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ABSTRACT 

Four metal organic frameworks [Zn(3-bpmh)(1,4-bdc)]n, [Cd(3-bpmh)(1,4-bdc)]n 

[C8H10CdO7]n.4H2O and C15H17N2NiO8 (Ni-BTC) were synthesized and characterized. 

N-doped nanostructured porous carbon materials coded as PCN920 and PCN900 were 

obtained through the thermal treatment of two frameworks  [Zn(3-bpmh)(1,4-bdc)]n and 

[Cd(3-bpmh)(1,4-bdc)]n, respectively under argon gas environment, while the third 

compound [C8H10CdO7]n.4H2O had produced porous carbon material (PC900) through 

the same heating process as described earlier. The thermal evaporation of Zn metal 

yielded impressively high surface area carbon (PCN920), which is found to be 1171 m
2
g

-

1
, while Cd metal elimination from [Cd(3-bpmh)(1,4-bdc)]n and [C8H10CdO7]n.4H2O had 

generated relatively low surface area carbon i.e. 407 m
2
g 

-1
 for PCN900 and 877 m

2
g 

-1
 

for PC900. The derived carbon materials PCN920, PCN900 and PC900 had been utilized 

for the synthesis of bimetallic composites with 10% Pt and 5% second metal (Ni, Cu, Er) 

through polyol reduction procedure. The bimetallic composites synthesized from 

PCN920 are coded as Pt-Ni@PCN920, Pt-Cu@PCN920 and Pt-Er@PCN920, while that 

were prepared from PCN900 are coded as Pt-Er@PCN900 and Pt-Ni@PCN900 and Pt-

Cu@PCN900. The PC900 used as support to prepare composites are Pt-Er@PC900 and 

Pt-Ni@PC900 and Pt-Cu@PC900.  

The layered cadmium framework [C8H10CdO7]n.4H2O was synthesized in crystal form 

and characterized through single crystal X-ray analysis. The infrared spectroscopy (IR), 

UV-Vis spectroscopy and terahertz time-domain spectroscopy (THz TDS) were 

performed for cadmium metal organic framework. The computational investigations of 

the framework were performed at B3LYP/LANL2DZ level in gas phase to support our 

experimental results. The terahertz time domain spectroscopy of [C8H10CdO7]n.4H2O was 

performed and its refractive index along with absorption coefficient in 0.2-1.3 THz range 



 

 

x 

 

were calculated. The Nonlinear optical properties analysis reveals that the first static 

hyperpolarizability of [C8H10CdO7]n.4H2O is 38 times greater than that of urea. 

All the composites have been characterized through PXRD, FTIR, RAMAN, BET, XPS, 

ICP, CHNS/O, EDX, SEM and TEM. The composites Pt-Ni@PCN920, Pt-

Cu@PCN920, Pt-Er@PCN920, Pt-Er@PCN900, Pt-Ni@PCN900 and Pt-Cu@PCN900 

were analyzed for three important electrocatalytic reactions oxygen evolution (OER), 

hydrogen evolution (HER) and oxygen reduction reactions (ORR), while Pt-Er@PC900, 

Pt-Ni@PC900 and Pt-Ni@PC900 were used as electrocatalysts to perform HER and 

ORR. 

The performance of Pt-Ni@PCN920 is found to be better than Pt-Er@PCN920 and Pt-

Cu@PCN920 having the same substrate PCN920. Secondly, Pt-Er@PCN900 showed 

excellent performance for HER, OER and ORR than Pt-Ni@PCN900 and Pt-

Cu@PCN900. The durability and stability of Pt-Er@PCN900 was marvelous. Thirdly, 

the performance of Pt-Er@PC900 was superb than Pt-Ni@PC900 and Pt-Cu@PC900. 

The Nickel metal organic framework, graphene oxide (GO) and their composites Ni-

BTC@GO(1%), Ni-BTC@GO(2%), Ni-BTC@GO(3%), Ni-BTC@GO(4%) and Ni-

BTC@GO(8%) were synthesized, characterized and used as adsorbents for 

denitrogenation of synthesized model fuel. The porosity of the composite was enhanced 

by adding GO as compared to pristine Ni-MOF. The composite material with enhanced 

porosity and high surface area was used as adsorbent to remove indole, pyridine and 

quinoline from synthesized model fuel. The adsorption results showed profound increase 

in the adsorption capacity of the Ni-MOF@GO composite as compared to the pristine 

MOF. The composites also showed good regenerative ability and reusability.    
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CHAPTER-1 

INTRODUCTION 

1.1. Porous Solids 

The materials with porosity and ordered structure are very important owing to the 

various functionalities. The porosity of the material depends upon the pore size. The 

material having pores with size less than 2 nm are regarded as microporous material 
[1]

 

and the solids that contain pores between 2-50 nm are termed as mesoporous 

materials. The third class of material which contain pore diameter greater than 50 nm 

is named as macroporous material. 
[2]

 Zeolites are composed of aluminosilicate with 

the speciality of highly ordered crystalline material that is justified in the category of 

microporous materials. 
[3]

 

Almost two decades ago a versatile category of porous material was disclosed named 

as metal organic frameworks (MOFs). MOFs are organic and inorganic hybrids where 

by varying the functional groups of organic moiety different types of architectures can 

be made. MOFs correspond to excellent porous crystalline solids with good ordered 

porosity and surface areas. In most cases, MOFs showed high thermal stability along 

with porosity even temperature greater than 300 °C. 

1.2. Overview of Metal Organic Frameworks  

Yaghi was the first person who introduced the term metal organic framework in 1995 

after knowing the fact of extended arrangement and highly ordered network developed 

by copper-4,4´-bipyridyl. MOFs belong to the general family of coordination polymer. 

The designation of coordination polymer appeared in the early 1960s much earlier 

than “MOF”. On comparing with coordination polymers, MOFs are particularly more 

ordered 2-D or 3-D supra-molecular networks with porosity. Due to crystalline and 

porous nature, MOFs are called porous coordination polymers (PCPs). The 

dimensionality of MOFs is contributed by metal ions; organic linker and organic 

moiety sometimes act as pillars. Different organic ligands depending upon their nature 

can act as electron donor for certain metal ion that can accept electron pairs due to the 

presence of vacant orbitals to design a metal organic framework. 
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1.3. Network Geometry of MOFs 

The network geometry of the metal organic framework is very important for the 

applications of framework. The metal coordination sites and versatility in the organic 

ligands decide the geometry of framework. New frameworks can be designed without 

disturbing the topology of MOFs by replacing the bridge or its functionalization. 
[4]

 

The organic ligands used for the preparation of MOFs have more than one binding 

sites to construct framework. The structural diversity of MOFs can be controlled 

through introducing versatile rigid ligands during synthesis. 
[5]

 

The applications and usefulness of MOFs are mainly depend on the selection of 

organic ligands, so, deep understanding of organic linker is useful for deciding the fate 

of MOFs. 
[5]

 The network formation heavily depend on the organic ligand selection, 

whether the ligand is flexible or rigid. The flexible ligand with different 

conformations causes to generate problems including unpredictable geometry. The 

rigid ligand played good role in producing robust framework. The rigid ligand like 4, 

4´-bipyridine restricts the free rotation of the electrons involved in the coordination 

and can be used as the back bone of the network. 
[6]

 The frameworks are mostly 

constructed from the rigid ligands in order to avoid structural problems of the 

network. The ligands with more than one coordination center are employed to 

construct frameworks, the hetero atoms like N and O are the active sites of attachment 

of ligand with metals. Some common examples of N-donor and O-donor ligands are 

given in Figure1.1. 

In most cases strength of the resulting frameworks depends upon the chelation of 

ligands with metal. 
[4]

 The nitrogen donor ligands 
[7]

  are mostly neutral linkers, so 

producing cationic framework, theses frameworks are utilized as anion exchange 

process from anionic reported zeolites. The other important benefit of these ligands is 

that they present diverse structural characteristics.  
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Figure 1.1. Some  common ligands used in the synthesis of MOFs. 

1.4.     Hydrogen Storage 

The improvements of hydrogen-energized vehicles demand the novel potential 

material that has the characteristics including the hydrogen storage at low pressure, 

relatively high temperature, and good ordered porosity and have ability to recharging 

with fast kinetics. 
[8]

 The prerequisites established by the energy department of United 

States for hydrogen storage system include the material capacity for hydrogen is 45g 

per liter, easy refueling in less than ten minutes, good reusability including 1000 times 

refueling and have the quality to function between -30 to 50 
º
C. The reported work 

claimed that MOFs are good potential material for the storage of hydrogen with 

respect to good weight volume ratio. 
[9,10]

 The ambient temperature storage of 

hydrogen on MOFs requires enhancing the binding energy within MOFs system. The 

required binding energy is 20 kJ/mol. 
[11]

 The MOFs materials that have to use as 

adsorbents for hydrogen gas must be designed by considering the fact that charge 

induced dipole interactions are favored over strong orbital interactions. The generation 

potentially active sites on the framework surface will result in the increase adsorption 

enthalpy for hydrogen gas. 
[12]

  MOFs that contain pores with greater diameter could 
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not be used as hydrogen storage material due to ineffective chemistry of the surface. 

So, MOFs that contain surface pores having greater diameter than the kinetic diameter 

of hydrogen gas particles are not the part of hydrogen storage system. 
[13]

 

In the recent literature, the capability of MOF-5 for the adsorption of hydrogen at 

ambient temperature was improved by embedding nanoparticles of platinum on MOF-

5 (Figure 1.2). 
[14]

 In these experiments hydrogen gas storage was measured and 

compared on pristine MOF-5, MOF-5 surface with Pt nanoparticles (Pt@MOF-5) and 

Pt-CB@MOF-5 (CB; carbon black) on microbalance loaded with magnetic suspension 

under conditions that are defined as 0.1 gram adsorbent material with pressure 0 to 

100 bar of hydrogen for 10 minutes at 298 K. It was found that the hydrogen storage 

capacity of Pt-CB@MOF-5 (0.62 wt. %) (Re-addressed in graph as 4Pt/MOF-5 shown 

in Figure 1.2) was good in comparison with MOF-5 through 41%. It was also claimed 

that Pt-CB@MOF-5 showed good hydrostability for pre-defined conditions.  

 

Figure 1.2. Hydrogen storage capacities of MOF-5 and fabricated hybrids at 25°C.  

1.5. Derivation of Various Structures from MOFs 

The MOFs can also be used as sacrificial material to produce micro as well as 

mesoporous nanostructured material that work better for electrochemical energy 

application comparative to pristine MOFs. 
[15]

 There are many reports published on 
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the electrochemical energy storage ability of nanostructured materials derived from 

MOFs. 
[16,17]

 Due to inherent order and porosity, well defined nanostructured materials 

can be derived from the pyrolysis of MOFs at different temperatures under different 

conditions that are utilized on laboratory and industrial applications. 
[18,19]

 The 

different types of functional compounds including porous nano sized carbon material, 

[20]
 metal oxides, 

[21]
 hybrid comprising metal, metal oxide supported at nano carbon 

material 
[22]

 and nano sized particle festooned frameworks 
[23]

 had been produced 

through sacrificial pyrolysis process of MOFs. The metal oxides (MO) generated 

through carbonization of MOFs under controlled environment having the advantage of 

high surface areas are much more beneficial for electrochemical applications 

including batteries and supercapacitors. 
[24]

 

1.6. Carbon-based Nanomaterials 

Owing to potential inherited properties like large BET surface area, heteroatom 

functionalization and tunable ordered porosity the carbon based nanomaterials are 

used as catalysts in chemical technology based energy utilization applications. In 

recent years through sacrificial process metal-organic frameworks (MOFs) had been 

used to prepare carbon based nanomaterials with the benefit including abundance 

metal-organic species, different compositions of carbon with heteroatom, large surface 

area, excellent tunability and greater pore volumes compared to other carbon materials 

obtained through other sources. The unique easily tuned surface parameters like 

hierarchical porosity and catalytic process supportive morphology along with 

heteroatom functionalization for nanomaterials derived from MOFs proved to be 

special than the other carbon-based catalysts.   

1.7. Catalysis  

The species that enhances the speed of the reaction through altering the reaction path 

or lowering the energy of activation without being consumed are called catalysts. 
[25]

 

During last decade the porous carbon nanomaterials have been excessively utilized as 

catalysts and supports for catalyst. The technical grounds for selectivity of these 

materials are listed as below 
[26-30]

; 

1) Supportive surface chemistry that include good porosity and surface 

morphology 
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2) Outstanding electrochemical durability and stability  

3) Excellent electrical and thermal conductivity 

4) Structural diversity 

5) Relatively low cost preparation 

The inert atmosphere environment thermal processes on organic species produce 

nonporous carbon and N-doped carbon materials. 
[31-33]

 These porous carbon materials 

despite of good porosity, high surface area and excellent performance over the 

activated carbon present failure to find order and interconnectivity in their pores that 

reduces their utilization in some specific area.  

The hard 
[34-36]

 and soft 
[15,37-40]

 template methods are normally used to produce good 

ordered porous carbon material through pyrolysis and decomposition procedures 

respectively. The hard template procedures produces good ordered porous carbon 

material with micro, meso and macro pores but due to disadvantages (high cost, long 

time preparation process and not good for large scale level); this method is limited to 

its use. The soft template method is difficult to operate which require an organic 

template which would remain stable during complete carbonization process of the 

organic precursors.  

It has been proved recently that metal organic frameworks that are prepared from 

metal nodes and organic linkers with various functionalities are the superb candidates 

to be used as sacrificial templates for the provision of nanostructured carbon, 

metal/metal oxide embed carbon, heteroatom doped carbon thorough pyrolysis in inert 

atmosphere. 
[15,41]

 The novel MOF template method can be utilized as an alternative 

route to fabricate carbon nanomaterials rather than hard and soft template methods. 

The different conditions for the synthesis of carbon nanomaterials from metal organic 

framework templates are atmosphere under which thermolysis process occur, heating 

temperature, addition of extra material for functionalization and post synthetic 

modification. The carbon nanomaterials obtained from MOF template have been 

utilized in lithium batteries, super-capacitors, adsorbents, gas separation and catalysis. 

[42-47]
 The Figure 1.3 illustrates different applications for various types’ carbon 

nanomaterials.    
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Figure 1.3. Illustration for catalytic applications of carbon nanomaterials produced through 

pyrolysis from MOFs. 

1.7.1. Heteroatom Doped Carbon Derived from MOFs for Catalysis 

The porous carbon material had been excessively used in the electrocatalysis and 

heterogeneous catalysis as a metal free catalyst approach due to the existence of 

structural defect sites and versatile surface functionalities. 
[48,49]

 The presence of 

heteroatoms like B, F, P and N in carbon nanomaterials can be obtained through 

pyrolysis of metal organic frameworks which produce active catalytic sites in the 

material. 
[50,51]

 The catalytic activity mainly depend upon the which heteroatom is 

doped and which procedure has been adopted for doping, whether the doping is 

carried out by pyrolyzing of MOF that contained nitrogen rich ligand that is called in-

situ doping 
[52-54]

 or through post addition 
[55,56]

 of nitrogen containing species like 

urea, ammonia, nitric acid in the carbon nanomaterials. The in-situ nitrogen doping is 

preferred over post nitrogen doping because post N-doping only alter the surface 

properties but did not produce alteration in the bulk material, while, the in-situ 

nitrogen doping provided N-doped nano hybrids. The previous literature, showed that,  

MOFs contained nitrogen rich ligands had been pyrolyzed to get high surface area N-

doped functional carbon materials.  

The pyrolysis of metal organic framework was first claimed by Xu et al. where 

furfuryl alcohol had been included as a second precursor to the ZIF-8 to get N-doped 
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nano sized carbon material. 
[57]

 The second precursor produced the positive effect due 

to the increment in the BET (Figure 1.4) surface area reported as 3405 m
2
g

-1
 and pore 

volume 2.58 cm
3
g

-1 
rather than the pristine ZIF-8 with surface area 3184 m

2
g

-1
.   By 

following the scheme and procedures a lot of MOFs had been sacrificed to get N-

doped porous carbon. The Zinc and cadmium MOFs were mostly thermally 

decomposed for this purpose and produced carbonaceous material in this way from 

MOFs had been utilized for various applications like supercapacitors 
[17,18]

, CO2 

adsorption 
[58,59]

 and hydrogen storage 
[59,60]

. The metal organic framework derived 

carbon materials due to the presence of electronic rich catalyst sites have been proved 

to be the most potential candidates for replacing or reducing the content of costly 

noble metal catalyst.    

 

Figure 1.4. Functional nitrogen doped nano sized carbon material synthesis (schematic view) 

through ZIF-8 and furfuryl alcohol (FA) through carbonization. 

 

The metal free catalysis with N-doping porous carbon materials mainly utilized in 

ORR having the benefit of good electrochemical activity as well as long term 

durability. The N-doped carbon which was derived through carbonization process of 

ZIF-7 and glucose as a second precursor was first reported as catalyst without metal 

particles to perform ORR. (Figure 1.5(a)). 
[61]

 The glucose enhanced the degree of 
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graphitization that considered playing a supportive role to perform ORR. The onset 

and half-wave potential reported for N-doped carbon derived through pyrolysis of 

ZIF-7/glucose was 0.86 and 0.70 Volt vs. RHE. The electron count was near about 

3.68 at the potential 0.3 V near to that 20%Pt/C. N-doped nanoporous carbon obtained 

from ZIF-8/furfuryl alcohol with excellent surface area (3268 m
2
g

-1
) showed onset 

potential at 0.83 (V vs. RHE) for NC900. Hang et al. synthesized N-doped porous 

carbon with BET 973 m
2
g

-1
 from thermal treatment of ZIF-8 at 1000°C for 5h and 

reported it as metal free ORR catalyst (Figure 1.5(b)). 
[62]

 The ordered structure of 

MOF are supposed to play excellent character to fabricate nanostructured carbon with 

electrochemically active sites formation. The sp
3
 carbon dominant structures produced 

in the high surface area MOF derived carbon with N-Doping are responsible for mass 

transport that guarantee the good electrochemical activity. 
[57]

 Chung et al. produced 

highly porous carbon from polydopamine modified ZIF where sp
2
 carbon structures 

was observed to help mass transfer process and showed good electron conduction 

process comparative to sp
3
 carbon (Figure 1.6 (a) and (b)). 

[63]
 This carbon material 

performed superior ORR activity than commercial Pt catalyst.  

 

Figure 1.5. (a) N-doped carbon derived from ZIF-7/glucose as metal free catalyst for ORR. (b) 

Illustration for N-doped porous carbon synthesis from nanoscale ZIF-8 as self-scarifying 

template. 
 

The nanostructuring of carbon derived from MOF support electron transfer process by 

creating more active sites which in turn show good electrocatalytic activity. The ZIF-8 

nanofibers produced from hard template of tellurium nanowires that were sacrificed to 

get one dimensional carbon material (Figure 1.6(c)). 
[64]

 The carbon material obtained 

through pyrolysis of ZIF-8 tellurium template possessed diverse potential surface 

properties like hierarchical pores, complex network structures and high surface area as 
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compared to carbon material derived from bulk carbonization of ZIF-8 (Figure 

1.6(d)).  

N-doped carbon nanotubes (CNTs) with 1 D structure were also utilized as metal free 

catalyst for ORR. 
[65,66]

 The hybrid structures developed by CNTs and grapheme oxide 

were found to be most active ORR catalyst. 
[65]

 The utilization of MOF-5, urea used as 

e carbon source, nitrogen rich precursors and catalysts (to increase the degree of 

graphitization) are employed through different processes including carbonization and 

nitridation to get potential hybrid materials reported as hybrid of N-doped porous 

carbon and carbon nanotubes (NGPC/NCNTS) (Figure 1.6(e) and (f). 
[67]

 These 

NGPC/NCNTS showed excellent catalytic activity (durability, methanol tolerance, 

onset and halfwave potential) for ORR as compared to any other carbon material 

obtained as produced through pyrolysis of any other MOF. This hybrid material 

reported as an excellent replacement of noble metal catalyst for alkaline fuel cell. 

 

Figure 1.6. (a) Illustration for porous carbon showing similarity with alveoli of lungs. (b) TEM 

image at 100 nm for nanostructured carbon material. (c) Scheme for N-doped carbon 

nanostructured material along with ZIF-8 nanomaterial through tellurium nanowire-directed 

templating. (d) TEM image for nitrogen doped carbon material derived from ZIF-8. (e) Symbolic 

presentation for detailed view of conversion from framework to NGPC/NCNTs. (f) TEM image of 

NGPC/NCNTs-900 (annealed at 900 °C). 

 

The pyrolysis of metal organic frameworks with nitrogen rich ligand results in the 

incorporation of N-doped carbon. The nitrogen doping of carbon may result four types 

of nitrogen i.e. pyridinic, graphitic, pyrrolic, and oxidized N is shown in Figure 1.7. 

[68,69]
 All types of nitrogen are present in the N-doped carbon but their percentage ratio 
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vary depending upon the nitrogen carbon precursors. 
[70-72]

 The function of nitrogen 

type in N-doped carbon variegate for electrocatalytic activity of the material. The 

graphitic nitrogen is the quaternary nitrogen present in-plane sp
2
 hybrid system in 

which host carbon atom is replaced by the nitrogen atom. The three valence electrons 

are engaged in the covalent sigma bonding through sp
2
 hybridization with carbon 

atoms. The fourth 2pz un-hybridized electron is involved in π-bonding with carbon 

atoms, while the fifth electron is present in the conduction band which is responsible 

for the metallic behavior of the N-doped material. 
[73]

 In pyridinic nitrogen two sp
2
 

hybridized electrons form two covalent sigma bond with two C-atom and one e
-
 is 

contributed to the π electron system. The hybridized electron pair play critical role 

electrochemical catalysis. 
[74]

 Therefore quantity of pyridinic N is important for 

catalytic reactions. 
[75]

 The pyrrolic N is sp
3
 hybridized donates two 2p electrons in the 

π system. This nitrogen form two covalent sigma bonds with two carbon atoms and 

one covalent sigma bond with hydrogen atom generating five-fold ring system. 
[76]

 

The oxidic N is pyridinic oxide present in N-doped carbon. 
[77]

 

 

Figure 1.7. Illustration scheme for four different types of nitrogen in N-doped carbon. 

 

The pyridinic and graphitic N are the most important for electrocatalytic activity. 

Based on the findings from the recent literature, the fuel cell oxygen reduction 

reaction (ORR) is facilitated by the magnificently important catalytic sites produced 

through the presence of graphitic N and pyridinic N, while pyrrolic N and oxidic N 

appeared to render worthless contribution for ORR. 
[78-82]

 The electrocatalytic role of 

graphitic and pyridinic nitrogen in comparison is still under discussion. Jung et al. 

analyzed the various nitrogen species by utilizing density functional theory and found 

that edge site graphitic-N is the most advantageous for oxygen adsorption. 
[83]
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Nakamura et al. through careful calculation for model catalyst declared that pyridinic 

N boost electrocatalytic activity for ORR, So, pyridinic N in N-doped carbon are 

active sites for fuel cell ORR. 
[84]

 

1.7.2. Carbon-based Nanomaterials Derived from MOF as Catalyst Supports 

The character of support for catalyst to enhance its activity and durability is very vital. 

[85]
 Owing to the versatility including porosity, surface area, electrochemical stability, 

and good electrical conductivity of nanostructured carbon derived through highly 

ordered metal organic framework have been reported as a good functional support for 

precious metal nanoparticles and alloy of nanoparticle of metals to provide excellent 

electrocatalytic activity during electrochemical catalysis reactions. 
[86-90]

 These carbon 

supported electrocatalyst performed well in many electrocatalytic applications like 

hydrogen evolution reaction, direct methanol fuel cell, alkaline and acidic fuel cells, 

dehydrogenation process for hydrazine, oxidation of formic acid. 
[87-90]

 The palladium 

nano sized particles installed on carbon which was obtained through carbonization of 

ZIF-8 performed well for the conversion of 4-Hydroxy-3-methoxy-benzaldehyde to 

vanillin through heterogeneous catalysis at mild conditions (90°C, 0.2 MPa H2). 
[86]

 

The 100 percent conversion for the said reaction was achieved through major 

contribution of high surface area (2184 m
2
/g), good stability, high nitrogen content 

and hierarchical surface pores possessed by N-doped carbon which was produced 

through the single step thermolysis process of ZIF-8. The whole process is illustrated 

in the Figure 1.8. 

 

Figure 1.8. Scheme for the heterogeneous specific catalysis through nitrogen doped carbon 

material prepared from ZIF-8. 
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The core shell approach for the synthesis of bimetallic nanoparticles on porous carbon 

support is very useful for the synthesis of economically favorable catalyst. The cheap 

metal with low value of reduction potential act as core and the expensive metal like Pt 

or Pd is claimed to act as shell, because shell surface is to play major role for 

catalysis. The expensive metal is reduced and coated on cheap metal prior to cheap 

metal reduction according to the galvanization cell approach. The major role during 

catalysis is played by the surface of nanoparticles and active catalytic sites in the 

material; core shell approach is very positive approach to reduce the content of 

expensive metal. 
[91]

 Cobalt palladium nanoparticles deposited on nitrogen imbedded 

carbon (Co-Pd/NC) that was derived by the pyrolysis of ZIF-67 at 600°C in inert 

atmosphere was proved to be much better than MIL 101 for the hydrogenation of 

nitrobenzene (Figure 1.9). 
[91]

 

 

Figure 1.9. Symbolic view to demonstrate the fabrication process for Co@Pd/NC. 

1.8. Energy Production and Utilization 

Renewable resources of energy production for the utilization in electricity and 

transportation are preferred all over the world. The estimated production of electricity 

for the whole world with growth rate 2.5% per annum is 2520 GWavg. The estimated 

production of electricity all over the world is 2170 GWavg. The difference of power 
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between production and utilization is due to conversion and transmission losses. 

According to available statics the fossil fuel combustion provides 69% of cumulative 

energy generation while fissionable material in power plants provides 11.7 % of total. 

The power production through renewable resources including water, wind turbines 

and photovoltaics is 15.8%, 2.5% and 0.6 % of the total power for whole world. The 

other sources like geothermal, solar power etc. incorporate 1.4%. It is considered to 

avoid thermal consumption losses and to reduce the global warming the fossil fuel 

power plants must be replaced by the power plants with renewable sources. The 

electrochemical production of hydrogen and its utilization would be the solution to 

minimize environmental hazard produced by the burning of fossil fuel. 

The transport vehicles mostly use internal combustion engines with efficiency 25%. 

The internal combustion engines with grid electricity to wheels would increase the 

efficiency up to 80 %. The hydrogen gas used as fuel with the provision of “grid 

electricity to wheels” play most important role for the transportation sector. The car 

with fuel cell generated hydrogen coupled in connection to grid electricity to wheels 

has overall efficiency ~28%.   

1.9. Hydrogen Evolution Reaction (HER) 

HER proceed on cathode during electrocatalytic process for water splitting. HER is a 

two-electron exchange response with one synergist intermediate, and offers the 

possibility to deliver H2 gas. H2 gas is very important, environmental friendly and 

good efficient fuel, its direct use from fuel cell during acidic or basic water splitting 

process in electrochemical reaction is the most beneficiary. The hydrogen fuel can 

also be stored, transported and used in energy related devices. The chief requirement 

of electrochemical water splitting is the efficient and durable catalyst with less 

overpotential to carry out HER process smoothly. Pt is the ideal candidate that is used 

as catalyst to perform HER, but scarcity and economic problem is the hindrance of its 

use more frequently. It is necessary to search and design the HER catalyst that can 

replace Pt, for this purpose it is essential to understand the HER mechanism 

performed by the catalyst and important requirement including the surface 

morphology and structural characteristics of the good efficient catalyst. Various 

materials including sulfides, hybrids, and graphitic composites were studied in 
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literature that showed low value of overpotential for HER are very much comparable 

to commercial Pt. The cathodic reaction is written as 

              

The energy generated by the burring of hydrogen claim the fact that related to its 

energy density is the highest over the other fuel. The reaction for the burning of 

hydrogen is demonstrated as,  

  ( )   
 

 
  ( )      ( )               

It is obvious that 286 J energy is generated for one mole of H2 gas, which relates to 

energy density of 142 MJ/Kg at 700 bar pressure which is better than that of CH4 

(55.5 MJ/Kg at compressed state). The energy density of hydrogen is the highest 

among all other chemical fuels that are availed as power use. The fuel cell directly 

utilizes hydrogen as anode and causes to produce electrochemical reaction with the 

catalyst support. The generated protons are transferred to cathode by moving through 

electrolyte and electrons are transported to the external circuit that reaches to the 

cathode for reduction of protons and oxygen simultaneously to produce water. The 

electric power is generated in this way. The potential produced in this process is 1.229 

V, which is calculated by using Nernst equation (         ), where Gibbs free 

energy produced in the reaction i.e. ΔG = -237.1 kJ/mol. The great amount of energy 

with the production of water through hydrogen fuel cell is very efficient and 

environmental friendly. The utilization of this type fuel cell would result to produce 

hydrogen cars and power stations.  

1.10. Requirements for HER 

The good HER catalyst must be efficient, durable and economically favorable 

altogether. The important parameters to judge the HER performance are discussed 

here in details. 

1.10.1. Efficiency 

The electrocatalytic efficiency of the catalyst for HER is analyzed by two very 

important factors; one is exchange current density and other is Tafel slope. The 

exchange current density can be described as the current density at which the reaction 

is in equilibrium state i.e. the reaction between H
+
 and H2 is in equilibrium. The onset 
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potential (the initial potential at which electrocatalytic process starts) is described in 

various terms by different authors. Some authors claimed it as the potential to achieve 

the current density 1mAcm
-2

, while some other author defined onset potential as the 

potential needed to gain the current density 0.1 mAcm
-2

. The Tafel slope (mVdecade
-

1
) can be described as the voltage (mV) required to enhance current density by some 

defined magnitude (e.g. the voltage needed to change the current density from 0.1 

mAcm
-2

 to 1 mAcm
-2

). The good HER catalyst must show high current exchange 

density and low value of Tafel slope. 

1.10.2. Durability 

The standard tests of durability for HER are not established yet, although H2 fuel cell 

can be tested for well-defined testes of durability. Usually the durability of the catalyst 

is analyzed simply through linear sweep voltammetry and chronoamperometry testing.  

The advanced techniques to verify the durability of the catalyst is the electrochemical 

quartz crystal microbalance measurement for used electrolyte. The other technique is 

the inductively coupled plasma mass spectrometry of the used electrolyte also useful 

for the stability of electrocatalyst. The depletion of the catalyst layer on electrode by 

contamination is another problem that should be carefully addressed. 

1.10.3. Cost 

The all processing involved during the synthesis of the material for electrode and 

preparation of electrode decides the cost of the catalyst. The major part of the cost is 

decided by the chemicals and procedures involved in the synthesis of the material. The 

use of cheaper and abundant material works economically better than the expensive 

and non-abundant material. The synthetic techniques with ambient temperature and 

pressure would lower the cost than the techniques with high temperature and high 

vacuum equipment. The platinum works efficiently for both processes as excellent 

hydrogen evolution and for hydrogen oxidation reactions. Up till now it is 

unachievable to fabricate such catalyst that would show enhanced performance for 

HER than Pt.   
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1.11. Oxygen Evolution Reaction (OER) 

OER (                  ) is very famous half electrochemical water 

splitting process that is driven by the four electrons for one oxygen molecule. OER is 

the complicated reaction as compared to HER and is the major cause for the problems 

in the electrolyzer instruments. The commercial best OER catalysts used in present are 

the oxides of Iridium and Ruthenium metals for acidic media, scarcity, 

electrochemical instability and expensive cost of these oxides restrict their uses.
[92-95]

 

In alkaline media, transition metal oxides showed good OER activity. The search of 

highly efficient OER catalyst is mostly appreciated for the solution of this 

electrochemical mystery.     

1.12. Oxygen Reduction Reaction (ORR) 

ORR is advantageous for energy point of view. It is used in many power production 

devices including fuel cells and rechargeable batteries. The reaction pathway for ORR 

mostly involves four electron processes as shown in equation 1 for acidic medium. 

The other pathway involve the formation of reaction intermediate which is H2O2 

presented in the equation 2 and 3. The reactions presented in the equation 2 and 4 are 

incomplete.  

                                         (1)  

                     (2)  

                      (3) 

                   (4) 

The intermediate formed in the reaction can be detected as described in equation 5. 

                    (5) 

The ORR in basic conditions proceeds as given by the following equations 6-8. The 

single step with four electrons is demonstrated in equation 6, while two steps with two 

electrons proceed via equation 7 and 8 with reaction intermediate. 

                                              (6)   

                
                  (7)   

   
                             (8)  
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ORR is usually studied with rotation of electrode to indulge hydrodynamic parameters 

in the electrochemical reaction compartment. This procedure is adopted to gain 

maximum benefit of mass transfer at low electron current density due to very sluggish 

reaction kinetics. For this, rotating ring disk electrode (RRDE) is used as working 

electrode. In acidic media Pt based catalysts are good, but due to high cost, cheap 

metal catalysts and metal free catalysts are targets to commercialize the fuel cells. 

Alloying effect and heteroatom doping in carbon substrate with larger surface area are 

possible factors that can cause reduction in the Pt amount of catalyst.  

1.13. MOFs as Catalyst in Fuel Cells 

Polymer electrolyte membrane fuel cells (PEMFCs) are renowned as the energy 

production devices. The schematic presentation of fuel cell is presented in Figure 

1.10. These devices utilize fuel like methanol, ethanol and hydrogen to produce 

electricity through electrochemical reactions. The procedure of H2 fuel cells involves 

the oxidation of hydrogen gas at anode, which as a result produce water and electrons 

that flow towards cathode where these electrons are engaged in the ORR process.  

 
 
Figure 1.10. PEM Fuel cell components. 

 

The electrochemically vital catalytic sites (M–N–C) enhancement in the 

nanostructured material through pyrolysis of MOFs is used to replace platinum for 

ORR reaction. In literature, ORR activity of pristine MOFs with some transition 

metals like Cu 
[96]

, Fe 
[97]

 and Co have been monitored, but owing to problems like 

poor conduction of electrons and stability issues of electrode catalytic material, the 



 

 

19 

 

efficiency is too low as compared to commercial catalyst. In this regard, the first 

reported ORR activity on MOF was made after the high temperature activation of the 

cobalt imidazolate framework (CoIM).  (Figure 1.11). 
[98]

 Abundant Co–N moieties 

within the MOF i.e. the estimated  number of Co–N sites is 3.6×1021cm
-3

 in a single  

crystal of CoIM, these sites are enough to produce good catalytic activity of the 

thermally treated material. The thermal treatment sacrificed the structure but produced 

good BET surface area material along with the provision of some ordered porosity.  

The onset and halfwave potential for ORR in acidic medium was 0.83 and 0.68 V, 

which is very good and comparable with noble metal catalyst. (Figure 1.11(b)).  In 

case of iron imidazolate frameworks (FeIM) (Figure 1.11(c))  
[51]

 under same 

conditions like CoIM treatment the onset potential was found to be 0.84 V which is 

0.1 V more than the CoIM, 
[98]

 The FeIM based catalyst performed better activity as 

compared to CoIM derived catalyst which further increased by replacing iron with 

zinc in ZIF-8. According to the comparison made in Figure 1.11 (d) the FeIM/ZIF-8 

showed onset and halfwave potential 0.915 and 0.755 V respectively, which is 

excellent.   

 

Figure 1.11. Coordination eenvironment of CoIM around cobalt (grey, C; blue, N; turquoise, Co). 

(b) LSV curves for ORR of CoIM samples 
[98]

. (c) Coordination environment for FeIM 

frameworks (black, C; blue, N; brown, Co). (d) LSV curves for ORR to demonstrate the activity 

of different imidazolate samples. 
[51]

 

1.14. Environmental Pollutants 

The safe and secure environment is very necessary for all living things on earth. The 

environment is mainly polluted by the extensive use of fossil fuel. The major 
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pollutants of the environment on earth are the nitrogen containing compounds 

renowned as NCCs and sulfur containing compounds called as SCCs. These 

compounds when inhaled by living species produce very harmful disorders. Therefore, 

these NCCs and SCCs are regarded as the most toxic environmental pollutants. The 

presence of NCCs and SCCs in fossil fuel obtained from the crude oil is the alarming 

mark for its beneficial use. The petrochemical derived from fossil fuel produce oxides 

of sulfur and nitrogen along with carbon dioxide on burning. These sulfur and 

nitrogen oxides in environment contaminate water and air. The contamination results 

global warming and generate adverse effects on living organisms. These oxides also 

cause acid rain on reacting with water. The acid rain damages the manmade structures. 

[99]
 In addition NCCs and SCCs present in the form of fuel in diesel and petrol engines 

of vehicles poison the catalysts which is added to increase the octane number of fuel 

and decreases the working efficiency of the engine. 
[99]

 So, it is recommended that 

these toxic compounds in the form of NCCs and SCCs are to be removed from the 

fuel before its use. 

1.15. Nitrogen Containing Compounds (NCCs) in Fuel 

The NCCs present in fuel are categorized in two different groups. The first group is 

the six member cyclic compounds. These nucleophilic nature compounds are pyridine, 

quinoline, tetrahydroquinoline and acridines. The second group is five member 

hetrocyclic compounds are pyrrole indole and carbazole. Some derivatives of these 

aforementioned five and six member ring compounds are also the part of fossil fuel. 

The NOx are mainly produced by the burning of NCCs present in the fuel.   

1.16. Sulfur Containing Compounds (SCCs) in Fuel 

The petroleum chiefly contains SCCs. Different types of sulfur containing compounds 

like thiophene, dymethylbenzothiophene and Dibenzothiophene etc. are present in the 

fuel that is major cause SOx pollutants in the environment. The removal of these 

compounds from fuel is necessary before combustion of fuel for energy generation.  

1.17. World Health Organization Concern about NCCs and SCCs 

Adverse effects of pollutants produced from NCCs and SCCs on the environment 

constrained the world to consider this issue and unite to formulate principles for the 
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safety of the atmosphere and civilization. The world health organization devised the 

rules to limit NOx in the air. The limit for NOx emission during one hour should not 

exceed than 200 µgm
-3

. NCC poisons catalyst which is used to remove sulfur 

containing compounds during hydro-desulfurization process. 
[100,101]

 It is therefore 

recommended that NCCs should be removed before SCCs removal. The different 

techniques and different materials have been prepared that were used for the removal 

of SCCs and NCCs from fuel before its use for the production of energy. The 

microporous metal organic frameworks are among the latest adsorbents that are 

employed for desulfurization and denitrogenation process.   

1.18. Denitrogenation Procedures 

The well-established removal of sulfur containing compounds from fuel through 

different procedures have been reported in literature most efficiently and well 

managed processes are existed for SCCs removal. 
[102-104]

 The presence of nitrogen 

containing compounds showed great hindrance for the removal SSCs, the reason 

behind this restriction is that the NCCs distort the catalytic activity of 

Hydrodesulfurization (HDS) process by rendering competition with SCCs and 

blocking the catalytic active sites. Therefore NCCs removal is vital before catalytic 

removal of sulfur containing compounds. The literature findings methods for removal 

of NCCs hydrodenitrogenation (HDN) 
[105]

, acidic ion-exchange extraction 
[106]

, 

liquid–liquid extraction with carboxylic acid 
[107]

 and ADN. 

1.18.1. Hydrodenitrogenation 

Hydrodenitrogenation (HDN) process has been mainly employed method for NCCs 

from fuel. In this process, the fuel first undergoes hydrotreating through addition of 

hydrogen in the presence of catalyst. This process is explained as, all double bonds are 

hydrogenated first and then all rings containing nitrogen are broken, after this nitrogen 

is removed in the form of ammonia. This process is performed at high pressure and 

temperature, thus producing economic burden. HDN in comparison with HDS is 

expensive due to certain requirements which are elaborated as huge amount of 

Hydrogen is needed for hydrogenation because all rings should be destroyed before 

the removal of nitrogen as ammonia; others are temperature and pressure constraints.  
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1.18.2. Adsorptive Denitrogenation (ADN) 

Adsorptive denitrogenation (ADN) might be good that allow denitrogenation up to an 

ultra-low level. ADN heavily depend on the nature, efficiency and reusability of the 

adsorbents, so, to look for reasonable adsorbents is exceptionally vital. The primary 

prerequisites for successful adsorbents incorporate simple operation procedure, 

excellent porosity, regenerative ability and environmental feasibility.   

Various sorts of adsorbents have been utilized to evacuate NCCs present in petroleum. 

Adsorptive denitrogenation of fuel was carried out different types of adsorbents that 

include alumina, silica, carbon materials, zeolites, ion exchange resins and metal 

organic frameworks.  
[108-114]

  The most usual adsorbent for different materials is the 

activated carbon which had been utilized for the separation of various materials. 
[115]

 

The characteristic features like good reasonable surface area and surface 

functionalities are the reason for the selection of activated carbon as adsorbents.  

[100,111]
  The major issues associated with activated carbon are the characterization of 

structures, porosities and surface functionalities and subsequently, the post 

modification or tune the activated carbon is not easy according to the need of 

particular requirements. On the other hand, mesoporous silica, alumina and zeolites 

functions well under extraordinary conditions.  

Almarri et al. studied that the adsorption of NCCs on activated carbon depended to a 

great extent on the surface oxygen content of AC. With more accessible oxygen on the 

surface of AC causes to enhance the adsorption. 
[116]

 Lee et al. reported that  Si-Zr 

cogel  produced good results for NCCs rather than SCCs due to high selectivity for 

NCCs. 
[117]

 

Yang et al. elaborated the mechanism of adsorption and demonstrated that π-

complexation is the major cause to clarify fruitful ADN utilizing Cu(I)Y-zeolites. The 

theoretical density functional theory method for copper exchanged Y-Zeolites denoted 

as Cu(I)Y zeolites was employed to justify that these adsorbents are much more 

selective and favored from energetic point of view for neutral NCCs like quinoline, 

pyridine and acridines, it was also claimed that Cu((I)Y-zeolites proved to be good for 

NCCs than SCCs, So, Cu((I)Y-zeolites are potentially active for both denitrogenation 

as well as desulfurization. 
[118]
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1.19. Metal-organic Frameworks as Adsorbents 

Majority of metal organic frameworks in its pristine nature without going it to post 

synthetic modification have been used as adsorbents for denitrogenation of fuel. 
[119-

126]
 MOFs especially have been reported as good adsorbents for NCCs than SCCs due 

to exothermic and favorable coordination with NCCs illustrated in Figure 1.12. 
[126]

 

The pristine and surface modified MOFs along with their adsorption capacities and 

reaction conditions are given in Table 1.1. MIL-101 was first reported as adsorbent for 

ADN where its capacity was compared with other accessible adsorbents and it was 

found that MOF had shown high potential than other reported adsorbents. 
[127]

  The 

carbazole and indole was used as adsorbates, where it was found that satirically 

hindered carbazole did not showed good result as compared to indole, the total 

adsorption capacity was found to be 1.3 mmol per gram of MIL-101(Cr).  

 
 
Figure 1.12. Illustration for MOFs involved in adsorptive denitrogenation and desulfurization.   

Table 1.1.  Reported MOFs as adsorbents for eliminating NCCs. 

Adsorbents NCCs Model Fuel 

Composition 

Temperature Adsorption 

Capacity 

(mmolg
-1

) 

Literature 

MIL-100 

(chromium) 

Quinoline 

and indole 

Mixture of n-

C8H18 + p-

xylene 

25°C 3.5 
[124]

 

PWA-MIL-101 

(chromium) 

Quinoline 

and Indole 

Mixture of n-

C8H18 + p-

xylene 

25°C 3.4 [125]
 

GtO@MIL-101 Quinoline 

and Indole 

Mixture of n-

C8H18 + p-

xylene 

25°C 6.9 [121]
 

MIL-100 

(chromium) 
Pyridine n-C8H18  30°C/40°C/50°C 4.5/4.2/4.0 

[122]
 

Pyrrole n-C8H18  30°C/40°C/50°C 3.5/3.2/3.2 
[126]

 

Quinoline  n-C8H18  30°C/40°C/50°C 4.6/4.4/4.3 
[126]

 

Indole n-C8H18  30°C/40°C/50°C 3.5/3.4/3.3 
[126]
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Maes et al. described thorough investigation report for adsorptive denitrogenation on 

various metal organic frameworks, where in the results he declared that the MOFs 

pores are favorable for NCCs adsorption rather than SCCs. 
[128]

 The difference in the 

enthalpy change for indole (-50 kJ/mol) and thiophene (-8 kJ/mol) endorsed the 

argument of strong affinity for NCCs especially indole with MOFs rather than SCCs. 

The acid base and tempted coordination affinity along with van der waals forces are 

responsible for enhanced ADN on MOFs. 

Table 1.2. Influential elements relating to mechanism for enhancing adsorption on MOF based 

adsorbents. 

Compounds factors of mechanistic approach for ADN and ADS 

SCCs Acid-base, H-bond, Complexation, Porosity 

Neutral NCCs H-bond, π-Complexation, Porosity 

Basic NCCs Acid-base including coordination, H-bond, π-Complexation, Porosity 

1.20. Mechanism of Denitrogenation 

The different mechanisms reported for the adsorptive denitrogenation and 

desulfurization mainly are acid–base interactions, coordination bond formation, π-

complexation, hydrogen-bonding and van der Waals forces. The illustration 

demonstrated in Figure 1.13 shows the mechanistic approach of adsorption on MOFs. 

The Table 1.2 also demonstrates the priorities for adsorptive removal process. 

 

Figure 1.13. Illustration for the different adsorption mechanisms applied for ADS and ADN 

processes. 
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CHAPTER-2 

Materials and Measurements 

 

2.1. Materials 

The reagents utilized in this research project are pyridine-3-carbaldehyde, hydrazine 

hydrate, 1,4 benzene dicarboxylic acid, zinc nitrate hexahydrate, nickel acetate 

tetrahydrate, Nickle nitrate hexahydrate, erbium chloride hexahydrate, benzene-1,3,5-

tricarboxylic acid, hexachloroplatinic acid hexahydrate, nafion solution D-521, 

pyrindine, quinoline and indole. All these reagents were purchased from Sigma 

Aldrich. The solvents used are methanol of HPLC grade, dimethylsulfoxide (DMSO), 

double distilled water, acetone, toluene, n-octane, ethanol ethyl acetate and ethylene 

glycol. 

2.2. Measurements 

XRD measurements were performed on Bruker D-8 discover X-ray 

diffractometer, with copper Kα radiation (λ~0.15418 nm). The scanning 2θ 

range lie within 5 and 70° by using constant increase of 0.02° with 2° per 

minute scan speed. The simulated powder x-ray diffraction analysis of 

frameworks was performed by the utilization of Mercury 3.8 software. XPS 

analysis was carried out with Thermo Fisher Scientific instrument, USA 

(ESCALAB 250). Radiation source of Al Kα (200 eV for survey and 30 eV for 

high resolution scan energy), with spot size 500 µm and with power supply of 

150 W were used during measurements. Gas adsorption analysis was carried out 

using Autosorb iQ3 gas sorption analyzer (Quantachrome Instruments, USA). 

Prior to measurements each sample was degassed at 150 °C for 10 h under 

vacuum. The measurements were carried out with N2 in liquid state at a 

temperature of 77 K. JEOL–JSM–6610LV scanning electron microscope was 

used for SEM analysis while JEOL-JEM 2010FFE-TEM was used for TEM 

analysis. The metal composition was confirmed by inductively coupled plasma 

technique through ICP spectrometer ICAP 6000 Series. The elemental analysis 
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was performed by varioELcube CHNS/O analyser. The other instruments 

including Nicolet iS 10 FTIR Spectrophotometer, UV-1800 Shimadzo UV-Vis 

(NIR) spectrophotometer and DTG-60H Simultaneous DTA-TG Analyser were 

utilized for FTIR (KBr) spectra, UV-Vis spectra and thermal study respectively. 

 The nitrogen contents in the model oil were analysed by HPLC Agilent 1100 

series. The column used for HPLC measurements is specified as C-18 (250 mm 

long, diameter of column is 4.6 mm and filter associated with column was of 5 

μm diameter). The mobile phase comprised of 90 % CH3OH and 10 % 

deionized water with 1.0 mLmin
-1

 flow rate.    

2.3. Crystal Structure Determination 

The single X-ray crystal structure of compounds verified through Bruker CCD 

data diffractometer through the use of Mo monochormated radiation with 

wavelength of 7.1073 nm. The structure was elucidated using Shellex 97 full 

matrix least-squares refinements 
[129]

 based on F
2
. All atoms except hydrogen 

were refined anisotropically.  

2.4. Electrochemical Instruments 

The electrochemical workstation used to monitor hydrogen evolution reaction, 

oxygen evolution reaction, electrochemical impedance spectroscopy, durability 

(current-time stability measurements) test and cyclic voltammetry was CHI 660 C 

(CH Instrument Co. USA) presented in Figure 2.1. The electrochemical measurements 

for ORR were performed on a rotating electrode system (Pine Research 

Instrumentation) with a Autolab PGSTAT302N (Metrohm). The electrochemical work 

station was coupled with three electrode system consisting of Ag/AgCl (3 M KCl 

solution) as reference electrode, Pt-wire as counter electrode and working electrodes 

were RDE and RRDE. The rotating ring disk electrode abbreviated as RRDE is 

specified to contain glassy carbon disk (outer Ø = 5.61 mm) and Pt-ring (outer Ø = 

7.92 mm while inner Ø = 6.25 mm). The rotating disk electrode was also used for 

LSV measurements at different rotation, it is abbreviated as RDE (outer Ø = 4.0 mm). 

The set-up used for ORR measurements is presented in Figure 2.2. The rotating ring 

disk electrode along with speed controller is shown in Figure 2.3.  
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Figure 2.1. CHI-660C electrochemical work station used for HER, OER, EIS and Durability test 

for electrode. 

 

Figure 2.2. Display setup for ORR measurement. 
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Figure 2.3. Rotating ring disk electrode along with its accessories used for ORR measurements. 
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CHAPTER-3 

Zn-MOF Derived N-Doped Carbon Composites for Oxygen 

Evolution, Hydrogen Evolution and Oxygen Reduction 

Reaction 

3.1. Introduction 

Due to the expanding demand of energy, the efforts to find replacement for the 

conventional fossil fuel are highly appreciated. The design and synthesis of efficient 

and durable electrocatalyst to explore electrochemical energy generation process like 

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) always 

remain a great challenge. 
[130]

 The production of hydrogen gas during HER process 

had been studied most due to its strong energy carrier property. 
[131-133]

 The efficient 

electrocatalyst with less overpotential is the requirement of HER process. The 

platinum metal had very high catalytic activity for the HER and ORR, but hindrance is 

due to the fact that Pt is expensive. The search for the preparation of bifunctional 

bimetallic electrocatalysts with less amount of platinum along with good efficiency 

would have been acknowledged. 

It has established fact that alloying effect of Pt with second metal can greatly reduce 

the amount of Pt by maintaining the efficiency of the electrode. 
[134,135]

 In this way, the 

second metal plays a key role to modify the d band of Pt in order to increase its 

catalytic efficiency. DFT calculations suggested that the alteration in the chemical 

behavior of Pt through the change (broadening and lowering in energy) in the d-band 

by the electronic interaction of the transition metals resulted the decrease in adsorption 

energies for the gases (H2 or O2) on Pt surface. 
[136]

 The most successful bimetallic 

composites prepared on the support of MOF derived carbon material were Pt-Ni 
[137-

140]
 and Pt-Cu 

[141,142]
. The reported work for Pt-Ln@C indicated that erbium can play 

important role for the stability and durability as compared to Pt/C catalyst, as well as, 

can also enhance the efficiency of the catalyst through electronic effects. 
[143,144]

 

Domı´nguez-Crespo et al. reported much enhanced catalysis for HER with bimetallic 

Ni-Pt nanostructures in acidic electrolyte. 
[145]

 So, the selection of the second metal 

(Ni, Cu and Er) has done on the previous reported literature as discussed earlier.  
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Other important factor is the N-doping, that will boost up the electrocatalytic activity 

by producing more catalytic sites that prominently increases the electronic 

conductivity and corrosion resistance of the carbon material. 
[146-148]

 According to the 

previous history Pt/C-based fuel cell catalyst systems with nitrogen doping enhanced 

ten times of the catalytic activity during oxygen reduction and methanol oxidation 

reactions. 
[69,149-154]

 Recently, Muhammad-Sadeeq Balogun et al. elaborated 

magnificently the usefulness of nitrogen existence in the catalyst for preparing cheap 

transition metal nitride catalysts or even metal free catalyst to perform water splitting. 

[155,156]
   

The pyrolysis of metal organic framework provides high surface area carbon with 

nano porosity that enhances its potential being used in many applied fields like as 

adsorbents 
[157]

, catalyst supports 
[158]

 and supercapacitors 
[159]

.  The important 

inherited features like high surface area, good conductivity and closely spaced pores 

in the MOF-derived carbon helped to be utilized it as a support for the fabrication of 

electrocatalysts. 
[160-162]

 Among various heteroatoms, nitrogen doping with carbon was 

judged to do much better electrical conductive process and improving intrinsic HER 

catalytic activity of carbon materials. 
[30]

 MOFs are the ideal candidates to fabricate 

M–N–C hybrids that can support platinum. So, by utilizing N-dopant effect in carbon 

material and alloying of second metal with Pt can be very useful to find good efficient 

and durable catalyst with less amount of Pt for electrochemical applications.  

 The manufacturing of bimetallic durable and efficient electrocatalyst with the support 

of N-doped porous carbon for HER and OER is essential for durability and stability in 

order to commercialize it. The inert atmosphere pyrolysis of zinc metal organic 

framework ([Zn(3-bpmh)(1,4-bdc)]n, 3-bpmh = N,N-Bis-pyridin-3-ylmethylene-

hydrazine, 1,4-bdc = 1,4 benzene dicarboxylic acid) has yielded high surface area N-

doped porous nanostructured carbon material. N-doped carbon with excellent porosity 

is used as support for the preparation of three bimetallic composites Pt-Ni@PCN920, 

Pt-Cu@PCN920 and Pt-Er@PCN920. The control samples with single metal i.e. 

Pt@PCN920, Ni@PCN920, Cu@PCN920 and Er@PCN920 were also prepared, their 

HER and OER catalytic activities were compared with bimetallic compounds. It is 

found that Pt-Ni@PCN920 showed the same value of overpotential (-42 mV) as that 

of commercial 20%Pt/C for HER at a current density 10 mAcm
-2

 in basic solution. 

The performance of Pt-Ni@PCN920 is excellent and comparable with commercial 
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20%Pt/C for HER and with RuO2 for OER. The compounds Pt@PCN920, 

Ni@PCN920, Cu@PCN920 and Er@PCN920 had been also utilized as catalysts to 

perform oxygen reduction reaction (ORR) for fuel cell. N-doped nanostructured 

material produced good results with less than 10%Pt that produced good tri-functional 

performance for HER, ORR and OER due active sites developed by N-doping in 

nanostructured material. The best of three has been analyzed for long term stability 

and durability which is stable up to nine hours with little variation of current. 

3.2. Experimental 

3.2.1. Synthesis of N,N-Bis-pyridin-3-ylmethylene-hydrazine (3-bpmh) 

The (N,N-Bis-pyridin-3-ylmethylene-hydrazine (3-bpmh)) was prepared by reported 

method. 
[163]

 The hydrazine hydrate (2 ml, 42 mmol) was added through dropwise 

addition to the solution of pyridine-3-carbaldehyde (8 ml, 80 mmol) in absolute ethyl 

alcohol (25 ml) with vigorous stirring. The yellow crystals were produced after 30 

minutes stirring at room temperature.  Theses crystals were gathered, washed with 

absolute methanol, dried with 80 % yield and 178.1 °C melting point.   

N N N N

N,N'-Bis-pyridin-3-ylmethylene-hydrazine  

3.2.2. Synthesis of [Zn(3-bpmh)(1,4-bdc)]n 

The bulk amount of [Zn(3-bpmh)(1,4-bdc)]n  was prepared by mixing  the aqueous 

solution (64 ml) containing 4 mmol (0.84 g) of sodium 1,4 benzene dicarboxylate with 

methanolic solution (64 ml) having 4 mmol (0.84 g) of 3-bpmh. The resultant solution 

was stirred for 1 hour to mix well at 40°C. The 4 mmol (1.188 g) aqueous solution (64 

ml) of Zn(NO3)2.6H2O mixed dropwise with above mentioned mixed ligand solution. 

The yellow precipitate formed immediately on mixing. The precipitate filtered and 

washed with methanol to eliminate any unreacted species. The resultant precipitates 
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with 80 percent yields with respect to zinc were dried in vacuum oven at 70°C for 

further use.  

3.2.3. Carbonization of [Zn(3-bpmh)(1,4-bdc)]n 

The 2g of synthesized compound [Zn(3-bpmh)(1,4-bdc)]n was heated up to 920°C for 

6 hours in three step carbonization processes, i.e. one hour at 400°C, one hour at 

600°C and in the last, 4 hours at 920°C. The black color product treated with 0.3 M 

HCl in order to remove zinc metal and named as PCN920. The N,N'-Bis-pyridin-3-

ylmethylene-hydrazine is a nitrogen rich compound. This compound might be good 

source of producing pyridinic and graphitic nitrogen which is capable of showing 

enhanced electrocatalytic activity. 

3.2.4. Synthesis of Composites 

The carbon material (120 mg) collected from carbonization process of [Zn(3-

bpmh)(1,4-bdc)]n was dispersed in ethylene glycol (20 ml) and sonicated for 2 hours 

to make good suspension. The suspension was heated up to 100°C then 10 ml solution 

of each H2PtCl6.6H2O and Ni(CH3COOH)2.4H2O were poured separately in the 

carbon suspension. The whole system was refluxed for 5 hours to make good 

bimetallic composite supported on porous carbon. The same procedure was repeated 

in order to make bimetallic catalyst by replacing the salt of nickel with 

Cu(NO3)2.2H2O and ErCl3.6H2O. Three compounds with their expected fixed ratio 

10:5% (Pt:M) (M = Ni, Er, Cu) of metals were coded as Pt-Ni@PCN920, Pt-

Cu@PCN920 and Pt-Er@PCN920. The overall scheme of synthesis is given 

presented in scheme 3.1. The control samples Pt@PCN920, Ni@PCN920, 

Er@PCN920 and Cu@PCN920 were prepared by the same method as described 

above by keeping the metal wt. 5% for Ni, Cu and Er, while 10 % wt. for Pt.       

 



 

 

33 

 

  

 
Scheme 3.1. Scheme of synthesis for Zn-MOF, PCN920, Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-

Cu@PCN920.    

3.2.5. Experimental Procedure for HER and OER 

The working electrode was prepared by dispersing 5 mg catalyst in 1mL DI H2O, 250 

μL isopropyl alcohol and 25 μL Nafion solution through sonication for more than 4 h 

to form homogeneous ink. The calculated amount of ink was pasted on Ni-foam as 

substrate for 1cm
2
 area and then dried at 50 °C for six hours, mass loading was ~1 

mg/cm
2
. All Ni-foam electrode substrates (1cm×2cm) were etched in 3 M HCl 

solution for 3 h to remove the native nickel oxide from the surface which was washed 

by acetone, deionized water and ethanol prior their use. The three-electrode system 

with Pt wire as counter electrode, Ag/AgCl as reference and Ni-foam pasted catalyst 

as working electrode for both LSV and CV in 1M KOH electrolyte. The potential vs. 

Ag/AgCl was converted in to the potential vs. RHE by using ERHE = EAg/AgCl + 0.059 

pH + 0.197 V and overpotential (η) is claimed with formula η = ERHE – 1.23 V. The 

electrodes are first activated by performing cyclic voltammetry at the scan rate of 100 

mVs
-1

 by setting the potential window from 0 to 0.8 volts against Ag/AgCl for 40 

cycles. The potential windows during LSVs to perform OER and HER were adjusted 

from 0.2 to 0.8 and -0.5 to -1.5 volts against Ag/AgCl, respectively at the scan rate of 
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at 10 mVs
-1

. The electrochemical surface area (ECSA) of electrodes was evaluated by 

finding capacitive current by performing cyclic voltammetry at appreciably various 

scan rates i.e. 10, 20, 40, 60, 80 and 100 mVs
-1

 in a narrow sized potential window 

from 0.2 to 0.3 volts against Ag/AgCl. The double layer capacitance (Cdl) was 

calculated by dividing the linear slope with two. The linear slope was calculated by 

sketching the current density difference (∆ J = Ja – Jc, where Ja is higher value of 

current density while Jc is lower value of current density) at potential difference of 

0.25 volt against Ag/AgCl on y-axis while different scan rates on x-axis. 

Electrochemical impedance spectroscopy (EIS) was performed under the frequency 

range 100 kHz to 0.10 Hz in the domain of 5 mV at 0.2 volt against Ag/AgCl with the 

same three electrode cell setup as mentioned previously. The durability test for Pt-

Ni@PCN920 was carried out by keeping the potential constant at 0.5 volt against 

Ag/AgCl and observing the stable curve of current density on y-axis and time on x 

axis. IR compensation was applied for all the electrochemical measurements. 

3.2.6. Measurements for ORR 

ORR measurements were performed through Autolab PGSTAT302N (Metrohm) work 

station which was coupled with the rotating electrode. The measurement was 

performed by the electrolytic cell which comprises three electrodes present in 0.1 M 

KOH electrolyte i.e. Ag/AgCl as reference electrode, Pt wire as counter electrode, 

Rotating ring disk electrode (RRDE) and Rotating disk electrode (RDE) both these 

were used as working electrodes. The scan rate used for linear sweep voltammograms 

was 5 mVs
-1

. The onset potentials (Eonset) were determined by taking the assumption 

that the potential at which the current density attains 1% of limiting current density. 

The halfwave potential is the potential measured where the current density becomes 

half of the limiting current density.  

The ink of all synthesized compounds and 20%Pt/C was prepared by dispersing 5mg 

of each compound separately in 1 ml H2O, then 25 µL of 5%Nafion D-521 dispersion 

(Alfa Aesar) along with 250 µL of isopropanol was added in the dispersion. The 

whole mixture was sonicated for 3 hours. The precise amount of ink (20 µL) was 

applied onto a glassy carbon of RRDE and RDE, allowed to dry in air, giving a 

catalyst loading of 316 µgcm
-2

 for all samples. The O2 saturated electrolyte was 

prepared by purging O2 (99.999 %) into the electrolyte solution for 30 minutes. For 
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comparison, CV measurements were also performed in an N2 (99.99%)-saturated 

electrolyte. For RDE measurements, the working electrode was scanned at a rate of 5 

mVs
-1

 at various rotation speeds (400, 625, 900, 1225, 1600 and 2025 rpm). The 

Koutecky-Levich equation is as under.  

 

 
 

 

  
 

 

  
 

 

  
 

 

  √ 
              ⁄     ⁄  

Where    J = observed current density 

JK = kinetic current density 

Jd = diffusion current density 

The other parameters are ω used for the rotation of electrode in rpm, F is denoted as 

Faraday constant (96485 C mol
-1

), C0 is for bulk concentration of O2 (1.26× 10
-6

 

molL
-1

), D is the diffusion constant for oxygen in 0.1 M KOH (1.9 × 10
-5

 cm
2
s

-1
) and 

ν is the kinetic viscosity (0.01 cm
2
 s

-1
). The coefficient 0.2 is used when the rotation 

speed is expressed in rpm. 

The number of transferred electrons (n) and Jk can be find out from slope and intercept 

of Koutecky–Levich plots, respectively. The value of total electron transfer (n) and 

percentage of HO2
-1

 production for RRDE can be calculated as follows.  
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The potential difference between Pt ring and GCE disk was maintained 1.5V. The Idisk 

and Iring are the values of the current for disk and ring, respectively. N is the current 

collection efficiency, which was found to be 0.37. 

3.3. Results and Discussions 

3.3.1. Powder XRD Analysis 

The PXRD of synthesized metal organic framework matches well with the peaks 

generated through mercury 3.8 software from CCDC Standard No 1000610 (Figure 

3.1 (a)). The PXRD patterns of all composites along with porous carbon material 

(PCN920) are presented in Figure 3.1(b). The crystallographic planes (002) and (100) 

specific for carbon material in PCN920 are present at the 2θ value 22.49 and 44.49° 
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respectively. The [Zn(3-bpmh)(1,4-bdc)]n first decomposed into ZnO@C&N 

composite during the three step pyrolysis in the presence of argon supply at the 

temperature greater than 500°C, then on increasing the temperature at 920°C the ZnO 

is converted into the metallic Zn 
[164]

 which is then evaporated at this temperature. In 

this way, N-doped porous carbon material had been obtained. The presence of 

nitrogen in the composite will be good for the charge transfer process and enhances 

the electronic conductivity of carbon material. PXRD patterns of all the composites 

prepared by using carbon support and bimetallic nanoparticles of platinum metal with 

nickel, erbium and copper showed the presence of (111), (200), (220) and (311) 

reflection planes for metals as shown in Figure 3.1(b). The shift of the 2 theta values 

for all aforementioned planes on comparison of platinum carbon catalyst to lower 

value indicate the bimetallic nature of the composites. 
[165-167]

 The high intensity peak 

of all composites was taken to calculate the crystallite size (Dcryst) and lattice 

parameters. The data is present in Table 3.1. The Dcryst of Pt-Ni@PCN920 is ca. 3.8 

nm, which is found to be less than the other composites. The lattice parameter for Pt-

Cu@PCN920 is comparatively reduced than Pt-Ni@PCN920 and Pt-Er@PCN920 

samples during alloy formation.  

Table 3.1. PXRD parameters for prepared catalysts Pt-Ni@PCN920, Pt-Cu@PCN920 and Pt-

Er@PCN920 

Catalysts θ111 

(°) 

d111 

(nm) 

Lattice 

parameter 

(nm) 

FWHM 

(radian) 

Dcryst  

(nm) 

Pt-Ni@PCN920 19.82 0.227 0.394 0.0386 3.8 

Pt-Cu@PCN920 20.23 0.223 0.386 0.0332 4.5 

Pt-Er@ PCN920 19.95 0.226 0.391 0.0302 4.8 
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Figure 3.1. (a) Powder XRD patterns of simulated and experimental for Zn-MOF. (b) A 

comparison of powder XRD patterns for PCN920, Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-

Cu@PCN920 compounds. The dotted line used to indicate the shift in 2θ values w.r.t. 

crystallographic planes of Pt for different composites. 

3.3.2. FTIR Spectroscopy 

The FTIR spectra of N,N-Bis-pyridin-3-ylmethylene-hydrazine (3-bpmh), 1,4 benzene 

dicarboxylic acid (1,4-bdc) and [Zn(3-bpmh)(1,4-bdc)]n are presented in Figure 3.2 

(a). The representative peaks for 3-bpmh are 1623 cm
-1

 (C=N) and 1584 cm
-1

(C=C). 

The broad band presence at 3425 cm
-1

 for [Zn(3-bpmh)(1,4-bdc)]n is due to the 

stretching vibrations of OH bond associated to water. The other related peaks are 1611 

cm
-1 

(C=N) and 1580-1425 cm
-1 

(C=C). The characteristic asymmetric and 

symmetric stretches produced from carboxylate group (COO
-1

) are at 1426 cm
-1 

and 1201 cm
-1

. FTIR spectra of PCN920, Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-

Cu@PCN920 are presented in Figure 3.2(b). The characteristic broad band lie in the 

range 3420-3429 cm
-1

 can be designated to O-H stretching vibration for all 

compounds. The broad band at 1572 cm
-1

 for PCN920 is attributed to C=C and C=N 

vibrations, the corresponding band is also present in all compounds of PCN920. The 

broad peak at 1160 cm
-1

 for PCN920 indicates the existence of C-N stretching 

vibration. FTIR analysis supports the presence of C-N species in the carbon 

based samples. Nitrogen is present in all N-doped compounds lie in the range 

of 4.3% to 5.7% found through XPS and CHNS/O that demonstrate the 

presence of thermally stable N-doped carbon during carbonization and acid 

treatment for Zn removal. The important bands along with assignments are 

given in Table 3.2. 
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Table 3.2. FTIR peaks and their assignments for PCN920, Pt-Er@PCN900, Pt-Ni@PCN920 and 

Pt-Cu@PCN920. 

Compounds OH  (cm
-1

) C=C, C=N (cm
-1

) C-N (cm
-1

) 

PCN920 3436 1572 1132 

Pt-Er@PCN920 3436 1594 1154 

Pt-Ni@PCN920 3436 1605 1132 

Pt-Cu@PCN920 3425 1606 1109 

 

 

Figure 3.2. (a) FTIR spectra of N,N-Bis-pyridin-3-ylmethylene-hydrazine (3-bpmh), 1,4 benzene 

dicarboxylic acid (1,4-bdc) and [Zn(3-bpmh)(1,4-bdc)]n, (b) FTIR spectra of PCN920, Pt-

Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920. 

3.3.3. Raman Spectroscopy 

The chemistry of the N-doped carbon material and bimetallic composites can be 

further understood through Raman spectrum. The Raman spectra of PCN920, Pt-

Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920 are shown in Figure 3.3. The 

PCN920 spectrum showed two peaks, one at ~1593 cm
-1

 called G-band is the 

characteristic identity of graphitic layer that appear due to E2g  phonon of the sp
2
  

carbon atoms. The other peak located at ~1346 cm
-1

 corresponds to D-band, which can 

be assigned to A1g mode breathing vibrations of the aromatic rings that are bound to 

sp
3
-C at edges and defect sites. The ratio of the intensities for D and G-bands (R= 

ID/IG) informs about the range of structurally ordered graphite sites present in the N-

doped porous carbon materials and disclose the graphitization degree of the 

carbonaceous materials. The intensity of the D-band is higher in PCN920 and all 

bimetallic composites than that of G-band owing to the fact of the presence of 

disordered and defects sites in all compounds. The position of D and G band along 

with their intensities and intensity ratio for all compounds are given in Table 3.3.  
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Table 3.3. Raman parameters calculated from Raman spectra of PCN920, Pt-Er@PCN920, Pt-

Ni@PCN920 and Pt-Cu@PCN920. 

 
Compounds G-Band IG D-Band ID R=ID/IG 

PCN920 1593 15.96 1346 16.69 1.046 

Pt-Er@PCN920 1602 33.21 1346 34.72 1.045 

Pt-Ni@PCN920 1607 17.15 1346 17.91 1.044 

Pt-Cu@PCN920 1607 16.58 1357 17.57 1.060 

 

 

Figure 3.3. Raman spectra of PCN920, Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920. 

3.3.4. XPS Analysis 

X-ray photoelectron spectroscopy (XPS) for N-doped carbon (PCN920), Pt-

Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920 was performed. XPS spectra of 

C1s and N1s relating to PCN920 are shown in Figures 3.4 (a) and 3.4 (b), 

respectively. N1s of PCN920 was deconvoluted into four well resolved peaks. These 

peaks related to pyridinic N (398.4 eV), pyrrolic N (399.98eV), quaternary or 

graphitic N (401.1 eV) and oxidative N (403.2eV). 
[168-171]

 pyridinic N is present in 

higher concentration comparative to other type of nitrogen in PCN920 due to its 

higher intensity. The literature supports pyridinic N to be good for electrocatalytic 

activity because it produces active catalytic sites in the carbon material. 
[172]

 C1s XPS 

spectrum of PCN920 was resolved into six peaks. These peaks could be well indexed 

into the presence of C-N (286 eV), C=O (285.6 eV), C-C (285.1 eV), C=N (284.7), C-

O (284.40) and C=C (283.98).  
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Two doublets of Pt for Pt-Ni@PCN920 are visible in Pt4f spectrum in Figure 3.5 (a), 

the peak on lower binding energy side is related to Pt4f7/2 and the peak on higher 

binding energy side is assigned to Pt4f5/2. The deconvolution of this doublet resulted 

in to five peak, which are explained as, the peaks at 71.5 and 74.6 eV are related to 

metallic Pt, while the peaks at 72.5 and 75.4 eV are for PtO and peak at 77.6 can be 

assigned to PtO2. The difference of metallic Pt with the standard binding energy for 

Pt4f7/2 (71.8 eV) produces negative shift of 0.3 eV which can be ascribed to the 

electron donation by metallic Ni. 
[173]

 Ni2p3/2 and Ni2p1/2 core peaks related to the Pt-

Ni@PCN920 are present in Figure 3.5 (b). The peak at 855 and 873.9 eV can be 

attributed to metallic Ni, while the satellite peaks at 860.8 and 880.0 eV are due to the 

presence of NiO. 
[174]

 The standard nickel metal peak is present at 852 .6 eV which 

shows the positive deviation in our composite, this is the clear indication that both 

nickel and platinum metals are engaged with each other through electron donation.  

The C1s present in the Pt-Ni@PCN920 was also fitted in its XPS spectrum shown in 

Figure 3.5 (c). All previously mentioned functional group of C1s related to PCN920 

showed their existence in the C1s fitted spectra of Pt-Ni@PCN920. The N-doped 

carbon of Pt-Ni@PCN920 was analysed for N1s spectra present in Figure 3.5 (d). The 

significant change in the intensity was observed in the oxidative N peak (405 eV) as 

compared to the similar peak (403.2 eV) in N1s spectra of the carbon source 

(PCN920). The increase in the intensity might be the increase of (N-O) bonds due to 

the incorporation of PtO and NiO moieties. O1s core line for Pt-Ni@PCN920) is a 

convolution of two broad peaks at 531.8 eV for (M-O) and 533.3 eV for (C-O) shown 

in Figure 3.5 (e). 
[175]

 The two major peaks present in Cu2P XPS spectra for Pt-

Cu@PCN920 (Figure 3.5(f)) at 932 eV (Cu2p3/2) and 951.8 eV (Cu2p1/2) are related to 

metallic copper. 
[176]

 The peaks at 934.2, 944.5 and 955.0 eV are for oxides of copper. 

The XPS spectra of erbium metal present in Figure 3.6 for Pt-Er@PCN920 reveals 

two peaks at the binding energy values 168.9 eV (Er 4d5/2) and 176.0 eV (Er 4d3/2). It 

is difficult to identify the detailed chemical shift to explore degree of oxidation for 

erbium metal due to low signal to noise ratio.
[177]

 XPS elemental analysis of PCN920 

showed the content of carbon 88.47%, nitrogen 4.2% and oxygen 7.33%, while, 

elemental analysis based on XPS for Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-

Cu@PCN920 is tabulated in Table 3.4. The complete XPS in full range for three 

composites is presented in the Figure 3.6 (b). The elemental analysis of PCN920 and 
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representative catalyst Pt-Ni@PCN920 was carried out via CHNS/O analyzer. The 

CHNS/O analysis showed that PCN920 contain was about 87% carbon and the rest 

was oxygen and nitrogen while Pt-Ni@PCN920 composition in percent  through 

CHNS/O was 63.31% for C, 14% O and 7% N which is in close agreement with the 

theoretical calculation. The ICP result for Pt-Ni@PCN920 indicated the presence of 

7.09% Pt and 3.02% Ni. The EDS results and colored mapping of elements for Pt-

Ni@PCN920 are shown in Figure 3.7. 

 

Figure 3.4. XPS spectra of (a) C1s core line, (b) N1s core line for PCN920. 

 
Table 3.4. Elemental analysis result for Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920 

from XPS measurements. 

Elements Atomic % 

Pt-Ni@PCN920  Pt-Er@PCN920  Pt-Cu@PCN920 

C1s 77.96 80.6 80.82 

O1s 9.96 12.43 10.39 

N1s 4.3 4.01 5.27 

Ni2p 2.24 0 0 

Pt4f 5.54 2.68 2.55 

Cu2p 0 0 0.97 

Er4d 0 0.28 0 
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Figure 3.5. XPS spectra ((a) Pt 4f core line, (b) Ni 2p core line, (c) C 1s core line, (d) N 1s core 

line, (e) O 1s core line) for the Pt-Ni@PCN920, (f) Cu 2p core line of the Pt-Cu@PCN920. 
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Figure 3.6. (a) XPS spectra of Er4d core line for Pt-Er@PCN920 catalyst. (b) XPS spectra of Pt-

Ni@PCN920, Pt-Er@PCN920  and Pt-Cu@PCN920. 

 

Figure 3.7. EDS spectrum of selected area along with high-magnification image of selected area 

and EDS elemental mapping of individual elements (C, N, O Pt and Ni) of image for Pt-

Ni@PCN920. 
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3.3.5. Nitrogen Adsorption Analysis 

The surface area and pore size distribution graphs are obtained by nitrogen sorption 

experiments for porous carbon obtained from carbonization process. The intense peak 

at 36 Å for PCN920 revealed the formation of mesoporous carbon material near micro 

porous region by the evaporation of zinc metal.  The isotherm of PCN920 is a type-IV 

isotherm (Figure 3.8(a)) showing the presence of pores with different sizes from 

micropores to macropores. BET surface area of PCN920 was found to be 1171 m
2
g

-1
, 

which is
 
handy enough to prepare metal nano-composites. The existence of hysteresis 

between adsorption and desorption for PCN920 confirms the presence of mesoporous 

region. The total pore volume for pores with diameter less than 67.49 nm width at 

P/Po = 0.97 in PCN920 was found 1.40 cm³g
-1

. The adsorption average pore width 

calculated through BET was 48 Å. The vaporization of gases and metallic zinc from 

the polymer will generate diverse type of porosity in the nitrogen embedded carbon 

mixture. 
[178]

 The great decrease in the nitrogen adsorption was observed for Pt-

Ni@PCN920 as compared to its source PCN920 as shown in Figure 3.9 (a). The 

appearance of the isotherm is very similar to PCN920 sample but a decrease in the 

BET surface area (347 m
2
g

-1
) and total pore volume of 0.51 cm

3
g

-1
 were observed. 

The decrease in surface and pore volume was related to the loading of metal particles 

in the microporous region. 
[179]

 The intensity of the peak centered at 36 Å in the pore 

size distribution plot of PCN 950 has been drastically decreased but not completely 

removed by the incorporation of Pt-Ni, Figure 3.8 (b). 

The sorption isotherms with N2 at 77 K and pore size distribution plots for [Zn(3-

bpmh)(1,4-bdc)]n are shown in Figure 3.9 (a) and (b) respectively. BET surface area 

of the pristine MOF [Zn(3-bpmh)(1,4-bdc)]n is very low as 9.12 m²g
-1

. So this metal 

organic framework is very good as sacrificial compound in order to produce good 

porous N-doped carbon material for the synthesis of bimetallic composites. For 

pristine framework the single point adsorption total pore volume of pores less than 

620.42 Å width at P/Po = 0.97 is 0.51 cm³g
-1 

with adsorption average pore width 

(4V/A by BET) found is 2252 Å. 
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Figure 3.8. (a) The sorption isotherms with N2 at 77 K and (b) The pore size distribution plots for 

PCN920 and Pt-Ni@PCN920. 

 
Figure 3.9. (a) The sorption isotherms with N2 at 77 K and (b) The pore size distribution plots for 

[Zn(3-bpmh)(1,4-bdc)]n. 

3.3.6. Surface Morphology 

TEM images related to PCN920 and Pt-Ni@PCN920 are shown in Figure 3.10 (a) and 

3.10 (b) respectively. The spheres with average diameter of ~ 82 nm are referred to 

nanostructured N-doped carbon material which has been derived from the pyrolysis of 

Zn-MOF by the vaporization of Zn metal. The densest spots shown in the Figure 3.10 

(b) are due to the presence of metal particles i.e. Pt and Ni ranging from 5-7 nm which 

are loaded in the nanostructured N-doped porous carbon material. TEM images of Pt-

Cu@PCN920 and Pt-Er@PCN920 are presented in Figure 3.11 (a) and (b) 

respectively showed the similar dense spots for nanoparticles related to metal particles 

embedded in the PCN920.   

SEM images for pristine Zn-MOF, PCN920 and Pt-Ni@PCN920 are presented in 

Figure 3.10 (c), (d) and (e) respectively. [Zn(3-bpdb)(1,4-bdc)]n exhibited distinct 
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particles with lamellar morphology (Figure 3.10 (c)) having particle size of about 100-

150 nm. The thermal removal of Zn metal on heating up to 920°C produced N-doped 

carbon material with flower like hierarchical morphology (Figure 3.10 (d)) which is 

very good for energy storage applications such as can be used in Li ion battery and 

supercapacitors. 
[180]

 The flower like morphology suggests that this carbon material 

expected to show excellent energy storage applications. Pt-Ni@PCN920 composite 

material exhibited sponge like morphology (Figure 3.10 (e)) with interlinked open 

structures that can assist the fast transfer of electrons between electrolyte and 

electrode. 
[181]

 

 
 
 

Figure 3.10. TEM images of a) PCN920, b) Pt-Ni@PCN920. SEM images for c) Zn-MOF, d) 

PC920 and e) Pt-Ni@PCN920. 
 

 
 
 

Figure 3.11. TEM images for a) Pt-Cu@PCN920 and  b) Pt-Er@PCN920. 

3.3.7. Electrochemical Active Surface Area 

The vital parameter that justify the electrode catalytic activity called electrochemical 

surface area (ECSA) was measured for all composites through CV in 1 M KOH 

solution with three-electrode electrochemical cell (nickel foam fabricated working 

electrode, Ag/AgCl (reference electrode) with 3 M KCl filling solution and Pt wire 

(counter electrode) at the significantly different scan rates 10, 20, 40, 60, 80 and 100 
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mVs
-1

 using the double-layer capacitance (Cdl). The CV curves for all composites are 

present in Figures 3.12 (a), (b) and (c). The CdI for Pt-Ni@PCN920, Pt-Er@PCN920 

and Pt-Cu@PCN920 catalysts were calculated as 5.5 mFcm
-2

, 5 mFcm
-2

 and 4.5 

mFcm
-2

, respectively (Figure 3.12 (d)). The Cdl of the Pt-Ni@PCN920 is higher than 

Pt-Er@PCN920 and Pt-Cu@PCN920. The Pt-Ni@PCN920 having more active 

surface area than other catalysts with the same loading is expected to give good 

electrochemical results (more exposed active sites).  

 

 

Figure 3.12. Cyclic voltammetry curves of Pt-Ni@PCN920 a), Pt-Er@PCN920 b) and Pt-

Cu@PCN920 c) electrode in 1 M KOH with different scan rates. d) Charging current density 

differences (∆J = Ja - Jc) of Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920 electrodes. 

3.3.8. Hydrogen Evolution Reaction 

 

The linear sweep voltammetry (LSV) for hydrogen evolution reaction (HER) was 

carried out for all composites in 1 M KOH solution under nitrogen saturated 

environment using three-electrode electrochemical cell with nickel foam fabricated 

working electrode, Ag/AgCl (reference electrode) with saturated KCl filling solution 

and Pt wire (counter electrode). HER LSV curves for 20%Pt@C, Pt-Ni@PCN920, Pt-

Er@PCN920 and Pt-Cu@PCN920 are shown in Figure 3.13 (a).  The HER catalytic 
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activity of synthesized catalysts (contain Pt<10%) were compared with commercially 

available 20%Pt/C. Overpotential (potential to achieve current density of 10 mAcm
-2

, 

the vital for solar fuel 
[182,183]

) for Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-

Cu@PCN920 electrodes are calculated to be -42, -79, -127 mV, respectively. 

Overpotential for 20%Pt/C to attain current density 10 mAcm
-2

 is the same as that of 

Pt-Ni@PCN920 i.e. -42 mV. To acquire the current density of 50 mAcm
-2

 the 

overpotential found for 20%Pt/C, Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-

Cu@PCN920 are -143, -159, -192 and -230 mV, respectively. The difference of 

overpotential value for Pt-Ni@PCN920 and 20%Pt/C is only 16 mV in order to reach 

the current density from 10 to 50 mAcm
-2

. In order to define the role of nanostructured 

carbon, Pt and second metal (Ni, Cu and Er), LSV for Pt@PCN920, Ni@PCN920, 

Er@PCN920, Cu@PCN920 and PCN920 were also performed and compared with 

bimetallic hybrids. HER LSV curves for 20%Pt@C, Pt-Ni@PCN920, Pt-

Er@PCN920, Pt-Cu@PCN920, Pt@PCN920, Ni@PCN920, Er@PCN920, 

Cu@PCN920 and PCN920 are presented in Figure 3.14 (a) and catalytic efficiency 

parameters i.e. overpotential and Tafel slopes are shown in Table 3.5. From Figure 

3.14 (a) it is clear that overpotential to achieve current density 10 mAcm
-2

 gradually 

increases from -229 to -42 mV for PCN920 to Pt-Ni@PCN920 respectively. From 

overpotential data, it is resulted that Pt-Ni@PCN920 is the best HER catalyst. The 

kinetics of HER process for 20%Pt@C, Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-

Cu@PCN920 in terms of Tafel slopes were calculated and presented in Figure 3.13 

(b). Pt-Ni@PCN920 showed Tafel slop value of 82 mVdec
-1

 which is close and 

comparable with the standard 20%Pt/C (74 mVdec
-1

).  Tafel slope for Pt-Ni@PCN920 

is found to be lowest than Pt-Er@PCN920 (88 mVdec
-1

) and Pt-Cu@PCN920 (195 

mVdec
-1

). It is considered that a lower Tafel slope correlates to rapid catalytic 

reaction, thus facilitating high HER activity. The over potential results are consistent 

with the results of Tafel slope investigation. HER results for synthesized catalysts 

favored the best alloying effect of Pt-Ni rather than Pt-Cu or Pt-Er. The other 

important point of discussion is that our synthesized catalysts contain less than 10% Pt 

loaded with second metal on MOF derived nanostructured carbon material showed 

good comparable HER performance with 20%Pt/C. The presence of nitrogen atoms 

could also synergistically interact with the Pt centres and hence enhance its activity 

for HER. The abundant active sites quaternary N, Ni-N, pyridinic N and Ni
3+

 are 
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responsible for good HER with less than 10% Pt comparative to 20 wt% Pt on carbon 

black.  

Table 3.5. HER overpotential and Tafel slope results for 20%Pt/C, Pt-Ni@PCN920, Pt-

Er@PCN920, Pt-Cu@PCN920, Pt@PCN920, Ni@PCN920, Er@PCN920, Cu@PCN920 and 

PCN920. 

Catalysts Overpotential (mV) Tafel Slope 

(mVdec
-1

) 
At -10 mAcm

-2
 At -50 mAcm

-2
 At -100 mAcm

-2
 

20%Pt/C -42  -143 -183 74 

Pt-Ni@PCN920 -42 -159 -219 82 

Pt- Er@PCN920 -79 -192 -233 88 

Pt-Cu@PCN920 -127 -230 -272 195 

Pt@PCN920 -148 -243 -282 - 

Ni@PCN920 -190 -255 -290 - 

Er@PCN920 -202 -285 -314 - 

Cu@PCN920 -219 -338 -432 - 

PCN920 -229 -429 -474 - 

3.3.9. Oxygen Evolution Reaction 

Secondly, the all synthesized compounds were analyzed for electrocatalytic oxygen 

evolution reaction (OER) with same electrochemical cell as discussed for HER. The 

LSV curves for RuO2, Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920 

measured using a scan rate of 10 mVs
-1

 at 25 ° C is shown in Figure 3.13 (c).  The 

potential required to gather the current density 10 mAcm
-2

 for Pt-Ni@PCN920 and Pt-

Er@PCN920 is 1.52 V which is comparable with the best commercially available 

OER catalyst RuO2 whose potential measured at the same current density is 1.49 V. 

Overpotential for all our synthesized catalysts sustained up to much higher current 

density as compared with the commercially available RuO2. The potential measured at 

the current density 100 mAcm
-2 

for Pt-Ni@PCN920 and Pt-Er@PCN920 was 1.61 V 

and 1.62 V which are much better than that 1.67 V (for RuO2). The potential measured 

at 10 and 100 mAcm
-2

 for Pt-Cu@PCN920 is 1.58 and 1.70 V. For detailed 

investigation, OER was also performed with Pt@PCN920, Ni@PCN920, 

Er@PCN920, Cu@PCN920 and PCN920 to demonstrate the catalytic efficiency of 

MOF derived carbon, single metal carbon composites, and bimetallic composites. 

OER LSV curves for RuO2, Pt-Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920, 

Pt@PCN920, Ni@PCN920, Er@PCN920, Cu@PCN920 and PCN920 are depicted in 

Figure 3.14 (b) and detailed data information have been presented in Table 3.6. The 

overpotential at 10 mAcm
-2 

current density for PCN920 was found to be 1.60 V, while 
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for Er@PCN920 and Cu@PCN920, its value is 1.62 and 1.64 V. It means that single 

metal composite i.e. Er@PCN920 and Cu@PCN920 showed decline in catalytic 

efficiency as compared to PCN920, but other composites Pt@PCN920 and 

Ni@PCN920 with overpotential (at 10 mAcm
-2

 current density) values 1.56 and 1.59 

V showed increase in the catalytic activity as compared to PCN920. Pt@PCN920 

showed good catalytic activity even from bimetallic Pt-Cu@PCN920 composite with 

overpotential 1.58 V.         

The kinetics of OER for all composites were determined by recording Tafel 

polarization (E  vs. log j ) curves at a scan rate of 10 mVs
-1

 as presented in Figure 3.13 

(d). Tafel slopes for Pt-Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920 and RuO2 

electrodes are 59, 86, 105 and 108 mVdec
-1

, respectively. From Tafel plots and 

overpotential results, it can be deduced that Pt-Ni@PCN920 showed best OER 

activity in basic media among all our synthesized composites.  

The comparison of our HER and OER results with different reported MOF derived 

MOF derived nanostructures was made and presented in the Table 3.7. The results 

showed that our composite Pt-Ni@PCN920 has good efficiency for both HER and 

OER in comparison to other MOF derived catalyst.  

 

Figure 3.13. (a) HER LSV curves, (b) Tafel plots for HER, (c) OER LSV curves and (d) Tafel 

plots for OER of Pt-Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920. 
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Figure 3.14. (a) HER (a) and OER (b) LSV curves for 20%Pt@C, Pt-Ni@PCN920, Pt-

Er@PCN920, Pt-Cu@PCN920, Pt@PCN920, Ni@PCN920, Er@PCN920, Cu@PCN920 and 

PCN920 as working electrodes separately with Pt wire as counter and Ag/AgCl/3MKCl electrode.  

Table 3.6. OER overpotential and Tafel slope results for 20%Pt/C, Pt-Ni@PCN920, Pt-

Er@PCN920, Pt-Cu@PCN920, Pt@PCN920, Ni@PCN920, Er@PCN920, Cu@PCN920 and 

PCN920. 

Catalyst Overpotential (V) Tafel Slope 

(mVdec
-1

) 
At -10 mAcm

-2

 At -100 mAcm
-2

 

RuO2 1.49  1.67 108 

Pt-Ni@PCN920 1.52 1.61 59 

Pt- Er@PCN920 1.52 1.62 86 

Pt-Cu@PCN920 1.58 1.70 105 

Pt@PCN920 1.56 1.67 - 

Ni@PCN920 1.59 1.69 - 

Er@PCN920 1.62 1.69 - 

Cu@PCN920 1.64 1.75 - 

PCN920 1.60 - - 

3.3.10.   Electrochemical Impedance Spectroscopy 

The electrochemical impedance spectroscopies (EIS) of Pt-Ni@PCN920, Pt-

Er@PCN920 and Pt-Cu@PCN920 compounds were performed in 1 M KOH with the 

same three-electrode system as discussed in HER. The Nyquist plot from EIS data in 

the frequency range 0.1 Hz to 100 kHz for all synthesized catalysts are shown in 

Figure 3.15 (a) consists of Z´ (the real part) that represents the ohmic parameter and 

Z´´ (imaginary part) which is used to represent the capacitive parameter. The plot 

contains distorted semicircles in the high frequency region related to the charge 

transfer resistance of electrode surface and electrolyte interface. The charge transfer 

resistance (Rct) calculated by the high frequency intercept of the real axis for  Pt-

Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920 electrodes were 88 Ω, 106 Ω and 

225 Ω, respectively. The smaller Rct indicate good conductivity because 
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electrocatalytic activity for electrode had inverse relation with Rct value. In 

comparison to all prepared electrocatalysts, Pt-Ni@PCN920 had lowest charge 

transfer resistance (88 Ω) of all. The EIS results had convincingly support our Tafel 

slope results. 

Table 3.7. Analogous study of some MOF derived nanostructures used as electro catalysts for 

OER and HER.  

Proce

ss 

Catalyst MOF Mass 

loading

(g/cm
2
) 

Potential 

(Volt) 

Reference 

Electrode 

Electrolyte Refer

ences 

HER 
Pt13Cu73Ni14/C

NF@CF 
- - 

0.07 V at 

5 mA cm
-2

 
RHE 0.5MH2SO4 

[184]
 

HER 
Cu-

Pt/NPCC/GCE 
MOF-199 - -0.01 onset RHE 0.5MH2SO4 [185]

 

HER Cu-Pt@C Cu-BTC - -0.01 onset RHE 0.5MH2SO4 

OER 
Ni–Co@P 

nanotubes 
MOF-74 - 

0.245 at 

10 mA cm
-2

 
RHE 1M KOH 

[186]
 

HER 
0.129 at 

10 mA cm
-2

 
RHE 1M KOH 

OER Co@C-800 ZIF-67 - 
1.61 at 

10 mA cm
-2

 
RHE 0.1M KOH 

[187]
 

OER 

Co-P/NC ZIF-67  
1 

 

0.319 at 

10 mA cm
-2

 
RHE 1MKOH 

[188]
 

HER 
-0.154 at 

10 mA cm
-2

 
RHE 1MKOH 

HER 
CoSe2@defectiv

e C 
ZIF 67 0.36 -0.04onset RHE 0.5MH2SO4 

[189]
 

HER Cu@C Cu-BTC - -0.080 
Ag/AgCl/

KCl 
0.5MH2SO4 

[190]
 

OER 

Pt-Ni@PCN920 
[Zn(3-bpdb)(1,4-

bdc)]n 
1 

1.52 at 

10 mA cm
-2

 
RHE 

1MKOH 
This 

work HER -0.042 at 

10 mA cm
-2

 

RHE 

 

3.3.11.   Time Dependent Long Term Stability Test 

In order to have practical use the long term stability is much important parameter. The 

Pt-Ni@PCN920 composite indicated good stability and durability in 1 M KOH 

alkaline solutions presented in Figure 3.15 (b). Pt-Ni@PCN920 catalyst showed 

19.6 % decrease in the current density (mA/cm
2
) during the application of constant 

potential of 0.5 V for 9 h, which is good sign of durability and stability. 



 

 

53 

 

 

Figure 3.15 (a) Nyquist diagram from EIS measurements for Pt-Ni@PCN920, Pt-Er@PCN920 

and Pt-Cu@PCN920. (b) Durability test of Pt-Ni@PCN920 in 1 M KOH solution (time-dependent 

current density curve under constant potential of 0.5 V versus Ag/AgCl). 

3.3.12.   Oxygen Reduction Reaction 

The oxygen reduction reaction (ORR) is very vital process for cell respiration and 

electrochemical energy production device like fuel cell. The ORR was performed by 

using rotating ring disk electrode (RRDE) at 1600 rpm with scan rate of 5 mV s
-1 

in 

basic environment (0.1 M KOH solution as electrolyte) with oxygen saturation. The 

ORR polarization curves of Pt-Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920 and 

20%Pt/C are presented in the Figure 3.16 (a). The electrocatalytic activity for ORR 

was analyzed through the important critical parameters onset potential (potential at 

1% of the total limiting current density) and half wave potential (potential at half of 

the limiting current density). It was noted that the onset potential (Eonset) of Pt-

Ni@PCN920 is 1.084 V vs. RHE, which is 5 mV more than the 20%Pt/C (1.079 V vs. 

RHE) commercial catalyst. The Eonset for Pt-Er@PCN920 and Pt-Cu@PCN920 are 

1.043 and 1.045 V, respectively. The half wave potential (E1/2) observed for Pt-

Ni@PCN920 is 0.94 V and 0.90 V for 20%Pt/C vs. RHE, respectively. The halfwave 

potential of Pt-Er@PCN920 and Pt-Cu@PCN920 are 0.89 and 0.83 V vs RHE, 

respectively. The onset potential, halfwave potential, and limiting current density of 

Pt-Ni@PCN920 are the best among all other synthesized catalysts and commercial 

20%Pt/C. Therefore, it can easily be concluded that Pt-Ni@PCN920 is the best ORR 

catalyst. The onset potential of 20%Pt/C is much better than Pt-Er@PCN920 and Pt-

Cu@PCN920, but its limiting current density is lower than Pt-Er@PCN920 and Pt-

Cu@PCN920. The halfwave potential of Pt-Er@PCN920 is almost same as that of 

commercial 20%Pt/C but the halfwave potential of Pt-Cu@PCN920 is much more 
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negative than commercial 20%Pt/C. So our worst sample with reference to ORR 

among all is Pt-Cu@PCN920. The N-doped carbon contains charge mobility around 

N-doping (polarization in the nearby carbon atoms) that is involved for the change of 

O2 chemisorptions and as a result, O−O bond after becoming weak is broken, thus 

nitrogen doping enhances ORR catalytic activity. 
[191]

 The surface chemistry of the 

nitrogen doped material favor to reduce the energy barrier for electrochemical 

reactions by generating strain and defect sites in the material. 
[192]

 The ORR activity is 

also verified by Tafel slope, the smaller slope relate to the better ORR activity. The 

Tafel slope (Figure 3.16 (b)) found for Pt-Ni@PCN920 is 49 mV decade
-1

 which is 

the least among Pt-Er@PCN920 (75 mVdecade
-1

), Pt-Cu@PCN920 (117 mVdecade
-1

) 

and 20%Pt/C (64 mVdecade
-1

). The CV measurements for synthesized catalysts along 

with commercial 20%Pt/C were carried out in 0.1 M KOH solution using ring disk 

electrode under the saturation of N2 and O2 at a scan rate of 50 mVs
-1 

(Figure 3.16 

(c)). The CV curves under O2 presented prominent ORR peak (solid line) while the 

corresponding peak is absent in the featureless voltammogram under N2 (dashed line). 

The similar trend of onset potential was found in the CV curves as ascribed from the 

LSV curves obtained by RRDE. ORR catalytic mechanism can be understood the 

number of electron transfer (n) for one O2 molecule and H2O2 percent yield during 

ORR. The    
   percent yield and electron transfer number (n) calculated from the 

ring and disk currents had shown in Figure 3.16 (e). The    
   yield was found to be 

less than 3 % for Pt-Ni@PCN920 and less than 4% for Pt-Er@PCN920, which is the 

good indication of best ORR performance than 20@Pt/C and Pt-Cu@PCN920 for 

which the    
   yield is less than 7 %. The n values lie between 3.90-3.96, suggesting 

that ORR catalyzed by all catalysts proceeds mainly via four electron process(   

               ). The two electron process(                 

   
  ) is very less on comparative to four electron process for all electrocatalysts. Pt-

Ni@PCN920 composite showed nearly unchanged behavior over wide range of 

potential depicted from the stable line for electron number transfer in the Figure 3.16 

(e). This indicate that Pt-Ni@PCN920 catalyst in comparison with Pt-Er@PCN920, 

Pt-Cu@PCN920 and 20%Pt/C catalysts presented much smoother and most 

electrochemically stable ORR process.  

ORR pathway through RRDE was also verified by evaluating LSV curves obtained 

through the rotating disk electrode (RDE) measurements at different rotation speeds 
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from 400 to 2025 rpm (Figure 3.17) in O2 saturated 0.1 M KOH. It was noted that 

limiting current density increases with the increase of rotation speeds due to the 

decrease of diffusion distance at higher rotation speeds. The Koutecky Levich plots 

( K-L) (J
-1

 vs. ω
-1/2

)  obtained from LSV curves at different rotation speeds on 0.7 V 

vs. RHE for all hybrids presented in the Figure 3.16 (d). The graph showed good 

linear fitting for the first order kinetics, the calculated number of electrons supports 

the four electron process for all catalysts in this study. The kinetic current density (Jk) 

calculated at 0.7 V vs. RHE for Pt-Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920 

and 20%Pt/C was found to be 54, 24, 21 and 29 mAcm
-2

. The accelerating durability 

tests (ADTs) was performed with our synthesized catalysts and commercial 20%Pt/C 

for practical use in fuel cells. The ADTs for all catalysts in this study were carried out 

in O2 saturated 0.1 M KOH electrolyte for 1000 cycles at a scan rate of 50 mV s
-1

 

using the RDE at 25°C.  The O2 flow was remained continuous throughout 1000 

cycles. After the completion of 1000 cycles CV and LSV were performed. It was 

found through CV (Figure 3.18) that there is no loss of electrochemical active surface 

area for Pt-Ni@PCN920 and Pt-Er@PCN920, while for Pt-Cu@PCN920 and 20% 

Pt/C the EASA loss was found to be 25 % and 35 % respectively. The LSV curves 

taken at 1600 rpm after 1000 cycles are presented in Figure 3.16 (f). The LSV results 

after ADT explain that the difference of onset and halfwave potential for Pt-

Ni@PCN920 is 10 mV for each, while the difference of onset and halfwave potential 

for Pt-Er@PCN920 is 18 mV for each after 1000 CV cycles. The 20%Pt/C showed the 

difference of 17 mV for onset and 30 mV for halfwave potential, while our worst 

catalyst Pt-Cu@PCN920 produced the difference of 20 mV for onset and 25 mV for 

halfwave potential after 1000 CV cycles. The stability and durability of our 

synthesized catalysts enhanced due to the fact of nitrogen doping. These curves are 

coherent with the CV findings for all catalysts. The results of ADTs (Table 3.8) 

clearly demonstrate that synthesized catalysts Pt-Ni@PCN920 and Pt-Er@PCN920 

showed good stability and durability than commercially available 20%Pt/C catalyst. 

The overview of experimental work and results of Pt-Ni@PCN920, Pt-Er@PCN920, 

and Pt-Cu@PCN920 for description is given in Figure 3.19. 
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Figure 3.16. (a) ORR results for Pt-Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920 and 20%Pt/C 

at rotation rate of 1600 rpm in the basic electrolyte of 0.1 M KOH with oxygen saturation at 5 

mV s
-1

 through constant potential of 1.5 volt vs. RHE scale applied on the Pt-ring, disk current is 

located at lower side while ring current called positive current is present on upper side (curves 

with dotted format). (b) Tafel plots from ORR LSV results (at 1600 rpm) for all compounds. (c) 

CVs of Pt-Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920 and 20%Pt/C on RDE with 50 mV/s 

scan rate under saturation with nitrogen (dotted lines) and O2 (solid lines) in 0.1 M KOH. Pt-

Ni@PCN920 showed much more positive ORR onset potential and higher cathodic current than 

Pt-Er@PCN920, Pt-Cu@PCN920 and 20%Pt/C. ORR activity trends; Pt-Ni@PCN920 > Pt-

Er@PCN920 > 20%Pt/C > Pt-Cu@PCN920. (d) Electron number and    
  

 yield results 

gathered from RRDE data displayed at different potentials vs. RHE (e) K-L plots for Pt-

Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920 and 20%Pt/C at same potential i.e. 0.7 V vs. 

RHE. (f) LSV results for Pt-Ni@PCN920, Pt-Er@PCN920, Pt-Cu@PCN920 and 20%Pt/C before 

and after ADTs.   



 

 

57 

 

 
Figure 3.17. Results of LSV curves for ORR on RDE with varying speed of rotation from 400-

2025 rpm in 0.1 M KOH at 5 mV s
-1

 scan rate, (a) Pt-Ni@PCN920, (b) Pt-Cu@PCN920, (b) Pt-

Er@PCN920 and (d) 20%Pt/C. 

 

Figure 3.18. CV curves on RDE (without rotation) for Pt-Ni@PCN920, Pt-Er@PCN920,Pt-

Cu@PCN920 and 20%Pt/C electrode (catalyst loading amount: 316 µg cm
-2

) at 50 mVS
-1

 in O2-

saturated 0.1 M KOH (solid line represents before ADT and dotted line represents after ADT). 
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Figure 3.19. Illustration of experimental work and results for the decription of Pt-Ni@PCN920, 

Pt-Er@PCN920, Pt-Cu@PCN920.  

Table 3.8. Electrochemical parameters and mass activity of the synthesized and commercial 

electrocatalyst before and after ADTs 

Catalyst 20%PT/C Pt-Ni@PCN920 Pt-Er@PCN920 Pt-Cu@PCN920 

 

Onset(V vs RHE)  Before ADT 1.079 1.084 1.043 1.045 

Onset(volt)  After ADT 1.062 1.073 1.025 1.026 

E1/2(volt) Before ADT 0.90 0.94 0.89 0.83 

E1/2(volt) After ADT 0.87 0.93 0.87 0.80 

Limiting Current Density (mAcm-2) Before ADT -4.72 -5.71 -4.94 -5.94 

Limiting Current Density (mAcm-2) After ADT -4.21 -5.5 -4.64 -5.29 

Tafel slope (mVdec-1) 64 49 75 117 

3.4. Conclusion 

In this study we have obtained highly porous nitrogen embedded carbon (PCN920) by 

pyrolysis of Zn metal organic framework. This PCN920 with higher surface area and 

good porosity is used as a support to prepare bimetallic composites that are tested for 

HER and OER electrocatalytic activity. The effort has been made to reduce the 

quantity of platinum metal by the synergetic effect of pyridinic nitrogen and alloying 

effect of other metal (Ni, Er, Cu) with platinum. The Pt-Ni@PCN920 electrode has 

proved to be good tri-functional material for HER OER and ORR process. HER 

overpotential for 20%Pt/C to acquire the 10 mA/cm
2
 is the same as that of Pt-
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Ni@PCN920 electrode that contains less than 10 percent platinum with the same 

loading mass to the electrode. The Pt-Ni@PCN920 electrode showed good stability 

and durability with little variation of current. The difference of overpotential value 

during HER process for Pt-Ni@PCN920 and 20%Pt/C is only 16 mV in order to reach 

the current density from 10 mAcm
-2 

to 50 mAcm
-2

. The OER activity of our 

synthesized catalyst is excellent and comparable with RuO2 that is one among the best 

OER catalyst. ORR results are marvelous of our synthesized catalysts with less than 

10 percent Pt. The Pt-Ni@PCN920 showed best ORR performance in terms of both 

efficiency and durability. The collective parameters high surface area, nitrogen 

embedded carbon and alloying with other metal boost the Pt catalytic activity. In 

future, the use of nitrogen embedded carbon with diverse porosity is expected to play 

its vital role during the preparation of bimetallic efficient catalyst as alternative to 

noble metal based catalysts for water splitting, fuel cell and other electrocatalytic 

processes to address the issue of renewable and environment friendly energy resource.  
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CHAPTER-4 

Cd-MOF Derived N-doped Carbon Composites for Oxygen 

Evolution, Hydrogen Evolution and Oxygen Reduction 

Reaction 

4.1. Introduction 

The serious efforts to find out alternative renewable and green energy resources other 

than fossil fuel to tackle the energy crises all over the world are appreciated. The 

search of durable and efficient catalysts to do hydrogen evolution reaction (HER), 

oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) for 

electrochemical energy applications in fuel cells has supreme importance. 
[193,194]

 The 

porous material in support with metal did excellent performance for electrochemical 

reduction process like ORR, 
[195,196]

 but poor durability, low stability and poor 

methanol tolerance are the issues that are needed to be addressed. 
[197,198]

 The CO 

poisoning can be reduced by the use of Pt/metal oxide bimetallic composite supported 

on carbon prepared on bifunctional mechanism and electronic influence. 
[199]

 

The previous history about the electrocatalytic activity of bimetallic platinum with 

lanthanides on carbon support demonstrated that the synergetic effect of with platinum 

played very vital role. The higher catalytic activity was attributed to several factors; 

the most important is the reduction in the poisoning of electrode (inhibiting CO 

adsorption) due to the strongly bounded intermediates. 
[144]

 A series of lanthanides 

involved in the preparation of Pt-Ln@C catalysts performed good anodic activity for 

ethanol electro-oxidation. In this investigation, Neto et al. found that all bimetallic 

lanthanide with carbon support showed good anodic activity than the commercial Pt/C 

catalyst. 
[144,200]

 The synthesized electrode (Pt(IV)-Ce (III)@C) through the adsorption 

of Pt nanoparticles on CeO2 covered carbon nanotubes showed good activity for 

electroxidation of ethanol. 
[199,201]

 De Souza et al. 
[202]

 observed that Pt-CeO2@C (1:3) 

had greater ethanol electro-oxidation activity on comparison to both  Pt/C and PtRu/C 

ETEK materials. It was found that the rare earth metals can efficiently play the 

supporting role in the fabrication of electrocatalyst. 

Being multifunctional material, metal organic frameworks (MOFs) also used to get 

porous pure carbon and nitrogen doped carbon with good surface areas and porosity 



 

 

61 

 

by pyrolysis under argon atmosphere. 
[203-205]

 The metals with low boiling points like 

Cd (767°C) and Zn (905°C) contributed well for the production of porous carbon 

material from MOFs. 
[206]

 These porous carbon materials with high surface area and 

porosity are used as support to produce efficient bimetallic electrocatalysts. 

Herein, we synthesized the one cadmium metal organic frameworks with 

incorporation of nitrogen containing organic ligand. The porous carbon with nitrogen 

(PCN900) was obtained from the aforementioned framework through thermolysis in 

the presence of argon gas supply. This porous materials was then used to synthesize 

the bimetallic Pt-M (M = Er, Ni, Cu) composites for electrochemical cathodic and 

anodic applications. The all compounds were analyzed as tri-functional material for 

HER, OER and ORR. It was found that Pt-Er@PCN900 proved excellent catalytic 

activity for all three applications. 

4.2. Experimental  

4.2.1. Synthesis of [Cd(3-bpmh)(1,4-bdc)]n 

The  (N,N-Bis-pyridin-3-ylmethylene-hydrazine(3-bpmh) was prepared by reported 

method from literature. 
[163]

 The bulk amount of [Cd(3-bpmh)(1,4-bdc)]n was prepared 

by mixing the aqueous solution (64ml) containing 4 mmol (0.84g) of sodium 1,4 

benzene dicarboxylate with methanolic solution (64ml) having  4 mmol (0.84g) of 3-

bpmh. The resultant solution was stirred for 1 hour to mix well at 40°C. The 4 mmol 

(1.188g) aqueous solution (64ml) of Cd(NO3)2.6H2O mixed dropwise with above 

mentioned mixed ligand solution. The yellow precipitate formed immediately on 

mixing. The precipitates were filtered and washed several times with methanol to 

remove any unreacted species. The resultant precipitates with 85 percent yield with 

respect to cadmium were dried in vacuum oven at 60°C for further use.  

4.2.2. Carbonization of [Cd(3-bpmh)(1,4-bdc)]n 

The 2 g of [Cd(3-bpmh)(1,4-bdc)]n compound was heated up to 900°C for 6 hours in 

three step carbonization processes i.e. one hour stay at 400°C, one hour stay at 600°C 

and in the last 4 hours stay at 900°C. The black color product obtained from [Cd(3-

bpmh)(1,4-bdc)]n was named as PCN900. The N,N'-Bis-pyridin-3-ylmethylene-

hydrazine  is a nitrogen rich compound. This compound might be good source of 
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producing mainly pyridinic nitrogen in the carbon substrate which is capable of 

showing enhanced electrocatalytic activity. 

4.2.3. Synthesis of Composites 

The carbon material (120 mg) PCN900 was sonicated in ethylene glycol (20 ml) for 2 

hours to make good suspension. The suspension was heated up to 100°C then 10 ml 

solution of each H2PtCl6.6H2O and ErCl3.6H2O poured separately in carbon 

suspension. The whole system was refluxed for 5 hours to make good bimetallic 

composite supported by porous carbon. The same procedure was repeated in order to 

make bimetallic catalyst by replacing erbium salt with Cu(NO3)2.2H2O and Ni 

(CH3COOH)2.4H2O. The three compounds were coded as Pt-Er@PCN900, Pt-

Ni@PCN900 and Pt-Cu@PCN900. The overall scheme of synthesis for [Cd(3-

bpmh)(1,4-bdc)]n, Pt-Er@PCN900, Pt-Ni@PCN900 and Pt-Cu@PCN900 are given in 

scheme 4.1. 

 

 

Scheme 4.1. Scheme of synthesis for [Cd(3-bpmh)(1,4-bdc)]n, Pt-Er@PCN900, Pt-Ni@PCN900 

and Pt-Cu@PCN900  

4.2.4. Measurements for HER and OER 

Two different types of substrate Ni-foam and glassy carbon electrode (GCE) were 

used for the preparation of the working electrode. The 5 mg of the compound 

(catalyst) was dispersed in 750 μL deionized water, 250 μL isopropyl alcohol and 25 
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μL Nafion solution. The dispersion was sonicated for 4h to form homogeneous slurry 

(ink). All Ni-foam electrode substrates (1cm × 2cm) were etched in 3 M HCl solution 

for 3 h to remove the native nickel oxide from the surface which was washed by 

acetone, deionized water and ethanol prior their use. The ink was pasted 

independently on both GCE (3 mm diameter) and Ni-foam (1cm) electrodes with the 

similar loading of the sample mass (~1 mg/cm
2
) and then dried. All other tests, 

arrangements and procedures are same as previously described in the section 3.2.5.   

4.2.5. Measurements for ORR 

The electrochemical measurements for ORR were carried out according to the similar 

procedure and instrument as discussed in the section 3.2.6.  

4.3. Results and Discussions 

4.3.1. Powder XRD 

PXRD patterns for [Cd(3-bpmh)(1,4-bdc)]n showed perfect resemblance with the 

peaks of PXRD got from CCDC No. 1000612 by using mercury 3.9 software (Figure 

4.1 (a)). This confirmed the structure of the metal organic framework. The PXRD 

patterns of three composites along with their substrate N-doped carbon (PCN900) are 

presented in Figure 4.1 (b). The [Cd(3-bpmh)(1,4-bdc)]n decomposed initially to 

CdO/CN composites at a temperature higher than 500°C respectively. When the 

temperature is increased up to 900°C in the presence of argon supply causes reduction 

of CdO to cadmium metal. The cadmium metal vaporization (boiling point = 767°C) 

produces PCN900 for pristine cadmium organic framework. The spectrum for 

PCN900 clearly demonstrated the absence of 2θ sharp peaks at 33, 38, 55, 66 and 69 

according to the PDF card number 65-2908 for CdO. 
[207]

 The broad peaks near about 

2θ at 22.6° and 43.2° for PCN900 are assigned to (002) and (100) crystallographic 

planes of carbon material. The characteristic peaks for pure platinum are at 2θ = 39.4, 

45.96, 67.36, 81.01. PXRD pattern of Pt-Er@PCN900 showed the presence of peaks 

at 2θ  at 39.6, 46.4,67.6 and 81.4 that can be assigned to (111), (200), (220) and (311) 

reflection planes of Pt metal. The slight difference in peak positions (2theta values) 

may be due to change in lattice constants for both metals of bimetallic composites. 

[165-167]
 The high intensity peak (111) was chosen to calculate the crystallite size 
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(Dcryst) and lattice parameters. The crystallographic parameters found by XRD patterns 

are given in Table 4.1. The Dcryst of Pt-Er@PCN900 and Pt-Cu@PCN900 are 3.52 nm 

and 2.85 nm, which are found to be less than the Pt-Ni@PCN900 (12.6 nm). The 

lattice parameter for Pt-Er@PCN900 and Pt-Cu@PCN900 are comparatively 

decreased than Pt-Ni@PCN900 during alloy formation.  

Table 4.1. PXRD parameters for prepared catalysts Pt-Er@PCN900, Pt-Ni@PCN900 and Pt-

Cu@PCN900 

 

 
Figure 4.1. Powder XRD patterns (a) simulated and experimental for [Cd(3-bpmh)(1,4-bdc)]n, 

(b) PCN900, Pt-Er@PCN900, Pt-Ni@PCN900 and Pt-Cu@PCN900 

4.3.2. FTIR Spectroscopy 

FTIR spectra of N,N-Bis-pyridin-3-ylmethylene-hydrazine (3-bpmh), 1,4-benzene 

dicarboxylic acid (1,4-bdc) and [Cd(3-bpmh)(1,4-bdc)]n are presented in Figure 4.2 

(a). The broad band presence at 3371 and 3281 cm
-1

 for [Cd(3-bpmh)(1,4-bdc)]n is 

due to the stretching vibrations of OH bond associated to the solvent water. The other 

related peaks are 1626 cm
-1 

(C=N) and 1606 cm
-1 

(C=C). The characteristic 

asymmetric (ma) and symmetric (ms) stretches due to the carboxylate group 

(COO
-1

) are at 1556 cm
-1 

and 1382 cm
-1

. FTIR spectra of PCN920, Pt-

Ni@PCN920, Pt-Er@PCN920 and Pt-Cu@PCN920 are presented in Figure 4.2(b). 

The characteristic broad band at 3432 cm
-1

 can be designated to O-H stretching 

vibration for all compounds, which is associated to the water molecules related to the 

Catalysts θ111(°) d111(nm) α (nm) fwhm(radian) Dcrystalite(nm) 

Pt-Er@ PCN900 20.03 0.225 0.389 0.0419 3.52 

Pt-Ni@ PCN900 19.92 0.226 0.392 0.0119 12.60 

Pt-Cu@ PCN900 20.50 0.220 0.381 0.0520 2.85 
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solvent. The broad band at 1602 cm
-1

 for PCN900 is attributed to C=C and C=N 

vibrations, the corresponding band is also present in all compounds of PCN900. The 

broad peak at 1182 cm
-1

 for PCN900 indicates the existence of C-N stretching 

vibration. The FTIR analysis supports the presence of C-N species in the 

carbon based samples. This demonstrates the presence of thermally stable N-

doped carbon during pyrolysis at high temperature. The important bands 

along with assignments are given in Table 4.2. 

Table 4.2. FTIR peaks and their assignments for PCN900, Pt-Er@PCN900, Pt-Ni@PCN900 and 

Pt-Cu@PCN900. 

Compounds OH  

(cm
-1

) 

C=C, C=N  

(cm
-1

) 

C-N 

 (cm
-1

) 

PCN900 3432 1602 1182 

Pt-Er@PCN900 3432 1621 1108 

Pt-Ni@PCN900 3432 1613 1108 

Pt-Cu@PCN900 3432 1614 1174 

 

 
Figure 4.2. (a) FTIR spectra of N,N-Bis-pyridin-3-ylmethylene-hydrazine (3-bpmh), 1,4 benzene 

dicarboxylic acid (1,4-H2bdc) and [Cd(3-bpmh)(1,4-bdc)]n, (b) FTIR spectra of PCN900, Pt-

Ni@PCN900, Pt-Er@PCN900 and Pt-Cu@PCN900. 

4.3.3. Raman Spectroscopy 

The chemistry of the N-doped carbon material and bimetallic composites can further 

understood through Raman spectrum. Raman spectra of PCN900, Pt-Ni@PCN900, Pt-

Er@PCN900 and Pt-Cu@PCN900 are shown in Figure 4.3. The PCN900 spectrum 

showed two peaks one at ~1579 cm
-1 

with intensity 16.85 a.u. called G-band is the 

characteristic identity of graphitic layer that appear due to E2g  phonon of the sp
2
 

carbon atoms. The other peak located at ~1352 cm
-1 

with intensity 17.52 a.u. 
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corresponds to D-band, which can be assigned to A1g mode breathing vibrations of the 

aromatic rings that are bound to sp
3
-C at edges and defect sites. The ratio of the 

intensities for D and G-bands (R= ID/IG) inform about the range of structurally ordered 

graphite sites present in the N-doped porous carbon materials and disclose the 

graphitization degree of the carbonaceous materials. The intensity of the D-band is 

higher in PCN920 and all bimetallic composites than that of G-band owing to the fact 

of the presence of disordered and defects sites in all compounds. The position of D 

and G band along with their intensities and intensity ratio for all compounds are given 

in Table 4.3.  

 
 
Figure 4.3. Raman spectra of PCN900, Pt-Ni@PCN900, Pt-Er@PCN900 and Pt-Cu@PCN900. 

Table 4.3. Raman parameters calculated from Raman spectra of PCN900, Pt-Er@PCN900, Pt-

Ni@PCN900 and Pt-Cu@PCN900. 

 
 G-Band IG D-Band ID R=ID/IG 

PCN900 1587 17.32 1352 17.51 1.010 

Pt-Er@PCN900 1598 16.22 1357 17.13 1.056 

Pt-Ni@PCN900 1595 13.71 1356 14.45 1.053 

Pt-Cu@PCN900 1605 22.45 1355 23.63 1.052 

4.3.4. XPS Analysis 

The carbon 1s spectra for PCN900 obtained by the thermolysis of the framework are 

depicted in the Figure 4.4 (a). The curve fit for the C1s spectrum of PCN900 was 

resolved in to six peaks. These peaks indicated the presence of C-N(286.4 eV), 

C=O(285.7 eV), C-C(285.1 eV), C=N(284.7), C-O(284.4) and C=C(284.0). 
[208,209]

 

The deconvolution of N1s spectrum relating to PCN900 produced four peaks, which 

are described as 398.2 eV (pyridinic N), 399.9eV (pyrrolic N), 401.2 eV (quaternary 
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or graphitic N) and 403.5 eV (oxidic N) presented in Figure 4.4 (b). 
[168-171,210]

 The two 

main peaks centered at 398.2 eV and 401.2 eV that are designated as pyridinic N and 

graphitic N, respectively, are present with greater intensity. It is evident that the 

nitrogen atoms of the original azine ligand incorporated mainly by two different ways 

in the graphene carbon obtained through thermolysis. For pyridinic nitrogen the sp
2
 

hybridized nitrogen atom linked with two sp
2
 hybridized carbon atoms through sigma 

bond, the unhybridized electron is involved in the π conjugation while lone pair 

present on the nitrogen atom can play very important role for catalytic process. 
[81]

 

The graphitic nitrogen is explained as three electrons of the nitrogen with three sp
2
 

hybridized orbitals form three sigma bonds with three sp
2
 hybridized carbon atoms, 

one of the other two remaining electron present in the π orbital, the last fifth electron 

of nitrogen is available in the conduction band that is good for electocatalytic activity. 

[211]
 

The complete XPS patterns of the synthesized compounds Pt-Er@PCN900Pt-

Ni@PCN900 and Pt-Cu@PCN900 is presented in the Figure 4.5, which clearly 

demonstrate the presence of nitrogen around binding energy 400eV in all N-doped 

compounds.  

The representative doublet of platinum for bimetallic composite Pt-Er@PCN900 

present with high binding energy Pt 4f5/2 and a low binding energy band Pt 4f7/2 shown 

in Figure 4.6 (d). The two strong peaks at 71.3 eV and 74.7 eV are for metallic Pt, 

while the rest small peaks at 72.1 eV, 75.6 eV and 77.2 eV are for the oxides of Pt. 

The reported work indicate that the standard binding energy of Pt  71.8 eV 
[164]

. A 

negative shift of 0.5 eV is present that shows its resemblance to the core shell 

structure with the second metal. 
[173]

 The XPS spectra of erbium metal for Pt-

Er@PCN920 presented in Figure 4.6 (e) reveals three peaks at the binding energy 

values 168.9 eV (Er 4d5/2), 171.6 eV ((Er 4d5/2) and 176.0 eV (Er 4d3/2). It is difficult 

to identify the detailed chemical shift to explore degree of oxidation for erbium metal 

due to low signal to noise ratio. 
[177]

 The electronegativity of erbium(1.24) is less than 

that of platinum (2.28), so the negative shift of 0.5 eV in the platinum indicate the 

electron donation from Er to Pt.  

The O1s core line (4.6 (c)) is a convolution of two broad peaks at 531.8 eV for (M-O) 

and 533.3 eV for (C-O). 
[175]

  The C1s and N1s spectra belong to the Pt-Er@PCN900 

are presented in the Figure 4.6 (a) and (b) respectively. The C1s XPS for Pt-
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Er@PCN900 presented in the Figure 4.6 (a) declare the de-convoluted peaks at C-N 

(286.2 eV), C=O (285.5 eV), C-C (284.9 eV), C=N (284.5) and C=C (284.1). The N1s 

spectrum of Pt-Er@PCN900 is de-convoluted mainly in to four peaks 398.4 eV 

(pyridinic N), 399.9 eV (pyrrolic N), 401.3 eV (quaternary or graphitic N) and 404.9 

eV (oxidic N) presented in Figure 4.6 (b). The graphitic and pyridinic nitrogens are 

present in greater extent which is useful for electrochemistry as discussed earlier in 

chapter 1. The oxidic nitrogen peak intensity in Pt-Er@PCN900 is increased as 

compared to the intensity of oxidic nitrogen for parent N-doped carbon substrate 

PCN900. The increase in intensity is related to the formation of pyridinic oxide 

moieties due to the incorporation of metal nanoparticles in the carbon substrate. The 

Ni 2p3/2 and 2p1/2 core peaks are present in Figure 4.7 (a). The peak at 855 eV and the 

peak at 873.5 eV can be attributed to metallic Ni, while the satellite peaks at 860.7 and 

879.9 eV are related to the oxide of nickel. 
[174]

 The standard nickel metal peak should 

lie at 852.6 eV which shows the positive deviation in our composite, this is the clear 

indication that both nickel and platinum metals are engaged with each other through 

electron donation.   

The two major peaks obtained by de-convolution of XPS Cu2p spectrum for Pt-

Cu@PCN900 is present in Figure 4.7 (b) belong to Cu 2p3/2 (934.2 eV) and another 

for Cu 2p1/2 (951.6 eV). These peaks could be attributed to metallic copper. 
[176]

 The 

presence of CuO is justified by peak at 934.2 eV for Cu 2p3/2, a reshuffled peak at 

943.2 eV, and a 955.8 eV peak for Cu 2p1/2. 

The elemental analysis thorough XPS, CHNS/O and metal composition confirmed by 

ICP are presented in Table 4.4, 4.5 and 4.6. The percent atomic composition of Pt-

Er@PCN900 found through XPS is Pt4f (4.79 %), Er4d (0.43%), C1s (76.58%), O1s 

(13.51%) and N1s (4.69%). The ICP results showed the Pt to 6.52 % and Er to 0.97 % 

for Pt-Er@PCN900. The percentage of elements from ICP is little higher as that found 

from XPS The CHNS/O results correlates with theoretical calculations and also 

showed better agreement with XPS results. The EDS results and colored mapping of 

elements are shown in Figure 4.8. 



 

 

69 

 

 
 

Figure 4.4. XPS spectra (a) C1s core line, (b) N1s core line for PCN900. 

 

 

 

Figure 4.5. XPS spectra for comparison of Pt-Er@PCN900 and Pt-Ni@PCN900 and Pt-

Cu@PCN900. 
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Figure 4.6. (a) C1s core line (b) N1s core line (c) O1s core line (d) Pt4f core line (e) Er4d for Pt-

Er@PCN900 catalyst. 
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Figure 4.7. XPS spectra (a) Ni2p core line, (b) Cu2p core line of the Pt-Ni@PCN900 and Pt-

Cu@PCN900. 

 

Table 4.4. Elemental analysis result of the catalysts from XPS measurements. 

Elements 
Atomic Percent (%) from XPS Analysis 

Pt-Er@PCN900  Pt-Ni@PCN900  Pt-Cu@PCN900  

C1s 76.58 77.67 78.27 

N1s 4.69 5.35 5.18 

O1s 13.51 9.68 11.15 

Pt4f 4.79 3.88 3.2 

Er4d 0.43 - - 

Ni2p3 - 3.42 - 

Cu2p3 - - 2.2 

 

Table 4.5. Elemental analysis result of the catalysts from CHNS/O measurements. 

Elements Atomic Percent (%) from CHNS/O Analysis 

Pt-Er@PCN900  Pt-Ni@PCN900  Pt-Cu@PCN900  

C 71.79 78.92 79.35 

N 5.73 6.23 5.59 

O 12.32 11.96 12.92 

 

Table 4.6. Weight percent of Pt and Er for the catalysts from ICP-OES analysis. 

Metal Wt. % from ICP-OES 

Pt-Er@PCN900 Pt-Ni@PCN900 Pt-Cu@PCN900 

Pt 6.52 4.92 3.98 

Er 0.97 - - 

Ni - 4.23 - 

Cu - - 2.39 
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Figure 4.8. EDS spectrum of selected area alongwith high-magnification image of selected area 

and EDS elemental mapping of individual elements (C, N, O Pt and Er) of image for Pt-

Er@PCN900. 

4.3.5. Nitrogen Adsorption Analysis 

The specific surface area, pore volume and pore-size distribution plots were obtained 

for all compounds through N2 adsorption and desorption measurements. The 

isotherms and pore volume distribution curves for pristine MOF [Cd(3-bpmh)(1,4-

bdc)]n  are presented in Figures 4.9 (a) and 4.9 (b). The details for all aforementioned 

parameters were given in Table 4.7. The isotherms and pore volume distribution 

curves for PCN900 and Pt-Er@PCN900 are presented in Figures 4.9 (c) and 4.9 (d). 

All the isotherms showed type IV characteristics with H3 hysteresis loop. 
[212]

 The 

BET of the pristine metal organic framework is 4 m
2
g

-1
, which is low and to find the 

use of this metal organic framework as sacrificial to get porous N-doped material by 

the elimination of cadmium metal is good. BET surface area of N-doped carbon 

(PCN900) obtained by pyrolysis process of MOF was found to be 407 m²g
-1

. The 

nitrogen existence in the PCN900 can play very important role to enhance the 

electrocatalytic activity by creating polarization in the neighboring carbon atoms. 
[213]

 

The total pore volume for pores with less than 67.79 nm width for PCN900 at P/Po = 

0.97 was found to be 0.88 cm³g
-1

. The BET adsorption average pore width was 8.7 nm 

for PCN900. The good surface area and presence of nitrogen along with for PCN900 

are the possible grounds for selecting PCN900 as a substrate to synthesis bimetallic 

electrocatalyst. The prominent decrease in BET surface area and total pore volume 

were observed for prepared bimetallic catalysts. BET surface area for Pt-Er@PCN900 

was 287 m
2
g

-1
 and its total pore volume observed was 0.49 cm

3
g

-1
. The isotherms for 
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Pt-Er@PCN900 were similar to its carbon substrate PCN900. The depression in the 

surface area and pore volume related to the loading of metal nanoparticles especially 

for the microporous region. 
[179] 

The intense peak found at 31 Å for PCN900 near 

microporous region showed the formation of mesoporous carbon material by the 

evaporation of cadmium metal. The intensity of the peak situated at 31 Å for PCN900 

showed reduction in its intensity at the same position. The reduction in the intensity 

related to the fact that not all but most of the pores are filled by metal particles.  

 
 
Figure 4.9. The sorption isotherms with N2 at 77 K  a) for [Cd(3-bpmh)(1,4-bdc)]n, (c) for 

PCN900 and Pt-Er@PCN900. The pore size distribution plots b) for [Cd(3-bpmh)(1,4-bdc)]n(d) 

for PCN900 and Pt-Er@PCN900. 

Table 4.7. Textural parameters of [Cd(3-bpmh)(1,4-bdc)]n, PCN900 and Pt-Er@PCN900 

obtained from the N2 adsorptiondesorption isotherms. 

 Specific surface area 

(m
2
 g 

-1
 ) 

Pore volume 

(cm
3
 g

 -1
 ) 

Mean pore size 

(nm) 

[Cd(3-bpmh)(1,4-bdc)]n 3.97 

 

0.51 513.5  

PCN900 406.65 0.89 

 

 

8.7  

 Pt-Er@PCN900 287.39 0.49 

 

 

6.7 
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4.3.6. Surface Morphology 

The surface morphology was elucidated through SEM and TEM analysis. The TEM 

image at 200 nm for N-doped carbon PCN900 is spherical shown in Figure 4.10 (a). 

The TEM for all synthesized catalysts Pt-Er@PCN900, Pt-Ni@PCN900 and Pt-

Cu@PCN900 at 100 nm are visible in Figures 4.10 (b), (c) and (d). The dense spots 

indicate the presence of metal nanoparticles supported on N-doped carbon material. 

SEM images for [Cd(3-bpmh)(1,4-bdc)]n at 10 μm and 100 μm are shown in Figures 

4.11 (a) and (b). The [Cd(3-bpmh)(1,4-bdc)]n showed nano rod like morphology. 

These rods on heating up to 900°C by the utilization of argon gas after the removal of 

Cd metal showed cotton wool like morphology with visible pores as shown in Figures 

4.11 (c) and (d). This N-doped carbon would be good potential candidate for the 

encapsulation of metal nanoparticles. The SEM image for Pt-Er@PCN900 is 

presented in Figures 4.11 (e) and (f) showed excellent promising coherent surface 

pores good for electrocatalytic activity. SEM images for Pt-Ni@PCN900 is presented 

in the Figures 4.11 (g) and (h).  

 
 

Figure 4.10. Tem images for a) PCN900, (b) Pt-Er@PCN900, (c) Pt-Ni@PCN900 and (d) Pt-

Cu@PCN900. 
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Figure 4.11. The SEM images (a) [Cd(3-bpmh)(1,4-bdc)]n , (b) [Cd(3-bpmh)(1,4-bdc)]n, (c) 

PCN900, (d) PCN900, (e) Pt-Er@PCN900, (f) Pt-Er@PCN900, (g) Pt-Ni@PCN900 and (h) Pt-

Ni@PCN900. 

 

 

 

 



 

 

76 

 

4.3.7. Electrochemical Active Surface Area 

The electrochemically active surface area (ECSA) of Pt-Er@PCN900, Pt-

Ni@PCN900and Pt-Cu@PCN900 were found by cyclic voltammetry (CV) in 1 M 

KOH solution with three electrode system consisting of nickel foam fabricated 

working electrode, Ag/AgCl (3 M KCl) (reference electrode) and Pt wire (counter 

electrode)at predominantly variable at scan rates 10, 20, 40, 60, 80 and 100 mVs
-1

 

through the double-layer capacitance (Cdl). The CV in OER active region 0.2-0.3 V 

for Pt-Er@PCN900, Pt-Ni@PCN900 and Pt-Cu@PCN900 are shown in Figures 4.12 

(a), (b) and (c) respectively.  Figure 4.12 (d) demonstrate Cdl for all synthesized 

catalysts from the CV results. The cdl for Pt-Er@PCN900 Pt-Ni@PCN900and Pt-

Cu@PCN900were found 14.2 mFcm
-2

, 6.2 mFcm
-2 

and 5.4 mFcm
-2

, respectively 

(Figure 4.12 (d)). The Cdl of the Pt-Er@PCN900 is the highest among others. The Pt-

Er@PCN900 had more active surface area relative to Pt-Ni@PCN900 and Pt-

Cu@PCN900 with same loading of mass on nickel foam. From this, it can be deduced 

that Pt-Er@PCN900 had more active sites to show good electrochemical results in 

OER active region.  

 
Figure 4.12.  Cyclic voltammetry curves of Pt-Er@PCN900 (a), Pt-Ni@PCN900 (b) Pt-

Cu@PCN900 (c)  electrode in 1M KOH with different scan rates. (d) Charging current density 

differences (∆J = Ja - Jc) of Pt-Er@PCN900, Pt-Ni@PCN900 (b) Pt-Cu@PCN900 
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4.3.8. Hydrogen Evolution Reaction 

The three electrode system comprising of Ag/AgCl (reference electrode) with 

saturated KCl filling solution, Pt wire (counter electrode) and nickel foam  fabricated 

working electrode/ glassy carbon electrode (GCE) with modified surface (pasting the 

slurry of compounds on it) was used to monitor the LSV for HER in 1 M KOH under 

nitrogen saturation. HER LSV curves of Pt-Er@PCN900, Pt-Ni@PCN900, Pt-

Cu@PCN900 and 20%Pt/C with GCE and Ni-foam substrate separately are shown in 

the Figure 4.13 (a) and Figure 4.14 (b) respectively.  The  LSV curves showed that the 

-10 mAcm
-2

current density was achieved for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-

Cu@PCN900 and 20%Pt/C electrodes at overpotential (η10) 21.3, -3.5, -33.2, -32 mV 

with GCE and -10.2, -68.6, -121.4, -89.3 mV with Ni-foam ,  respectively.  The η10 for 

both Pt-Er@PCN900 and Pt-Ni@PCN900 is greater than that of 20%Pt/C on the two 

different substrates that are GCE and Ni-foam. The overpotential to achieve the 

current density 100 mAcm
-2

 (η100) for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-

Cu@PCN900 and 20%Pt/C electrodes were found -48.2, -254.6, -299.2,-229.9 mV at 

GCE and -91.4, -154.3, -245.3, -202 mV at Ni-foam. The overpotential results showed 

that Pt-Er@PCN900 and Pt-Ni@PCN900are comparatively excellent for HER 

electrocatalytic activity than the commercially available 20%Pt/C catalyst. According 

to the reported literature the d-orbital of transition metals produce robust bonding with 

p-orbital of nitrogen, 
[214-217]

 that will be the strong evidence for enhanced HER 

electrocatalytic activity for N-dopant electrocatalysts. The Pt-Er@PCN900 is our best 

HER sample in which presence of lanthanide element along with platinum is caused 

enhanced HER with 10% Pt comparative to 20% wt. Pt. 

The HER kinetics for all samples were observed by evaluating the Tafel plots 

presented in Figure 4.13 (b) for GCE and in Figure 4.14 (b) for Ni-foam. The slopes 

calculated for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900 and 20%Pt/C with 

GCE are 62, 66, 83 and 70 mV dec
-1

 and with Ni-foam are 38, 52, 120 and 60 mV 

dec
-1

 respectively.  The Tafel slope (38 mV/dec for Ni-foam and 62mV/dec for GCE) 

of Pt-Ni@PCN900 is found to be lowest than that the Pt-Ni@PCN900, Pt-

Cu@PCN900 and 20%Pt/C. The overpotential results at -10, -50, -100 mAcm
-2

 

current density for all compounds with GCE and Ni-foam along with Tafel slopes 

results are presented in the Table 4.8 and 4.9, respectively. The Tafel slope relate to 
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the rate of mass transfer, the small value of Tafel slope correlates to rapid catalytic 

reaction, thus correlates to high HER activity. It was achieved that among prepared 

catalysts, the Pt-Er@PCN900 showed the best catalytic performance. The 

overpotential results for both GCE and Ni-foam substrate match well with their 

corresponding results of Tafel slopes.  

 
Figure 4.13. a) HER LSV curves of Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900 and 

20%Pt/C on GCE substrate. b) Tafel plots for HER of Pt-Er@PCN900, Pt-Ni@PCN900,Pt-

Cu@PCN900and 20%Pt/C on GCE substrate. 

 
Figure 4.14. a) HER LSV curves of Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900 and 

20%Pt/C on Ni-foam substrate. b) Tafel plots for HER of Pt-Er@PCN900, Pt-Ni@PCN900,Pt-

Cu@PCN900and 20%Pt/C on Ni-foam substrate. 

 
Table 4.8. HER overpotential and Tafel slope results for Pt-Er@PCN900,Pt-Ni@PCN900, Pt-

Cu@PCN900 and 20%Pt/Con GCE substrate. 

Catalyst                           Overpotential (mV)  Tafel Slope 

(mVdec
-1

) 
At -10 mAcm

-2

 At -50 mAcm
-2

 At -100 mAcm
-2

 

Pt- Er@PCN900 21.3 -21.5 -48.2 62 

Pt-Ni@PCN900 -3.5 -110.7 -254.6 66 

Pt-Cu@PCN900 -33.2 -148.8 -299.2 83 

20%Pt/C -32 -135.7 -229.9 70 
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Table 4.9. HER overpotential and Tafel slope results for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-

Cu@PCN900 and 20%Pt/C on Ni-foam substrate. 

Catalyst                                   Overpotential (mV)  Tafel Slope 

(mVdec
-1

) 
At -10 mAcm

-2

 At -50 mAcm
-2

 At -100 mAcm
-2

 

Pt- Er@PCN900 -10.2 -52.2 -91.4 38 

Pt-Ni@PCN900 -68.6 -114.1 -154.3 52 

Pt-Cu@PCN900 -121.4 -207.1 -245.3 120 

20%Pt/C -89.3 -164.7 -202 60 
 

4.3.9. Oxygen Evolution Reaction 

The oxygen evolution reaction (OER) was performed for synthesized catalysts and 

RuO2 with three electrode system consisting of nickel foam fabricated working 

electrode, Ag/AgCl (reference electrode) and Pt wire (counter electrode) with 1 M 

KOH solution (electrolyte) under nitrogen saturation. The LSV OER curves at the 

scan rate of 10 mV s
-1

 (25 ° C) for all compounds in this study are shown in Figure 

4.15 (a). The overpotential on RHE scale to acquire the current density 10 mAcm
-2

 for 

Pt-Er@PCN900,Pt-Ni@PCN900, Pt-Cu@PCN900and RuO2 electrodes are 1.51, 1.55, 

1.60 and 1.49 V respectively. The corresponding overpotential values on RHE scale to 

gather 100 mAcm
-2 

current density were found 1.58, 1.66, 1.71 and 1.67 V for Pt-

Er@PCN900,Pt-Ni@PCN900, Pt-Cu@PCN900and RuO2. The overpotential value for 

Pt-Er@PCN900 and Pt-Ni@PCN900 is comparable at current density 10 mAcm
-2

 and 

even much better at 100 mAcm
-2

 than commercially OER active RuO2, resulting that 

these electrodes are conspicuously active for OER in the basic media. The Pt-

Er@PCN900 showed the best OER performance might be due to more active 

pyridinic N moieties which are OER active sites. 
[218]

 

The OER kinetics  were elaborated by finding Tafel polarization (E  vs. logj ) curves 

at a scan rate of 10 mV s
-1

  as present in Figure 4.15 (b). The Tafel slopes results for 

OER showed that Pt-Er@PCN900 (62 mV/dec) and Pt-Ni@PCN900 (82 mV/dec) had 

much better catalytic OER activity than RuO2 (108 mV/dec). The Tafel slope for Pt-

Cu@PCN900 is 117 mVdec
-1

, which is our worst OER sample. The results are 

consistent with the LSV polarization curves for OER.  The overpotential results at -10 

and -100 mAcm
-2

 current density for all compounds along with Tafel slopes results 

are presented in the Table 4.10. 
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Figure 4.15. (a) OER LSV curves and (b) Tafel plots for OER of Pt-Er@PCN900, Pt-

Ni@PCN900, Pt-Cu @PCN920 and RuO2. 

 
Table 4.10. OER overpotential and Tafel slope results for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-

Cu@PCN900 and RuO2on Ni-foam substrate. 

Catalyst Overpotential (volt) Tafel Slope 

(mVdec
-1

) 
At 10 mAcm

-2

 At 100 mAcm
-2

 

Pt- Er@PCN900 1.51 1.58 62 

Pt-Ni@PCN900 1.55 1.66 82 

Pt-Cu@PCN900 1.60 1.71 117 

RuO2 1.49 1.67 108 

 

4.3.10.   Electrochemical Impedance Spectroscopy 

The similar three-electrode system as discussed in OER was used to perform 

electrochemical impedance spectroscopies (EIS) of Pt-Er@PCN900, Pt-Ni@PCN900, 

Pt-Cu@PCN900 and RuO2in 1 M KOH. The Nyquist plots for all samples from EIS 

data utilizing the frequency range 0.1 Hz to 100 kHz are shown in Figure 4.16 (a). 

These plots are between Z´ (the real part) that correspond the ohmic parameter and Z´´ 

(imaginary part) which is used to represent the capacitive parameter. The charge 

transfer resistance between electrolyte and electrode surface interface in the domain of 

high frequency region is exhibited by the distorted semicircles. By taking the intercept 

on the real axis, the charge transfer resistance (Rct) for the Pt-Er@PCN900, Pt-

Ni@PCN900, Pt-Cu@PCN900 and RuO2 were found as 8 Ω, 16 Ω, 54 and 5 Ω, 

respectively. The electrode with smaller value of Rct had better electrocatalytic 

activity by considering the fact that conductivity had inverse relation with Rct. The Pt-
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Er@PCN900 had the lowest charge transfer resistance among synthesized catalysts 

and it is comparable to RuO2.  

4.3.11.   Time Dependent Long Term Stability Test 

The working electrode stability test for Pt-Er@PCN900 was run in 1 M KOH alkaline 

solutions presented in Figure 4.16 (b).  The Pt-Er@PCN900 catalyst almost retained a 

constant current density (mA/cm
2
) during the application of constant potential of 0.5 

V for 9 h, which is good sign of durability and stability. 

 
Figure 4.16. (a) Nyquist diagram from EIS measurements for Pt-Er@PCN900, Pt-Ni@PCN900, 

Pt-Cu@PCN900 and 20%Pt/C. (b) Durability test of Pt-Er@PCN900 in 1 M KOH solution (time-

dependent current density curve under constant potential of 0.5 V versus Ag/AgCl). 

4.3.12.   Oxygen Reduction Reaction 

The three synthesized catalysts Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900 in 

the end tested for oxygen reduction reaction (ORR) by using rotating ring disk 

electrode (RRDE) at 1600 rpm with scan rate of 5 mV s
-1 

in 0.1 M KOH solution as 

electrolyte with oxygen saturation. Figure 4.17 (a) shows ORR polarization curves for 

Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900 and 20%Pt/C. The onset potential 

(Eonset) for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900 and 20%Pt/C is 1.08, 

1.06, 1.03 and 1.05 V vs. RHE, respectively. It was noted that the onset potential 

(Eonset) of two our synthesized catalysts Pt-Er@PCN900 and Pt-Ni@PCN900 showed 

a positive shift of 30 and 10 mV than 20%Pt/C. The half wave potential (E1/2) 

observed for Pt-Er@PCN900 is 0.94 V, for Pt-Ni@PCN900 is 0.89 V and 0.86 V for 

Pt-Cu@PCN900 vs. RHE, respectively. The electrocatalytic performance of of Pt-

Er@PCN900 toward ORR based on half wave and onset potential is excellent in 

comparison with commercial 20%Pt/C. ThePt-Ni@PCN900 has the similar value of 



 

 

82 

 

halfwave potential as like 20%Pt/C. The N-doped substrate contains charge mobility 

around N-doping (polarization in the nearby carbon atoms) that is involved for the 

change of O2 chemisorptions and as a result O−O bond after becoming weak is 

broken, thus nitrogen doping enhances ORR catalytic activity. 
[191]

 The surface 

chemistry of the nitrogen doped material reduces the energy barrier for 

electrochemical reactions by generating strain and defect sites in the material. 
[192]

 The 

ORR activity is also verified by Tafel slope, the smaller slope relate to the better ORR 

activity. The Tafel slope (Figure 4.17 (b)) found for Pt-Er@PCN900 is 36 mVdecade
-1

 

which is the least among Pt-Ni@PCN900 (58 mVdecade
-1

), Pt-Cu@PCN900 (73 

mVdecade
-1

) and 20%Pt/C (64 mVdecade
-1

).  

The CV measurements for our catalysts along with commercial 20%Pt/C were carried 

out in 0.1 M KOH solution using ring disk electrode under the saturation of N2 and O2 

at a scan rate of 50 mVs
-1

(Figure 4.17 (c)). CV curves under O2 presented prominent 

ORR peak (solid line) while the corresponding peak is absent in the featureless 

voltammogram under N2 (dashed line). The similar trend of onset potential was found 

in the CV curves as ascribed from the LSV curves obtained by RRDE.    

The ORR catalytic mechanism can be understood the number of electron transfer (n) 

for one O2 molecule and    
   percent yield during ORR. The    

   percent yield 

and electron transfer number (n) calculated from the ring and disk currents had shown 

in Figure 4.17 (d). The    
  

 yield was found to be less than 3 % for Pt-Er@PCN900 

and less than 7% for Pt-Ni@PCN900, Pt-Cu@PCN900 and 20@Pt/C. The less 

production of    
  

 relate to best ORR, So, Pt-Er@PCN900 is the best ORR catalyst 

in comparison with Pt-Ni@PCN900, Pt-Cu@PCN900 and 20@Pt/C. The n values lie 

between 3.90-3.96, suggesting that ORR catalyzed by all catalysts proceeds mainly 

via four electron process (                  ). The two electron 

process (                    
  ) is less favored in comparison to four 

electron process for all electrocatalysts. The lanthanide composite Pt-Er@PCN900 

showed nearly unchanged behavior over wide range of potential visible from the 

stable line for electron number transfer in the Figure 4.17 (d). This indicate that Pt-

Er@PCN900 catalyst in comparison with Pt-Ni@PCN900, Pt-Cu@PCN900 and 

20@Pt/C catalysts presented much smoother and most electrochemically stable ORR 

process.  
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The ORR mechanism is also analyzed through the rotating disk electrode (RDE) 

measurements at different rotation speeds from 400 to 2025 rpm  in O2 saturated 0.1 

M KOH. The LSV different rotation speeds results for Pt-Er@PCN900, Pt-

Ni@PCN900, Pt-Cu@PCN900 and 20@Pt/C are shown in Figures 4.18 (a), (b), (c) 

and (d), respectively. It was observed that limiting current density increases with the 

increase of rotation speeds due to the decrease of diffusion distance at higher rotation 

speeds. The Koutecky Levich plots ( K-L) (J
-1

 vs. ω
-1/2

)  obtained from LSV curves at 

different rotation speeds on 0.7 V vs. RHE for all electrocatalysts presented in the 

Figure 4.17 (e).The  graph showed good linear fitting for the first order kinetics, the 

calculated number of electrons supports the four electron process for all catalysts in 

this study. The kinetic current density calculated at 0.7V vs RHE for Pt-Er@PCN900, 

Pt-Ni@PCN900, Pt-Cu@PCN900 and 20@Pt/C was 26 mAcm
-2

, -40 mAcm
-2

, 65 

mAcm
-2 

and 29 mAcm
-2

. 

The accelerating durability tests (ADTs) was performed with our synthesized catalysts 

and commercial 20%Pt/C for practical use in fuel cells. The ADTs for all catalysts in 

this study were carried out in O2 saturated 0.1 M KOH electrolyte for 1000 cycles at a 

scan rate of  50 mV s
-1

 using the RDE at 25°C.  The O2 flow was remained continuous 

throughout 1000 cycles. After the completion of 1000 cycles CV and LSV were 

performed. It was found through CV (Figure 4.19) that there is no loss of 

electrochemical active surface area for Pt-Er@PCN900, while for Pt-Ni@PCN900, 

Pt-Cu@PCN900 and 20% Pt/C the EASA loss was found to be 15 %, 30% and 35 % 

respectively. The LSV curves taken at 1600 rpm after 1000 cycles are presented in 

Figure 4.17 (f). These curves are coherent with the CV findings for all compounds. 

The results of ADTs (Table 4.11) clearly demonstrate that synthesized catalysts Pt-

Er@PCN900 and Pt-Ni@PCN900 showed good stability and durability than 

commercially available 20%Pt/C catalyst due electron interaction effect between two 

metals along with the presence of nitrogen.  
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Figure 4.17. (a) ORR results for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900and 20%Pt/C 

at rotation rate of 1600 rpm in the basic electrolyte of 0.1M KOH with oxygen saturation at 5 mV 

s
-1

 through constant potential of 1.5 volt vs. RHE scale applied on the Pt-ring, disk current is 

located at lower side while ring current called positive current is present on upper side (curves 

with dotted format). (b) Tafel plots from ORR LSV results (at 1600 rpm) for all compounds. (c) 

CVs of Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900and 20%Pt/C on RDE with 50 mV/s 

scan rate under saturation with nitrogen (dotted lines) and O2 (solid lines) in 0.1 M KOH. Pt-

Er@PCN900 showed much more positive ORR onset potential and higher cathodic current than 

Pt-Ni@PCN900, Pt-Cu@PCN900and 20%Pt/C. ORR activity trends; Pt-Er@PCN900 > Pt-

Ni@PCN900 > 20%Pt/C > Pt-Cu@PCN900. (d) Electron number and    
  

 yield results 

gathered from RRDE data displayed at different potentials vs. RHE (e) K-L plots for Pt-

Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900and 20%Pt/C at same potential i.e. 0.7 V vs. 

RHE. (f) LSV results for Pt-Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900and 20%Pt/C before 

and after ADTs.   
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Figure 4.18. Results of LSV curves for ORR on RDE with varying speed of rotation from 400-

2025 rpm in 0.1 M KOH at 5 mV s
-1

 scan rate, (a) Pt-Er@PCN900, (b) Pt-Ni@PCN900, (c) Pt-

Cu@PCN900 and (d) 20%Pt/C. 

 
Figure 4.19. CV curves on RDE (without rotation) for Pt-Er@PCN900 , Pt-Ni@PCN900, Pt-

Cu@PCN900 and 20%Pt/C electrode (catalyst loading amount: 316 µg cm
-2

) at 50 mVS
-1 

 in O2-

saturated 0.1 M KOH (solid line represents before ADT and dotted line represents after ADT). 
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Table 4.11. Electrochemical parameters and mass activity of the synthesized and commercial 

electrocatalyst before and after ADTs 

 
Catalyst 20%PT/C Pt-Er@PCN900 Pt-Ni@PCN900 Pt-Cu@PCN900 

Onset(V vs RHE) Before ADT 1.079 1.094 1.060 1.028 

Onset(volt) After ADT 1.062 1.083 1.042 1.010 

E1/2(volt)Before ADT 0.90 0.94 0.89 0.86 

E1/2(volt)After ADT 0.87 0.93 0.87 0.834 

Limiting Current Density (mAcm
-2

) 

Before ADT 

-4.72 -5.53 -6.59 -6.31 

Limiting Current Density (mAcm
-2

) 

After ADT 

-4.21 -5.38 -6.05 -5.46 

Tafel slope 64 36 58 73 

4.4. Conclusion 

The Cd-MOF with nitrogen donor ligand has been synthesized. The porous N-doped 

carbonaceous material is derived from pyrolysis of respective frameworks in argon 

atmosphere. The Pt-M (Er, Ni, Cu) bimetallic catalysts are prepared through polyol 

reduction method by using the carbon material.  The second metal (Er, Ni, Cu) is 

present in little amount (less than 4 percent) in combination with 5 to 6 percent 

platinum in three bimetallic electrocatalyst. The electrochemical potential of two 

catalysts Pt-Er@PCN900 and Pt-Ni@PCN900 is excellent for OER, HER and ORR. 

The HER and ORR performance is superior to commercially available 20%Pt/C 

catalyst, while for OER the results are compared with RuO2. It was found that Pt-

Er@PCN900 shows excellent trifunctional electrocatalytic performance. The Pt-

Er@PCN900 and Pt-Ni@PCN900 electrocatalyst are efficient catalysts for fuel cell. 

In future, N-doped porous carbon is very easily obtained from sacrificial metal 

organic framework that tends to be very effective for the fabrication of durable and 

efficient bimetallic electrocatalyst to generate energy. 
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CHAPTER-5 

Cd-MOF Derived Porous Carbon Bimetallic Composites for 

Hydrogen Evolution and Oxygen Reduction Reaction 

5.1. Introduction 

The quest to design and synthesize good NLO material for different potential optical 

applications is a challenging task. Although experimental NLO calculations for any 

material are very important but being an option, the NLO potential of the material can 

be analyzed using theoretical chemistry without applying experimental techniques. 

The quantum chemical investigations have gained importance in recent years and are 

developing rapidly.  
[219-221]

 These investigations are important in the determination of 

structural and electronic features especially those that cannot be determined by 

experimental methods.  

The MOFs are very promising material for important applications like luminescence, 

optical sensors and NLO materials. 
[222-225]

 The hyperpolarizabilities values generally 

relate to nonlinear optical properties (NLO) for single molecule or repeating unit of 

coordination polymer. The reported hyperpolarizabilities for second harmonic 

generation of different cadmium metal organic frameworks are 0.6×urea 
[226]

,  

0.7×urea 
[227]

, 1.5×KDP 
[228]

, 2.3×KDP 
[228]

, 2×KDP 
[229]

 and 3×KDP  
[229]

 (KDP = 

potassium dihydrogen phosphate). The search of good NLO active metal organic 

framework through theoretical calculations will be appreciated.  

The terahertz time-domain (THz-TD) spectroscopy is very useful to figure out low 

frequency vibrations that are very important for determining lattice dynamics which 

will decide breathing phenomenon of network solids for intake and release of 

radiations, also produce information for the stability of the frameworks. 
[230,231]

 The 

terahertz (10
12

 hertz = 1THz) light which is intermediate region between microwaves 

and infrared waves had been used for the investigation of water hydration dynamics 

with in MOF-5 material. 
[232]

 This powerful technique is useful to find refractive index 

that lie in the range of 10 GHz up to few THz, 
[233]

 also used to determine the 

dielectric properties of the coordination polymer material. 
[234]
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The search of nonlinear optically active material is a very hot topic of the current era. 

In this regard we selected layered metal organic framework with cadmium as metal 

and 1,4 benzene dicarboxylic acid as linker. The microcrystals for 

([C8H10CdO7]n.4H2O) have been prepared and confirmed the structure of network 

solid crystal through the single X-ray technique. The spectroscopic techniques 

including IR, UV-Vis and THz TDS have been carried out for the Cd-MOF. The 

computational study with B3LYP/LANL2DZ level in gas phase has done in order to 

support our experimental results. The terahertz time domain spectroscopy (THz TDS) 

was used to characterize the framework as well as also used to find out absorption 

coefficient with real and imaginary dielectric constants in the range 0.1-2.78 THz. The 

Nonlinear optical properties analysis reveals that the first static hyperpolarizability of 

[C8H10CdO7]n.4H2O  is 38 times higher than urea (a commercial NLO material). The 

pristine Cd-MOF then sacrificed to get porous carbon that was utilized to prepare 

bimetallic composites. The bimetallic composites with porous MOF derived carbon 

were tested as electrocatalyst for their redox capability in terms of Hydrogen evolution 

and oxygen reduction reaction. 

5.2. Experimental 

5.2.1. Synthesis of [C8H10CdO7]n.4H2O 

A mixture of 150 mg (0.9 mmol) 1,4-benzenedicarboxylic acid, 240.65 mg (0.9 

mmol) cadmium acetate dehydrate and 101 mg (1.8mmol) of potassium hydroxide in 

40 ml deionized water was sonicated for 2 h in a 100 ml teflon vial. The homogenous 

mixture was then sealed in 100 ml capacity hydro/solvo-thermal autogenic instrument. 

The whole setup was heated up to 160°C for 72 hours and then cooled at the rate of 

5°C per minute. The good quality colorless needles like crystals were obtained with a 

yield of 80%.  

5.2.2. Computational Method 

The quantum chemical calculations of Cd-MOF are performed by Gaussian programs. 

[235,236]
 The hybrid density functional theory was used by utilizing B3LYP with 

LANL2DZ basis set. 
[237,238]

 In optimization results, no imaginary frequency was 

obtained from calculations. The scaling factor of 0.961 was used for stretching 
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frequencies to calculate enharmonic frequencies. UV-Vis spectrum of related 

compound was calculated through TD-B3LYP/LANL2DZ level in gas phase, DMSO, 

ethanol and water. The solvent and solute interactions have been considered by 

applying CPCM-parameters in DFT. The static dipole moment (µ), average linear 

polarizability (α), anisotropic polarizability (Δα), the first hyperpolarizability (β) and 

optical softness (σO) were calculated via Eq. (1) – (5). 
[239]
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5.2.3. THz-Time Domain Spectroscopy 

The instrument used for tera hertz measurments of the compounds is related to 

TOPTICA photonics loaded with Femto fiber Pro laser system. The measurements 

were carried out in sophisticated dry environment by decreasing the humidity effects 

through purging of nitrogen gas. The laser pulses of 100 femtoseconds focusing at 780 

nm with about ~ 45 milliwatts power were produced.  The laser beam was divided in 

to two parts and detected as ~30 mW and ~15 mW lasers. The ground powder of Cd-

MOF crystals and H2BDC were placed in a cell with high density polyethylene 

(HDPE) windows separately. The material HDPE is used having the benefit of less 

absorption of terahertz radiations. The signals were compared with the reference 

empty cell radiations.  The data was obtained and calculated, detail of calculations can 

be found elsewhere. 
[240]

 

5.2.4. Carbonization of [C8H10CdO7]n.4H2 O 

The 2 g of cadmium metal organic framework with empirical formula 

[C8H10CdO7]n.4H2O was heated up to 900°C for 6 hours in three step carbonization 

processes i.e. one hour stay at 400°C, one hour stay at 600°C and in the last 4 hours at 
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900°C. The black color product obtained from [C8H10CdO7] n.4H2O was named as 

PC900. 

5.2.5. Synthesis of Catalysts 

The carbon material (120 mg) PC900 was dispersed in ethylene glycol (20 ml) 

through sonication to make good suspension. The suspension was heated up to 100°C 

then 10 ml solution of each H2PtCl6.6H2O and ErCl3.6H2O poured separately in the 

carbon suspension. The whole system was refluxed for 5 hours to make good 

bimetallic composite supported by porous carbon. The same procedure was repeated 

in order to make bimetallic catalyst by replacing erbium salt with Cu(NO3)2.2H2O and 

Ni(CH3COOH)2.4H2O. The three compounds were coded as Pt-Er@PC900 and Pt-

Ni@PC900 and Pt-Cu@PC900. The scheme of synthesis for [C8H10CdO7] n.4H2O, Pt-

Er@PC900, Pt-Ni@PC900 and Pt-Cu@PC900 is presented in scheme 5.1. 

 

 

Scheme 5.1. Scheme of synthesis for [C8H10CdO7] n.4H2O, Pt-Er@PC900, Pt-Ni@PC900 and Pt-

Cu@PC900.  

5.2.6. Measurements for HER 

The rotating disk electrode (RDE) with glassy carbon surface with 4 mm diameter was 

used as substrate instead of Ni-foam as for previous section 3.2.5. The all other 

parameters are same as reported for HER process in the section 3.2.5.   
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5.2.7. Measurements for ORR 

The electrochemical measurements for ORR were carried out according to the similar 

procedure and instrument as discussed in the section 3.2.6.  

5.3. Results and Discussions 

5.3.1. Crystal Structure Details for (C8H10CdO7)n.4(H2 O) 

The theoretical quantum mechanical properties of Cd-MOF-5 have been suggested by 

Li-Ming-Yang et al. 
[241]

 by opting the consideration of similarity with Zn-MOF-5 due 

to same linker molecule. The already reported structure with cadmium metal and 

H2BDC linker was different from the proposed structure of Cd-MOF-5. 
[242]

 The effort 

was made to achieve the purposed structure as claimed. Different synthesis protocols 

adopted to find the structure as claimed Cd-MOF-5. But in our experimental finding, 

it was also same as reported with little variation in the synthesis scheme. The 

synthesized structure of (C8H10CdO7)n.4(H2O) match well with reported framework. 

The geometrical theoretical study is made in order to support our experimental results.  

The compound (C8H10CdO7)n.4(H2O) crystallized in orthorhombic system with Pcca 

space group. The unit cell dimensions are a = 7.2226(Å), b = 9.9625(Å), c = 

19.800(Å), α (°) = 90, β (°) = 90, γ (°) = 90 with volume (1424.7 Å
3
) and Z=4. Each 

cadmium atom is coordinated to three water molecules and two carboxylate oxygen in 

a chelating manner generating 2D coordination chain as shown in Figure 5.1(a). The 

crystal refinement details are given in Table 5.1. The extended two dimensional 

structure of the compound is presented in Figure 5.1(b).  
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Figure 5.1. (a) Perspective view of crystal structure (C8H10CdO7)n, 4(H2O) ( blue spheres show 

cadmium metal), (b) Extend two dimensional framework structure of (C8H10CdO7)n.4(H2O)( blue 

spheres show cadmium metal), (c) Optimized structure of cadmium MOF at B3LYP/LANL2DZ 

level in gas phase (atom name with number is present on the spheres, red color for oxygen, yellow 

color for carbon, blue color for hydrogen and light blue color for Cd metal). 

 

The Cd compound was optimized at B3LYP/LANL2DZ level in gas phase and 

optimized structures are displayed in Figure 5.1(c) with atomic labeling. The Cd metal 

atom is surrounded by seven coordinate covalent bonds developed by the oxygen 

atoms. The four oxygen atoms of two BDC
-2

 linkers (O1, O2, O7, O8 ) including one 

oxygen atom O11 of water molecule, all are present in equatorial positions and the 

rest two oxygen atoms (O9, O10) belonging to water molecules are in axial positions. 

The theoretical bond lengths for Cd-O1 and Cd-O2 related to the one BDC
-2

 linker are 

2.057 Å and 2.061 Å, while the corresponding experimental bond lengths are 2.500 Å 

and 2.357 Å, respectively. The calculated bond lengths of second BDC
-2

 ligand for 

Cd-O7 and Cd-O8 are measured as 2.046 Å and 2.049 Å, while the corresponding 

experimental bond distances are same as for Cd-O1 and Cd-O2. The experimental and 

theoretical measurements for the Cd-O bond related to the both BDC
-2

 ligand 

connected to one Cd metal in framework showed agreement with little variation. The 

Cd-O bond length for three coordinated water molecules found in the range 2.041-

2.050 Å and 2.236-2.250 Å theoretically and experimentally. The reported 

experimental and theoretical Cd-O bond length lie in the range 2.332-2.648 Å for 

seven coordinated Cd complexes that match well for Cd coordination polymer in this 

study. 
[243-245]

 The bond angles calculated through DFT calculations for O1-Cd1-O2, 
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O7-Cd1-O8, O1-Cd1-O9 and O7-Cd1-O11 are 63.6°, 63.9°, 92.4° and 74.7° that 

showed agreement with corresponding experimental values 53.79°, 53.79°, 88.37° and 

82.66°, respectively. The selected theoretical and experimental structural parameters 

belong to studied Cd-MOF are given in Table 5.2.According to Table 5.2, bond 

lengths between metal and donor atoms are close to 2 Å. The bond angle among O9, 

Cd1 and O10 is equal to 168.3º, justifies the axial positions. Additionally, the sum of 

angles in equatorial position (O1-Cd1-O2, O2-Cd1-O11, O1-Cd1-O8, O7-Cd1-O8 and 

O7-Cd1-O11) is equal to 363.7º. Geometric structure of related compound is distorted 

pentagonal bipyramidal. As for the dihedral angles, these angles imply that there is 

generally a planarity in the molecule. The Cd metal organic framework is layered and 

each layer is connected with the other one through hydrogen bonds. 
[242]

 

Table 5.1. Crystal data and structure refinement details of [C8H10CdO7]n.4H2O 

 

Parameters Cd-MOF 

Empirical formula  C8H18CdO11 

Formula weight  402.62 

T (K) 130(2) K 

Wavelength (Å) 0.71073 

Crystal system  Orthorhombic 

Space group  Pcca 

a  (Å) 7.2226(9) 

b  (Å) 9.9625(12) 

c  (Å) 19.800(2) 

 
α  (°) 90 

β  (°) 90 

γ  (°) 90 

Volume (Å
3
) 1424.71(30) 

Z 4 

D calc (Mg/m
3
) 1.877 

Absorption coefficient(mm
-1

) 1.584 

F(000) 808 

Crystal size (mm
3
) 0.470x 0.100 x 0.090 

θ(°) range  2.04 to 27.88 

Reflections collected 7204 

Limiting indices -9≤h≤8, -12≤k≤12, -24≤I≤21 

R(int) 0.0339 

Completeness to θ = 27.88° 99.90% 

CCDC No. 1503652 
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Table 5.2. Theoretical and experimental structural parameters of Cd-MOF at B3LYP/LANL2DZ 

level. 

 

Bond Lengths (Å) 

 DFT EXP. DFT EXP. 

Cd1-O1 2.057 2.357 Cd1-O9 2.050 2.250 

Cd1-O2 2.061 2.500 Cd1-O10 2.045 2.250 

Cd1-O7 2.046 2.357 Cd1-O11 2.041 2.236 

Cd1-O8 2.049 2.500 - -  

Bond Angles (º) 

 DFT EXP.  DFT EXP. 

O1-Cd1-O2 63.6 53.79 O7-Cd1-O8 63.9 53.79 

O1-Cd1-O7 146.0 140.89 O7-Cd1-O9 98.6 91.48 

O1-Cd1-O8 87.2 87.10 O7-Cd1-O10 85.1 84.8 

O1-Cd1-O9 92.4 89.85 O7-Cd1-O11 74.7 68.9 

O1-Cd1-O10 78.7 82.66 O8-Cd1-O9 78.8 78.2 

O1-Cd1-O11 136.5 136.45 O8-Cd1-O10 93.1 92.9 

O2-Cd1-O7 149.0 140.89 O8-Cd1-O11 136.2 137.1 

O2-Cd1-O8 146.2 140.89 O9-Cd1-O10 168.3 165.32 

O2-Cd1-O9 85.5 84.8 O9-Cd1-O11 94.7 89.85 

O2-Cd1-O10 97.0 93.5 O10-Cd1-O11 97.0 95.9 

O2-Cd1-O11 74.3 73.9 - -  

Dihedral Angles (º) 

 DFT EXP.  DFT EXP. 

C7-O1-Cd1-O7 168.1 176.42(16) C16-O7-Cd1-O1 33.9 - 

C7-O1-Cd1-O8 -161.3 -176.61(17) C16-O8-Cd1-O2 -169.1 -176.61(17) 

C7-O2-Cd1-O7 -167.0 -176.61(17) C16-O7-Cd1-O1 -160.9 -176.61(17) 

C7-O2-Cd1-O8 31.8 - C16-O8-Cd1-O2 170.0 176.42(16) 

5.3.2. FTIR and Theoretical IR of (C8H10CdO7)n.4(H2O) 

The experimental and theoretical FTIR spectra of Cd-MOF are presented in Figure 

5.2. The detailed peaks positions with proper assignment of bonds derived from 

spectra results are given in the Table 5.3. The upper frequency region showed medium 

broad band at 3556, 3474 and 3414 cm
-1 

in FTIR spectrum which is attributed to the 

presence of coordinated water molecule.  
[246,247]

 The corresponding theoretical O-H 

vibrations related to the water molecule existed at 3750 and 3600 cm
-1

. The stretching 

vibrations for C=C appeared at 1616 cm
-1 

in FTIR while the theoretical assignment for 

the said vibrations is present at 1598 cm
-1

. The asymmetric and symmetric stretching 

vibrations for carboxylate group appeared at 1498 and 1267 cm
-1

 in FTIR, 

respectively. These vibrations in the calculated spectrum are found at 1424 and 1186 

cm
-1

, respectively. The frequency gap between these two stretches provides 

information about the coordination modes of the ligand with metal. 
[248-250]

 The 

coordination mode for one BDC
-2

 is tetra dentate. The C-O stretching vibrations lie at 

1410 cm
-1

 and 1430 cm
-1

 in experimental and theoretical infrared spectrum 

respectively. The Cd-O bond vibrations are present at 643 cm
-1

 and 487 cm
-1

 in 
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theoretical calculations while in experimental findings the Cd-O bond vibrations are 

exhibited at 621 and 481 cm
-1

. 

 

Figure 5.2. FTIR and Theoretical IR spectra at B3LYP/LANL2DZ level of (C8H10CdO7)n.4(H2O). 

 

Table 5.3. FTIR and DFT calculated vibrations frequencies (cm
-1

) at B3LYP/LANL2DZ level in 

vacuo for (C8H10CdO7)n.4(H2O). 

Assignments
a
 Frequencies 

Experimental Calculated 

νOHasymmetric 3556 3750 

νOHsymmetric 3474 3600 

νC=O, βO-H 1639 1632 

νC=C 1616 1598 

νC-O, νC-C, κC-H 1410 1430 

τO-H 883 882 

τO-H 736 702 

τO-H, βO-H, νC-C, νCd-O 621,481 643, 487 
a 
ν: stretching, β: scissoring, κ: rocking, τ: wagging

 

5.3.3. UV-Vis Spectra of (C8H10CdO7)n.4(H2O) 

The calculated electronic absorption spectra of (C8H10CdO7)n.4H2O with the help of 

TD-B3LYP/LANL2DZ and TD-B3LYP/LANL2DZ-CPCM level along with 

experimental spectra are shown in Figure 5.6. The theoretical results for gas phase, 

water, ethanol and DMSO are 248 nm (ε=1), 250 nm (ε=78.3553), 251 nm (ε=24.852) 

and 251 nm (ε=46.826). The experimental maximum wavelength for water, ethanol 
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and DMSO are at 240 nm (ε=450), 261 nm (ε=347) and 272 nm (ε=321). The 

maximum wavelength associated with all solvents corresponds to the π-π* transitions. 

[251]
 The theoretical results show that energy differences between frontier molecular 

orbitals are similar to each other in each area. Therefore, freedom of electron 

movement is similar to each other in each area. 

 

Figure 5.3. Experimental and calculated electronic absorption spectrum at ground state of 

(C8H10CdO7)n.4(H2O) with B3LYP/LANL2DZ in gas phase and TD-B3LYP/LANL2DZ-CPCM 

level in water, ethanol and DMSO. 

 

5.3.4. THz spectroscopy measurements 

 
Figure 5.4.  a) Absorption coefficient of (C8H10CdO7)n.4(H2O) and H2BDC measured using THz-

TDS. b) Real and imaginary parts of dielectric constant of (C8H10CdO7)n.4(H2O) and H2BDC 

measured using THz-TDS. 

 

Figure 5.4 (a) shows the absorption coefficient for H2BDC ligand and Cd-MOF 

(C8H10CdO7)n.4(H2O) in the frequency range of 0.1-2.78 THz. Spectra of both 

samples show peaks at 1.41 THz (46.88 cm
-1

). The peak at 2.07 THz (69.35 cm
-1

) in 
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H2BDC is slightly shifted to lower frequency 2.05 THz (68.37 cm
-1

) in 

(C8H10CdO7)n.4(H2O). H2BDC shows a peak at 2.49 THz (83.02 cm
-1

) while in 

(C8H10CdO7)n.4(H2O) a shoulder is observed at this position. (C8H10CdO7)n.4(H2O) 

shows absorption at 2.25 THz (75.21 cm
-1

) which is not present in H2BDC. The 

presence of these absorption bands is in accordance with the calculated spectra of Zn-

MOF5. 
[252,253]

 The presence of absorptions at 1.41 THz, 2.07 THz and 2.49 THz in 

both (C8H10CdO7)n.4(H2O) and H2BDC linker suggests that these absorptions are 

associated with the collective motions of linker molecules. This fact is also supported 

by Schrock et. al. 
[252]

 The absorption peak at 2.25 THz in (C8H10CdO7)n.4(H2O) may 

be due to Cd cluster as was also suggested by Nina et. al 
[254]

 for Zn MOF-5. Figure 

5.4 (b) related to the presentation for imaginary part along with real portion of 

dielectric constant for Cd-MOF and H2BDC in the frequency range of 0.1-2.78 THz. 

The real and imaginary dielectric constant of Cd-MOF is higher than that of H2BDC 

for all frequencies except at higher frequencies for which imaginary dielectric 

constant is lower for Cd-MOF. The peaks and humps in dielectric constant at different 

frequencies are associated with the vibrational motions as described above. The higher 

real dielectric constant for Cd-MOF may be due to its increased crystallinity than that 

of H2BDC. Further, the heavier atoms (i.e. Cd) have higher electronic polarizability 

which supports higher dielectric constant of Cd-MOF. Similar behavior of real 

dielectric constant is also observed for crystalline and amorphous aluminum oxide. 

[255]
 

5.3.5. Surface Chemistry of (C8H10CdO7)n.4(H2O) 

By utilizing theoretical calculations active sites of Cd organic framework are analyzed 

here in order to elucidate any mechanistic path for the reaction of the title MOF. The 

mentioned active sites can be proposed via Molecular Electrostatic Potential (MEP) 

surface, MEP Contour, Frontier Molecular Orbitals (FMOs) and Energy Diagram. In 

this study, energy diagram of molecular orbitals are examined and contour diagram of 

frontier molecular orbitals which are HOMO and LUMO are calculated and presented 

in Figure 5.5. The energy of LUMO is energy 7.224 ×10
-2

 eV while HOMO has 

energy 7.224 ×10
-2

 eV. The energy gap between HOMO and LUMO is 0.623 eV. The 

low energy gap between LUMO and HOMO provide the information about the 

reactivity of the complex molecule.  
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Figure 5.5. A section of molecular orbital energy diagram and contour diagram of molecular 

orbitals for (C8H10CdO7)n.4(H2O). 

The contour diagram for highly occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) is calculated by considering the fact that there 

are no co-energetic orbitals around HOMO and LUMO. It can be concluded that the 

electrons of HOMO are mainly localized on the outermost oxygen atoms, while for 

LUMO, if studied framework accept electrons; these electrons are mainly delocalized 

on the structure. Additionally, MEP map and contour of (C8H10CdO7)n.4(H2O) are 

calculated and presented in Figure 5.6. 

 

Figure 5.6. MEP map and contour of studied Cd framework. 

 

According to MEP shown in Figure 5.6, the most active region or site is the 

environment around outermost oxygen atoms. The active region is indicated by the 
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red and yellow color in the MEP map. The negative charge is concentrated around 

oxygen atom. 

The isotherms and pore volume distribution curves for C8H10CdO7)n.4H2O are 

presented in Figure 5.7 (a) and (b). The BET of the pristine metal organic framework 

(C8H10CdO7)n.4H2O is 20 m
2
g

-1
. The total pore volume for pores with less than 

605.836 nm width for PC900 at P/Po = 0.97 was found to be 0.59 cm³g
-1

. The BET 

adsorption average pore width is 117.5 nm. The intense peak found at 130 Å showed 

the formation of mesoporous material. 

 

Figure 5.7. (a) The sorption isotherm with N2 at 77 K and (b) Pore size distribution plot for 

[C8H10CdO7]n.4H2O 

5.3.6. NLO Properties 

Non-linear optical properties are important for optical devices and telecommunication 

industries.  Non-linear optical properties can be affected by molecular planarity, π 

electron delocalization, substituent change associated with the molecule and solvent. 

NLO properties of (C8H10CdO7)n.4(H2O) are investigated at B3LYP/LANL2DZ level 

in gas phase. Static dipole moment (µ), average linear polarizability (α), anisotropic 

polarizibility (Δα), the first hyperpolarizability (β) and optical softness (σO) of 

cadmium compound and urea were calculated and compared given in Table 5.4. Static 

dipole moment, average linear polarizability, anisotropic polarizability, the first 

hyperpolarizability and optical softness are calculated as 1.916 D, 2.197 Å
3
, 9.659 Å

3
, 

4.232x10
-28

 cm
5
/esu and 0.120 eV

-1
 for urea, respectively and 3.143 D, 108.353 Å

3
, 

272.224 Å
3
, 1.614x10

-26
 cm

5
/esu and 4.407 eV

-1
 for cadmium MOF, respectively. 
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According to these results, NLO property of (C8H10CdO7)n.4(H2O) is better than that 

of urea. 

Table 5.4. Nonlinear optical parameters for the (C8H10CdO7)n.4(H2O) and urea.  

NLO-Parameters (C8H10CdO7)n.4(H2O) Urea 

Static Dipole moment (µ) [D] 3.143 1.916 

Average Linear Polarizability (α) [Å
3
] 108.353 2.197 

Anisotropic Polarizibility (Δα) [Å
3
] 272.224 9.659 

First Hyperpolarizability (β) [cm
5
/esu] 1.614x10

-26
 4.232x10

-28
 

Optical Softness (σO) [eV
-1

] 4.407 0.120 

5.3.7. Powder XRD Analysis 

The PXRD patterns for (C8H10CdO7)n.4(H2O) showed perfect resemblance with the 

peaks of the PXRD got from single x-ray data (Figure 5.8 (a)). This shows the phase 

purity of the Cd-MOF. The PXRD patterns for PC900 and the bimetallic composites 

developed by using PC900 as substrate are shown in Figure 5.8 (b). The 

(C8H10CdO7)n.4(H2O) decomposed in to CdO/C material on heating up to 500°C in 

the presence of inert atmosphere. When the temperature is increased up to 900°C in 

the presence of argon supply causes reduction of CdO to cadmium metal. The 

cadmium metal vaporization (boiling point = 767°C) produces PC900 from pristine 

cadmium organic framework. The absence of CdO peaks with reference to PDF card 

number 65-2908 for CdO in the patterns for PC900 confirmed the evolution of Cd 

metal. 
[207]

 The broad peaks near about 2θ at 22.5° and 43.6° for PC900 are assigned 

to (002) and (100) crystallographic planes of carbon material. The characteristic peaks 

for pure platinum metal lie 2θ at 39.4, 45.96, 67.36 and 81.01°. The powder XRD 

pattern of Pt-Er@PC900 showed the presence of peaks at 2θ  at 39.7, 46.2, 67.7 and 

81.4 that can be assigned to (111), (200), (220) and (311) reflection planes of Pt metal 

in the composite. The slight difference in peak positions (2θ values) may be due to 

change in lattice constants for both metals of bimetallic composites. 
[165-167]

 The high 

intensity peak (111) was chosen to calculate the crystallite size (Dcryst) and lattice 

parameters. The crystallographic parameters found by XRD patterns are given in 

Table 5.5. The Dcryst of Pt-Er@PC900 and Pt-Cu@PC900 are 5.52 nm and 3.21 nm, 

which are found to be less than the Pt-Ni@PC900 (8.19 nm). The lattice parameter for 

Pt-Er@PC900 and Pt-Cu@PC900 are comparatively decreased than Pt-Ni@PC900 

during alloy formation. 
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Table 5.5. PXRD parameters for prepared catalysts Pt-Er@PC900, Pt-Ni@PC900 and Pt-

Cu@PC900. 

 

Catalysts θ111(°) d111(nm) α (nm) fwhm(radian) Dcrystalite(nm) 

Pt-Er@ PC900 19.88 0.227 0.392 0.0266 5.52 

Pt-Ni@ PC900 19.89 0.226 0.392 0.0180 8.19 

Pt-Cu@ PC900 20.21 0.220 0.381 0.0460 3.21 

 

 
Figure 5.8. Powder XRD patterns (a) simulated and experimental for [C8H10CdO7]n.4H2O. (b) 

PC900, Pt-Er@PC900, Pt-Ni@PC900 and Pt-Cu@PC900. 

5.3.8. RAMAN Spectroscopy of Bimetallic Composites of PC900 

The chemistry of the N-doped carbon material and bimetallic composites can further 

understood through Raman spectrum. The Raman spectra of PC900,Pt-Ni@PC900, 

Pt-Er@PC900 and Pt-Cu@PC900 are shown in Figure 5.9. The PC900 spectrum 

showed two peaks one at ~1584 cm
-1

with intensity 21.2 called G-band is the 

characteristic identity of graphitic layer that appear due to E2g  phonon of the sp
2
  

carbon atoms. The other peak located at ~1339 cm
-1

with intensity 22.3 corresponds to 

D-band, which can be assigned to A1g mode breathing vibrations of the aromatic rings 

that are bound to sp
3
-C at edges and defect sites. The ratio of the intensities for D and 

G-bands (R= ID/IG) inform about the range of structurally ordered graphite sites 

present in the N-doped porous carbon materials and disclose the graphitization degree 

of the carbonaceous materials. The intensity of the D-band is higher in PC900 and all 

bimetallic composites than that of G-band owing to the fact of the presence of 

disordered and defects sites in all compounds. The position of D and G band along 

with their intensities and intensity ratio for all compounds are given in Table 5.6.  
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Figure 5.9. Raman spectra of PC900, Pt-Ni@PC900, Pt-Er@PC900 and Pt-

Cu@PC900. 

Table 5.6. Raman parameters calculated from Raman spectra of PC900, Pt-

Er@PC900, Pt-Ni@PC900 and Pt-Cu@PC900. 

 

 G-Band IG D-Band ID R=ID/IG 

PC900 1584 21.2 1339 22.3 1.052 

Pt-Ni@PC900 1600 15.3 1342 15.8 1.027 

Pt-Cu@PC900 1594 22.8 1339 23.1 1.033 

Pt-Er@PC900 1596 16.2 1329 16.5 1.018 

 

5.3.9. XPS Analysis 

The PC900 obtained through the heat provision to the Cd-MOF [C8H10CdO7]n.4H2O 

in the presence of argon gas supply was analyzed through XPS. The curve fit spectra 

of C1s related to PC900 was de-convoluted in to four peaks C=O (285.96 eV), C-C 

(285.1 eV), C-O (284.6 eV) and C=C (284.1 eV) shown Figure 5.10. 
[208,209]

 The XPS 

analysis of elements related to representative catalyst Pt-Er@PC900 has been 

discussed here in detail. The C1s spectra related to Pt-Er@PC900 was resolved into 

four peaks resulted at C=O(285.94 eV), C-C (285.1 eV), C-O (284.6) and C=C(284.2) 

shown at Figure 5.11(a).The O1s core line for Pt-Er@PC900 (Figure 5.11 (b)) is a 

convolution of two broad peaks at 532.2 eV for (M-O) and 533.4 eV for (C-O). 
[175]

 

The platinum metal doublet related to the Pt-Er@PC900 present at two different 

positions of binding energies shown in Figure 5.11(c), the peak of doublet with higher 

binding energy related to Pt4f5/2and the other band at low binding energy related to Pt 
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4f7/2. The de-convolution of the doublet resulted in to five peaks. The high intensity 

bands present at binding energies 71.5 eV and 74.85 eV related to the metallic Pt. The 

small intensity peaks at 72.3 eV, 75.7 eV and 77.3 eV are for the oxides of Pt. The 

negative shift of 0.3 eV in comparison with the standard binding of Pt (71.8 eV) 
[164]

 

provide information that the Pt metal involve in the electron donation and acceptance 

process with the second metal which is Er, indication of core shell existence. 
[173]

  The 

XPS of Er metal related to Pt-Er@PC900 is the convolution of two peaks with binding 

energy at 169.2 (Er 4d5/2) and 175.8 eV (Er 4d3/2) present in the Figure 5.11(d). Due to 

low signal to noise ratio to know the degree of oxidation for Er is difficult.
[177]

 

The Ni2p XPS spectrum for Pt-Ni@PC900 contain core peaks related to Ni2p3/2 and 

2p1/2, is further resolved it to four peaks placed in Figure 5.11 (e). The metallic Ni 

peaks are at 854.8 eV and 873.6 eV, while nickel oxide peaks are at 861.8 and 879.7 

eV. 
[174]

 The Ni peakfor Pt-Ni@PC900 shows positive deviation with reference to the 

standard nickel metal peak at852.6 eV. The Cu2pXPSspectrum for Pt-Cu@PC900 de-

convolution results peaks at 932.2 eV (Cu 2p3/2) and 951.7 eV (Cu 2p1/2) for metallic 

copper 
[176]

 and peaks at 936.2, 944.4 and 955.2 eV are for oxides of copper presented 

in Figure 5.11 (f). 

The elemental analysis thorough XPS, CHNS/O and metal composition confirmed by 

ICP are presented in Table 5.7, 5.8 and 5.9. The percent atomic composition of Pt-

Er@PC900 found through XPS is Pt4f (6.84 %), Er4d (0.53%), C1s (80.64 %) and 

O1s (11.99 %). The ICP results showed the Pt to 6.99% and Er to 0.63 % for Pt-

Er@PC900. The percentage of elements from ICP is little higher as that found from 

XPS The CHNS/O results correlates with theoretical calculations and also showed 

better agreement with XPS results.  

Table 5.7. Elemental analysis result for Pt-Er@PC900, Pt-Ni@PC900 and Pt-Cu@PC900 from 

XPS measurements. 

Elements 
Atomic Percent (%) from XPS Analysis 

Pt-Er@PC900  Pt-Ni@PC900  Pt-Cu@PC900  

C1s 80.64 80.94 82.01 

O1s 11.99 10.34 11.23 

Pt4f 6.84 5.8 4.78 

Er4d 0.53 - - 

Ni2p - 2.92 - 

Cu2p - - 1.98 
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Table 5.8. Elemental analysis result Pt-Er@PC900, Pt-Ni@PC900 and Pt-Cu@PC900 from 

CHNS/O measurements. 

Elements Atomic Percent (%) from CHNS/O Analysis 

Pt-Er@PC900  Pt-Ni@PC900  Pt-Cu@PC900  

C 82.32 83.23 84.03 

O 13.09 12.38 13.64 

 
Table 5.9. Weight percent of Pt, Ni and Er for Pt-Er@PC900, Pt-Ni@PC900 and Pt-Cu@PC900 

respectively from ICP-OES analysis. 

Metal Wt. % from ICP-OES 

Pt-Er@PC900  Pt-Ni@PC900  Pt-Cu@PC900  

Pt 6.99 6.03 4.99 

Er 0.63 - - 

Ni - 3.73 - 

Cu - - 2.37 

 

 

Figure 5.10.XPS spectra of C1s core line for PC900. 
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Figure 5.11. XPS spectra (a) C1s core line, (b) O1s core line, (c) Pt4f core line, (d) Er4d core line 

for representative compound Pt-Er@PC900. (e) XPS spectra for Ni2p core line of Pt-Ni@PC900. 

(f) XPS spectra for Cu2p core line of the Pt-Cu@PC900. 

5.3.10.   Nitrogen Adsorption Analysis 

The specific surface area, pore volume and pore-size distribution plots were obtained 

for pristine MOF [C8H10CdO7]n.4H2O, porous carbon (PC900) and representative 

compound (Pt-Er@PC900) through N2 adsorption and desorption measurements. The 

details for all aforementioned parameters were given in Table 5.10. The isotherms and 
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pore volume distribution curves for PC900 and Pt-Er@PC900are presented in Figure 

5.12. All the isotherms showed type IV characteristics with H3 hysteresis loop. 
[212]

 

The BET of the pristine metal organic framework (C8H10CdO7)n.4H2O is 20 m
2
g

-1
, 

which is low and to find the use of this metal organic framework as sacrificial to get 

porous carbon material by the elimination of cadmium metal is good. The BET 

surface area of PC900 obtained by heating the sacrificial metal organic framework 

(C8H10CdO7)n.4H2O) in inert atmosphere was calculated as 877 m²g
-1

. It is well 

known fact that for electrochemical reduction process the carbon substrate with high 

surface area is very much important to prepare composites for electrocatalytic activity 

due to the fact that there is increase in diffusion rate and mass transfer of electrolyte. 

The total pore volume for pores with less than 73.03 nm width for PC900 at P/Po = 

0.97 was found to be 1.13 cm³g
-1

. BET adsorption average pore width was 5.1 nm for 

PC900. The large surface area of PC900 is the main reason for selecting this material 

as a substrate to synthesis bimetallic electrocatalysts. The prominent decrease in BET 

surface area and total pore volume were observed for prepared bimetallic composites. 

The BET surface area and total pore volume of Pt-Er@PC900 was calculated as 323 

m
2
g

-1
 and 0.41 cm

3
g

-1
, respectively. The isotherm for Pt-Er@PC900 was similar to its 

carbon substrate PC900. The depression in the surface area and pore volume related to 

the loading of metal nanoparticles especially for the microporous region. 
[179]

 The 

intense peak found at 3.8 nm for PC900 near microporous region showed the 

formation of mesoporous carbon material by the evaporation of cadmium metal. The 

intensity of the peak situated at 3.8 nm for Pt-Er@PC900 was decreased.  The 

reduction in the intensity is related to the fact that not all but most of the pores are 

filled by metal particles.  

Table 5.10. Textural parameters of [C8H10CdO7]n.4H2O, PC900 and Pt-Er@PC900 obtained from 

the N2 adsorptiondesorption isotherms. 

 Specific surface area 

(m
2
 g 

-1
 ) 

Pore volume 

(cm
3
g

 -1
 ) 

Mean pore size 

(nm) 

[C8H10CdO7]n.4H2O 20.12  0.59 

 

117.4 

PC900 877.01 1.13 5.1  

Pt-Er@PC900 323.26 0.41 3.9  
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Figure 5.12. (a) The sorption isotherms with N2 at 77 K  for PC900 and Pt-Er@PC900. (b) The 

pore size distribution plots for PC900 and Pt-Er@PC900. 

5.3.11.   Surface Morphology 

The surface morphology was elucidated through SEM and TEM presented in Figure 

5.13 and 5.14. The surface of the pristine MOF (C8H10CdO7)n.4H2O through SEM was 

found like sheet (Figure 5.14a) due to its layered structure. The visible cracks are 

appeared in these sheets after the removal of cadmium metal through pyrolysis at 

900°C visible in SEM (Figure 5.14b). This result indicated that the layered metal 

organic framework after getting high temperature maintained its morphology. The 

cracks in PC900 are resulted due to the removal of cadmium metal being volatile at 

767°C in argon atmosphere. The SEM of Pt-Ni@PC900 and Pt-Er@PC900 

synthesized from good porous carbon presented in Figure 5.14(c) and (d) respectively. 

The good visible porous surface might be helpful in sustaining excellent 

electrocatalytic activity. The TEM images of PC900, Pt-Er@PC900 and Pt-

Ni@PC900 are shown in Figure 5.13 (a), (b) and (c) respectively. The dense spots 

indicate the presence of metal nanoparticles supported on carbon material. 
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Figure 5.13. TEM images a) PC900 at 100nm, (b) Pt-Er@PC900 at 100nm and (c) Pt-Ni@PC900 

at 100nm. 

 

 

Figure 5.14. SEM images (a) [C8H10CdO7]n.4H2O at 200 μm, (b) PC900 at 100 μm, (c) Pt-

Ni@PC900 at 10 μm and (d) Pt-Er@PCN900 at 100 nm. 
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5.3.12.   Hydrogen Evolution Reaction 

The three electrode system comprising of Ag/AgCl (reference electrode) with 

saturated KCl filling solution, Pt wire (counter electrode) and glassy carbon electrode 

(GCE) as working electrode with modified surface (pasting the slurry of compounds 

on it) was used to monitor the LSV for HER in 1 M KOH under nitrogen saturation. 

The HER LSV curves of Pt-Er@PC900, Pt-Ni@PC900, Pt-Cu@PC900 and 20%Pt/C 

with GCE are shown in the Figure 5.15 (a).  The  LSV curves showed that the -10 

mAcm
-2 

current density was achieved for Pt-Er@PC900, Pt-Ni@PC900, Pt-

Cu@PC900 and 20%Pt/C electrodes at overpotential (η10) 1.99, -19.8, -72.2, -37.2 

mV. Theη10 for both Pt-Er@PC900 and Pt-Ni@PC900 is greater than that of 

20%Pt/C. The overpotential to achieve the current density 50 mAcm
-2

 (η50) for Pt-

Er@PC900, Pt-Ni@PC900, Pt-Cu@PC900 and 20%Pt/C electrodes were found -46.5, 

-114.3, -190.3 and -135.6 mV at GCE. The overpotential results showed that Pt-

Er@PC900 and Pt-Ni@PC900 are comparatively excellent for HER activity than the 

commercially available 20% Pt/C catalyst. The Pt-Er@PC900 is our best HER sample 

in which presence of lanthanide element along with platinum is caused enhanced HER 

with 10% Pt comparative to 20% Pt. 

HER kinetics for all samples was observed by evaluating the Tafel plots presented in 

Figure 5.15 (b). The slopes calculated for Pt-Er@PC900, Pt-Ni@PC900, Pt-

Cu@PC900 and 20%Pt/C are 62, 65, 82 and 70 mVdec
-1

.The Tafel slope (38 mV/dec) 

of Pt-Er@PC900 is found to be lowest than that the Pt-Ni@PC900, Pt-Cu@PC900 

and 20%Pt/C. The overpotential results at -10, -50, -100 mAcm
-2

 current density for 

all compounds along with Tafel slopes results are presented in the Table 5.11. The 

Tafel slope relate to the rate of mass transfer, the small value of Tafel slope correlates 

to rapid catalytic reaction, thus correlates to high HER activity. It was achieved that 

among prepared catalysts, the Pt-Er@PC900 showed the best catalytic performance. 

The overpotential results match well with their corresponding results of Tafel slopes.  
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Figure 5.15. a) HER LSV curves of Pt-Er@PC900, Pt-Ni@PC900, Pt-Cu@PC900 and 20%Pt/C 

on GCE substrate. b) Tafel plots for HER of Pt-Er@PC900, Pt-Ni@PC900,Pt-Cu@PC900 and 

20%Pt/C on GCE substrate. 

 

Table 5.11. HER overpotential and Tafel slope results forPt-Er@PC900, Pt-Ni@PC900, Pt-

Cu@PC900 and 20%Pt/C on GCE substrate. 

Catalyst Overpotential(mV) Tafel Slope 

(mVdec
-1

) 
At -10 mAcm

-2

 At -50 mAcm
-2

 

Pt- Er@PC900 1.99 -46.5 62 

Pt-Ni@PC900 -19.8 -114.3 65 

Pt-Cu@PC900 -72.2 -190.3 82 

20%Pt/C -37.2 -135.6 70 

5.3.13.   Time Dependent Long Term Stability Test 

The working electrode stability test for Pt-Er@PC900 was run in1 M KOH alkaline 

solutions on GCE presented in Figure 5.16.The Pt-Er@PC900 catalyst almost retained 

a constant current density (mA/cm
2
) between 6 to 12 h during the application of 

constant potential of 0.5 V. 

 
Figure 5.16. Durability test of Pt-Er@PC900 in 1 M KOH solution (time-dependent current 

density curve under constant potential of 0.5 V versus Ag/AgCl). 



 

 

111 

 

5.3.14.   Oxygen Reduction Reaction 

The oxygen reduction reaction has been carried out by utilizing rotating ring disk 

electrode (RRDE) at 1600 rpm with scan rate of 5 mVs
-1 

in 0.1 M KOH solution as 

electrolyte with oxygen saturation. ORR polarization curves of Pt-Er@PC900, Pt-

Ni@PC900, Pt-Cu@PC900 and 20%Pt/C are presented in the Figure 5.18 (a). The 

onset potential (potential at 1% of the total limiting current density) of Pt-Er@PC900 

is 1.092 V which is 13 mV more positive than the 20%Pt/C (1.079 V) vs. RHE. The 

Eonset for Pt-Ni@PC900 and Pt-Cu@PC900 are 1.067 and 1.021V, respectively. The 

onset potential related to Pt-Ni@PC900 and Pt-Cu@PC900 are 25 mV and 58 mV 

negative than the 20%Pt/C. The half wave potential of Pt-Er@PC900, Pt-Ni@PC900, 

Pt-Cu@PC900 and 20%Pt/C are 0.926, 0.909, 0.843 and 0.90 V vs. RHE. The 

halfwave potential of Pt-Er@PC900 and Pt-Ni@PC900 is relatively more positive 

than 20%Pt/C while the half wave potential value of Pt-Cu@PC900 showed negative 

shift than the 20%Pt/C. The electrocatalytic activity order on the base of onset 

potential is Pt-Er@PC900 > 20%Pt/C > Pt-Ni@PC900 > Pt-Cu@PC900. The 

electrocatalytic activity order on the base of half wave potential is Pt-Er@PC900 > Pt-

Ni@PC900 > 20%Pt/C > Pt-Cu@PC900. The onset potential, half wave potential and 

limiting current density of Pt-Er@PC900 are the best among all other synthesized 

catalysts and commercial 20%Pt/C. Therefore, it can easily be concluded that Pt-

Er@PC900 is the best ORR catalyst. ORR activity is also verified by Tafel slope, the 

smaller slope is related to the better ORR activity. The Tafel slope (Figure 5.18 (b)) 

found for Pt-Er@PC900 is 41 mVdecade
-1

 which is the least among Pt-Ni@PC900 

(56 mVdecade
-1

), Pt-Cu@PC900 (133 mVdecade
-1

) and 20%Pt/C (64 mVdecade
-1

). 

The cyclic voltammetry for all compounds including 20%Pt/C was performed in 0.1 

M KOH solution using ring disk electrode under the saturation of N2 and O2 at a scan 

rate of 50 mVs
-1 

(Figure 5.18 (c)). The CV curves under O2 presented prominent ORR 

peak (solid line) while the corresponding peak is absent in the CV under N2 (dashed 

line).  

ORR catalytic mechanism can be understood the number of electron transfer (n) for 

one O2 molecule and    
   percent yield during ORR. The    

   percent yield and 

electron transfer number (n) calculated from the ring and disk currents had shown in 

Figure 3.18 (d). The    
   yield was found to be less than 4 % for Pt-Er@PC900 and 
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20%Pt/C, which is the good indication of best ORR performance of Pt-Er@PC900. 

The    
   yield for Pt-Cu@PC900 and Pt-Ni@PC900 is less than 8%. The n values 

lie between 3.88-3.91, suggesting that ORR catalyzed by all catalysts proceeds mainly 

via four electron process (                  ). The two electron 

process (                    
  ) is less as compared to four electron 

process for all electrocatalysts. The number of electron involved in ORR mechanism 

for Pt-Er@PC900 composite is better than commercial 20%Pt/C and other catalysts. 

This confirmed the better ORR performance of Pt-Er@PC900 in comparison with Pt-

Ni@PC900, Pt-Cu@PC900 and 20%Pt/C compounds.  

LSV on RDE with different speed rotations from 400-2025 rpm was done to correlate 

the ORR process with RRDE by fixing the similar electrochemical parameters as was 

used during ORR measurements with RRDE. The LSV of different rotation graphs for 

Pt-Er@PC900, Pt-Ni@PC900, Pt-Cu@PC900 and 20%Pt/C are shown in the Figures 

5.17 (a), (b), (c) and (d). The limiting current density increases with the increase of 

rotation speed. 

The Koutecky Levich plots (J
-1

 vs. ω
-1/2

) obtained from LSV curves at different 

rotation speeds on 0.7 V vs. RHE for all compounds presented in the Figure 5.18 (e). 

The graph showed good linear fitting for the first order kinetics, the calculated number 

of electrons supports the four electron process for all catalysts in this study. The 

kinetic current density calculated at 0.7 V vs. RHE for Pt-Er@PC900, Pt-Ni@PC900, 

Pt-Cu@PC900and 20%Pt/C was 34 mAcm
-2

, 58 mAcm
-2

, 18 mAcm
-2

and 29 mAcm
-2

. 

The accelerating durability tests (ADTs) was performed with our synthesized catalysts 

and commercial 20%Pt/C for practical use in fuel cells. The ADTs for all catalysts in 

this study were carried out in O2 saturated 0.1 M KOH electrolyte for 1000 cycles at a 

scan rate of 50 mVs
-1

 using the RDE at 25°C.  The O2 flow was remained continuous 

throughout 1000 cycles. After the completion of 1000 cycles CV and LSV were 

performed. It was found through CV (Figure 5.19) that there is no loss of 

electrochemical active surface area for Pt-Er@PC900, while for Pt-Ni@PC900 and 

Pt-Cu@PC900 and 20% Pt/C the EASA loss was found to be 18 %, 40 %  and 35 % 

respectively. The LSV curves taken at 1600 rpm after 1000 cycles are presented in 

Figure 5.18 (f). The LSV results after ADT explain that the difference of onset and 

half wave potential for Pt-Er@PC900 is 12 mV for each, while the difference of onset 

and half-wave potential for Pt-Ni@PC900 is 19 mV for each after 1000 CV cycles. 
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The 20%Pt/C showed the difference of 17 mV for onset and 30 mV for half wave 

potential, while our worst catalyst Pt-Cu@PC900 produced the difference of 30 mV 

for onset and 28 mV for half-wave potential after 1000 CV cycles. The stability and 

durability of our synthesized catalysts enhanced. These curves are coherent with the 

CV findings for all catalysts. The results of ADTs (Table 5.12) clearly demonstrate 

that synthesized catalysts Pt-Er@PC900 and Pt-Ni@PC900 showed good stability and 

durability than commercially available 20%Pt/C catalyst.  

Table 5.12. Electrochemical parameters and Tafel slope results for 20%PT/C, Pt-Er@PC900, Pt-

Ni@PC900 and Pt-Cu@PC900. 

 
Compounds 20%PT/C Pt-Er@PC900 Pt-Ni@PC900 Pt-Cu@PC900 

Onset(V vs. RHE), Before ADT 1.079 1.092 1.067 1.021 

Onset(volt) , After ADT 1.062 1.080 1.048 0.991 

E1/2(volt), Before ADT 0.90 0.9256 0.9087 0.843 

E1/2(volt), After ADT 0.87 0.914 0.8897 0.815 

Limiting Current Density (mAcm
-2

) Before ADT -4.72 -5.4 -5.58 -6.09 

Limiting Current Density (mAcm
-2

) After ADT -4.21 -5.14 -5.14 -5.29 

Tafel slope (mVdec
-1

) 64 41 56 133 

 

 
Figure 5.17. Results of LSV curves for ORR on RDE with varying speed of rotation from 400-

2025 rpm in 0.1 M KOH at 5 mV s
-1

 scan rate, (a) Pt-Er@PC900, (b) Pt-Ni@PC900, (c) Pt-

Cu@PC900 and (d) 20%Pt/C. 
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Figure 5.18. (a) ORR results for Pt-Er@PC900, Pt-Ni@PC900, Pt-Cu@PC900 and 20%Pt/C at 

rotation rate of 1600 rpm in the basic electrolyte of 0.1M KOH with oxygen saturation at 5 mVs
-1

 

through constant potential of 1.5 volt vs. RHE scale applied on the Pt-ring, disk current is located 

at lower side while ring current called positive current is present on the upper side (curves with 

dotted format). (b) Tafel plots from ORR LSV results (at 1600 rpm) for all compounds. (c) CVs 

of Pt-Er@PC900, Pt-Ni@PC900, Pt-Cu@PC900and 20%Pt/C on RDE with 50 mV/s scan rate 

under saturation with nitrogen (dotted lines) and O2 (solid lines) in 0.1 M KOH. Pt-Er@PC900 

showed much more positive ORR onset potential and higher cathodic current than Pt-

Ni@PC900, Pt-Cu@PC900 and 20%Pt/C. ORR activity trends; Pt-Er@PC900 > Pt-Ni@PC900 > 

20%Pt/C > Pt-Cu@PC900. (d) Electron number and    
  

 yield results gathered from RRDE 

data displayed at different potentials vs. RHE (e) K-L plots for Pt-Er@PC900, Pt-Ni@PC900, Pt-

Cu@PC900and 20%Pt/C at same potential i.e. 0.7 V vs. RHE. (f) LSV results for Pt-Er@PC900, 

Pt-Ni@PC900, Pt-Cu@PC900 and 20%Pt/C before and after ADTs.   
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Figure 5.19. CV curves on RDE (without rotation) for Pt-Er@PC900 , Pt-Ni@PC900, Pt-

Cu@PC900 and 20%Pt/C electrode (catalyst loading amount: 316 µg cm
-2

 ) at 50 mVS
-1

  in O2-

saturated 0.1 M KOH(solid line represents before ADT and dotted line represents after ADT). 

5.4. Conclusion 

The (C8H10CdO7)n.4(H2O) in crystalline form was synthesized and characterized 

through single x-ray analysis. The THz-TD spectroscopy was performed in order to 

calculate collective vibrations of the coordination polymer at low frequencies. These 

low frequency vibrations are used to characterize the polymer relative to the linker. 

The real and imaginary parts of dielectric constant of Cd-MOF and H2BDC in the 

frequency range of 0.1-2.78 THz were calculated. The computational investigations 

have done using B3LYP/LANL2DZ level in order to support of our experimental 

results. The geometric analysis, IR and UV-Vis spectrum were calculated and 

examined in detail. The asymmetric (ma) and symmetric (ms) vibrations gap due to 

the carboxylate group is found 231 cm
-1

 for experimental spectrum while the 

calculated gap through DFT is appeared at 238 cm
-1

. The coordination mode found for 

one BDC
-2

 is tetra dentate. The energy gap between HOMO and LUMO is 0.623 eV 

which relate to the high reactivity of the title coordination polymer. The NLO 

properties of the Cd-MOF were calculated through DFT study by utilizing the same 

level of theory and the results were compared with that of urea. It was found that Cd-

MOF results for NLO study is much better than urea. The Cd-MOF was sacrificed to 

get porous carbon material with high surface area. That carbon was utilized as support 
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for bimetallic composites. These composite materials were tested for HER and ORR 

to address the issue of water splitting and fuel cell. The Pt-Er@PC900 showed 

excellent activity, stability and durability much better than 20 %Pt/C. 
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CHAPTER-6 

Facile in-situ synthesis of microporous nickel 

based MOF@graphene oxide composites exhibiting 

prominent adsorptive denitrogenation of model fuel 

6.1. Introduction 

The fuel consumption all over the world has greatly deteriorated our environment by 

releasing dangerous pollutants such as oxides of sulfur and nitrogen. 
[256-259]

 

Therefore, radical profound removal of nitrogen and sulfur containing compounds has 

gained a supreme importance. It has also been reported that nitrogen-containing 

compounds (NCCs) can cause contamination of catalysts during fuel processing by 

producing ammonia, So, the removal of NCCs from oil is carried out as a pretreatment 

for its deep hydrodesulfurization. In this scenario, adsorptive denitrogenation (ADN) 

is thought very promising as compared with other expensive methods like 

hydrodenitrogenation, oxidative denitrogenation, extraction combined with oxidation 

and biological degradation. 
[100,260,261]

 Different varieties of adsorbents have been 

utilized to carry out ADN such as activated carbon 
[262-265]

, microporous carbon 
[266]

,  

activated alumina 
[265]

, zeolites and metal organic frameworks 
[261,267]

.  

Remarkably, the metal organic frameworks with good order, porosity and dynamic 

functionalities are considered as better candidates for both adsorptive desulfurization 

(ADS) 
[268-271]

 and ADN 
[272-276]

 as compared to other adsorbents. Impressively, the 

nickel containing MOFs 
[277]

 and Ni-based adsorbents 
[278]

 showed excellent selective 

removal of nitrogen and sulfur containing adsorbate 
[265,279]

 due to direct interaction of 

nickel metal to hetero atom S or N through η1S/N and/or η3S/N. However, due to the 

inherent nature of coordination bonds between organic ligands and metal ions, MOFs 

normally suffer low thermal stability, heterogeneous restructuring caused by partial 

coordination bond crack under high temperature and other harsh conditions. In this 

context, it is reported that the enhancement in the textural parameters of MOFs can be 

achieved by coupling MOFs with vital layered functionalized compound graphene 

oxide (GO) 
[280-283]

, meantime the inclusion of graphene oxide produce more active 

mailto:MOF@graphite
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sites that can increase mass transfer process in adsorption process. For example, MIL-

101@GO 
[272,284]

 has attained considerable attention for the adsorptive removal of 

important fuel pollutants 
[110,285-287]

; the incorporation of graphite oxide with HKUST-

1 resulted in increased porosity and surface area of HKUST-1 and ultimately 

adsorption properties 
[288]

. Accordingly, it is highly expected that the combination of 

GO and nickel MOF will prove excellent adsorbent due to improved porosity, 

enhanced mass transfer rate, direct Ni-N interactions as well as involving hydrogen 

bonding and π-π interactions managed by graphene oxide and NCCs.   

Taking the above consideration into account, in this work, we have successfully 

prepared the Ni-BTC/GO composites with different ratio of GO to Ni-BTC. All 

composites along with pristine Ni-BTC were tested for the adsorptive removal of 

pyridine, quinoline and indole from the model fuel and mechanism of adsorption was 

proposed briefly. Impressively, the optimized composite showed remarkable 

absorption with good selectivity in the presence of toluene and naphthalene and 

recyclability.  

6.2. Experimental 

6.2.1. Chemicals and Synthesis of Adsorbents 

The commercially available chemicals were used in this work without further 

purification. The Ni-BTC MOF was synthesized according to the procedure in 

literature. 
[289]

 The solution of benzene-1,3,5-tricarboxylic acid (1.37g, 6.52 mmol) 

and Ni(NO3)2.6H2O (1.90 g, 6.52 mmol) in 30 ml DMF was refluxed in a preheated 

oil bath for 160 minutes. The mixture was cooled and separation was carried out by 

centrifugation at 1200 rpm for 15 minutes. The green powder obtained was washed 

with DMF (3×10 ml) and ethanol (3×10 ml), dried in vacuum oven at 60°C for 10 

hours. The graphene oxide (GO) was synthesized with modified Hummer’ method. In 

this method, chemical oxidation in a mixture of 4 g expanded graphite and 20 mL of 

concentrated sulphuric acid was carried out under constant vigorous stirring. Then 12 

g of KMnO4 was added into the suspension in an ice bath under constant stirring. 

After 1 hour of constant stirring, ice bath was removed. The suspension was placed in 

the water bath for 2 hours and the temperature was increased to 90°C. As a result of 

heating, the suspension became thick and viscous, effervescence was removed and 
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brownish color thick paste was formed at the end. Now, the mixture was cooled. 

Afterwards, slow addition of H2O2 into the reaction mixture was carried out, which 

results in the change in color from brownish to bright yellow. This step showed that 

the oxidation occurred at higher level. Now, the reaction mixture was washed 3 times 

with 1 M prepared solution of HCl. Then the product was further washed by using 

distilled water in order to remove permanganate and manganese dioxide salts. After 

washing, the suspension became thick and viscous with the formation of GO.  The 

obtained GO precipitates were dried at 90°C. The Ni-BTC@GO (n %) composites 

were synthesized by the same method as discussed for Ni-BTC. The GO with different 

percentage (n %) was introduced in the reaction solution, where n is weight 

percentage with respect to total weight of BTC and nickel salt. The content of GO was 

adjusted during synthesis to be 1%, 2%, 3%, 4% and 8%. The scheme of synthesis for 

Ni-MOF and Ni-MOF@GO composites is presented in scheme 6.1 (a) and 6.1 (b). 

The overall illustration is presented in Figure 6.1. 

 

Scheme 6.1. (a) Synthesis for Ni-BTC. (b) Synthesis of Ni-MOF@GO Composites. 
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Figure 6.1. Illustration for synthesis of Ni-MOF@GO composite. 

6.2.2. General Procedure For Adsorption Experiments  

The selected NCCs with various concentrations were separately poured in n-octane for 

the synthesis of model fuel. The selected NCCs were pyrindine, quinoline and indole  

after considering the fact that these adsobates are present in the real oil. The intial 

nitrogen concentration was 40, 100, 250, 500, 750 and 1000 ppmwN. The adsorbents 

Ni-BTC and Ni-BTC@GO were dried at 130°C for 14 hours before erach experiment. 

The adorption experiments were performed at 35°C by placing 70 mg of adsorbent in 

the aforementioned model fuel and stirred up to 8 h. In order to measure nitrgen 

contents the fuel samples were taken at different time intervals and these samples after 

filtration process (syringe filter (PTFE, hydrophobic, 0.5 µm) were anlyzed by HPLC. 

The adsorptive selectivity was analyzed by the method in which adsorbent (70mg) 

was dispersed in 20g n-octane solvent at 35°C for 60 minutes with 141 ppmwN of 

pyridine, 1500 ppmwN of naphthalene, and/ or 25000 ppmwN of toluene. The used 

adsorbent Ni-BTC@GO(3%) after first experiment was washed in acetone solution 

for 5 h in a Soxhlet extractor, dried after solid - liquid separation, washed by 

deionized water and ethyl alcohol. The all compounds including NiMOF, NiMOF 

composites with GO and GO were dried and activated by utilizing heating oven 

coupled with vacuum system, and cooled to room temperature prior to their use in 

adsorption experiments to carry out ADN process of model fuel. The compounds were 

then regenerated, washed, dried and again used as adsorbents for ADN experiments; 

the process was repeated up to sixth run.    

6.2.3. Adsorption calculations 

The formula (Q = W/M(C0-Ci)10
-3

) was used to analyze adsorptive denitrogenation 

and desulfurization capacity (Q) in mg/g of adsorbent. Where W is mass (g) of model 
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oil, M is the mass (g) of adsorbent, C0 and Ci are nitrogen concentration in ppmws of 

the model fuel before and after adsorption respectively. The Langmuir equation ( 

Ce/qe=Ce/Qo +1/Qob) 
[272]

 was used to draw adsorption isotherms under different 

conditions. where, Ce, equilibrium concentration of adsorbate (mg/L); qe, the amount 

of adsorbate adsorbed (mg/g); Q0, maximum adsorption capacity (mg/g); b, Langmuir 

constant (L/mg). So, the maximum adsorption capacity Q0 of adsorbents can be 

obtained from the reciprocal of the slope of a plot of Ce/qe against Ce. The separation 

factor (RL) to explain the adsorption process was obtained by the equation (    

       ⁄ ). 
[125,290]

 The adsorptive selectivity was analyzed by the same method as 

discussed earlier in which adsorbent (70mg) was dispersed in 20g n-octane solvent at 

35°C for 60 minutes with 141 ppmws of pyridine, 1500 ppmws of naphthalene, and/ 

or 25000 ppmws of toluene. The selectivity factor (α) is determined according to the 

following formula: 

   
                     

                     
 

6.3. Results and Discussion 

6.3.1. Characterizations 

The powder XRD results of all synthesized compounds, Ni-BTC, GO and Ni-

BTC@GO(n %) composites are presented in the Figure 6.2 (a), (b) and (c). The 

PXRD pattern of synthesized nickel organic framework match well with the one that 

generated through mercury 3.8 software from CCDC Standard card number 63690. It 

is reported that the Ni-BTC crystallizes in the hexagonal crystal system with space 

group P6(3)/mcm. 
[289]

 It is found herein that the crystal system with lattice parameters 

remains same after the addition of graphene oxide up to 4% (Figure 6.2(b)) but with 

the decrease in intensity of PXRD peaks suggesting the decline in the crystalline 

nature of composite material. However, it is found that the crystal system including 

lattice parameters is changed into the orthorhombic crystal system (PDF#24-1838) by 

the addition of 8% GO to Ni-BTC (Figure 6.2(c)), a phenomenon that was also 

observed in other MOFs cases with an increase in the content of GO. 
[272]

 This may be 

due to the fact that the different type’s functional groups including carboxyl, hydroxyl 

and epoxy moieties on GO planes produce covalent bonding with BTC
3-

 ligand that 
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may result the twisting of BTC
3-

 ligand, especially at higher concentration. The 

functional groups in Ni-BTC, GO and composites were described by FT-IR depicted 

in the Figure 6.2(d). The coordination of GO with MOF occur through diverse 

functional groups present in GO at different sites of MOF. The epoxy and hydroxyl 

groups can coordinate with the metal of MOF during composites formation. 
[291,292]

 

The epoxy group behave as neutral ligand like water by the coordination with metal, 

while OH sites of GO produce hydrogen bonding with oxygen present in the vicinity 

of Ni metal. 
[272]

 The carboxyl and sulphonyl groups detained at the edge of graphene 

sheet may coordinate with central metal. 
[293]

 

 
Figure 6.2. PXRD patterns a) simulated and experimental Ni-BTC, b) experimental Ni-BTC, Ni-

BTC@GO(1%), Ni-BTC@GO(2%), Ni-BTC@GO(3%) and Ni-BTC@GO(4%), c) experimental 

Ni-BTC and Ni-BTC@GO(8%), d) FT-IR of Ni-BTC, GO, Ni-BTC@GO(3%) and Ni-

BTC@GO(8%).  

 

The surface morphology of Ni-BTC, Ni-BTC@GO (1%), Ni-BTC@GO(3%) and Ni-

BTC@GO(8%)  were analyzed by SEM shown in Figure 6.3. The The Ni-BTC and 

(Ni-BTC@GO) composites up to 1 to 3 wt. % of GO was found to be flat strip like 

morphology as shown in Figure 6.3 (a), (b) and (c). The change in morphology for Ni-

BTC@GO(8%) was detected from flat strip  to cylindrical rods in Figure 6.3(d).   
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The surface area and pore size distribution information for Ni-BTC, GO, Ni-

BTC@GO(1%) and Ni-BTC@GO(3%) were gathered by analyzing through nitrogen 

sorption experiments.  The isotherms for all compounds belong to the type-IV 

isotherms 
[294]

 (Figure 6.4) showed the presence of pores with different sizes from 

micropores to mesopores. The BET surface area of Ni-BTC was found to be 1007 

m
2
g

-1
. The existence of hysteresis between adsorption and desorption isotherms as 

shown in the Figure 6.4 confirms the presence of little mesoporous region. BET 

surface areas for composites of Ni-BTC@GO increased due to the incorporation of 

GO which is itself a potentially porous compound 
[295]

. The BET surface area 

measured for microporous region for the composites Ni-BTC@GO(1%) and Ni-

BTC@GO(3%)  were 1218 m
2
g

-1
 and 1319 m

2
g

-1
, respectively. These results showed 

the increase of surface 21% for Ni-BTC@GO(1%) and 31% for Ni-BTC@GO(3%). 

The details of BET measurements are shown in Table 6.1. The total micropore volume 

in Ni-BTC was found to be 0.298 cm³g
-1

. The appearance of the isotherm for Ni-

BTC@GO(3%) is very similar to Ni-BTC with BET surface area 1319 m
2
g

-1
 and total 

pore volume 0.384cm
3
g

-1
. The increase in surface and pore volume was observed in 

the Ni-BTC@GO(3%) as compared to the pristine Ni-BTC that might be related to the 

layered structure of GO in MOF, appreciable increase in the surface area due to very 

small addition of GO content i.e. up to 30% for Ni-BTC@GO(3%).  

 
 

Figure 6.3. SEM images for a) Ni-BTC, b) Ni-BTC@GO(1%) c) Ni-BTC@GO(3%) and d) Ni-

BTC@GO(8%).  
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Figure 6.4. The sorption isotherms with N2 at 77 K for Ni-BTC, Ni-BTC@GO(1%) and Ni-

BTC@GO(3%). 

 
Table 6.1. Textural parameters of Ni-BTC, Ni-BTC@GO(1%), Ni-BTC@GO(3%) and Ni-

BTC@GO(8%) obtained from the N2 adsorptiondesorption isotherms. 

 Specific surface area 

(m
2
 g 

-1
 ) 

Pore volume 

(cm
3
 g

 -1
 ) Ni-BTC   1007  0.298 

 Ni-BTC@GO(1%) 1218 

 

0.369 

Ni-BTC@GO(3%) 1319 0.419 

6.3.2. ADN performance of the Ni-BTC@GO composites 

The major nitrogen containing compounds are pyridine, quinoline and indole that are 

regarded as naturally occurring impurities of the fossil fuel. The adsorption capacity 

of various adsorbents including pure graphene oxide (GO), pristine Ni-BTC and the 

Ni-BTC@GO composites at different ratios in individual system with respect to time 

(up to 8 h) is presented in Figure 6.5. The adsorption capacity for pyridine on Ni-BTC, 

GO and Ni-BTC@GO(3 wt%) after 8h has been reported here to be 325, 101 and 428 

mg/g, respectively tabulated in Table 6.2. The adsorption capacity for quinolone found 

to be 244, 98 and 309 mg/g, while related to indole to be 222, 115 and 328 mg/g for 

Ni-BTC, GO and Ni-BTC@GO(3 wt.%), respectively.  It is evident that the 

adsorption capacity of pristine Ni-BTC is much higher for pyridine (Figure 6.5(a)) as 

compared to the quinoline (Figure 6.5(b)) and indole (Figure 6.5(c)). The adsorption 

capacity of GO is comparatively very low as compared to pristine MOF, but on 
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coupling GO with MOF, the reasonable increase in the adsorption capacity of 

composite material up to certain content of GO (maximum for 3%) has been observed 

for all adsorbates with different ratios. On increasing the GO content up to 8% in the 

composite material, there is decline in the adsorption capacity. The reason for that GO 

has much lower adsorption than pristine Ni-BTC, so with greater concentration (8 

wt%) of GO the adsorption capacity is decreased. All tested Ni-BTC@GO composites 

and pristine Ni-BTC showed much higher adsorption for pyridine as compared to 

other adsorbates. The adsorbent Ni-BTC@GO(3 wt%) in Figure 6.5 showed much 

higher increase in the adsorption capacity for indole (~48%) as compared to pyridine 

(~32%) and quinoline (~27%) due to the presence of strong hydrogen bonding 

between GO and indole after the formation of composites of Ni-BTC with GO as 

compared to Ni-BTC 
[284]

.  

 
Figure 6.5. Amounts of adsorbed (a) pyridine (b) quinoline and (c) indole over Ni-BTC, GO, Ni-

BTC@GO(1, 2,3,4 and 8%) at different time intervals. The model fuel contains 500 ppmw of 

pyridine, quinoline and indole in individual system with 70 mg of each adsorbent 20 g of n-octane. 

 

The maximum adsorption capacity was measured independently for the most 

impressive or vital adsorbents (Ni-BTC, Ni-BTC@GO(1 wt.%) and Ni-BTC@GO(3 

wt.%)) after ADN for 8h presented in the form of isotherms shown in Figure 6.6. The 

adsorption isotherms for pyridine, quinoline and indole are shown in Figure 6.6  (a), 
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(b) and (c), respectively. It showed the similar trend as discussed previously for Figure 

6.5. Langmuir plots for isotherms of indole, quinoline and pyridine shown in Figure 

6.7 (a), and (c) respectively were created to know the maximum adsorption capacity 

(Qo). The separation factors (RL) (Figure 6.8) were obtained on the results of 

Langmuir plots showed the similar tendency as overall more favorable adsorption for 

pyridine (Figure 6.8 (a)). In all results the RL value is lower than 1 showing favorable 

adsorption for all adsorbates on Ni-BTC and its composites with GO. The composite 

Ni-BTC@GO(3 %) showed higher adsorption amount for all adsorbates rather than 

pristine Ni-BTC.   

 
Figure 6.6. The maximum adsorption isotherms of (a) pyridine, (b) quinoline and (c) indole over 

Ni-BTC, Ni-BTC@GO(1%) and Ni-BTC@GO(3%)The model fuel was prepared by adding 20mg 

of adsorbent in 20g of n-octane with variable concentration of adsorbates. 

 

Table 6.2. The maximum adsorption capacities (Qo) of pristine Ni-BTC, GO and Ni-

BTC@GO(3%) composites at 500 ppmW for NCCs (pyridine/quinoline/indole). 

 

 

Adsorbent Adsorbate Q0 (mg of NCCs/g) 

Ni-BTC Pyridine 325 

Quinoline 244 

Indole 222 

GO Pyridine 101 

Quinoline 98 

Indole 115 

Ni-BTC@GO(3%) Pyridine 428 

Quinoline 309 

Indole 328 



 

 

127 

 

 
Figure 6.7. Langmuir plots for adsorbate (a) pyridine, (b) quiniline and (c) indole performed on 

adsorbent Ni-BTC, Ni-BTC@GO(1%) and Ni-BTC@GO(3%). 

 
Figure 6.8. Effect of the initial concentrations of pyridine (a), quinoline (b) and indole (c) on the 

separation factors or equilibrium parameters (RL) over Ni-BTC and Ni-BTC@GO. 

 

The adsorption mechanism chiefly depends upon the molecular size and basic or 

neutral nature of the adsorbate as well as porosity inferred parameters including 

microporous or mesoporous region and metal interactions with the adsorbate. The 

pyridine and quinoline are basic in nature, while indole is a neutral species. The higher 

adsorption for pyridine and quinoline indicates that acid base interactions are 

dominant between Ni-BTC and these basic adsorbates. The other important aspect that 

needed to discuss here is the favorable dynamic molecular size of pyridine is suitable 

for adsorption on Ni-BTC rather than quinoline owing to the difference of the double 

ring of quinoline. The GO functionalities develop hydrogen bonding with indole that 

resulted greater adsorption of indole for GO. This factor also became dominant for Ni-

BTC@GO composites, the strong hydrogen bonding between surface functionalities 

of the composite and indole are much prominent that cause to appreciable increase in 

the adsorption capacity of composite material for indole relative to other adsorbates. 

The mechanistic illustration for adsorption interactions between Ni-BTC and pyridine 

is presented here in Figure 6.9.    
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Figure 6.9. An illustration representing the adsorption interactions between Ni-BTC and 

pyridine. (CUS = coordinatively unsaturated site of Ni) 

 The adsorptive selectivity parameter for the adsorbent has prime importance due the 

presence of aromatic hydrocarbons along with nitrogen containing compounds in the 

fuel. The aromatic hydrocarbons like benzene, toluene and naphthalene etc. compete 

with N-compounds in the fuel during adsorptive process, which could decrease 

selectivity for N-compounds in some adsorbents and can make it difficult for practical 

applications. The aromatic hydrocarbons are present in the fuel in greater amount, So, 

for the good efficiency of adsorbent, it should much more selective for nitrogen 

containing aromatics rather than aromatic hydrocarbons. The adsorption selectivity 

was carried for pyridine from solutions containing different concentrations of 

naphthalene and toluene in n-octane at the optimum reaction conditions. The kinetic 

diameter for toluene (0.585 nm) is slightly smaller than that of pyridine (0.601 nm). 

The selectivity factor presented in the Table 6.3 indicate that the selectivity of 

adsorbing pyridine to naphthalene over Ni-BTC@GO(3%) composite was slightly 

decreased (from 5.69 to 5.13) after adding 25000 ppmW toluene, but still it 

maintained a high adsorption selectivity for pyridine. The least depression in the 

adsorptive capacity of Ni-BTC and its composite for pyridine in the presence of 

toluene and naphthalene is very useful for adsorptive denitrogenation process from 

fuel.    
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Table 6.3. Adsorptive selectivity of Ni-BTC and Ni-BTC@GO(3%) adsorbents for 141 ppmwN as 

pyridine in n-octane with naphthalene and/or toluene 

Adsorbent Aromatics concentration (ppmwN) Selectivity 

factor for 

pyridine 
Naphthalene Toluene 

Ni-BTC@GO(3%)
a
  

Ni-BTC
b 

 

0 0 - 

1500 0 5.22
a
 

5.69
b
 

1500 25000 4.98
a
  

5.13
b
 

 

Table 6.4.  The comparison between the results of reported adsorbents and Ni-BTC@GO(3%)  

for the adsorption capacities (Qo) of NCCs. 

Adsorbent Type of NCCs Qo 

(mg- 

NCC/g) 

Qo (mg-

N/g) 

Ref. 

AC quinoline, indole - 39.0 
[296]

 

Cu-Y NCCs with aromatic rings - 3.0 
[260]

 

silica-zirconia cogel Mixed - 10.0 
[115]

 

Alumina quinoline, indole - 7.16 
[117]

 

Meso-silica Mixed - 8.14 
[265]

 

MOF (MIL-101) Mixed - 19.6 
[128]

 

MIL-100 (Cr) quinoline, indole 445 49.4 
[123]

 

PWA/MIL-101 quinoline, indole 426 47.8 
[125]

 

NH2-UiO-66 Indole 312 37.3 
[119]

 

 Ni-BTC@GO(3%) Indole 328 39 This 

work 
Quinoline 309 33 This 

work 
Pyridine 428 75 This 

work 
  

The comparison of our results with different reported adsorbents to remove NCCs 

from model fuel was made and presented in the Table 6.4. The individual system 

results showed that our composite had good potential for ADN from fuel.  

The reusability is the much more important parameter for any adsorbent to utilize its 

potential for commercial and industrial purpose. So, after washing with ethanol, 

acetone and n-octane, dried at 120 °C under vacuum for overnight before the setup of 

each experiment, the adsorbates were tested for up to sixth run. Figure 6.10 showed 

the reusability results for Ni-BTC and Ni-BTC@GO (3 wt.%) for the most favorable 

adsorbate indole. The very little decrease in the efficiency of the Ni-BTC and Ni-

BTC@GO (3 wt.%) after sixth run. Considering the remarkable adsorption 
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performances including reusability, Ni-BTC@GO composites have suitable potential 

adsorbents for ADN. 

 
Figure 6.10. The reusability of Ni-BTC and Ni-BTC@GO(3%) up to sixth run with pyridine. The 

regeneration experiments were carried by adding 20 mg of adsorbent in 20g of n-octane with 

1000 ppmW of adsorbate. 

6.4. Conclusion 

The Ni-BTC and Ni-BTC@GO composites with enhanced BET surface area and 

micro porous nature were prepared. All prepared compounds including pristine Ni-

BTC GO, and Ni-BTC@GO composites were tested as adsorbent material for the 

adsorptive denitrogenation of model oil that contain NCCs (pyridine/indole/quinoline) 

in n-octane. The adsorption results for pyridine on all compounds were higher 

compared to other adsorbates (quinoline and indole). The surface chemistry of 

prepared adsorbents is favorable for pyridine in terms of acid base interactions and 

dynamic molecular size. The increase in the adsorption capacity of composite material 

after the formation of composite (Ni-BTC@GO) as compared to pristine Ni-BTC was 

observed for all adsorbates due to the increase in the BET surface area. The dominant 

hydrogen bonding between indole and functional moieties of GO resulted much 

enhancement (~48%) in the adsorption capacity for indole comparative to other 

adsorbates (pyridine (~32%) and quinoline (~27%)) in Ni-BTC@GO (wt. 3%) 

composite relative to their adsorption on pristine Ni-BTC. The selectivity factor of 

compounds for pyridine in the presence of hydrocarbons (toluene and naphthalene) 

was found potentially favorable towards ADN. The excellent AND capacity, 
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separation factor, reusability and easy regenerative power suggested that Ni-

BTC@GO(3%) can work as potential adsorbent material for denitrogenation of model 

fuel. Besides, this study allows a better understanding of the ADN processes involved 

in MOF/GO composite materials and can help in the designing new MOF/GO 

composite materials with better ADN performance. 
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CHAPTER-7 

Overall Summary of Work 

In this study we have prepared four metal organic frameworks [Zn(3-bpmh)(1,4-

bdc)]n, [Cd(3-bpmh)(1,4-bdc)]n [C8H10CdO7]n.4H2O and C15H17N2NiO8 (Ni-BTC). 

Three frameworks [Zn(3-bpmh)(1,4-bdc)]n, [Cd(3-bpmh)(1,4-bdc)]n and 

[C8H10CdO7]n.4H2O were sacrificed by evaporating Zn and Cd metals at high 

temperature in argon atmosphere. In this way we have collected nanostructured carbon 

material with nitrogen doping (PCN920 and PCN900) and without nitrogen doping 

i.e. PC900. PCN920 was found to have very high BET surface area 1171 m
2
g

-1
, while 

BET surface area of PC900 and PCN900 is  877 m
2
g 

-1
 and 

 
407 m

2
g 

-1
, respectively. 

These three types carbon material were then utilized as substrate for the synthesis of 

bimetallic hybrids by fixing the ratio of M(5%):Pt(10%) where M is Ni, Cu and Er. In 

this way nine hybrids Pt-Ni@PCN920, Pt-Cu@PCN920 and Pt-Er@PCN920, Pt-

Er@PCN900, Pt-Ni@PCN900, Pt-Cu@PCN900, Pt-Er@PC900, Pt-Ni@PC900 and 

Pt-Cu@PC900 were produced. The effort has been made to reduce the quantity of 

platinum metal by the synergetic effect of pyridinic nitrogen and alloying effect of 

other metal (Ni, Er, Cu) with platinum. All composites were tested for HER, OER and 

ORR electrochemical activities.  In terms of onset potential, halfwave potential and 

limiting current density with respect to before and after accelerating durability tests, 

also considering the kinetics of reaction, the overall order of ORR activity for all 

compounds is tend be Pt-Er@PCN900 > Pt-Er@PC900 > Pt-Ni@PCN920 > 20%Pt/C 

> Pt-Ni@PCN900 > Pt-Ni@PC900 > Pt-Cu@PCN920 > Pt-Er@PCN920 > Pt-

Cu@PCN900> Pt-Cu@PC900 as discussed in Table 7.1. Pt-Ni@PCN900 showed 

best ORR performance in terms of both efficiency and durability. HER results with 

respect to overpotential, tafel slope and durability showed that the performance of Pt-

Er@PCN900 is excellent over all synthesized samples and commercially available 

20%Pt/C as shown in Table 7.2.  OER activity order in terms of overpotential is found 

to be RuO2 > Pt-Er@PCN900 > Pt-Ni@PCN920 > Pt-Er@PCN920 > Pt-Ni@PCN900 

> Pt-Cu@PCN920 > Pt-Cu@PCN900 as presented in Table 7.3. OER activity of our 

synthesized catalyst is comparable with RuO2 that is one among the best OER 

catalyst. The ORR results are marvelous of our synthesized catalysts with less than 10 
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percent Pt. The collective parameters high surface area, nitrogen embedded carbon 

and alloying with other metal boost the Pt catalytic activity. It was found that Pt-

Er@PCN900 shows excellent tri-functional electrocatalytic performance. In future, 

the use of nitrogen embedded carbon with diverse porosity is expected to play its vital 

role during the preparation of bimetallic efficient catalyst as alternative to noble metal 

based catalysts for water splitting, fuel cell and other electrocatalytic processes to 

address the issue of renewable and environment friendly energy resources. In spite of 

excellent catalytic performance of various MOF-derived carbon-based nanomaterials, 

their use is limited to laboratory level due to low yields and time-consuming 

procedures. So, developing practical approaches for the mass production of these 

excellent catalysts is an urgent need to realize their commercialization. 

Fourth microporous framework Ni-BTC was utilized to produce composites with 

graphene oxide (GO) with different ratio of GO contents. All prepared compounds 

including pristine Ni-BTC GO, and Ni-BTC@GO composites were tested as 

adsorbent material for the adsorptive denitrogenation of model oil that contain NCCs 

(pyridine/indole/quinoline) in n-octane. The adsorption results for pyridine on all 

compounds were higher comparative to other adsorbates (quinoline and indole). The 

surface chemistry of prepared adsorbents is favorable for pyridine in terms of acid 

base interactions and dynamic molecular size. Ni-BTC@GO(wt. 3%) was proved to 

be excellent adsorbent over the synthesized compounds and many reported adsorbents 

in terms of adsorption capacity, selectivity and regenerative ability.   The increase in 

the adsorption capacity of composite material after the formation of composite (Ni-

BTC@GO) as compared to pristine Ni-BTC was observed for all adsorbates due to the 

increase in the BET surface area. The excellent ADN capacity, separation factor, 

reusability and easy regenerative power suggest that Ni-BTC@GO(3%) can work as 

potential adsorbent material for denitrogenation of model fuel. Besides, this study 

allows a better understanding of the ADN processes involved in MOF/GO composite 

materials and can help in the designing new MOF/GO composite materials with better 

ADN performance. 
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Table 7.1. ORR catalytic parameters for all hybrids involved in this study.  

 

Catalyst 20%PT/C 
Pt-Ni@ 

PCN920 

Pt-Er@ 

PCN920 

Pt-Cu@ 

PCN920 

Pt-Er@ 

PCN900 

Pt-Ni@ 

PCN900 

Pt-Cu@ 

PCN900 

Pt-Er@ 

PC900 

Pt-Ni@ 

PC900 

Pt-Cu@ 

PC900 

Onset(V vs RHE)  Before ADT 1.079 1.084 1.043 1.045 1.094 1.060 1.028 1.092 1.067 1.021 

Onset(volt)  After ADT 1.062 1.073 1.025 1.026 1.083 1.042 1.010 1.080 1.048 0.991 

E1/2(volt) Before ADT 0.90 0.94 0.89 0.83 0.94 0.89 0.86 0.93 0.91 0.84 

E1/2(volt) After ADT 0.87 0.93 0.87 0.80 0.93 0.87 0.83 0.91 0.89 0.82 

Limiting Current Density (mAcm-2) Before ADT -4.72 -5.71 -4.94 -5.94 -5.53 -6.59 -6.31 -5.4 -5.58 -6.09 

Limiting Current Density (mAcm-2) After ADT -4.21 -5.5 -4.64 -5.29 -5.38 -6.05 -5.46 -5.14 -5.14 -5.29 

Tafel slope (mVdec-1) 64 49 75 117 36 58 73 41 56 133 
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Table 7.2. HER catalytic parameters for all hybrids involved in this study.  

   

Table 7.3. OER catalytic parameters for all hybrids involved in this study.  

 
Catalyst Overpotential (V) Tafel Slope 

(mVdec
-1

) 
At -10 mAcm

-2

 At -100 mAcm
-2

 

RuO2 1.49  1.67 108 

Pt-Ni@PCN920 1.52 1.61 59 

Pt-Er@PCN920 1.52 1.62 86 

Pt-Cu@PCN920 1.58 1.70 105 

Pt@PCN920 1.56 1.67 - 

Ni@PCN920 1.59 1.69 - 

Er@PCN920 1.62 1.69 - 

Cu@PCN920 1.64 1.75 - 

PCN920 1.60 - - 

Pt-Er@PCN900 1.51 1.58 62 

Pt-Ni@PCN900 1.55 1.66 82 

Pt-Cu@PCN900 1.60 1.71 117 

 

 

Catalysts Overpotential (mV) Tafel Slope 

(mVdec
-1

) 
At -10 mAcm

-2

 At -50 mAcm
-2

 At -100 mAcm
-2

 

20%Pt/C(NF) -42  -143 -183 74 
Pt-Ni@PCN920(NF) -42 -159 -219 82 

Pt-Er@PCN920(NF) -79 -192 -233 88 

Pt-Cu@PCN920(NF) -127 -230 -272 195 

Pt@PCN920(NF) -148 -243 -282 - 

Ni@PCN920(NF) -190 -255 -290 - 

Er@PCN920(NF) -202 -285 -314 - 

Cu@PCN920(NF) -219 -338 -432 - 

PCN920(NF) -229 -429 -474 - 
Pt-Er@PCN900(NF) -10 -52 -91 38 

Pt-Ni@PCN900(NF) -68 -114 -154 52 

Pt-Cu@PCN900(NF) -121 -207 -245 120 

Pt-Er@PCN900(GCE) 21 -21 -48 62 

Pt-Ni@PCN900(GCE) -3 -110 -254 66 

Pt-Cu@PCN900(GCE) -33 -148 -299 83 

20%Pt/C(GCE) -32 -135 -229 70 

Pt- Er@PC900(GCE) 2 -46 - 62 

Pt-Ni@PC900(GCE) -19 -114 - 65 

Pt-Cu@PC900(GCE) -72 -190 - 82 
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CHAPTER-8 

Future Outlooks 

 

The future outlook is to explore the key factors in detail that influence the 

physicochemical properties of MOF-derived carbon-based catalysts and to elucidate 

the relationship between their physicochemical and electrochemical properties. The 

second thing is to improve structural orders by producing well interconnected pores in 

carbon material for good mass transfer to enhance catalytic efficiency. In spite of 

excellent catalytic performance of various MOF-derived carbon-based nanomaterials, 

their use is limited to laboratory level due to low yields and time-consuming 

procedures. So, developing practical approaches for the mass production of these 

excellent catalysts is an urgent need to realize their commercialization 
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