may be different than that in 

the bulk resulting in the surface region enriched by one component; the phenomenon, 

known as surface segregation, may be of great importance for the processes taking place 

at the surface. The segregation in binary alloys, among others, may be driven by atomic 

radii of the constituent metals and their cohesive energy [35]. Theoretical studies on Au-

Cu nanoclusters suggest preference of Cu to reside in the core; the so-called ‘anti-

segregation’ also happens when Cu is present as impurity (Au in excess) [35,88]. 

Similarly based on relative strengths of Au-Au, Au-Cu and Cu-Cu interactions, for 

obtaining the minimum energy configuration, Wilson et al. have suggested that Cu 

should reside in the compressed core [89]. Smaller is the NP size, greater will be 

diffusivity of the individual atoms due to decreased cohesive energy [90] making the 

energetically favorable distribution of the constituent metals to persist in NAs (say 

AuxCu1-x) under given conditions. The above referred studies do not favour segregation of 

Cu to the surface. Likewise from the present work regarding XPS study on amine 

interaction with bulk Au and Cu, it is evident that N interacts more strongly with Au than 

Cu which should again result in Au to be present at the surface. Now the point to be 

explained remains the reason for the observed segregation trend of Cu as evident from 

TEM and XPS studies on the AuxCu1-x NAs.  

In spite of great care taken regarding the maintenance of inert conditions over 

NPs, contact of the NPs with atmospheric oxygen cannot be avoided during post-

synthesis treatments such as cleaning and sample preparation for characterization. Hence 

O, acting as a better ligand than N for Cu, could force Cu to segregate towards the 

surface (the so-called reversed surface segregation). Presence of oxygen in the sample 

was indicated from O1s XP peak. In all cases a single peak was observed however 

intensity of the peak increased with increasing Cu content in the NPs; Figure 4.32 shows 

the O1s spectra of the AuxCu1-x NPs after incorporating the due corrections. The O1s 

peak appearing at (533.4±0.1) eV coincides with that of the adsorbed molecular oxygen 

on Cu(111) [65]; Rajumon et al. have assigned the peak to atomic oxygen as retention of 

O2 on Cu is unlikely at 300K [91].  
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Figure 4.32: O1s XP spectra (normalized to number of scans) of C16N-stabilized AuxCu1-x NPs showing 
increase in peak intensity with Cu content; (1-x) are given in the inset.  

 

Most of the computational studies are based on calculations for bare and isolated 

NAs clusters [71] however, surface segregation behavior of the functionalized NAs in a 

condensed phase becomes more complicated to understand if interactions due to 

adsorption of some other molecules also come into picture. In view of the Cu segregation 

towards surface as indicated from the XPS spectra (particularly O1s peak), influence of 

the oxygen adsorption on the surface composition has to be investigated. Now the task in 

front is to establish whether oxygen adsorbed from atmosphere could provide the 

necessary energy to bring about the observed segregation opposite to that previously 

predicted [35,36,92]. In this regard calculations based on density functional theory (DFT) 

were carried out on bare and monolayer oxygen-covered Au-Cu system having Cu as 

impurity in the Au(111) (facility provided by Professor T. Jacob, ‘Institut für 

Elektrochemie, Universität Ulm, Germany’)1. Place exchange energies for Cu replacing 

Au were determined using slab geometry which is justified due to relatively large NP 

                                                 
1
Calculations were performed using a periodic DFT code SeqQuest [93] with localized basis sets 

represented by linear combinations of the contracted Gaussian functions (here at the “double-zeta plus 
polarization”-level); the PBE-GGA exchange–correlation function was employed in tandem with standard 
(non-local) norm-conserving pseudo-potentials. Integrations in reciprocal space were performed with a 
Brillouin zone sampling of 9×9 k-points per 1×1 unit cell. All surfaces were represented by six-layer slabs 
where the lowest two layers were fixed to the calculated bulk structure while all remaining layers were 
allowed to optimize their geometry freely (up to < 0.1 eV/Å). 
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sizes when considered on the atomic scale. The calculations were carried out for Au(111) 

surface with second or first layer fully exchanged with Cu atoms, thus representing 

preferential segregation of Au or Cu to the surface, respectively; the modeled structures 

are shown in Figure 4.33. In the absence of any adsorbate the surface segregation energy 

(∆Eseg) calculated for Cu in Au matrix is 0.37 eV per atom (Process I→II in Figure 4.33) 

suggesting that Cu should be preferentially present either in the subsurface or further in 

the bulk; almost same result has been reported in a previous work as well [36]. Surface 

enrichment by Au has also been predicted from Monte Carlo simulations [94] and 

experiment carried out on bulk Au-Cu alloy in vacuum [95-97].  

 

 
 

Figure 4.33: Slab model with energetics illustrating oxygen-induced segregation of Cu to the surface. In 
the clean Au-Cu system (without adsorbed oxygen) presence of Au at the surface is preferred 

(I→II);adsorption of oxygen via favored binding to Cu results in its surface segregation (III→IV); energy 
differences and oxygen binding energies (referenced to molecular O2) are obtained using DFT calculations 
[T. Jacob et.al., Institut für Elektrochemie, Universität Ulm, Germany].  
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DFT calculations regarding adsorption of atomic oxygen monolayer on Au-

terminated slab (II→III in Figure 4.33) demonstrate that 0.45 eV per ½O2(g) is required. 

The process is endothermic because dissociation of gaseous O2 requires considerable 

amount of energy while the energy involvement for adsorption of atomic oxygen on Au is 

negligible. Process III→IV corresponds to the place exchange of surface Au atoms by Cu 

upon oxygen attachment to the surface with a resulting stability of 1.80 eV per atom 

which is large enough to induce Cu atom to move towards the surface. The step IV is 

accompanied with change of electronic distribution involving –1.72 eV binding energy 

for a pair of oxygen and Cu atoms hence the process IV→I (desorption of oxygen) should 

be unlikely due to energy considerations. It may be concluded that species showing site 

selectivity for adsorption due to divergent binding energies with the alloy constituents 

may cause surface segregation. Moreover, the picture of a fixed structure (for example 

Au on the surface in Au-Cu) for the NAs under varying reaction conditions is not 

justified as presence of a given adsorbate may alter or even reverse the surface 

segregation preferences as demonstrated in some experimental studies [71,98,99]. 

Although the situation in the synthesized NAs is more complex than the model shown in 

Figure 4.33 due to Cu segregation up to multiple layers or formation of thin layer of 

CuyO covering the NAs yet the simplified model clearly demonstrates drastic impact of 

the adsorbate in altering surface composition of NAs.  

Role of adsorbates in determining surface composition of Au-Cu alloys had been 

previously reported for bulk samples [100-102] but relatively less information is 

available for the clusters [71]. The present work is novel as it deals with the oxygen 

adsorption on Au-Cu NAs which induces Cu enrichment in the near-surface regions. 

4.4 Summary 

AuxCu1-x NPs (synthesized using amines as dual function ligands acting as both 

phase transfer and stabilizing agents) have been characterized using ICP-OES, FTIR, 

XRD, TEM, HRTEM, STEM, and XPS techniques. Alloying with Au imparts significant 

stability to the otherwise unstable Cu NPs. Interestingly some degree of surface 

segregation of Cu in the synthesized AuxCu1-x NAs has been revealed from the TEM-

based analyses which is contrary to the previous computational studies on the basis of 
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segregation energies. XRD analysis has demonstrated higher crystallinity in the NP cores 

which is justified from the smaller crystallite sizes obtained using the Scherrer equation. 

Temperature dependent XRD studies have illustrated crystallite size becoming 

comparable to the NP size obtained from TEM above 200 °C due to enhancement of the 

overall crystallinity. XPS analysis of the AuxCu1-x NAs has suggested different extent of 

amine interactions than in Au NPs while XPS studies coupled with ellipsometry on bulk 

Au and Cu have revealed Cu segregation to the NAs surface as inferred from different 

nature and strength of N-binding with the constituent metals. Appearance of O1s XP peak 

coupled with the theoretical analysis has demonstrated that the surface segregation of Cu 

is induced by adsorption of atomic oxygen. 
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CHAPTER 5 

      

Electrochemical Studies on Cu Nucleation  

and CO2 Reduction  

 

Electrochemical production of nanomaterials on electrode surfaces is well 

documented [1-3]. The process known as ‘electrochemical nucleation’ generally involves 

deposition and subsequent growth of nuclei which are respectively linked with the 

applied potential and its time profile. Electrodeposition helps not only in obtaining 

nanomaterials free of impurities but also enables electrocatalytic applications of metals 

such as Cu that are reactive towards atmospheric oxygen and that alloying with a 

precious metal, e.g., for Pd-Cu alloys, provides additional stability whilst preserving their 

electrocatalytic properties [4]. Moreover, electrochemical methods also allow controlling 

the nucleation rate and particle size through regulating the potential [5]. Electrochemical 

nucleation can be investigated with the help of various allied techniques such as cyclic 

voltammetry (CV), chronoamperometry (CA) and linear sweep voltammetry (LSV) on a 

rotating disc electrode (RDE).  
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Various mathematical models have been developed for electrochemical nucleation 

to determine type and mechanism of nucleation, its growth, and number density of the 

nuclei [6]. The above mentioned techniques are important for characterizing NPs but are 

particularly important in the case of ‘nano-electrocatalysts’ which are either difficult to 

isolate or highly reactive. Cu in its bulk form is an important catalyst for many 

electrochemical reactions including reduction of NO3
−
, CO2 and O2 [7-10]; obviously Cu 

NPs should behave as more efficient hence cost-effective catalysts. In very few instances 

synthesis of Cu NPs has been reported through chemical routes but their utility as 

electrocatalyst is not available due to lack of long term stability [11-15]. Stable Cu NPs 

could not be obtained in the present work even employing multi-pronged efforts using 

different stabilizers, reductants and reaction media, and by controlling pH of the reaction 

medium. Therefore electro-synthesis offers a good option to obtain Cu NPs, deposited on 

a catalytically inert but conducting support (electrode) to be used both as ex-situ and in-

situ electrocatalysts.  

The Chapter focuses on the electro-synthesis of Cu nanoclusters with their 

subsequent use as electrocatalytic centers in various media for CO2 reduction reaction 

(CRR). Also the difference in behavior of in-situ produced and bulk Cu in CRR has been 

investigated. Application of Cu NPs as electrocatalyst is preceded by orientation 

experiments in order to optimize conditions for the Cu nucleation onto a glassy carbon 

electrode (GCE). 

5.1 Materials 

All the reagents were of analytical grade and used without further purification. 

The de-ionized water (resistivity: 18MΩ
.
cm) employed throughout the experiments was 

obtained after purification of distilled water using a Milli-Q system (Millipore plus 185). 

Specifications of the various materials employed are listed in Table 5.1. 

For electrochemical studies on the behavior of Cu(I), cuprous chloride solutions 

were freshly prepared by acid oxidation of metal Cu flakes. The potentials were measured 

with respect to a Saturated Standard Calomel Electrode (SSCE) (Radiometer, 



Electrochemical Studies on Cu Nucleation and CO2 Reduction  

176 

 

Copenhagen). Prior to use all the glassware was thoroughly cleaned with freshly prepared 

aqua regia (1:3 HNO3:HCl) followed by repeated rinsing with de-ionized water.  

Table 5.1: List of the materials employed in Cu electro-synthesis and the CO2 electro-reduction studies. 

Sr. 

No. 

Chemical Name Formula % Purity/ 

Grade 

Source 

1 Cupric sulfate  CuSO4.5H2O 99.995 Sigma-Aldrich 

2 Cupric chloride  CuCl2.2H2O 99.9 -do- 

3 Potassium sulfate  K2SO4 ≥99.0 -do- 

4 Potassium chloride  KCl ≥99.0 -do- 

5 Sulfuric acid H2SO4 ≥99.0 Sigma-Aldrich 

6 Hydrochloric acid HCl ≈37 Reidel de-Häen 

7 Nitric acid HNO3 70.0 -do- 

8 Metal Cu flakes Cu 99.99 Aldrich 

9 Carbon dioxide  CO2 99.6 BOC 

10 Argon Ar -- BOC 

11 Glassy carbon rod (dia.=3mm)  -- Type 1 Alfa Aesar 

12 Glassy carbon rod (dia.=5mm) -- Type 1 Alfa Aesar 

13 Cu rod (dia.=3mm) Cu 99.999 Alfa Aesar 

14 Polishing Microcloth -- --- Buehler GmbH 

15 Micropolish alumina (particle 

size=1.00, 0.05 and 0.01 µm) 

Al2O3 --- Buehler GmbH 

5.2 Experimental Section  

Cyclic voltammetry (CV) and chronoamperometry (CA) experiments were 

carried out using the electrochemical workstation described in Section 2.6.  

A conventional three-electrode cell was employed for the electrochemical 

measurements. The cell was jacketed and temperature was kept constant by water 

circulation through a thermostat. Cu electrode (geometric area=0.196 cm
2
) and GCEs 

(having geometric areas of 0.071 and 0.196 cm
2
) were prepared by respectively 
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embedding Cu and glassy-carbon rods in Teflon


 tubes, and subsequently used as 

working electrodes (WE). In all the experiments counter electrode (CE) was platinum 

gauze placed close to the WE. The SSCE employed as reference electrode, was mounted 

in a Luggin capillary filled with the solution of supporting electrolyte used in the cell. 

Except where mentioned, all potentials quoted in this chapter are with reference to the 

SSCE. Prior to measurements, the WEs were subjected to mechanical polishing by 

progressively employing the finer alumina slurries until a mirror finish was achieved and 

finally cleaned in an ultrasonic bath. All the solutions were de-aerated by bubbling Ar for 

20 minutes and an inert gas blanket was maintained over them throughout the 

measurements.  

Electron microscopy, to determine morphology and size distribution of the 

electro-synthesized NPs, was conducted at an accelerating voltage of 15.0 keV using a 

field emission scanning electron (FES) microscope (specifications described in Section 

2.6). Samples containing nanoclusters were immediately rinsed and stored overnight in a 

vacuum desiccator prior to measurement. Many images were taken at different 

magnifications to arrive at a representative particle topology. Also, EDX spectra were 

recorded at selected areas to measure the average composition of the prepared materials. 

 

Figure 5.1: Thin layer flow-through cell used for DEMS studies (a-c) electrical connections for Pt mesh 

(counter electrode), Ag wire (Quasi reference electrode) and glassy carbon microfibers (working electrode), 

(d) Teflon part of the cell with inlet-outlet tubes, (e) stainless steel (SS) adapter for interfacing the cell with 

mass spectrometer (MS), (f) clamp joining the cell with vacuum chamber port and (g) SS frit used for 

supporting the Teflon porous membrane on which working electrode was placed; cell assembly with the 

MS is given at left while top and bottom views of (d) and (e) and SS frit are shown towards right. 
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Differential electrochemical mass spectrometry (DEMS) measurements for the 

electroreduction of CO2 were carried out on the system described in Section 2.6. DEMS 

experiments were performed in a thin-layer flow-through cell (Figure 5.1) under 

controlled mass-transport conditions to maintain the desired electrolyte concentration in 

the cell. The electrochemical cell used for on-line mass spectrometry of volatile products 

employed thin film of glassy carbon microfibers (GCMf) as WE (FESEM image shown 

in Figure 5.2), Pt mesh as CE and a Ag wire as quasi-reference electrode (QRE). The WE 

was supported on a stainless steel (SS) frit having electrical contact through a clamp used 

for joining the SS adapter of the cell with the mass spectrometer (MS).  

   

 

Figure 5.2: Glassy carbon microfibers: (a) FESEM image with inset showing diameter of 7 µm and  

(b) selected area EDX spectrum.  
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5.2.1 Preliminary Optimization Experiments  

In view of factors like Cu(II) concentration, nature of supporting electrolyte and 

geometric area of electrode that affect the Cu nucleation at the electrode surface, a series 

of experiments were conducted for optimizing the conditions that could lead to the 

growth of copper nanoclusters and study their reactivity for the reduction of carbon 

dioxide. GC being a low energy surface renders formation of individual nuclei and was 

therefore the substrate chosen in order to avoid bulk metal electrodeposition [5,16,17]. At 

first, the GCE was polished and cleaned by electrochemical pre-treatment by subjecting 

to potentiostatic activation or cyclic polarization [18]. However, due to the resulting large 

background currents and generation of multiple functional sites at the electrode surface 

caused by the electrochemical pre-treatment, the electrode was only polished with 

alumina slurries that was found to give reproducible results and low background current. 

Regarding supporting electrolyte, commonly employed salts like tetra n-butyl ammonium 

perchlorate, KHCO3, K2SO4 and KCl were employed; K2SO4 and KCl were found to 

provide better results in acidic medium (pH 5 and 2).  

In electrochemical nucleation and growth experiments, the current-potential 

response depends on both electrolyte concentration and electrode area [19]. For this 

reason, influence of Cu(II) concentration and geometric area of the GCE were 

investigated so as to achieve the characteristic nucleation phenomenon as a loop in the 

cyclic voltammograms and a maximum in current for potential step experiments upon 

applying potential in the range of interest. Based on the response observed, 10 and 1 mM 

Cu(II) solutions were appropriate to observe nucleation and growth for GCEs of area 

0.071 or 0.196 cm
2
. These electrodes, therefore, were used throughout.  

5.2.2 Cu Nucleation in Sulfate Medium 

CV measurements were carried out at different scan rates, ranging from 5 to 100 

mV
.
s

-1
, between +0.3 and −0.4 V to determine the onset potential for Cu nucleation and 

investigate the effect on anodic and cathodic peaks and the nucleation onset potentials. 

Description of other working conditions being GCE of area 0.071 cm
2
, 0.1 M aqueous 

K2SO4 at pH 5.0 or made 2.0 and initially 1.0 mM concentration of CuSO4; the pH was 
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controlled by H2SO4 addition. CV results on Cu nucleation and anodic dissolution were 

further employed for CA measurements carried out at cathodic overpotentials (η) ranging 

from −10 to −100 mV applied for 10 s. Before each fresh measurement a conditioning 

potential of +300 mV was applied for 10 s to remove any Cu present at the GCE from the 

previous experiment.  

The Cu(II) concentration was increased in steps of 1.0 mM till the maximum was 

obtained at 10 mM which was also set as Cu(II) concentration for the CA studies besides 

pH value of 2. The data obtained from CA measurements were used in simulation studies 

using the Butler-Volmer equation [19] for the non-linear regression (NLR) fitting of the 

current transient at the highest reduction η (−73 mV) to determine the diffusion 

coefficient of Cu(II) (DCu(II)) and its nucleation rate constant while the current density (j) 

versus t
-1/2

 plot was linearly fitted to find DCu(II) using the Cottrell equation (Equation 

2.42). Moreover, mathematical models for mechanistic studies of metal nucleation [6,20-

22] were employed to determine mechanism, nuclear number density and its maximum 

value onto the electrode surface. Comparison of CA and theoretical results led to making 

electron microscopy investigations. EDX coupled FESEM studies were carried out to 

obtain information on composition of nucleated species and their morphology, 

respectively.  

The use of a GCE having significantly greater area (0.196 cm
2
)
 
enabled CV 

measurements on solution containing a lower Cu(II) concentration of 1 mM.  The GCE of 

0.196 cm
2
 area was employed in all subsequent electrochemical studies. Experiments on 

RDE were carried out in 0.1 M aqueous K2SO4 (pH=2.0±0.1) by scanning the potential 

from +0.1 to −0.6V at 20 mV
.
s

-1
. The data were collected on GCE rotating at different 

rates (ω) ranging from 300 to 1800 rpm. Prior to each measurement, electrode potential 

was held at +500 mV for 10 s to ensure removal of all Cu previously nucleated on the 

surface. The limiting current (IL) obtained at different ω was used to evaluate, various 

kinetic parameters employing the Koutecky-Levich expression (Equation 2.41).   
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5.2.3 Cu Nucleation in Chloride Medium 

Experiments were conducted also in aqueous KCl (pH=2.0±0.1) to evaluate the 

electrochemical behavior of Cu in a medium where Cu(I) complexes are stable. CV 

measurements were done by scanning the potential from +0.5 to −0.7 V at 10 mV
.
s

-1 
for 

solutions containing 0.1, 0.5 and 2.5 M Cl
−
. Experiments with the GC RDE for ω ranging 

from 300 to 2400 rpm were performed between +0.3 to -0.6V (for 2.5 M Cl
− 

from+0.5 to 

-0.6 V) at 20 mV
.
s

-1
. 

5.2.4 Electrocatalytic Properties of Cu Centers in Various Media 

The CO2 reduction reaction (CRR) catalyzed by freshly produced (in-situ) Cu 

centers was compared with the reduction carried out on bulk Cu. Measurements 

regarding CRR were preceded by Ar-purging for 15 minutes and subsequent saturation 

with CO2. On the bulk catalyst three consecutive CV scans were taken using a Cu disc of 

0.196 cm
2 

geometric area as WE from 0.1M aqueous K2SO4 at pH 2.0±0.1 by scanning 

the potential from 0.0 V to −1.0 V at 10 mV
.
s

-1
. Multiple scans were investigated to 

establish the extent of electrode inhibition by reaction products. The experiment was 

repeated also for the electrode rotating at 1500 rpm (potential range from 0.0 to −1.2 V) 

to determine the inhibition under hydrodynamic conditions.  

Before CRR experiments on in-situ co-electrodeposited Cu, blank hydrodynamic 

experiments at 900 rpm were run in 0.1M aqueous K2SO4 at pH 2 without CO2 and with 

its saturation to monitor role of the glassy carbon substrate towards H
+
 and/or CO2 

reduction. No electrochemical reduction currents were observed between +0.3 and −1.0 

V. Subsequently, experiments under the same conditions, but adding 1 mM Cu(II), were 

carried out with the in-situ deposition in the expectation that nanostructures formed by 

the nucleation process would greatly enhance rate of the CRR.  

Since Cu(I) is an intermediate in the reduction of Cu(II) to Cu(0), its stability is 

greatly enhanced by complexation with Cl
−
 and for this reason, experiments with 

different concentrations of KCl in the base electrolyte were carried out. In particular, it 
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was of interest to ascertain whether Cu(I)Cl can also act as an electrocatalyst towards the 

CRR. In this regard, CV experiment was carried out between +0.3 to −0.6 V at 10 mV
.
s

-1
 

in 0.1 M aqueous KCl containing 1 mM Cu(II) at pH 2.0. The role of Cl
−
 in 

electrocatalytic properties of Cu(I) was investigated in 0.5 and 2.5 M KCl as well. CRR 

experiments using the RDE were conducted on in-situ produced Cu from 0.1 M aqueous 

K2SO4/KCl containing 1 mM CuSO4/CuCl2 at various ω values and the data were 

employed to evaluate relevant kinetic parameters. The RDE results were also obtained for 

in-situ Cu co-deposited in the presence of 0.5 and 2.5 M KCl at 900 rpm and the results 

were compared with those obtained on a bulk Cu electrode in 0.1 M K2SO4 and KCl at 

the same ω.  

5.2.5 Differential Electrochemical Mass Spectrometry 

Before differential electrochemical mass spectrometry (DEMS) studies, 

optimization experiments were undertaken regarding calibration of the CO2 

fragmentation pattern and solution flow rate. Since mass spectrometry depends on ionic 

flux of a given m/z approaching the detector [23], calibration measurements at CO2 

saturation level in the employed media (0.1 M aqueous K2SO4/KCl at pH 2) were 

performed for determining the relative abundances of various CO2-fragments produced. 

Mass spectrometry coupled CA experiments were performed to monitor ion currents (Ii) 

for products having various m/z values resulting from CO2 reduction on in-situ produced 

Cu surfaces from  0.1 M aqueous KCl at pH 2; for a good response both flow rate of the 

solution and its Cu(II) concentration are important. To achieve an optimized response, 

flow rates of 50, 320, 1000 and 1150 µL/min. and Cu(II) concentrations of 1, 12.5 and 15 

mM were employed. For each experiment the system was initially conditioned at +0.6 V 

for 2.5 min to remove any previously deposited Cu and then a potential step of −1.8 V 

was applied for 2 min. Pronounced flow rate effect regarding detection of the CO2 

reduction products was observed for a 15 mM solution of Cu(II) with maximum intensity 

Ii signals at 320 µL/min.  
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DEMS studies involving mass spectrometry coupled to CV and CA (MSCV and 

MSCA, respectively) allowed a comparison of CO2 reduction products formed on in-situ 

co-electrodeposited Cu in the sulfate/chloride media with those from the ex-situ bulk Cu 

electrodeposited on thin film of GCMf. The latter was electro-deposited from an aqueous 

solution containing 30 mM CuSO4 and 0.1 M K2SO4 at pH 2 using double potential step 

technique [24,25]. The potential sequence involved first a conditioning step at +0.6 V for 

10 s followed by potential nucleation step at −0.1 V for 2 s and thereafter 

electrodeposition growth at −0.06 V was applied for 2 min. Cu deposition was also 

carried out in the presence of 2 mM thiourea (TU) which is known to refine the deposit 

[26-28]. Description of various electrocatalysts employed in DEMS studies for CRR is 

given in Table 5.2. FESEM images and the corresponding EDX spectra were obtained for 

all the catalysts; analyses of Cu-sulf and Cu-Cl were carried out just after their production 

from single MSCV experiment by scanning potential up to −1.8 V at 10 mV
.
s

-1 
starting 

from +0.6 and +0.05 V, respectively. Ex-Cu-TU was used for DEMS studies on ex-situ 

Cu as its electron microscopy provided indication for more uniform distribution on 

GCMf. 

Table 5.2: IDs and description of the electro-synthesized Cu nanocluster samples employed in DEMS for 

the CO2 electro-reduction. 

Serial No. Sample ID Sample Description 

1 Ex-Cu Ex-situ produced Cu from 30 mM CuSO4 in aqueous 0.1 M 

K2SO4 at pH 2.0 for DEMS studies on bulk Cu.  

2 Ex-Cu-TU Ex-situ produced Cu from aqueous 0.1 M K2SO4 containing 

30 mM CuSO4 and 2 mM thiourea at pH 2.0 for DEMS 

studies on bulk Cu. 

3 Cu-sulf In-situ produced Cu electrocatalyst during the course of CO2 

reduction from 15 mM hydrated CuSO4 and 0.10 M aqueous 

K2SO4 at pH 2.0 saturated with CO2. 

4 Cu-Cl In-situ produced Cu electrocatalyst during CO2 reduction from 

15 mM hydrated CuCl2 and 0.10 M aqueous KCl at pH 2.0 

saturated with CO2.  



Electrochemical Studies on Cu Nucleation and CO2 Reduction  

184 

 

Two consecutive scans at 10 mV
.
s

-1 
were taken for the MSCV studies of CRR on 

ex-situ and in-situ Cu in 0.1M K2SO4/KCl with all the possible combinations. The 

potential ranges studied were −0.5 to −1.8 V for Ex-Cu-TU (in both K2SO4 and KCl 

media), +0.6 to −1.8 V for Cu-sulf and +0.05 to −1.8 V for Cu-Cl. The catalytic 

efficiencies of Ex-Cu-TU and Cu-Cl for CRR were also compared through MSCA 

experiments by stepping the potential from its rest value (−0.5 V for the former and +0.6 

V for the latter) to various final values in the range between −1.0 and −1.8 V; in addition, 

consecutive runs were taken to monitor surface inhibition by reaction products. 

5.3 Results and Discussion 

5.3.1 Electrochemical Pre-treatment and Optimization of Experimental 

Conditions  

Electrochemical pre-treatment of electrode surface (by potentiostatic 

activation/cyclic polarization) is important for elimination of impurities and for obtaining 

activated surface. Accordingly the CV measurements were carried out for Cu nucleation 

on activated GCE from 2 mM CuSO4 in 0.1 M K2SO4.  However, both the pre-treatment 

methods resulted in high background currents and a splitting of the Cu(II) cathodic peak 

(Figure 5.3). The latter is attributed to the Cu(II) reduction taking place on nonequivalent 

 

Figure 5.3: (a) High background current exhibited by glassy carbon electrode in 0.1 M K2SO4 after 

electrochemical cleaning and (b) cyclic voltammograms in 0.1 M aqueous K2SO4 containing 2 mM CuSO4 

at various scan rates/ mV
.
s

-1
 (inset).  
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sites generated by the pre-treatment. Oxidation-reduction cycles result in heterogeneous 

electron transfer sites due to the formation of oxygen containing groups such as 

carboxylic, quinoid, ketonic, and/or hydroxylic [29-36]. The above situation led to 

replacing the electrochemical pre-treatment by mechanical polishing using alumina 

slurries till mirror finish. 

After performing series of experiments to obtain optimized working conditions it 

was established that CRR should be carried out in K2SO4/KCl at pH 2; the consideration 

was that there should not be oxidation of electrochemically produced Cu and ionization 

of CO2. Brief discussion on the significance of the optimized conditions is given below:  

i. whereas SO4
2− 

does not get involved in complexation with Cu-species, in its presence 

equilibrium between Cu and H2O becomes important while in the presence of Cl
−
 the 

chemistry may better be understood by considering equilibrium between Cu, Cl
−
 and 

  

 

Figure 5.4: The Pourbaix potential-pH diagram showing aqueous phase equilibria at 25 °C for: (upper) 

Cu/H2O and (lower) Cu/Cl
−
/H2O systems; taken from Reference 38. 
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H2O; species present in the CuSO4/K2SO4 and CuCl2/KCl systems can be predicted 

from the respective potential−pH diagrams [37] given in Figure 5.4. The diagrams 

demonstrate that for 1 mM Cu(II) in solution of either electrolyte having pH > 5.0, Cu 

becomes passive by forming a copper oxide layer [38-41] which may readily be 

avoided by working in strongly acidic medium.  

ii. CO2 may form various species like CO3
2−

, HCO3
−
 and H2CO3 in water; at low pH 

values formation of the anionic species becomes unlikely as demonstrated in Figure 

5.5 [42]. Working at basic pH values results in the formation of CO3
2− 

which by 

complexing with Cu(II) may result in cathodic shift of the Cu(II) redox potential 

causing Cu to re-oxidize [39,43]. Strongly acidic pH should also be favorable for the 

stability of Cu(0) and CO2. 

 

 

Figure 5.5: Equilibrium concentrations of various species of the aqueous CO2 at different pH values; idea 

from Reference 42.  

 

iii. In acidic media, the hydrogen evolution reaction can improve convective mass transfer 

at the electrode surface leading to the formation of monodispersed deposits. In a 

number of previous studies the advantage of gas co-evolution has been recognized to 

improve electrodeposition [44-46]. 
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5.3.2 Electro-synthesis of Cu in Sulfate and Chloride Media 

5.3.2.1 CV Studies 

In pursuit of using Cu as an efficient and cost effective electrocatalyst for CRR to 

obtain the desirable products, electro-synthetic route was adopted to produce fresh (in-

situ) Cu centers at the electrode surface by co-deposition of Cu during the course of CRR. 

Parameters obtained from CV measurements include formal redox potential (E°′), 

cathodic and anodic peak potentials (��
� and ��

�, respectively), critical potential at which 

Cu deposition starts (Ecrit) and stripping potential (Ej=0) where dissolution of Cu just 

starts. The above parameters including peak separation (∆Ep=��
�−��

�), and charges 

required for nucleation (Qc) and dissolution (Qa) of Cu were employed to analyze the 

redox properties of Cu(II); the charges were calculated by integrating the respective 

peaks after conversion of the potential axis scale into time using scan rate. 

i. In Sulfate Medium 

Figure 5.6 presents cyclic voltammogram typical of CuSO4/K2SO4 system 

showing presence of two peaks, A and B, corresponding to the Cu(II) reduction and 

oxidation of the previously deposited Cu, respectively. The stripping peak exhibits sharp 

+ve
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Figure 5.6: Typical CV curve obtained for Cu electrodeposition and its anodic dissolution in acidified 

sulfate medium at pH 2.0 (scanning cycle from +ve to −ve potential).  
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current decay after its maximum due to depletion of the deposited metal [20]. Since the 

measurements at 1 mM Cu(II) using GCE of 0.071 cm
2
 area did not exhibit cross-over 

loop characteristic of a nucleation and growth process, the Cu(II) concentration was 

enhanced to 10 mM for which these features became evident. In addition, the 

characteristic sharp increase in reduction current at potentials more negative than Ecrit for 

all νs values were observed (Figure 5.7). Results obtained from analyses of CV plots for 

the CuSO4/K2SO4 system at various scan rates are presented in
 
Table 5.3 (also those at  
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Figure 5.7: Cyclic voltammograms at scan rates between 5 and 100 mV
.
s

-1
 (inset) for glassy carbon 

electrode (geometric area= 0.071 cm
2
) in 0.1 M aqueous K2SO4 containing 10.0 mM CuSO4 at pH 2.00.  

 

 

pH 5 to analyze the pH dependence). It is noticed that with increasing Cu(II) 

concentration the anodic change for Ej=0, �� 
�  and E°′ values (favored Cu nucleation) takes 

place while decreasing pH, although not having significant effect on the above values, 

caused a negative shift for Ecrit. Table 5.3 also shows that for all the sulfate systems, 

whether binary (without H2SO4) or ternary (with added H2SO4), (Qa/Qc) ratios are close 

to unity demonstrating reversibility of the redox reaction; increase in ∆Ep with νs can be 

attributed to the kinetics of nucleation [47]. 
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Table 5.3: Data* from cyclic voltammograms measured at various scan rates for the electrodeposition of Cu on glassy carbon electrode (geometric area = 0.071 

cm
2
) in the presence of 0.1 M aqueous K2SO4 as supporting electrolyte; the solution pH was adjusted by adding H2SO4. 

* νs =scan rate; ��
� = cathodic peak potential; ��

� = anodic peak potential; ∆Ep = peak separation; Qc and Qa, the areas under the cathodic and anodic peaks are calculated by 

integration of current vs. time plots; Ecrit = critical potential at which Cu deposition starts; Ej=0 =stripping peak base where just Cu dissolution starts; E°′= formal redox 

potential. 

a:   pH/ concentration of CuSO4 (in mM). 

b:   at geometric area of 0.196 cm
2
. 

Serial 

No. 

Solution 

description
 a
 

 

ννννs 

/ mV
.
s

-1
 

−��
	   

/ mV 

��

  

/ mV 

∆∆∆∆Ep 

/ mV 

−��
	   

/ mA
.
cm

-2
 

Qc   

/ µC 

Qa   

/ µC 
�


�	

 
−−−−Ecrit  

/ mV 
−−−−Ej=0  

/ mV 
−−−−E°°°°′ 
 / mV

 

1 5.0 /1.03  

5 105 31 136 0.135 363.0 475.8 1.31 4 85 37.0 

10 110 33 143 0.193 249.3 314.9 1.26 −6 83 38.5 

20 113 38 151 0.289 178.2 218.7 1.23 14 78 37.5 

50 122 44 166 0.449 117.4 145.4 1.24 13 84 39.0 

75 127 49 176 0.540 99.6 122.1 1.23 19 83 39.0 

200 142 60 202 0.846 65.1 75.9 1.17 −9 89 41.0 

2 2.2 /1.01 

5 100 19 119 0.182 522.7 648.4 1.24 82 61 40.5 

10 98 31 129 0.246 374.7 451.6 1.21 76 64 33.5 

50 138 47 181 0.451 172.9 194.7 1.13 95 69 47.5 

75 144 49 193 0.507 134.3 149.6 1.11 98 72 47.5 

100 124 53 177 0.565 113.4 124.7 1.10 92 75 35.5 

200 138 59 197 0.727 80.2 86.1 1.07 97 80 39.5 

3 2.0 /10.01 

5 107 60 167 1.399 45,499.4 70,130.4 1.54 80 28 23.5 

10 109 66 175 1.588 30,752.8 45,483.2 1.48 79 30 21.5 

20 115 74 189 1.895 20,917.4 30,410.3 1.45 74 30 20.5 

50 142 86 228 2.726 12,529.4 18,067.6 1.44 94 31 28.0 

75 156 92 248 2.951 99,65.1 14,359.5 1.44 91 31 32.0 

100 170 96 266 3.309 84,65.2 12,189.7 1.44 93 32 37.0 

4 2.0/ 1.13
b 

20 147 58 205 0.454 1239.6 1448.7 1.17 95 53 44.5 
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Figure 5.8 shows linear dependence of anodic (�
�) and cathodic (�

�) peak current 

densities on (νs)
1/2

 demonstrating that overall Cu electrodeposition and nucleation is fast 

and controlled by diffusion, as already predicted from the Qa/Qc ratios. The non-zero 

intercepts of these plots, lying within 10 % may well be accommodated in the 

experimental error. Different slope values for the two plots (larger for the �
�) are 

characteristic of a system for which reaction kinetics are determined by both the diffusion 

and rate of electron transfer [48] showing also the different kinetics of electrochemical 

deposition and dissolution. 
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Figure 5.8: Comparison of the Randles-Sevčik plots exhibiting anodic and cathodic peak current densities 

for glassy carbon electrode (geometric area= 0.071 cm
2
) in 0.1 M aqueous K2SO4 containing 10.0 mM 

CuSO4 at pH 2.00.  

 

Figure 5.9 shows the plot of concentration normalized �
� (���

� �
�/C

∞
) versus 

(νs)
1/2

 for binary and ternary systems with a correlation coefficient >0.99; the 

normalization with respect to Cu(II) concentration is for the sake of comparison between  

the investigated systems. DCu(II) calculated from the Randles-Savĉik method (Equation 

2.37) for the binary system having 1 mM Cu(II) is (5.8±0.3)×10
-6

 cm
2.

s
-1

 which is slightly 

higher than the literature values reported in the range of 3.8−4.3×10
-6

 cm
2.

s
-1

 [49-52]. For  
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Figure 5.9: Concentration normalized Randles-Sevčik’s plots for glassy carbon electrode (geometric area= 

0.071 cm
2
) in 0.1 M aqueous K2SO4 containing: (a) 1 mM CuSO4 at pH 5.5, (b) 1 mM CuSO4 at pH 2.0 and 

(c) 10 mM CuSO4 at pH 2.0.  

 

the ternary systems at pH 2 for 1 and 10 mM Cu(II), the respective DCu(II) values came out 

(3.6±0.3)×10
-6

 and (1.1±0.1)×10
-6

 cm
2.

s
-1 

which are not only significantly smaller than 

the value obtained at pH 5 but also exhibit decreasing trend at higher Cu(II) 

concentration; similar trend has been previously reported as well [53]. The above 

discussion suggests that the electro-synthesis should be carried out at pH 2 and 10 mM 

Cu(II) concentration however, due to smaller resulting DCu(II) lower Cu(II) concentration 

should be employed. In this regard for CV experiments the GCE of higher geometric area 

(0.196 cm
2
) was employed which facilitated appearance of prominent loop for the Cu 

nucleation in the presence of just 1 mM Cu(II); the analyzed CV parameters are given in 

Table 5.3.  

ii. In Chloride Medium 

Effect of Cl
−
 on the Cu nucleation was examined by running CV experiments in 

the presence of KCl. The voltammetric response in the presence of chloride is 

significantly different form that in K2SO4. Although indication for two reduction peaks 

regarding Cu deposition in KCl solution has been reported earlier [18], in the present 
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study the observed peaks were distinctly separated. Appearance of the second peak may 

be attributed to existence of species formed due to interaction of Cl
−
 with partially 

reduced Cu(II); Cl
−
 changes significantly the electrochemistry of Cu(II) [54].  
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Figure 5.10: Typical CV curve obtained for Cu electrodeposition and its anodic dissolution in acidified 

chloride medium at pH 2.0 (scanning cycle from +ve to −ve potential).  

 

Figure 5.10 shows cyclic voltammogram of the CuCl/KCl system characterized 

by two cathodic and two anodic peaks. The cathodic peak A represents reduction of 

Cu(II) to Cu(I) while peak A′ is due to the Cu(I) reduction to metallic Cu. In the reverse 

scan the first anodic peak (peak B′) is a result of Cu metal oxidation to Cu(I) species 

whose subsequent oxidation is exhibited as peak B. The electrochemistry of Cu in the 

chloride medium has been described as follows [18]: 

Reduction: 2

2

Cu Cl e CuCl

CuCl Cl CuCl

+ − −

− −

+ + →

+ →
 (5.1) 

 

 1 x

xCuCl e Cu xCl− − −+ → +  (5.2) 
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Oxidation: 

2

Cu Cl CuCl e

CuCl Cl CuCl

− −

− −

+ → +

+ →  
(5.3) 

 

 2

2CuCl Cu 2Cl e− + − −→ + +  (5.4) 
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Figure 5.11: Effect of chloride concentration on cyclic voltammograms measured at 10 mV
.
s

-1
 on a glassy 

carbon electrode in aqueous solutions at pH 2.0 containing 1 mM CuCl2 and different concentrations of 

KCl: (a) 0.1 M, (b) 0.5 M and (c) 2.5 M. 

 

Effect of Cl
−
 concentration on the fate of Cu nucleation and anodic stripping was studied 

using 0.1, 0.5 and 2.5 M KCl. Anodic and cathodic peak shifts are clearly observable 

from Figure 5.11 and data obtained from analyses of the corresponding CV plots is 

presented in Table 5.4. Comparison of relevant data from Tables 5.3 and 5.4 shows that 

E°′ for the Cu(II) reduction shifts to more negative potential in the presence of  Cl
− 

compared with SO4
2−

 solution. In addition the anodic shift of E°′(Cu
2+

/Cu
+
) and more 

cathodic value of E°′(Cu/Cu
+
) with increasing KCl concentration demonstrate higher 

stability of Cu(I) in the presence of Cl
− 

with the consequent negative shift to bring about 

Cu nucleation. Moreover, Ecrit serves as a baseline in selection of the applied potential 

regarding Cu nucleation at various KCl concentrations.   
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Table 5.4: Data* from cyclic voltammograms measured at scan rate of 10 mV/s for Cu nucleation and anodic dissolution on glassy carbon electrode (geometric 

area=0.196 cm
2
) in various KCl solutions containing 1.0 mM CuCl2; pH 2.0±0.1 adjusted by HCl addition. 

 

 

 

 

 

 

* E°′ being the formal redox potential involving species given in parentheses; other symbols having same significance as in Table 5.3.  

a: details of peaks A−D given in Figure 5.10.  

Serial 

No. 

KCl conc. 

/ M 

��
	  (A)

a
 

/ mV 

−��
	  (A′) 

/ mV 

−��

 (B′) 

/ mV 

��

 (B) 

/ mV 

E°°°°′(Cu
+
/Cu

2+
) 

/ mV
 

−−−−E°°°°′(Cu/Cu
+
) 

/ mV 

−−−−Ecrit  

/ mV 

−−−−Ej=0  

/ mV 

1 0.1 46 335 59 139 92 199 254 191 

2 0.5 131 398 144 203 167 271 305 242 

3 2.5 236 474 244 308 272 359 423 338 
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5.3.2.2 Chronoamperometry in Sulfate Medium 

Chronoamperometry (CA) was used as a complementary technique to elucidate the 

mechanism of Cu nucleation on GCE; CV data were utilized for the selection of step potentials 

(Es). Series of CA experiments at varying Es were carried out in SO4
2− 

medium having 1, 2 and 

10 mM Cu(II) using GCE (geometric area=0.071 cm
2
). The experiments involved measurement 

of j-response upon application of various Es (more cathodic than E°′) on the WE starting from 

+100 mV (potential at which no Faradaic reaction takes place). At the lower Cu(II) 

concentrations no maximum in the current density transients could be observed in the Es range of 

−10 to −100 mV. On the other hand at 10 mM Cu(II), working in a rather narrower Es range from 

−40 to −100 mV corresponding to overpotential (η) region of −13 to −73 mV (as E°′ from CV 

being −(27±6) mV), a current maximum was observed for η between −36 and −58 mV; Figure 

5.12 presents a group of j-t transients measured for 10 s after the Es application. For transients 

exhibiting the maximum, the initial rise has been assigned to nucleation and growth when the 

diffusional fields for the growing nuclei do not overlap and correspond to spherical diffusion. 
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Figure 5.12: Potentiostatic transients for Cu nucleation on glassy carbon electrode from 10.0 mM CuSO4 in 0.1 M 

aqueous K2SO4 at pH 2.0±0.1; the overpotentials (−η) changed from 18 to 73 mV. 
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The decay after the maximum is attributed to the onset of linear diffusion due to the overall 

coalescence of the individual spherical diffusion fields for the individual growing clusters [55]. It 

is also evident from the j-t transients that the maximum shifts to shorter time with increasing η 

indicating enhanced growth rate and hence early consumption of Cu(II) present in the electrode 

vicinity. 

CA results were also employed to determine DCu(II) using the Butler-Volmer and Cottrell 

equations. Considering surface concentration of Cu(II) zero at η= −73mV due to its fast 

consumption, the corresponding transient was NLR fitted employing a function based on the 

Butler Volmer equation (Figure 5.13). Prior to NLR fitting the equation was incorporated as 

‘New Function’ in the ‘Fitting Function Organizer’ of the software ‘Origin’; for the simulation 

C
∞
= 10

-5
 mol

.
cm

-3
; α=0.5; E1= −0.1 V and E0= −0.03 V were fixed at their given values while 

DCu(II) kept as variable was adjusted at (6.1±0.6)×10
-6 

cm
2.

s
-1

. With the Cottrell equation applied 

in the 1.0−2.5 s range (inset Figure 5.13), j increased linearly with t
−1/2 

(as predicted) furnishing 
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Figure 5.13: Non-linear regression fitting (using the Butler−Volmer equation) of current density-time transient of 

Figure 5.13 at −73 mV. Inset is the current density versus time
-1/2

 (time range=1.0−2.5 s) linear plot consistent with 

the Cottrell equation.  
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DCu(II) value of (3.14±0.01)×10
-6

 cm
2.

s
-1

. The DCu(II) determined using two methods do not agree 

probably due to imperfect fitting in the former; smaller error in latter indicates its greater 

reliability.  

5.3.2.3 Reaction Models−−−−Nuclei Morphology Correlation 

The CA data were also utilized for theoretical analysis of the current transients for 

understanding the nucleation mechanism employing the Scharifker-Hills mathematical models 

(Equations 2.6 and 2.11) involving hemispherical diffusion leading to nucleation followed by 

three dimensional (3D) growth. This model makes use of the reduced current transients ((j/jm)
2
 

vs. t/tm plots) in order to determine if instantaneous or progressive nucleation takes place.  Figure 

5.14 presents reduced transients determined from the experimental data of Figure 5.12 and the 

transients provide comparison with the predicted 3D growth behavior for instantaneous and 

progressive nucleation [56]. The initial rising section of the transients corresponds to 

instantaneous nucleation while the decaying section deviates from both the mechanisms and the 

deviation increased for higher cathodic η values.  
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Figure 5.14: Reduced current density-time transients showing comparison of theoretical curves (a and b) with the 

experimental data at selected overpotentials (−mV) of Figure 5.12.  
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The reduced current plots in Figures 5.14 were used to calculate nucleation and growth 

parameters enlisted in Table 5.5.  According to Equation 2.5 the jm
2
tm value should be 

independent of applied η consequently nucleation and growth rates should not affect this 

quantity. The expected behavior has been observed till −43 mV however, slight decrease in jm
2
tm 

was observed at more cathodic η values. Since the rising section of the transients for −η >43 mV 

(Figure 5.14) contains only a few data points, this leads to higher error in the calculated 

parameters. Theoretically determined values of jm
2
tm employing Equations 2.5 and 2.10 are 

4.85×10
-6 

and 7.74×10
-6

 A
2.

cm
-4.

s corresponding to instantaneous and progressive nucleation, 

respectively; the experimental average value of (2.1±0.5)×10
-6

 A
2.

cm
-4.

s suggests that 

instantaneous nucleation takes place in the investigated η range. Using Equation 2.5 and the 

experimental data from Figure 5.14, a DCu(II) value of (3.5±0.8)×10
-6

 cm
2.

s
-1 

has been calculated  

Table 5.5: Data* from current density-time (j-t) transients for Cu nucleation on glassy carbon electrode 

(geometric area =0.071cm
2
).  

* Es = step potential; η = step overpotential; jm = maximum current density in the j-t transient; tm = time 

corresponding to jm; DCu(II) = diffusion coefficient for Cu(II); N = number density of Cu nuclei; Nmax = nuclear 

number density at the maximum.  

a: the formal redox potential calculated from CV data being –(27±6) mV. 

−Es 

/ mV 

−ηηηη
a
 

/ mV 

−jm 

/ mA
.
cm

-2
 

tm 

/ s 

−jm
2 .
tm 

 / mA
2.

cm
-4.

s 

DCu(II) 

 / 10
-6
×cm

2.
s

-1
 

N 

/ 10
6
×cm

-2
 

Nmax 

/ 10
4
×cm

-2
 

63 36 1.049 2.5 2.752 4.535 0.840 1.103 

64 37 1.220 1.7 2.531 4.172 1.343 1.763 

65 38 1.347 1.4 2.541 4.187 1.625 2.132 

66 39 1.456 1.1 2.333 3.846 2.252 2.955 

67 40 1.543 1.0 2.380 3.923 2.429 3.187 

68 41 1.625 0.9 2.376 3.916 2.703 3.547 

70 43 1.768 0.7 2.188 3.605 3.775 4.953 

72 45 1.915 0.5 1.834 3.022 6.305 8.273 

74 47 2.069 0.4 1.713 2.823 8.437 11.070 

76 49 2.218 0.3 1.476 2.432 13.057 17.132 

80 53 2.498 0.2 1.248 2.057 23.156 30.383 
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which, although differs from that obtained using the BV equation at η value of −73 mV, is in 

good agreement with the calculated value of (3.14±0.01)×10
-6

 cm
2.

s
-1 

from slope of the Cottrell 

plot. 
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Figure 5.15: Effect of deposition potential (Es) on: (a) diffusion coefficient of Cu(II) (DCu(II)), (b) number density of 

active Cu sites (N) and (c) nuclear number density at maximum (Nmax); data from Table 5.5.  

Table 5.5 presents the influence of Es on the calculated values of DCu(II), N and Nmax as 

seen in Figure 5.15. DCu(II) should not change with overpotential but its decrease with increasing 

Es may be due to insufficiently cathodic values of the latter; similar trend has been previously 

reported [57,58]. N and Nmax grew exponentially with Es as expected [59,60] but their difference 

at a given −Es (especially below 43 mV) was insignificant indicating that most of the nuclei 

available for further growth are produced at once which is typical of instantaneous nucleation. 

The mechanism is further supported by the results obtained from rising part data of the j-t 

transients (Figure 5.12) using Equations 2.2 and 2.7. As j versus t
1/2

 plot at various η values is 

linear as shown in Figure 5.16(a), it clearly indicates that Cu nucleation follows the 

instantaneous mechanism; progressive nucleation would lead to a linear dependence of j on t
3/2

.   
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Figure 5.16: (a) Current density (j) against square-root of time (t
1/2

) plots at overpotentials (η/ mV) extracted from 

the initial rising portion of curves in Figure 5.10 and (b) t
z
 against j plots at η= −36 mV for Cu nucleation; z values 

of 1/2 and 3/2 correspond to instantaneous and progressive nucleation, respectively.  

 

During hemi-spherical growth of Cu NPs, a stage is reached when the j-t transients 

exhibit a maximum due to coalescence of the Cu(II) neighboring depletion zones [61]. The 

coalescence of depletion zones being equivalent to linear diffusion of species in bulk solution 

towards a planar electrode is evident from the post-maximum current decay. However, the 

decaying part of reduced current transients does not follow either of the nucleation mechanisms 

a 

b 
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instead the current decay is relatively slower than predicted (Figure 5.14); such discrepancy was 

observed also for NL fitting using the Butler-Volmer equation (Figure 5.13). Radisic et al. [62] 

have suggested that reduction of H
+
 taking place on electrodeposited nuclei is responsible for the 

discrepancy. However, a plausible reason may be linked to the deposit morphology; the 

nucleation models consider the hemi-spherical geometry of the deposits. In this regard electron 

microscopy can be helpful to elucidate geometry of the Cu deposit. The FESEM image (Figure 

5.17) clearly indicates dendritic/needle like structures of the electro-deposited Cu, which can be 

the source of the deviation from the long term linear diffusional current decay. The upward 

growth of the nuclei would render a far slower overlap of the depletion zones due to their 

protrusion towards the bulk solution [63].   

 
 

Figure 5.17: (a) FESEM image showing cluster of needle-like structures on glassy carbon microfibers prepared 

from 10 mM CuSO4 in 0.10 M aqueous K2SO4 at pH 2.0 and (b) the magnified image clearly illustrating diameter of 

needles in nm range. 

 

5.3.2.4 RDE Experiments in Sulfate and Chloride Media 

Figure 5.18 presents the current-potential dependence for a GC rotating disk electrode 

(RDE) at various rotation rates (ω) for 1 mM Cu(II) in different solution media. Figure 5.18(a) 

shows measurements in 0.1 M aqueous K2SO4; at 5 rpm no significant current is observed until 

−220 mV. However, increase of ω shifts the nucleation onset potential to slightly more anodic 

values demonstrating facilitation of Cu(II)→Cu reduction; a well formed cathodic wave is 

observed for the reduction with half wave potential (E1/2) at −370 mV. At more negative 

potentials the current increases gradually, a behavior very different from that of a fast 

a b 
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diffusionally controlled reduction process. In addition, the Cu nucleation current in the plateau 

region is strongly ω-dependent. These observations indicate that the area available for reduction 

is not constant and the deposit is very inhomogeneous.  

 

Figure 5.18: Current-potential curves measured at 20 mV
.
s

-1
 for Cu nucleation onto rotating glassy carbon electrode 

in Ar purged aqueous solutions at pH 2.0±0.1 containing 1 mM Cu(II) and: (a) 0.1 M K2SO4, (b) 0.1 M KCl, (c) 0.5 

M KCl and (d) 2.5 M KCl; rotation rates (rpm) are given in insets while arrow indicates the scan direction. 

 

Figures 5.18(b)−(d) are sets of the corresponding RDE plots for different concentrations 

of KCl. Well-formed additional reduction wave prior to the commencement of Cu nucleation 

may readily be observed in the voltammograms of all the three sets. The current in the first 

plateau region corresponds to Cu(II)→Cu(I) while the second plateau current at −600 mV to the 

subsequent Cu(I)→Cu(0) reduction; the latter commences around −220, −280 and −360 mV for 
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0.1, 0.5 and 2.5 M KCl, respectively which illustrates  increased stability of Cu(I) at higher Cl
−
 

content. Whereas the limiting current density (jL) increases with ω at a given Cl
−
concentration, 

no significant change in jL was observed with Cl
− 

concentration at a given ω. The corresponding 

Koutecky-Levich (jL
-1

 versus ω
-1/2

) plots (Figure 5.19) were linear fitted to determine the kinetic 

parameters. Using Equation 2.41, DCu(II) was determined from the slope while the kinetic current 
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Figure 5.19: Koutecky-Levich plots at -0.60 V from Figure 5.19 for Cu nucleation in aqueous solutions containing 

1 mM Cu(II) and 0.1 M: (a) K2SO4, and (b) KCl while inset shows the plots for various KCl concentrations.  

 

 

density (jk) and the rate constant for Cu nucleation (kf) were evaluated from the intercepts by 

extrapolating the current density to infinite ω; the evaluated kinetic parameters are given in 

Table 5.6. Higher values for all the parameters (DCu(II), jk and kf) are observed in the presence of 

Cl
−
 than SO4

2−
; the values for 0.5 M Cl

− 
being closer to those for the SO4

2− 
containing solutions. 

Lower DCu(II) in the presence of SO4
2−

 may be attributed to its interfering role in the Cu(II) 

diffusion. The standard deviation for jk (hence, for kf) increased from 9 to 42 % on increasing Cl
−
 

concentration from 0.1 to 2.5 M which may be due to formation of non-conducting chloride layer 

at the electrode at higher KCl concentration [64]; 2.5 M KCl being the saturated solution, it leads 

to the highest jk value (and hence kf).  
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Table 5.6: Data* evaluated from the Koutecky-Levich plots (Figure 5.17) at −0.60 V for Cu nucleation from 1 mM 

aqueous Cu(II) at different concentrations of supporting electrolytes. 

* DCu(II) = diffusion coefficient for Cu(II);  jk = kinetic current density; kf = rate constant for Cu(II) reduction. 

 

5.3.3 Electron Microscopy of Cu Electrocatalysts Employed in DEMS 

After deposition of all the Cu samples (electrocatalysts) on GCMf, their FESEM images 

were taken for morphological study and EDX spectra were recorded at selected points to find out 

the composition. Figures 5.20 and 5.21 show the corresponding FESEM images and EDX 

spectra respectively for EX-Cu and Ex-Cu-TU following the Cu electro-synthesis without and 

with TU; both kind of samples exhibit more than 70 atomic % Cu. Incorporation of TU to 

produce the Ex-Cu-TU samples was established from the EDX spectra which exhibited sulfur 

signals on the GCMf surface. FESEM images when coupled with the EDX spectral information 

confirmed the presence of TU-refined Cu attached to GCMf. Since the Cu-dispersion on GCMf 

is more uniform for Ex-Cu-TU, it was employed as ex-situ catalyst for the CRR. Representative 

FESEM images of in-situ Cu electrocatalysts (Cu-sulf and Cu-Cl) are shown in Figures 5.22(a) 

and 5.23 clearly exhibiting the formation of dendritic structures; high resolution images at further 

magnifications indicate that these structures are produced by deposition of NPs having sizes of 

~10 nm. As for the composition of in-situ catalysts, the information can be obtained from the 

EDX spectra given in Figures 5.22(b) and 5.24.  

Although the exact nature of Cu species in the Cu-Cl samples could not be established 

from the EDX data (Table 5.7), formation of [CuClx]
1-x

 may be inferred from the higher chlorine 

content i.e. ~10 atomic % Cl. Al and O signals originate from the holder that contains Al2O3 on  

 

Seria

l No. 

Supporting electrolyte; 

conc./ M  

DCu(II) 

/ 10
-6
×cm

2.
s

-1
 

jk 

/ mA
.
cm

-2
 

kf 

/ 10
-2
×cm

.
s

-1
 

1 K2SO4; 0.1  6.9±0.4 8±3 4±1 

2 KCl; 0.1  8.5±0.1 12±1 6.2±0.6 

3 KCl; 0.5  6.7±0.2 9±1 4.7±0.7 

4 KCl; 2.5  8.2±0.2 25±10 13±5 
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Figure 5.20: Ex-Cu (description in Table 5.2) prepared on glassy carbon microfibers at step potential of −100 mV 

for 120 s from 0.1 M aqueous K2SO4 containing 30 mM Cu(II) at pH 2.0: (a-d) step-wise magnified FESEM images 

and (e) selected area EDX spectrum;  magnification indicates formation of Cu clusters by gradual deposition of ~20 

nm NPs. 
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Figure 5.21: Ex-Cu-TU (description in Table 5.2) prepared on glassy carbon microfibers at step potential of −100 

mV for 120 s from 0.1 M aqueous K2SO4 containing 30 mM Cu(II) and 2 mM thiourea (TU) at pH 2.0: (a) FESEM 

images and (b) selected area EDX spectra.  
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Figure 5.22: Cu-sulf (description in Table 5.2): (a) FESEM images indicating formation of nano-dendrites and (b) 

selected area EDX spectra.  
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Figure 5.23: FESEM images of Cu-Cl (description in Table 5.2) deposited at different regions of glassy carbon microfibers shown as (a) and (d); (b,c) and (e,f) 

are the further magnified images of (a) and (d) respectively showing the nano-dendrites formation by deposition of NPs on already nucleated structures.  
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Figure 5.24: Selected area EDX spectra of Cu-Cl shown in Figure 5.23. 

 

its surface. In Cu-sulf sample the K and S signals indicate presence of some adsorbed 

K2SO4 while in Cu-Cl the K and part of the Cl present may be attributed to adsorbed KCl.   

5.3.4 Reduction of CO2 Using:  

5.3.4.1 Cyclic Voltammetry and RDE Studies 

  For the CRR studies, CV was carried out on static and rotating disc 

electrodes using co-deposited Cu as electrocatalyst. Although several studies have been 

carried out for bulk copper electrodes [7,65-67], inhibition of active sites of the 

electrocatalyst has not been systematically investigated. In this regard the CRR was 

initially carried out on Cu disc electrode; for both CV and RDE experiments three 

consecutive scans were run to test the catalyst activity and the results are shown in Figure 

5.25. Since E°′(Cu/Cu
2+

) for the system is −44.5 mV (given at serial number 4 of Table 

5.3), the scans were started from 0.0 V to avoid the Cu oxidation. The plots in Figures 

5.25(a) and 5.25(b) measured on static and rotating disc electrode demonstrate that the 

Cu-Cl_pt2 

Cu-Cl_pt1 

Cu-Cl 
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Table 5.7: Atomic percents of various elements determined from EDX spectra of the samples employed in DEMS studies (based on K-lines analyses). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*description of the sample IDs given in Table 5.2.

   
  
  
S

a
m

p
le

 

ID
*
 

 

Bare C Ex-Cu 

Ex-Cu-TU 

 

for 

Cu-sulf 

 

for 

Cu-Cl 

 

for 

Region 1 Region  2 Region  1 Region  2 Region  1 Region  2 

carbon 99.9±0.6    --- --- --- ---   --- --- --- 

copper --- 70.8±0.8    25.1±0.3 71.5±0.9 62.1±0.8 52.2±0.7 28.7±0.4 25.0±0.3 

oxygen --- 26.4±0.4    64.0±0.4 13.3±0.5    31.1±0.5 38.7±0.5 57.0±0.4 64.1±0.5 

aluminum --- --- 0.70±0.04 1.8±0.1 1.2±0.1 1.2±0.1 0.41±0.05 0.47±0.05 

sulfur --- 2.23±0.08  8.76±0.06 11.4±0.2 1.23±0.08 2.32±0.08 --- --- 

chlorine 0.06±0.02    --- --- 0.9±0.1 --- --- 13.2±0.1 10.2±0.1 

potassium --- 0.60±0.06    1.13±0.03 1.13±0.09 4.06±0.09 5.60±0.09 0.70±0.03 0.21±0.03 

 

Elements 
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CRR begins around −0.6 V and for the first scan (the reverse voltage) the reduction 

current reaches −5.5 mA
.
cm

-2 
at −1.0 V being slightly higher for the latter due to dynamic 

solution conditions. An important finding regarding the CRR on bulk Cu was a 

significant decrease in the reduction current following the first scan. The decreased 

catalyst activity during consecutive scans (the lowest for 3
rd

 scan) may be assigned to the 

fact that during the course of reaction, active catalytic sites get inhibited by the reduction 

products of CO2 [8,68,69].  

 

Figure 5.25: Current-potential curves for three consecutive scans measured at 10 mV
.
s

-1
 using Cu disc 

electrode in CO2-saturated 0.1M aqueous K2SO4 at pH 2.0 employing: (a) CV and (b) RDE at 1500 rpm. 

 

In view of the inhibition effect of CO2 reduction products on Cu, the experiment 

was designed to produce fresh catalytic sites (in-situ co-deposition of Cu) simultaneously 

with the reduction of CO2. Prior to experimentation for electrochemical properties of in-

situ produced Cu centers on the GCE, the electrode was itself tested for inertness towards 

H
+ 

and CO2 reduction at a rotation rate of 900 rpm. As evident from curves (a) and (b) in 

Figure 5.26, insignificant reduction currents were observed for solutions both without and 

with CO2 reflecting inertness of the GCE towards H
+
 and CO2 reduction. The 

measurements were repeated after adding 1 mM Cu(II) to the base electrolyte and it was 

found that the Cu(II) reduction current commences at approximately −0.2 V while the 

subsequent reduction currents corresponding to H
+
/(H

+
+CO2) were observed around 
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−0.66/−0.75V, respectively for de-aerated solutions. For the CO2-saturated solution, the 

contributions of H
+
 and CO2 reduction to the voltammetric waves could not be resolved in 

the first instance due to complexities arising from the unknown suppression of the 

hydrogen evolution reaction [8]. However, the CO2 reduction current may still be 

estimated from the j values at a given potential for solutions without and with CO2-

saturation; the corresponding j value in 1mM Cu(II) at −1.0 V came out 3.5 mA
.
cm

−2
. 

Moreover, production of cost-effective catalyst can be appreciated by comparison of 

reduction current at −1.0 V for CRR in acidic SO4
2−

 medium on the Cu disc and in-situ 

Cu on GCE both rotating at 900 rpm; the former furnished 5.4 mA
.
cm

−2
 while the latter 

11.5 mA
.
cm

−2
 (here the j values are determined with respect to the geometric electrode 

area). 
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Figure 5.26: Current-potential curves measured at 10 mV
.
s

-1
 using rotating glassy carbon electrode (at 900 

rpm) in 0.1 M aqueous K2SO4 at pH=2.0±0.1 after Ar purging: (a) without CO2, (b) with CO2 saturation, 

(c) in the presence 1 mM CuSO4 without CO2 and (d) in the presence 1 mM CuSO4 with CO2 saturation.  

 

Using RDE the electrocatalytic behavior of in-situ produced Cu-sites was also 

investigated in acidified Cl
−
 solutions containing 0.1, 0.5 and 2.5 M KCl. Figure 5.27 

depicts current density-potential curves for an RDE rotating at 900 rpm for in-situ Cu co-

deposition in 0.1 M SO4
2− 

and for different concentrations of Cl
−
 solutions. A promising 

result regarding the CRR was obtained by comparison at 0.1 M electrolytes showing that 

the catalytic property is much better in Cl
− 

medium which gets further enhanced on 
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increasing Cl
−
 concentration from 0.1 to 0.5 M. The improved catalytic efficiency in the 

presence of Cl
−
 may be attributed to incorporation of Cu(I) centers on the surface of the 

co-deposited Cu(0) hence playing an additional catalytic role in the CRR. However, when 

the Cl
−
 concentration is increased to 2.5 M, the same trend in CRR is not observed and an 

actual decreased reduction current was observed. Plausible explanations for this 

observation may be either the formation of passivating films of Cu(I) products preventing 

the catalytic surface to be in contact with the solution or decrease in activity of the Cu(0) 

catalytic centers due to a build-up of excessive Cl
− 

adsorbed at the Cu centers. [70].  
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Figure 5.27: Current-potential curves measured at 10 mV
.
s

-1
 using rotating glassy carbon electrode (at 900 

rpm) for CO2 reduction onto in-situ produced Cu nanocatalyst from CO2-saturated aqueous solutions at pH 

2.0±0.1 containing 1 mM Cu(II) and: (a) 0.1 M K2SO4, (b) 0.1 M KCl, (c) 0.5 M KCl and (d) 2.5 M KCl. 

 

To further investigate this difference in the catalyst activities, experiments on 

RDE at different rotation rates were carried out using Cu disc electrode and in-situ Cu (in 

0.1 M K2SO4 and KCl) co-deposited on the GCE. The Koutecky-Levich (jL
-1

 versus ω
-1/2

) 

plots for the CRR on Cu in SO4
2−

 and Cl
−
 solutions (Figure 5.28) were linearly fitted to 

determine kinetic parameters and importantly, the apparent number (n) of electrons 

transferred for reducing a CO2 molecule. Using Equation 2.41 and a literature value of 

1.97×10
-5

 cm
2.

s
-1 

for the diffusion coefficient of CO2 [71], n was determined from the 

slope while jk and rate constant for CO2 reduction (kR) were evaluated from the intercept 

by extrapolating the current density to infinite ω; calculated values of kinetic parameters 



Electrochemical Studies on Cu Nucleation and CO2 Reduction  

214 

 

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

0.04

0.06

0.08

0.10

 

R
2
=0.910

R
2
=0.989

 

 

 (a)

 (b)

 (c)

j -
1
/ 

c
m

2
. m

A
-1

ω
-1/2

/ (rad
.
s

-1
)

-1/2

R
2
=0.976

 

Figure 5.28: Koutecky-Levich plots for CO2 electro-reduction from CO2-saturated aqueous solutions at pH 

2.0±0.1 containing 0.1 M: (a,b) K2SO4 and (c) KCl; reduction was carried out (a) using Cu disc electrode 

and  (b,c) by Cu nano-catalyst in-situ produced onto glassy carbon electrode by 1 mM Cu(II) addition in 

aqueous solution. 

 

are given in Table 5.8. The lowest values for the kinetic parameters (jk and kR) were 

observed for the Cu disc electrode (bulk Cu) and the highest for in-situ Cu in 0.1 M Cl
−
 

which supports the RDE results at 900 rpm. The average n value was ~1 for both the bulk 

Cu and in-situ deposited Cu in the presence of Cl
−
 however, a value of ~2 was obtained 

for in-situ Cu in SO4
2− 

solution indicating different mechanism of the CRR onto the latter. 

 

Table 5.8: Kinetic parameters* determined from the Koutecky-Levich plots (Figure 5.28) at −1.0 V for 

CO2 electro-reduction on various Cu electrocatalysts from CO2-saturated aqueous solutions at pH=2.0±0.1.  

* n = average number of electrons apparently transferring for CO2 reduction; jk = kinetic current density; 

kR= rate constant for CO2 reduction. 

a:  from 1 mM aqueous Cu(II) deposited on glassy carbon electrode during the course of CO2 reduction. 

 

Serial 

No. 

Electrocatalyst;  

supporting electrolyte 

n jk 

/ mA
.
cm

-2
 

kR 

/ 10
-3
×cm

.
s

-1
 

1 Bulk Cu; 0.1 M K2SO4 1.2±0.2 17±2 5.2±0.8 

2 In-situ Cu
a
; 0.1 M K2SO4 2.2±0.1 36±1 11.2±0.3 

3 In-situ
 
Cu

a
; 0.1 M KCl 0.60±0.03 207±10 64±4 
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CV studies were also carried out for the CRR on in-situ Cu in the Cl
− 

medium in 

order to see any difference in voltammetric response (Figure 5.29). In the SO4
2− 

medium, 

no change in the anodic and cathodic peak positions was observed when saturated with 

CO2. However, in the Cl
− 

medium, although the peak potentials were not affected, 

saturation with CO2 resulted in splitting of the anodic peak B′ which on increasing the Cl
− 

concentration transformed into a completely resolved doublet peak. The results were 

confirmed by repeatedly carrying out experiments under the same conditions. Data from 

CV experiments in Cl
− 

medium without and with CO2 are listed in Table 5.9. It is evident 

from the comparison of these data that the difference lies only in the splitting of the peak 

B′. Potentials of the doublet sub-peaks were determined by deconvolution using a 

Lorentzian multiple peak fitting function in software ‘Origin’ showing R
2
 >0.99.  
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Figure 5.29: Effect of chloride concentration on cyclic voltammograms measured at 10 mV
.
s

-1
 on glassy 

carbon electrode in CO2-saturated aqueous solutions of pH 2.0±0.1 having 1 mM CuCl2 and KCl 

concentrations of: (a) 0.1 M, (b) 0.5 M and (c) 2.5 M; inset shows the potential range corresponding to 

anodic dissolution of Cu to Cu(I). 

  

On the basis of above findings obtained from CV measurements a mechanism is 

suggested involving the interaction of Cu(I) with CO, an intermediate product of the 

CRR. The proposed mechanism has been further verified from a set of separate CV 

measurements carried out on Cu(I) solution in the presence of CO. In this regard Cu(I) 

was freshly prepared by the reaction of 1 mM Cu(II) with excess of metallic Cu flakes in 
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Table 5.9: Data* from cyclic voltammograms measured at scan rate of 10 mV
.
s

-1
 for Cu electrodeposition and anodic dissolution on glassy carbon electrode 

(area=0.196 cm
2
) in various KCl solutions containing 1.0 mM CuCly

a
 at pH 2.0±0.1 adjusted by HCl addition; each experiment repeated under Ar and CO2/CO.  

 

* symbols having same significance as in Table 5.4.  

a:   y=2 for serial 1-6 and y=1 for serial 7 and 8.  

b:  peak C split in two sub-peaks; E°′(Cu/Cu
+
) calculated from average position of the sub-peaks. 

c:  peak positions for A and B not available as potential scan started from 0.0 V to avoid oxidation of Cu(I). 

 

Serial 

No. 

KCl conc.  

/ M; gas 

 

��
	  (A) 

/ mV 

−��
	  (A′) 

/ mV 

−��

 (B′) 

/ mV 

��

 (B) 

/ mV 

E°°°°′(Cu
+
/Cu

2+
) 

/ mV
 

−−−−E°°°°′(Cu/Cu
+
) 

/ mV 

−−−−Ecrit  

/ mV 

−−−−Ej=0  

/ mV 

1 0.1; Ar 46 335 59 139 92 199 254 191 

2 0.1; CO2 46 347 37 141 94 193 240 196 

3 0.5; Ar 131 398 144 203 167 271 305 242 

4 0.5; CO2 131 390 156 115 195 163 273 
b
 328 242 

5 2.5; Ar 236 474 244 308 272 359 423 338 

6 2.5; CO2 238 412 266 220 298 268 328 
b
 376 344 

7 0.1 ; Ar 
c 

--- 502 208 --- ---- 355 434 332 

8 0.1 ; CO
c 

--- 500 254 199 --- ---- 363
b
 420 322 
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Figure 5.30: Cyclic voltammograms measured at 10 mV

.
s

-1
 on glassy carbon electrode in 0.1 M aqueous 

KCl containing 1 mM CuCl at pH 2.0 in the absence (broken line) and presence (solid line) of CO; the scan 

was started from 0.0 V to avoid Cu(I) oxidation to Cu(II).  

 

0.1 M aqueous KCl; the blue solution initially turned colorless and then greenish after 

stirring for 5 hours. CV measurements were carried out at 10 mV
.
s

-1
 onto GCE under Ar 

atmosphere with excess of Cu metal flakes placed at the bottom of cell and scan started 

from +0.0 V to avoid Cu(I) oxidation. The resulting Figure 5.30 does show the splitting 

of anodic peak B′ which provides direct evidence for the interaction between Cu(I) and 

CO; the corresponding data have been included in Table 5.9 for comparison. The 

mechanism involves interaction of [CuClx]
1-x

, produced by reduction of Cu(II) during the 

cathodic scan, with CO, a reduction product of CO2.  

 xCl e CO2 1 x 1 x

x xCu [CuCl ] [Cu(CO)Cl ]
− −++ − −→ →

 
(5.5) 

 

However, during anodic scan there are two re-oxidation possibilities since the formation 

of [CuClx]
1-x

 and [Cu(CO)Clx]
1−x 

can be a parallel or a series reaction as given by 

Equations (5.7) and (5.8) respectively: 

 xCl 1 x

xe

xCl CO 1 x

xe

Cu [CuCl ]

Cu [Cu(CO)Cl ]

−

−

−

−

−

−

+ −

−

→

→
 (5.7) 

 

or  
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 xCl CO1 x 1 x

x xe
Cu [CuCl ] [Cu(CO)Cl ]

−

−

− −

−
→ →

 
(5.8) 

 

If the reaction were following the parallel pathway, the anodic peak splitting would be 

more enhanced by CO concentration than by Cl
−
. Equation (5.8) very well describes the 

effect of Cl
− 

concentration on peak splitting due to the fact that more Cu(I) is stabilized at 

higher Cl
− 

content resulting in an increase of [CuClx]
1-x

 species accessible to CO for the 

production of [Cu(CO)Clx]
1−x

, as indicated by the well resolved doublet peak at 2.5 M 

Cl
−
. The anodic peak B′ is characterized by Cu dissolution resulting in [CuClx]

1-x
 which 

further oxidizes to Cu(II). However, interaction of CO (a stable adsorbate originating 

from the CRR) with [CuClx]
1-x 

can result in formation of copper carbonyl chloro 

complex, [Cu(CO)Clx]
1−x 

hence causing appearance of a second anodic peak; Cu-

carbonyl ([CuCOx]
+
) formation by interaction of Cu(I) with CO has been previously 

reported in the literature [72]. The path proposed here may be regarded as a speculative 

mechanism and more direct proofs are really needed to present a satisfied interpretation 

on the mechanism of CO interaction with Cu(I) during CV experiments. 

Comparison of consecutive CV plots for the CO2 reduction has demonstrated that 

successful synthesis of an efficient catalyst using only 1 mM aqueous Cu(II) has been 

achieved. Moreover, generation of fresh active sites for Cu co-deposition (in-situ Cu) 

during the course of the CRR has also been confirmed by comparison of their catalytic 

activity with bulk Cu.  

5.3.4.2 Differential Electrochemical Mass Spectrometry  

The electrocatalytic efficiency was compared through the DEMS results for CRR 

onto ex-situ deposited Cu (assuming it equivalent to bulk Cu) and in-situ produced fresh 

Cu sites; the main objective was to investigate effect of surface poisoning (cost 

effectiveness was an additional consideration). Dispersion of Cu nanoclusters on 

catalytically inert GCMfs not only facilitated microscopic characterization but more 

importantly also ensured their efficient utilization for the DEMS studies. The experiments 

were designed to measure the m/z values corresponding to various products of the CRR 
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within in a very short time scale [73] which allows qualitative comparison of efficiency 

of the employed electro-catalysts. During each experiment the ion currents (Ii) were 

measured simultaneously for univalent cations of H2 (m/z= 1.99), CH3 (m/z= 15), C2H 

(m/z= 25), C2H2 (m/z= 26), C2H3 (m/z= 27), CO (m/z= 28), HCOH (m/z= 29), C2H6 (m/z= 

30), CH3O (m/z= 31), CO2 (m/z= 44), HCOO (m/z= 45), HCOOH (m/z= 46) and the 

bivalent CO2 ion (m/z= 22). However, m/z values corresponding to univalent CH4 and 

CH3OH ions were not measured since they respectively correspond to bivalent and 

univalent O2 as well. 

Since transfer efficiency of CO2 and its reduction products to the mass 

spectrometer (MS) besides cell geometry, electrode thickness and the solution flow rate 

through the DEMS cell also depends on the their respective diffusion coefficients, 

GCMfs served the purpose of thin layer electrode. Moreover, the solution flow rate was 

optimized at 320 µL
.
min

−1
 after performing a number of experiments to detect maximum 

change in the ion currents corresponding to m/z values of interest. This facilitated 

achieving a balance between replenishing the fresh CO2-saturated solution and allowing 

diffusion of the reduction products to the MS compartment. Prior to carrying out DEMS 
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Figure 5.31: Calibrated fragmentation pattern for CO2 after a number of measurements using its saturated 

aqueous solutions at pH 2.0±0.1. 
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measurements the fragmentation pattern of CO2 was calibrated using the CO2-saturated 

aqueous solutions. The relative abundance of various CO2 fragments detected in the MS 

was calculated after subtracting the initial and saturation levels of ion currents for their 

respective m/z values. The results given in Figure 5.31 when compared with the literature 

values [74] of Table 5.10, show higher abundance for the m/z =28 while lower for the  

m/z = 22 and 45. 

Table 5.10: Calibration data* using mass spectrometry for fragmentation pattern of CO2 from its saturated 

aqueous solution at pH 2.0. 

 

 

 

 

*m/z =16(O
+
) although exhibiting high relative intensity was ignored due to its 

excessive incorporation from environment.  

Ei=OCP
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Figure 5.32: MSCV plots for two consecutive potential scans (first: black dots, second: blue dots) showing 

hydrogen generation (m/z=1.99) on in-situ deposited Cu from 0.1M aqueous K2SO4 containing 1.0 mM 

CuSO4 at pH 2.0. 

Serial 

No. 

m/z (ion)
 

Relative Percent Intensity value 

Calibrated  Literature  

1 44 (CO2
+
) 100 100 

2 28 (CO
+
) 14±3 10.5 

3 22 (CO2
2+

) 1.08±0.05 3.0 

4 45 (
13

CO2
+
) 1.89±0.04 2.0 
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Figure 5.32 shows two MSCV scans for m/z=1.99 at Cu-sulf from a solution 

containing 1.0 mM CuSO4 and 0.1 M K2SO4 at a pH of 2.0 which indicates that reduction 

of H
+
 resulting in H2 evolution is favored on the rough high area surfaces [75]. Figures 

5.33 and 5.34 are the two-scan CV and MSCV plots for Ex-Cu-TU in SO4
2−

 and Cl
−
 

media. The CV shows no apparent loss in catalyst activity during second scan when 

compared with the results for bulk Cu given in Figure 5.25 which may be due to far 

greater surface area of the Ex-Cu-TU than that of the Cu disc electrode. In spite of the 

above observation, in the MSCV plots comparatively lower ion current decay for CO2 

(Ii(m/z=44) decay) was observed during the second scan indicating catalytic inhibition. On 

the other hand both the CV and MSCV plots for Cu-sulf and Cu-Cl clearly indicate 

increased values of Faradic current (IF) and the Ii(m/z=44) decay during the second potential 

scan as shown in Figures 5.35 and 5.36, respectively. 
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Figure 5.33: (a) Cyclic voltammograms and (b) MSCV plots showing ion current (m/z =44) decay, for two 

consecutive scans (first: black dots, second: red dots) measured at 10 mV
.
s

-1 
on Ex-Cu-TU (equivalent to 

the bulk Cu catalyst) from CO2 saturated 0.1 M aqueous K2SO4 at pH 2.0. 
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Figure 5.34: (a) Cyclic voltammograms and (b) MSCV plots showing ion current (m/z = 44) decay, for 

two consecutive scans (first: black dots, second: red dots) measured at 10 mV
.
s

-1 
on Ex-Cu-TU (equivalent 

to the bulk Cu catalyst) from CO2 saturated 0.1 M aqueous KCl at pH 2.0. 
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Figure 5.35: (a) Cyclic voltammograms and (b) MSCV plots showing ion current (m/z = 44) decay, for 

two consecutive scans (first: black dots, second: red dots) measured at 10 mV
.
s

-1 
in-situ produced Cu-sulf 

from CO2 saturated 0.1 M aqueous K2SO4 containing 15 mM CuSO4 at pH 2.0. 
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Figure 5.36: (a) Cyclic voltammograms and (b) MSCV plots showing ion current (m/z = 44) decay, for 

two consecutive scans (first: black dots, second: red dots) measured at 10 mV
.
s

-1 
in-situ produced Cu-sulf 

from CO2 saturated 0.1 M aqueous KCl containing 15 mM CuCl2 at pH 2.1. 

 

Figure 5.37 shows four times more intense signal for CH3 (m/z= 15) than for 

CH3O (m/z= 31) illustrating formation of CH4 in addition to CH3OH hence pointing to 

almost complete reduction of CO2 on the in-situ produced electrocatalyst. Also in some 

previous work on CO2 reduction using Cu formation of CH4 besides C2H4 has been 

reported [76-78]. The results were qualitatively compared with those from ex-situ 

nucleated Cu on GCMf; quantitative analyses could not be done due to differences in the 

electrode surface areas for different experiments. Table 5.11 gives a comparative analysis 

of the activities of various catalyic surfaces investigated using data from consecutive 

MSCV scans. During the second scan, a decrease in electrode activity by ~14% was 

observed for the ex-situ Cu in both SO4
2−

 and Cl
−
 media indicating inhibition of the 

catalytic centers by CO2 reduction products/intermediates. While the in-situ catalyst was 

more active in the second scan due to generation of fresh active sites during the course of 

CRR; a relative increase in activity by 21 and 78 % was observed for Cu-sulf and Cu-Cl, 

respectively.  
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Figure 5.37: MSCV plots for two consecutive scans (first: solid line, second: broken line) during CO2 

electroreduction on in-situ deposited Cu-Cl from 0.1M aqueous KCl containing 15 mM CuCl2 at pH 2.1 

showing potential-dependent variation in ion currents for m/z values of: (a) 15, (b) 31, (c) 28, and (d) 44.  

 

Table 5.11: Efficiency of electrocatalysts for CO2 reduction determined from the ion current Ii (m/z =44) 

decay of two consecutive scans* using mass spectrometry coupled cyclic voltammetry. 

*in view of different surface areas of the employed catalysts, consecutive scans have been carried out to 

investigate site-inhibition during experiment for a meaningful comparison.  

a:  details in Table 5.2. 

b:  concentration of supporting electrolyte. 

Serial 

No. 

Electrocatalyst ID
a 

Ii (m/z =44) decay 

/ 10
-9
×A 

Ratio   

Ii (scan 2)/ Ii(scan 1) 

 Scan 1 Scan 2 

1 Ex-Cu-TU (0.1 M K2SO4
)b

 2.33 2.03 0.87 

2 Ex-Cu-TU (0.1 M KCl)
b 

2.88 2.48 0.86 

3 Cu-sulf 3.79 4.60 1.21 

4 Cu-Cl 1.91 3.41 1.78 
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Figure 5.38: Ion current−time transients for m/z=44 on stepping the potential (vs. QRE) from −0.5 V to: 

(a) −1.0 V, (b) −1.4 V and (c) −1.8 V for CO2 reduction on Ex-Cu-TU from CO2 saturated 0.1 M aqueous 

KCl at pH 2.0 (signals start decaying at t0).   
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Figure 5.39: Ion current−time transients for m/z=44 on stepping the potential (vs. QRE) from +0.6 V to: 

(a) −1.0 V, (b) −1.2 V, (c) −1.4 V and (d) −1.8 V for CO2 reduction on in-situ produced Cu-Cl from CO2 

saturated 0.1 M aqueous KCl containing 15 mM CuCl2 at pH 2.0 (signals start decaying at t0).   
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The MSCA data were also employed to compare catalytic activities of the various 

catalysts by sequential application of more negative potential steps without conditioning 

before each measurement. The aim was to observe the inhibition/activation effect for the 

following applied Es by measuring the Ii(m/z=44) decay at each potential. In view of higher 

activity of the Cu-Cl during second CV scan, MSCA experiments were carried out for 

both ex-situ and in-situ Cu in the presence of Cl
− 

for comparison. Figures 5.38 and 5.39 

depict decay of Ii(m/z=44) at various applied Es relative to an initial value at the reference 

time t0; the comparison shows that at a given Es, relatively larger CO2 consumption is 

observed for in-situ Cu. However, for exclusion of the electrode area effect for each 

electrocatalyst the Ii(m/z=44) decay was calculated relative to its value at  Es= −1.0 V. Table 

5.12 presents these results for both the catalysts demonstrating that the catalytic activity 

for Cu-Cl is almost twice that of Ex-Cu-TU.  

 

Table 5.12: Efficiency of electrocatalysts for CO2 reduction determined from the ion current Ii (m/z =44) 

decay at various step potentials (Es) using mass spectrometry coupled chronoamperometry. 

 

Although a full quantitative analysis for the in-situ and ex-situ catalysts based on 

experimental fragmentation patterns [79] could be more useful, calculation of current 

efficiency for various CRR products would necessitate more extensive calibration 

experiments for all the expected products so as to determine transfer efficiency of a given 

compound to the MS compartment as well as its fragmentation pattern. However, the 

results of Table 5.12 can be of great importance as they provide relative efficiency of the 

investigated electrocatalytic surfaces, still a reasonable basis for further investigations. 

Serial 

No. 

−−−−Es vs. QRE  

/ V 

Ii (m/z =44) decay 

/ 10
-9
×A  

Ii (Es) / Ii (Es= −−−−1.0 V) 

 

Ex-Cu-TU Cu-Cl Ex-Cu-TU Cu-Cl 

1 1.0 0.59 0.45 1.00 1.00 

2 1.2 --- 1.63 --- 3.62 

3 1.4 1.38 2.58 2.34 5.73 

4 1.8 2.51 3.57 4.25 7.93 
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5.4 Summary  

Electrochemical nucleation of Cu on GCE from solutions containing sulfate or 

chloride anions was studied by CV, CA and linear sweep voltammetry experiments using 

the RDE. Data analyses confirmed different modes of Cu deposition and anodic 

dissolution in the presence of the two anions. Increase of Cl
−
 concentration in solutions 

reduced the overpotential for Cu(I) formation while shifted it to a more negative value for 

the Cu deposition. The Cu nucleation mechanism investigated using CA in the presence 

of SO4
2− 

and subsequent fitting of the rising part of reduced current transients to the 

Scharifker–Hills models have suggested that the process takes place instantaneously. 

However, the discrepancy between the model and experimentally observed reduced 

current transients in the decaying part can be better explained on the basis of the 

elaborated morphological features of the Cu nanostructures. The corresponding electrode 

examined by FESEM exhibited formation of Cu nano-dendrites which contrast the simple 

hemispherical growth model in the Scharifker-Hills expressions.  

The parameters of Cu nucleation on GCE from both SO4
2− 

and Cl
−
 media were 

employed in deciding more appropriate electro-catalysts for the CO2 reduction. In this 

regard CV and linear sweep voltammetry on RDE were employed to study kinetics of the 

CRR using bulk and in-situ produced Cu. It has been found that only few mM Cu(II) is 

capable of producing catalytic sites with far greater activity and enhanced durability. 

Moreover, the experiments have demonstrated that in-situ Cu centers produced in the 

presence of Cl
− 

are more efficient than those from the SO4
2− 

medium. DEMS experiments 

provided information on the CRR products whereby the decay of Ii(m/z=44) was employed 

for comparison of electrocatalytic activity and durability confirming the results obtained 

from electrochemical techniques. The DEMS results clearly demonstrate formation of 

CH4 and CH3OH during the course of CRR on in-situ Cu centers produced in the 

presence of Cl
−
. However, partially reduced CO2 products such as HCOOH and HCOH 

could not be detected most likely due to lower diffusivity of these species in the setup 

employed for the DEMS experiments.  
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CHAPTER 6 

      

Conclusions  

 

6.1 Cu Nanoparticles 

i. Stable Cu NPs of ≤10 nm diameter could not be synthesized in an aqueous single 

phase reaction even using various protocols; only CTAB stabilized NPs exhibited 

stability but their size was over 30 nm. 

ii. The two-phase synthesis in toluene employing alkylamines as stabilizers resulted in 

the formation of Cu NPs but these were unstable and their presence in the organosol 

could not be detected after 48 hours. 

6.2 NPs of Cu Stabilized by Au Matrix: AuxCu1-x Nanoalloys 

i. To impart stability the Cu, NPs were synthesized in an inert matrix of Au. Stable 

AuxCu1-x NPs (x >0) could be synthesized in the aqueous phase employing again 

CTAB as stabilizer while using hydrazinium sulphate and NaBH4 as reductants; this 

could be achieved through both the sequential and co-reduction methods. However, 

the NPs were not in the desired size range (≤10 nm). 
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ii. A two-phase approach using toluene along with TOAB as phase transfer agent 

proved successful in producing stable NAs of ~10 nm. Although thiol stabilization 

resulted in mono-dispersed AuxCu1-x NPs of ~3 nm diameter but the reported strong 

S-attachment at the NAs surface would probably reduce their electrocatalytic 

efficiency.  

iii. As an alternative, alkylamines (C12N and C16N) were used as dual-function ligands 

acting both as phase transfer agents and stabilizers. This approach proved 

successful. The amine-stabilized NAs were prepared by both sequential and co-

reduction methods. This method gave ~10 nm particles that displayed long-term 

stability. 

iv. A remarkable characteristic of the amine-stabilized NAs was the indication of a 

surface segregation of Cu resulting in an enrichment of surface sites covered by Cu 

atoms; this finding could be substantiated using various characterization techniques.  

v. The interaction of amines with Au and Cu surfaces was investigated by 

ellipsometry and XPS. Ellipsometry demonstrated the strong bonding of amines on 

Au leading to the formation of Self Assembled Monolayers. XPS gave some 

evidence for the formation of surface species involving the nitride functionality, 

although further work is required to establish the chemical nature of the N-Au bond. 

These features were absent in the case of Cu although strong adsorption of amines 

was established form the XPS results. 

6.3 Electrochemical Synthesis of Cu Nanoparticles 

i. Regarding the synthesis of pure Cu particles, nano-structures were prepared by 

electrochemical methods without involving any stabilizer which resulted in the 

formation of Cu nano-dendrites comprising ~10 nm NPs and having very large 

surface area.  
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6.4 Electrocatalysis for the CO2 Reduction 

i. The nano-dendrites, produced using just 1 mM Cu(II) in the presence of SO4
2−

 or 

Cl
−
, when employed as in-situ catalyst for the CO2 reduction exhibited higher 

activity as well as durability compared with that of bulk Cu. Moreover, continued 

generation of fresh sites using in-situ Cu imparts much higher durability for CO2 

reduction as compared to bulk Cu that is readily subjected to inhibition. 

ii. Activity of the in-situ Cu centers was greater in Cl
−
 medium due to the additional 

role of the Cl
−
-stabilized Cu(I) centers as catalytic sites. A doublet peak for the 

anodic dissolution of Cu has been explained from interaction of Cu(I) with CO, a 

reduction intermediate in CRR.  

iii. Online characterization of the CRR products through DEMS studies have provided 

evidence for the formation of CH3OH and CH4 which being products of interest in 

the area of alternate fuels.  
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The synthesis of AuxCu(1�x) nanoalloys (NAs) by a two-phase method employing amines acting

simultaneously as coordinating ligands, phase transfer agents as well as nanoparticle (NP) stabilisers, is

presented. The value of x was varied between 0 and 1 and dodecylamine (DDA) and hexadecylamine

(HDA) were used as ligands. The nanoparticles were characterised by elemental analysis, UV-vis and

IR spectroscopies, X-ray diffraction (XRD), high resolution transmission electron microscopy

(HRTEM), scanning TEM (STEM) and X-ray photoelectron spectroscopy (XPS). Alloying with Au

imparts significant stability to Cu nanoparticles. Interestingly, some degree of surface segregation for

Cu in the synthesised AuxCu(1�x) NAs is revealed from the TEM analysis, contrary to expectations

based on previously calculated segregation energies. XRD analysis demonstrates a high degree of

crystallinity of the cores although the crystallite sizes obtained from the Scherrer equation are smaller

than TEMmeasurements. Amild heat treatment is sufficient to enhance the overall particle crystallinity

resulting in crystallite size estimates from XRD comparable to those obtained from TEM.
1 Introduction

There is currently extensive research in the preparation and

properties of alloys in the nanoscale to achieve fine tuning of

catalytic behaviour by changing composition, size and geom-

etry.1–3 Bimetallic systems have properties of great practical

importance, for example, for CO tolerant electrocatalysts in fuel

cells.4 AuCu alloys are currently attracting a great deal of interest

for catalytic applications.5 Cu is also an appropriate electrode

material for CO2 reduction to produce many products e.g.,

alcohols, acids and C-1 to C-5 hydrocarbons.6 It is, however,

readily oxidised and hence its use as an electrocatalyst presents

difficulties for preparing nanoparticulate electrodes. The aim of

the present work was to circumvent this problem by synthesising

stable NAs containing a reactive transition metal such as Cu

within an inert metal matrix, for instance, Au, since Au and Cu

are known to yield single phase solid solutions and ordered

phases over the whole composition range.7 An additional reason

for selecting the Au–Cu system was the interest in developing

materials that could exhibit bifunctionality for the electro-

chemical reduction of CO2.
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E-mail: d.j.schiffrin@liv.ac.uk
cNCESS, STFCDaresbury Laboratory,Warrington, Cheshire, WA4 4AD,
UK

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2jm31709e

10514 | J. Mater. Chem., 2012, 22, 10514–10524
Amines employed as stabilising ligands for nanoparticles

have recently received renewed attention for their use as

printable ‘‘inks’’ for photonic and electronic applications.8 An

important advantage of these materials over their thiol coun-

terparts are their processability, low cost, stability, lack of

toxicity and the very large variety of available compounds. For

the preparation of stable nanoalloys, the use of appropriate

ligands is essential to achieve stable nanoalloy formation. For

instance, Liz-Marzan et al. achieved the formation of nano-

alloys by the simultaneous reduction of metal ions employing

inogolite fibres that provided long term stability.9 Au–Cu

bimetallic NPs have been synthesised using polymers, surfac-

tants10 and recently, alkane thiols as stabilisers.11 In the present

work, a two phase synthesis was employed using alkylamines as

capping ligands. There are several examples of the use of

amines as stabilisers but most of the previous work employed

oleylamine both as stabiliser and reducing agent.12 In addition,

mixtures of oleylamine and oleic acid have been used to sta-

bilise the nanoalloy in the intermediate purification steps.13

Oleylamine is a weak reducing agent and it is difficult, there-

fore, to control the reduction conditions, which can result in

either large particle sizes12a,b or complex structures due to

successive reduction of the two metal ions.12c The need to

compensate for wide differences in reduction rates of the two

metals to yield bimetallic structures introduces an additional

synthetic complexity.12d–f

Leff et al.14 used dodecylamine (DDA) to prepare amine-

capped AuNPs but surprisingly, no XPSN 1s peak was observed

for the material prepared, probably due to displacement of the

attached amines by other more polar compounds in the reaction
This journal is ª The Royal Society of Chemistry 2012
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mixture. Kumar et al.15 used XPS to demonstrate that nitrogen

can indeed be bonded to Au NPs.

Yang et al. have employed amines as ligands in a comprehen-

sive investigation on the synthesis of a large variety of metals

nanoparticles and alloys.16–18 The synthetic protocol relied on

making transition metal ions sufficiently hydrophobic by coor-

dination to aliphatic amines to allow their transfer from an

ethanol-water mixture to toluene, followed by reduction. The

coordination of aliphatic amines to transition metal ions to allow

their incorporation in solvents of low dielectric permittivity for

subsequent reduction to the metal had been previously employed

successfully by Abbott et al. for the electrodeposition of transi-

tion metals from aromatic solvents (see ref. 19 and references

cited therein).

Other methods for the synthesis of amine capped nano-

particles have relied on the phase transfer of nanoparticles

prepared in aqueous solutions to organic solvents.20 For Cu

alloys, however, the difficulty with this approach is the lack of

stability of Cu NPs and its alloys in aqueous solutions and

therefore, a direct synthesis technique was followed in the present

work where nanoalloy formation and in situ capping was carried

out simultaneously. Thus, the strategy explored was to use

a common phase transfer extractant (either by coordination or ion-

pairing)21 for both alloy components that could also act as

a nanoparticle stabiliser in order to achieve the controlled

synthesis of stable Au–Cu nanoparticles.
2 Experimental section

AuxCu1�x nanoalloys (NAs) (x ¼ mol fraction of gold in the

material) were prepared by a two-phase synthesis procedure

using dodecylamine (DDA) and hexadecylamine (HDA) as both

phase transfer agents (PTA) and nanoparticle stabilisers. The

method involves the phase transfer of Cu(II) and Au(III) from an

aqueous phase to toluene using the aliphatic amines as extrac-

tants to produce hydrophobic complexes that transfer sponta-

neously to the organic phase. 10 mL of aqueous metal salt

solutions (CuNO3 and/or HAuCl4) containing a total of

0.30 mmol of metal ions with relative ratio of Au(III) to Cu(II)

determined by the value of x, were mixed with 50 mL of toluene

containing 2.5 mmol of DDA/HDA with gentle stirring to avoid

foam formation. Rapid transfer of the metal species could be

clearly observed by colouring and bleaching of the toluene and

aqueous phases, respectively. The organic phase was separated

and 10 mL (4.0 mmol) of 0.4 M aqueous NaBH4 was added with

vigorous stirring at room temperature and under argon. The

solution colour changed rapidly to reddish-brown indicating

reduction of the metal ions. Stirring was continued for one hour

and then the organosol containing the AuxCu1�x NPs was

washed repeatedly with water under Ar and rotavaporated to

a concentrated sol. The NPs were precipitated and washed twice

with ethanol before drying under vacuum. The final brownish

product was re-dissolved in toluene containing 10 mM hydrazine

in order to achieve mild reducing conditions for oxygen removal

during storage. Under these conditions, with the exception of

pure Cu NPs, all the materials prepared exhibited long-term

stability (several months) as established by UV-vis spectroscopy.

A slightly different procedure was followed for the Au0.86Cu0.14
sample employing a sequential reduction method as described in
This journal is ª The Royal Society of Chemistry 2012
the Supplementary Information. No significant difference in

properties was observed by changing the order of reduction of

the metal species. HAuCl4, CuSO4$5H2O, N2H4, NaBH4,

C12H25NH2, C6H5CH3 (all Aldrich chemicals), C16H33NH2

(Fluka), Cu(NO3)2$3H2O (Fisons) and C2H5OH (Fisher Scien-

tific) were used as received. Aqueous solutions were prepared

with Milli-Q� water (Millipore, 18.2 MU).

UV-visible spectra were recorded with a Perkin Elmer Lambda

25 UV-visible dual beam spectrometer in the 200–850 nm region

with 1 nm resolution. HRTEM and STEM electron microscopy

imaging was performed with a 300 kV JEOL 3010 and a 200 kV

aberration-corrector coupled 2100FCs microscopes having point

resolutions of 0.2 and 0.1 nm respectively. The latter was also

equipped with a hexa-pole aberration corrector and a high-angle

angular dark-field detector. For STEM imaging, the current

density was approximately 2.5 pA cm�2 while using condenser

aperture 3 and spot mode ‘‘8C’’. Samples were prepared by

evaporating under vacuum one drop of the dilute NA organosol

on lacey carbon 400 Mesh Ni grids. Lattice fringes in the

HRTEM images were indexed by fast Fourier transform (FFT)

analysis using Digital Micrograph (GMS Version 1.8.1; Gatan

Inc., Pleasanton, CA) software. The FFTs of HRTEM images

were further analysed employing ImageJ (Version 1.42q, NIH,

USA). The calculated d-spacing (inter-planar distance) values

obtained were compared with those calculated using the lattice

parameter (a) for Au, Cu (space group Fm3m), ordered Au3Cu,

AuCu3 (space group Pm3m) and ordered AuCu (space group

P4/mmm) lattices. These values are given in Tables S1 and S2 in

ESI†.22 Atomic distributions of the AuxCu1�x NPs were exam-

ined along with the lattice planes analysis from the STEM

images.

XRD measurements were carried out with a PANalytical

X’pert PRO Multi-Purpose Diffractometer (Co Ka1 radiation,

wavelength ¼ 0.1788965 nm). The elemental analysis of the NPs,

after digesting in aqua-regia, was carried out by inductively

coupled plasma-optical emission spectroscopy (ICP-OES)

employing a CIROS VISION spectrometer from SPECTRO

Analytical instruments Inc., Germany. A Carlo Erba Flash EA

1112 CHN analyzer that required solid samples was used for the

elemental analysis of the organic ligands attached to the nano-

particles. ATR-FTIR spectra were measured using a JASCO FT/

IR-4100 spectrometer and the spectra were averaged over

64 scans with a resolution of 4 cm�1. XP spectra were measured

with a Scienta ECSA300 spectrometer equipped with a high

power rotating anode monochromatic AlKa X-ray source (hn ¼
1486.7 eV). The binding energy (BE) values for all the peaks were

referenced to the C 1s signal (BE ¼ 285.0 eV).
3 Results and discussion

3.1 Nanoalloy synthesis

Fig. 1 shows a picture of the different stages of extraction and

reduction for the whole composition range with dodecylamine

(DDA) as the extractant. Some degree of emulsification of the

aqueous phase was observed (see Fig. 1) but this did not affect

the extraction efficiency, which was greater than 90% in all cases.

No significant difference was observed between DDA and HDA.

The method adopted differed in several aspects from that used by
J. Mater. Chem., 2012, 22, 10514–10524 | 10515



Fig. 1 Different steps in the two-phase synthesis of the AuxCu1�x NPs

using dodecylamine (DDA) as both phase transfer agent and stabiliser:

(a) transfer of metal species from the aqueous to the organic phase; (b)

separated organic phase before reduction exhibiting colour changes with

x (x values shown on the samples) and (c) reduction by BH4
� to produce

the NPs organosols.
Yang et al.;18 no difficulty was experienced in extracting Au(III)

and Cu(II) to toluene and therefore, the use of a co-solvent was

unnecessary. The extraction of the different metal ions can be

clearly seen and in particular, the intense blue colour of the

Cu(II)-amine complexes is in evidence. The difference in extrac-

tion behaviour is most likely related to differences in the prop-

erties of the coordination compound that can be formed with

DDA when CuSO4
21 or CuNO3 (present work) are used as the

source of metal ion in the aqueous solution. The anion plays an

important role in the type of complexes formed. For example,

Burkin23 showed that cupric sulfate bis-hexadecylamine is

insoluble in organic solvents and considering the similarities

between the HDA and DDA compounds, it is not surprising

therefore that extraction was not possible in the work of Yang

et al. without the use of a co-solvent18 Interestingly, the HDA

compound including a sulfate anion was soluble in a benzene-

ethanol mixture, which explains the differences in extraction

observed.23 The poor solubility is related to the presence of

a strongly hydrophilic anion in the complex that makes transfer

to toluene unlikely. In the present work, the more hydrophobic

single charged nitrate anion was employed resulting in the facile

extraction of Cu(II) observed.

Two main solvent extraction mechanisms for metals are rec-

ognised, metal ion coordination and ion-pairing.21 The intense

blue colour observed for the extracted Cu(II) sample clearly

indicates coordination by the amine. The formation of copper
10516 | J. Mater. Chem., 2012, 22, 10514–10524
complexes with amines is well documented. DDA leads to a 2 : 1

stoichiometry in the presence of chloride24 and to the same

stoichiometry for acetate in butylamine complexes.25 In these

cases, the anion acts as an additional ligand. When the poorly

coordinating nitrate anion is employed (similarly to that used in

the present work), an average amine:copper stoichiometry of 3.3

is observed, demonstrating the formation of equilibrium

mixtures containing tetramine and even of pentamine Cu(II)

complexes.26

Nitrogen ligand coordination compounds of Au(III) have not

been extensively studied. Ammonia complexes with a NH3:Au

stoichiometry of 4 were characterised by Bjerrum,27 but there is

very little information in the literature on the coordination

chemistry of Au(III) with n-alkylamines. The reaction of

n-butylamine with AuCl�4 leads to the formation of the corre-

sponding ClAu(I) imine, ClAuNH]R, by ligand displace-

ment,28 probably involving the formation of an ion-paired

intermediate. The complex chemistry of Au(III) is strongly

dependent on the environment as recently shown by Henao

et al.29 who demonstrated by EXAFS and UV-vis spectroscopy

that ligand exchange of a Cl atom in AuCl�4 by a NH2 moiety

present in an amino containing polymer can readily take place

in a confined microcavity environment. Binding of the –NH2

group in DDA to Au(III) was also inferred by Yang et al.18

from shifts in the N–H vibration bands in the 3100–3300 cm�1

region. No further information appears to be available for

coordination compounds involving DDA or HDA. However,

the fast extraction of HAuCl4 observed (Fig. 1) is most likely

due to ion-pair formation, as is well known when amines are

used as extractants of anionic species.21 Extraction is probably

followed by ligand exchange reaction in the toluene phase

(see above).

The atomic composition of the AuxCu1�x NPs determined

using the ICP-OES technique are given in Table S3.† The Cu

content was always lower than that expected from the initial

Au:Cu ratio and this difference was more marked with

decreasing x. This cannot be due to lower transfer efficiency to

the toluene phase since this was similar for both metal species.

The most likely reason is re-dissolution of Cu by oxidation

during the purification steps. Au0.8Cu0.2 NPs were also prepared

using a sequential reduction approach (see ESI†). This also led to

a similar loss of copper and therefore, the final NA composition

does not depend on the reduction sequence employed. In what

follows, the analysed (actual) values of x have been used.
3.2 UV-visible spectra

Fig. 2(a) shows the UV-Vis spectra of HDA-stabilised AuxCu1�x

NPs for different values of x. A surface plasmon resonance

(SPR) band characteristic of Au and Cu that shifted with

changing values of x can be observed. The appearance of a single

SPR band is clear indication that the synthesised materials are

nanoalloys and not merely a physical mixture of NPs of the two

constituent metals. A red shift of this band was observed with

increasing copper concentration (Fig. 2(b)) and a similar trend

was also observed for the DDA-stabilised AuxCu1�x NPs (data

not shown). Studies on binary NAs for other metals have also

reported similar dependence of the SPR band on alloy

composition.30
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Fig. 2 UV-Vis spectra (a) for the HDA-stabilised AuxCu1�x NPs sta-

bilised; the x values are indicated, and (b) dependence of the SPR peak

position on Au content (x value) for AuxCu1�x NPs.
Fig. 4 HRTEM images of DDA-capped Au nanoparticles. ‘‘A’’ and ‘‘B’’

exhibit fringe spacings of (0.243 � 0.008) and (0.211 � 0.003) nm,

respectively; FFT analyses of regions I and II are given in (a) and (b),

respectively.
3.3 TEM

Images for DDA capped Au and Au0.90Cu0.10 are shown in

Fig. 3(a) and 3(b). Well dispersed AuxCu1�x NPs were obtained

with a homogeneous size distribution for all Au–Cu samples.

Histograms (Fig. 3(c) and 3(d)) were obtained from size

measurements of at least one hundred particles. From the

Gaussian fitting of these histograms, a bi-modal size distribution

was observed for the Au sample (Fig. 3(c)).

An example of a HRTEM image for DDA-capped Au NPs is

shown in Fig. 4 revealing a multiple-twinned geometry. Regions

marked ‘A’ in the image exhibit an average lattice spacing of

(0.243 � 0.008) nm that agrees well with the spacing of (111)

lattice planes of Au crystals while some of the particles also

exhibited (100) diffraction planes as shown by the (0.211� 0.003)
Fig. 3 (a) TEM image of DDA capped Au nanoparticles; (b) the same but fo

distribution.

This journal is ª The Royal Society of Chemistry 2012
nm spacing of lattice planes in regions ‘B’. From the spacings and

angles between the crossed lattices it is noticeable that each

individual Au NP has different crystalline regions. Fig. 5(a)

presents the HRTEM image of a group of multi-twinned

Au0.90Cu0.10 NPs with a high-contrast core compared with the

near-surface regions. Similar differences in contrast have been

previously employed to analyse core-shell structures.16

The lattice fringes observed have d-spacings of approximately

(0.341 � 0.001) and (0.254 � 0.003) nm, which are close to those

of AuCu(001) and AuCu3(110) (Table S1†). The observation of a

Au-rich core in Fig. 5(a) is also evident from the STEM-HAADF

image shown in Fig. 5(b), which indicates the presence of Au3Cu
r Au0.90Cu0.10; (c) and (d) the corresponding histograms for particles size
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Fig. 5 (a) HRTEM images for the DDA-capped Au0.90Cu0.10 particles

showing the presence of lattices planes corresponding to AuCu(001) and

AuCu3(110)and (b) HAADF image of a single particle with the lattice

spacings of A, B and C regions given in respective FFTs (see text for

details).
in region A (towards the center) and of AuCu3 in the near-surface

regions B and C.

The representative STEM image shown in Fig. 5(b) indicates

formation of multi-domain NPs. Although slightly higher values

of lattice spacings than the corresponding calculated values

(Table S1†) were obtained from the FFT analysis for all the

assignments, the FFT analysis of region A (see inset to Fig. 5b)

shows lattice fringes at spacing of 0.288 and 0.240 nm corre-

sponding to (110) and (111) diffraction for Au3Cu, respectively,

while a d-spacing of 0.170 nm in region B indicates the presence

of AuCu3(210). Region C show diffraction planes with a spacing

of 0.270 nm, close to the value for AuCu3(110) indicating again

the presence of Cu-rich regions close to the surface.

Several geometries were observed for the nanoparticles syn-

thesised. Fig. 6 shows the aberration-corrected HAADF image

of DDA-capped Au0.86Cu0.14-sr NPs (sr denotes synthesis

procedure involving successive reduction of Cu and Au, (see

ESI†) along with a selected area image at high magnification

showing a six fold twinning geometry. Lattice fringes in regions

I and II (top right image in Fig. 6) with (0.175 � 0.002) and

(0.254 � 0.002) nm spacings illustrate that not only low-index

surfaces such as AuCu3 (110), but also some high-index surfaces

such as (210) are observed. This corresponds to either Au3Cu or

AuCu but since this reflection is weak for the former, the planes
Fig. 6 Aberration-corrected HAADF image of DDA-capped

Au0.86Cu0.14-sr particles. The twinning angles obtained from ImageJ are

shown. Lattice spacings in regions I and II in the magnified image (right

top) are included.
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probably correspond to AuCu(210). The formation of dodeca-

hedral Au NPs has been previously described and the

morphology of the particles synthesised depends critically on the

additives employed in the synthesis.31

Fig. 7 shows bright-field and HAADF STEM images of HDA-

capped Au0.84Cu0.16 NPs exhibiting various lattice fringes and

a twinned structure. The lattice fringes were indexed using

ImageJ software. Near-surface lattice planes clearly visible in

the bright field image have spacings of (0.179 � 0.003) and

(0.151 � 0.002) nm close to those of the (201) and (220) lattice

planes in AuCu, this indicates the likely Cu-rich region having

a composition greater than the average for the NPs. The spacings

determined for other regions in the HAADF image are described

in Fig. 7 and are close to the values for (110) and (111) planes

of Au3Cu.

A decahedral structure is observed in the STEM images e.g.,

Fig. 7, these five-fold twinned structures for Au NPs have been

previously observed.32 The twinning angle for the (110) planes

having spacing of (0.301 � 0.007) and (0.302 � 0.003) nm was

(77.5 � 0.5) deg, larger than the value of 72 deg expected for

a symmetric geometry. A higher angle may be due to a tilt of the

nanoparticle on the surface and consequent errors in its

measurement but the likely reasons for this difference, however,

are elastic anisotropy effects caused by inhomogeneous strain

distribution within the nanoparticles as discussed by Johnson

et al.33 In contrast with their work on pure gold in which particles

displayed a smaller twinning angle than predicted for a decahe-

dral geometry, the strain distribution in alloy nanoparticles is

expected to be quite different from that of pure Au due to the

inhomogeneous distribution of the alloying elements.

Examples of other HRTEM and STEM images of the

AuxCu1�x NAs are also given in the ESI,† Fig. S1 and S2. Bright

and aberration-corrected HAADF images of DDA-capped

Au0.83Cu0.17 NPs are shown in Fig. S1(a) and (b); the images

indicate Ostwald ripening occurring under high energy electron

beam irradiation whereby smaller NPs can be clearly seen being

incorporated into larger ones. The lattice spacing in regions A to

D (Fig. S1(c)) were very close, with values of (0.252 � 0.002),

(0.253� 0.008), (0.259� 0.006) and (0.253� 0.004) nm while the

d-spacing in region E was (0.23 � 0.01) nm; the larger error for

the spacing of region E is due to the lower resolution of these

planes. The d-spacing of AuCu (tetragonal structure) (110) and
Fig. 7 Bright field (a) and aberration-corrected HAADF (b) STEM

images of HDA-capped Au0.84Cu0.16 nanoparticles exhibiting various

lattice fringes and twinned structure at an angle of 77.5 � 0.5 deg; the

angle corresponds to five times twinning as shown.
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Fig. 8 XRD patterns for DDA-capped AuxCu1�x nanoparticles for

different copper contents. The x values, determined by elemental analysis

and the index for different reflections are indicated.
(111) lattice planes are 0.280 and 0.223 nm, respectively while

those for the AuCu3 ordered phase (primitive cubic) are 0.280

and 0.229 nm. Since the (110) reflection for AuCu3 is very weak,

it is more likely that this spacing corresponds to an ordered

AuCu alloy having a single (110) plane present as steps and

surrounded by (111) terraces; deviation from the calculated

values may be due to lattice contraction at the nanoscale. The

presence of various planes is also observable in Fig. S1(c)

resulting in the nanoparticles exhibiting cub-octahedral structure

as outlined on the right of Fig. S1(c). The identification of steps

on the surfaces of NPs by HRTEM imaging as described above

has been previously reported.34

The presence of fringes indicating some degree of Cu alloying

at the surface was further analysed by measuring the spacing of

fringes close to the nanoparticles edges of HRTEM and STEM

images. The average value from 21 measurements for different

particles was (0.28� 0.01) nm close to that expected for the (110)

orientation of Au3Cu or AuCu, again suggesting surface segre-

gation of Cu. This effect has not been previously observed for

Au–Cu nanomaterials.10,35 The apparent segregation of a Cu rich

phase to the nanoparticle surface is unexpected and at variance

with theoretical calculations for the Au–Cu system that predict

a preferential segregation of Cu to the core.23,24 Cu should be

preferentially present either in the subsurface or further in the

bulk, with surface segregation energy (DEseg) values of 0.34 or

0.17 eV per atom.36 A similar distribution of Cu in the clusters

(Au rich surface) has also been predicted for 55-atoms clusters

for which the calculated segregation energy for Cu was DEseg ¼
0.47 eV per atom.37 Surface enrichment by Au has also been

predicted from Monte Carlo simulations.38 Therefore, a prefer-

entially Au enriched surface composition would be expected, as

has been observed experimentally in previous studies for bulk

alloy surfaces in vacuum.39–41

The experimental observations depicted in Fig. 5 to 7 indicate,

however, the reverse trend but further HRTEM studies are

required to ascertain the formation of segregated structures. The

presence of adsorbates, e.g., stabilising amines or others,42 could

be responsible for this trend, in agreement with previous obser-

vations on the influence of adsorbates in determining surface

composition for bulk samples of Au–Cu alloys,43–45 but very

limited information is available in the case of clusters.46 TEM

imaging alone does not provide a definitive demonstration of

segregation effects in the near-surface regions and chemical

mapping techniques of individual AuxCu1�x NPs are required.47

Recent measurements of Angle Resolved XPS for bulk Au–Cu

alloys have demonstrated that the origin of the deviation from

theoretical predictions originates from oxygen adsorption that

leads to a radical change of Cu segregation to the surface, with

the corresponding decrease in Au surface concentration.43,48
Fig. 9 Deconvoluted XRD (111)–(200) peaks after background

correction for Au0.90Cu0.10 nanoparticles.
3.4 XRD

X-ray diffraction (XRD) measurements were carried out on the

entire series of the DDA-capped AuxCu1�x NPs (Fig. 8) for

determining composition and average crystallite size, the latter to

correlate with the results obtained from TEM. These measure-

ments confirmed the UV-vis results that the synthesised bime-

tallic particles were not merely a physical mixture of the pure

metal nanoparticles but alloy formation took place during
This journal is ª The Royal Society of Chemistry 2012
synthesis. The XRD patterns correspond to a fcc crystal struc-

ture showing the presence of (111), (200), (220) and (311)

reflections and a weak feature corresponding to the (222)

orientation. XRD peak positions for Au, Cu and their three

possible ordered phases were calculated for the Co-Ka source

employed (l ¼ 0.1788965 nm) using the corresponding literature

lattice constants22,49 and a collection of results are presented in

Table S4. The mean crystallite sizes, Dhkl, were calculated from

peak broadening for the various reflections using the Debye-

Scherrer formula (see ESI†)50 by deconvoluting the peaks using

Gaussian functions after making the corresponding baseline

correction (see ESI†).51 A representative deconvoluted (111)–

(200) reflection is given in Fig. 9. For determinations using the

integral breadth method, contributions from the (200) reflection

were subtracted from the total measured reflection of the region

while the (111) peak area was calculated using Origin software.51

Table 1 compares the sizes from TEM with those obtained from

both the FWHM and the integral breadth methods for the (111)

reflection. For the (220) and (311) reflections, the Dhkl values

were calculated employing only the FWHM method due to

uncertainties in the peak integration.
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Table 1 Comparison of particle size from TEM images and crystallite size (Dhkl) calculated fromXRD data using the Scherrer formula and the integral
breadth method; l(Co Ka) ¼ 0.1788965 nm

Sample Description TEM size/nm

Peak position in 2q/
degrees for Dhkl/nm determined

(111) (220) (311)

using (111) by by FWHM method

FWHM method
integral breadth
method using (220) using (311)a

Au0.83Cu0.17 10.3 45.22 77.54 93.94 3.3 3.1 2.1 3.2
Au0.86Cu0.14-sr 4.9 45.16 77.33 93.67 2.6 2.6 1.6 2.4
Au0.90Cu0.10 7.8 45.07 77.35 93.43 2.1 2.2 1.8 2.8
Au0.94Cu0.06 7.5 44.93 77.07 93.34 2.6 3.1 1.5 2.2

a The (311) and (222) reflections could not be reliably deconvoluted.

Fig. 10 Dependence of the lattice parameter (a) on composition (x) of

the synthesised AuxCu1�x nanoalloys. Data calculated from the (220)

(circles), and the (111) (squares) reflections.
The (111) reflection is the most intense diffraction signal and

provides the most reliable results as is evident from the similarity

in the Dhkl values calculated using both methods. The deconvo-

lution of the (311) reflection presented problems due to its

overlap with the (222) reflection but nevertheless, provided Dhkl

values in reasonable agreement with those determined from the

(111) reflection. The (200), (220) and (222) reflections were

weaker and gave smaller particle sizes (Table 1, ESI†); similar

differences have been recently reported for Au@Hg NAs.52 It is

to be noted that the XRD crystallite sizes, irrespective of the

reflection and calculation method employed, are smaller than the

NP sizes obtained from TEM. On the other hand, larger particle

sizes were obtained from XRD in previous studies.53

The origin of this discrepancy has been attributed to the fact

that XRD reflections are a volume average property and hence,

even a small proportion of large particles in the sample can

greatly influence the calculated sizes.53 TEM measures NP size

while diffraction is dependent on the coherent length of

the lattice being analysed. These two measurements are not

interchangeable for inhomogeneous materials and the smaller

apparent size of the nanoparticles determined is an indication

that the NPs are not homogenous. This can be due to the

multi-twinned structure of NPs or to an inhomogeneous metal

distribution in the particles as observed in a recent study for

Hg@Au NAs.52

The difference in crystallinity can be due to structural features,

for instance, when a crystalline core is surrounded by a partially

disordered shell.52 No evidence for the presence of crystalline

ordered phases Au3Cu, AuCu or AuCu3 was found in the XRD

patterns (Fig. 8, and Tables 1 and S4†). The above results could

indicate the presence of a Au-rich core with a well defined lattice

parameter since poorly structured surface regions would make

a smaller contribution to the XRD diffraction pattern.

Fig. 10 shows that the dependence of the lattice parameter on

composition for the (111) and (220) reflections follows Vegard’s

law,54 with a slope given by the difference between the lattice

parameters for Au and Cu, of 0.0464 nm.22 The slope observed

(0.025 � 0.003) nm is much lower than the expected value. This

discrepancy can result from the smaller values of a in the nano-

scale than those in the bulk due to lattice contraction.55

Assuming a spherical geometry, the latter can be estimated

from:41
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Da

a
0 ¼ a� a

0

a
0 ¼ � 1

1þ GD=g
(1)

a0 is the lattice constant for the NP, G and g are respectively the

shear module and surface energy of the pure metal and D is the

nanoparticle size. The dependence of the calculated lattice

parameters for Au and Cu on size is shown in Fig. S3.† The inset

to this figure demonstrates that for the particle sizes investigated

the value of a does not differ significantly between Au and Cu

when taking lattice contraction into account.55a,56 The values of

(va/vx)x¼0,1 at the extremes of the size range (4–10 nm)

are almost the same for the two metals and the average value of

(va/vx) calculated is (0.045 � 0.001) nm, very close to that

calculated for the bulk metals. It is concluded that lattice

contraction is not a significant contributor to the lower slope in

the Vegard plot.

Hence, the discrepancy in dimensions between XRD and TEM

could be due to compositional inhomogeneity of the NAs. The

XRD peaks shift to higher 2q values with increasing Cu content,

demonstrating that the composition of the crystalline regions of

the NAs is different from that determined for the overall sample

obtained from chemical analysis. The smaller than predicted 2q

values correspond to the presence of a smaller Cu content in

the regions contributing to the reflections, indicating that the

diffraction patterns observed are mainly determined by the

properties of a crystalline Au-rich region.
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Fig. 12 Dependence on annealing temperature of the average crystallite

dimensions (Dhkl) calculated from the (111) reflection for the sample in

Fig. 10 using the Scherrer formula. Note the similarity between the

limiting value observed in this figure (10 nm) and the average particle

diameter measured by TEM (10.3 nm).
To improve the crystalline structure of the nanoalloy, XRD

measurements were carried out for thermally treated

Au0.83Cu0.17 particles supported on Vulcan carbon (XC 72R) to

prevent particle aggregation during heating. The thermal treat-

ment was carried out under a 10%H2 in Ar mixture. The samples

were heated at 5 �C min�1 up to the final pre-set temperatures

(100, 200, 300 and 350 �C), kept at the final temperature for 3 h

and finally allowed to cool in the reducing atmosphere. XRD

patterns of the annealed samples are given in Fig. 11. The sample

treated at 100 �C exhibited an additional weak reflection assigned

to CuyO(110),57 which may be due to an increased crystallinity of

a surface oxide formed during the sample synthesis and purifi-

cation. The disappearance of this (110) feature after annealing at

higher temperatures is due to reduction of this oxide to Cu as

demonstrated by the appearance of a Cu(111) reflection after

annealing at 350 �C.
An overall peak shift to higher 2q values (decrease of a) was

observed after annealing at temperatures higher than 300 �C58

indicating the formation of a randomly mixed Au–Cu solid

solution. The dependence of Dhkl on annealing temperature

calculated from the (111) reflection is shown in Fig. 12. Dhkl

increases with temperature approaching a limiting value of

10 nm, which is very close to the NP size determined from TEM

(10.3 nm). This provides further evidence for the arguments

demonstrating that the correspondence between sizes determined

using TEM and XRD techniques depends on the degree of

crystallinity of the NPs.
3.5 Functional groups

The presence of amines as the capping ligand was confirmed

from elemental analysis. The mass percentage composition of the

nanoparticles stabilised with DDA was C ¼ 79.1 � 0.4 (77.8),

H ¼ 13.85 � 0.6 (14.6) and N ¼ 7.0 � 1.0 (7.6) while for HDA,

C ¼ 79.8 � 0.2 (79.7), H ¼ 14.4 � 0.5 (14.5) and N ¼ 5.9 �
0.4 (5.8); the calculated values are given in parentheses. The

surface coverage by amine was estimated from the metal to

N atomic ratio found by elemental analysis and assuming

a spherical geometry of the NPs. The average size was obtained
Fig. 11 Temperature dependence of the XRD of Au0.83Cu0.17 nano-

particles studied to confirm the presence of CuyO. Standard patterns for

pure Au and Cu are also provided for reference. Weak reflections

observed after annealing for CuyO and Cu are marked as (o) and (*)

respectively. The Au and Cu patterns are simulated for a CoKa (l ¼
1.789 �A) source using PowderCell software.

This journal is ª The Royal Society of Chemistry 2012
from the TEM images and a coverage of 2.5 � 10�12 mol cm�2

was calculated, which corresponds to an amine coverage close to

100% by considering the number of metal atoms on the

NP surface.59

The presence of amines bound to the NPs was also investigated

by ATR-FTIR spectroscopy. Fig. 13 shows the presence of CH3

and –CH2 stretching and bending frequencies characteristic of

the alkyl chains of the capping ligand. The vibrations at 2919 and

2851 cm�1 correspond to the anti-symmetric and symmetric CH2

stretch while the 1459 and 1366 cm�1 bands correspond to the

methyl asymmetric bending and the methylene wagging modes,

respectively.60 These results demonstrate the retention of the

structure of HDAwhen present as the capping ligand. The higher

wave number shifted vibration at 1640 cm�1 peak is assigned

to –NH bending hence showing the presence of bound nitrogen

at the surface of the NPs.61 Peaks in the range 3100–3350 and

921 cm�1 that correspond to nstr(–NH) and nwag(–NH) are not

observed, most likely due to surface selection rules of the bound

amine nitrogen.
Fig. 13 FTIR spectra of (a) HDA and (b) HDA-capped Au0.84Cu0.16
nanoparticles.
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3.6 X-ray photoelectron spectroscopy

High resolution XP spectra of the binary NAs were measured for

all compositions and no significant differences were observed for

the different samples. Typical high resolution N 1s, Au 4f and Cu

2p spectra for HDA-capped Au0.83Cu0.17 NPs are given in

Fig. 14. The N 1s signal deconvoluted after background

correction (Fig. 14(a)) shows the presence of two contributions,

at 399.8 (FWHM ¼ 2.6) and 401.3 (FWHM ¼ 2.0) eV corre-

sponding to the adsorbed free and protonated amine, respec-

tively,15,62 although other types of surface chemical bonding may
Fig. 14 Background subtracted XP spectra of HDA capped

Au0.83Cu0.17 nanoalloys for the (a) N 1s, (b) Au 4f and (c) Cu 2p regions.

The two contributions to the N 1s band are shown in (a).
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be present.46 The slight difference in the FWHM of these

two peaks is most likely related to differences in the chemical

environment (e.g. steps, edges) on the nanoparticles.

Fig. 14(b) shows the Au 4f doublet peaks with BE values of

84.2 (4f7/2) and 87.9 (4f5/2) eV, demonstrating the presence of Au0

(literature values: 84.0 and 87.6 eV, respectively).63 Fig. 14(c)

shows the Cu 2p doublet at BE values of 932.4 (2p3/2) and

952.1 (2p1/2) eV slightly lower than literature values of 932.7 and

952.9 eV.63 No shake-up satellites were observed indicating the

absence of an open shell structure such as that in Cu2+ having d9

character;64 this feature is different from that of an essentially

filled 3d sub-shell as in Cu0 and Cu+.65a Since the XP spectrum is

the same for Cu0 and Cu+, XPS measurements cannot establish

the presence or absence of metallic Cu or Cu2O.65a,b Quantitative

analysis for each element using the XPS results for various

amine-capped AuxCu1�x NAs was carried out and the Au:Cu

atomic ratios were in good agreement with those from elemental

analysis, with percentage deviation of (3 � 1)% in the values of x

between the two methods (Table S5†).

Information regarding nitrogen bonding to the metal(s)

remains masked in the main Au 4f and Cu 2p doublets, which

exhibited no further splitting probably because of low metal-

nitrogen electron transfer on bonding. From these measurements

it is not possible either to distinguish between amines bound to

Cu(0) (or indeed, to Cu(I)) or to Au. Both types of bonding are

likely to occur and it is not surprising, therefore, that full

coverage of the nanoparticles with amine was observed. These

results confirm the information derived from chemical analysis

and IR spectroscopy.
4 Conclusions

This work has demonstrated the use of a common nanoparticle

stabilising ligand, phase transfer and coordination reagent for

alloy components for the two-phase synthesis of NAs. Amines

were shown to fulfil these requirements for the rapid synthesis of

Au–Cu binary NAs. The use of Au as an inert alloying element

provides a remarkable stability to the otherwise unstable Cu

NPs. The core of the NAs appears to be composed of a crystal-

line Au-rich region, in contradiction to that expected from

calculations of segregation energies and previous experimental

work in vacuum, which indicated that the alloy surface should be

enriched in gold. Further work is required to obtain quantitative

information on surface segregation for Au–Cu alloy nano-

particles. These materials, with tuneable Au:Cu ratios, could find

use as bifunctional electrocatalysts.
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Supplementary Information 
Amines as dual function ligands in the two-phase synthesis of stable AuxCu(1-x) binary 
nanoalloys 

Nabiha Dilshad, M. Shahid Ansari, Graham Beamson and David J. Schiffrin 

Table S1. Inter-planar spacing values calculated for different orientations of the Au, Cu and 

relevant intermetallics; the lattice parameters employed are given in Table S2.   

Orientation  
Spacing/nm for

Aua Cua Au3Cub AuCu3
b AuCuc 

(100) --- --- 0.3965 0.3747 0.3964 
(001) --- --- --- --- 0.3677 
(110) --- --- 0.2804 0.2650 0.2803 
(011) --- --- --- --- 0.2696 
(111) 0.2355 0.2087 0.2289 0.2163 0.2229 
(200) 0.2039 0.1807 0.1982 0.1873 0.1982 
(002) --- --- --- --- 0.1838 
(210) --- --- 0.1773 0.1676 0.1773 
(201) --- --- --- --- 0.1745 
(220) 0.1442 0.1278 0.1402 0.1325 0.1402 
(311) 0.1230 0.1090 0.1196 0.1130 0.1186 
(222) 0.1177 0.1044 0.1145 0.1082 0.1115 
(400) 0.1020 0.0904 0.0991 0.0937 0.0991 
(331) 0.0936 0.0830 0.0910 0.0860 0.0906 
(420) 0.0912 0.0808 0.0887 0.0838 0.0886 
(422) 0.0833 0.0738 0.0809 0.0765 0.0798 

a: Face centred cubic structure (Fm3m) 
b: Primitive cubic structure (Pm3m) 
c: Tetragonal structure (P4/mmm) 

 
 
 
 
 
 
Table S2. Lattice constants for Au, Cu and their intermetallic alloys used in the above 

calculations 

Material Aua Au3Cub AuCub AuCu3
b Cua 

Lattice 
constant/nm 

0.408 0.3965 a=0.3964; 
b=0.3672 

0.3747 0.361 

(a) J. Emsley, The Elements, Clarendon Press, Oxford, 1989 
(b) Tables for Intermetallic Alloys, Naval Research Laboratory, Center for Computational Materials, USA 
(http://cst-www.nrl.navy.mil/lattice/alloys/) 
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Table S3: Elemental analysis results for C12N- and C16N-capped AuxCu1-x NPs. 

Capping 

agent 

Sample   x values CHN content /weight % 

expected measured C H N 

 

 

C12N 

Au0.5Cu0.5 0.50 0.83 78.7 13.5 7.8 

Au0.75Cu0.25 0.75 0.90 78.9 13.5 7.6 

Au0.8Cu0.2-sr* 0.80 0.86 79.1 13.9 7.0 

Au0.9Cu0.1 0.90 0.94 79.5 13.8 6.7 

 

C16N 

Au0.5Cu0.5 0.50 0.84 79.6 14.5 5.9 

Au0.75Cu0.25 0.75 0.92 80.3 14.1 5.6 

Au0.9Cu0.1 0.90 0.95 80.1 14.3 5.6 

* prepared by sequential reduction method; all others by co-reduction method. 

 
Table S4. Calculated values of 2θ (deg) for the most intense reflections for Au, Cu and 

alloys.  

Material/Reflection (001) (110) (111) (200) (220) (311) 

Au - - 44.65 52.03 76.67 93.33 

Au3Cu - - 46.00 53.64 79.30 96.87 

AuCu 28.16 37.22 47.31 53.65 - - 

AuCu3 - - 48.85 57.04 84.94 104.70 

Cu - - 50.76 59.32 88.83 110.31 

(Co K)=0.1788965 nm 
 
Equations used: 
Cubic  

 

Tetragonal (Only for AuCu, the rest of the materials have a cubic structure) 
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Table S5: Comparison of x value determined from XPS dataa and elemental analysis of AuxCu1-x NPs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

a: from Au 4f and Cu 2p peaks.  
 

Capping 

agent 

 

Sample  

x value determined by 

Elemental analysis XPS  
C

12
N

 
Au0.83Cu0.17 0.83 0.85 

Au0.90Cu0.10 0.90 0.90 

Au0.94Cu0.06 0.94 0.95 

Au1.0Cu0.0 1.00 1.00 

C
16

N
 

Au0.84Cu0.16 0.84 0.87 

Au0.92Cu0.08 0.92 0.96 

Au0.95Cu0.05 0.95 0.98 

Au1.0Cu0.0 1.00 1.00 
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Additional HRTEM Images 

 

Figure S1: Bright field (a) and dark field (b) images of C12N-capped Au083Cu0.17 nanoparticles exhibiting 
darker core than shell and (c) HRTEM image showing the presence of multi-twinned cub-octahedral structure 
with lattice spacing close to those of {111} and {110} planes of some Au-Cu alloy.  

 

Figure S2: Bright field (left) and HAADF (right) images of C12N-capped Au0.86Cu0.14-cs particles. The 
respective lattice spacing in regions A and B were found to be 0.2780.005 and 0.259 0.009 nm both of which 
are close to the spacing for (110) planes of Au-Cu alloys.   

10 nm10 nm10 nm10 nm10 nm10 nm 

5 nm 

 c) 
A

C 

E B D

0.259 

0.278 

A

B 
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Lattice contraction calculations 
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Figure S3: Dependence of the percentual lattice contraction relative to the bulk lattice parameter (% a/a) on 
size of the Au and Cu nanoparticles. 
 
 
Synthesis of Au0.8Cu0.2 by a sequential reduction approach. 

A sequential reduction approach described below was also employed to synthesise Au@Cu 

NPs (Cu protected by Au) for a single composition. The aim of this experiment was to see 

mutual distribution trends of the Au and Cu atoms in the NPs at equilibrium. The sequential 

reduction approach employed Cu seeds as cores onto which Au deposited. 

 

2mL aqueous solution containing 0.2 mmol of CuNO3 was added to 10 mL solution of (0.5 

mmol) dodecylamine (C12N) in toluene to achieve the transfer of Cu(II) to the organic phase. 

This was followed by the formation of Cu seeds after the addition with continuous stirring 

under argon of 2 mL aqueous 0.8 mmol NaBH4. Stirring was continued for one hour. The 

organic phase was collected and washed with deionised water to remove unreacted 

borohydride. 8 mL of aqueous 0.8 mmol AuCl4
 solution was phase transferred to 40 mL of 

toluene containing C12N (2.0 mmol) as the phase transfer reagent and the Au(III) containing 

organic solution was added with continuous stirring into the above Cu seed organosol kept 

under argon. Drop-wise addition of 8 mL aqueous hydrazine (containing 4.0 mmol) to the 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry
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above solution, accompanied with vigorous stirring for 3 hours, resulted in a slow reduction 

of Au(III) as indicated by darkening of the mixture. The resulting organosol was washed, 

concentrated and the nanoparticles were precipitated according to the procedure described for 

the other compositions. 

 
Calculation of particle size from XRD data 
The Scherrer equation: 

  (1) 

was used.   (in nm) is the wavelength of the X-rays,  (in radians) is the line broadening and 

B is the Bragg angle. K is the geometric factor/Scherrer constant whose value is 

approximately unity and depends on the shape of the crystallites.The line broadening can be 

determined either from the direct measurement of the Full Width at Half Maximum (FWHM) 

of the diffraction line after background correction or from the integral breadth of a diffraction 

peak obtained by dividing the peak area by the intensity of the corresponding reflection.1  The 

value of the geometric factor (K) is 0.9 for the former and 1.0 for the latter method.1  

 

The XRD peaks were fitted to Gaussians: 

2

2

( )

2
Cx x

wy Ae





 (2) 

A is the amplitude, xc is the position of the maximum and w is related to the value of the 

FWHM which for a Gaussian function is given by: 

 

2.3548FWHM w   (3) 

 

1. J. I. Langford and A. J. C. Wilson, J. Appl. Cryst. 1978, 11, 102. 
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