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ABSTRACT OF THESIS 
 

Platinum (Pt) electrocatalysts are in high demand due to their utilisation in proton exchange 

membrane based sensors (PEMHS) and proton exchange membrane fuel cell (PEMFC). High 

exchange current density for hydrogen oxidation and oxygen reduction reactions for Pt 

favours the catalyst. However, Pt being expensive will enhance production cost of sensors 

and fuel cells. Hence investigation for minimising the utility of Pt catalyst is a thrust area and 

researchers are also on look out for alternate catalysts. Palladium (Pd) is an efficient 

electrocatalyst and is six times less costly than Pt. Alloying Pt with Pd increase the catalytic 

activity but, at the same time reduce the quantity of expensive Pt. Metal based 

electrocatalysts namely Pt, Pd and PtxPdy alloy were investigated. Mode of deposition of 

catalysts on gas diffusion layer (GDL) plays a crucial role in determining the electrocatalytic 

area and hence influences the current density of an electrochemical reaction. The present 

study is aimed at finding an optimal method for preparation and deposition of electrocatalyst 

for PEMHS and PEMFC. The Pt, Pd and PtxPdy alloy electrocatalysts were prepared by 

electrodeposition and pulsed electrodeposition methods. Pt/C commercial catalyst was brush 

coated on GDL for comparison purposes. Electrodeposition of Pt and Pd electrocatalysts on 

GDL were also carried out using ionic liquid electrolytes to get better adhesion and 

microstructure. All electrodeposited and pulsed electrodeposited Pt, Pd and PtxPdy alloy 

electrocatalysts on GDL showed spherical particles with fcc crystal structure as shown by 

grazing incidence X-ray diffraction and field emission scanning electron microscope studies 

respectively. The adhesion of electrodeposited Pd on GDL using aqueous and ionic liquid 

electrolytes was studied using linear scratch equipment. The formation of PtxPdy alloy was 

confirmed by high resolution transmission electron microscope. The compositions of PtxPdy 

alloys were analysed by energy dispersive X-ray analysis and inductively coupled plasma 

mass spectrometry.      

Amperometric H2 sensor gives linear response with H2 concentration and is widely used 

electrochemical sensor for commercial applications. The effect of flow rate and longer 

response time on the response was observed in the previously reported sensors. Thus, it is not 

suitable for field applications. Hence, to improve the response behaviour and to minimize the 

catalyst loading in sensor, electrodeposited Pt, Pd and PtxPdy alloy electrocatalysts on GDL 

were adopted for the first time. The H2 sensing behaviour of sensor with pulsed 

electrodeposited electrocatalysts was found to be better compared to electrodeposition and 

conventional brush coating methods. Further, sensor with pulsed electrodeposited Pt and Pd 
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on GDL using ionic liquid electrolytes were established to give better sensitivity and 

response time compared to aqueous electrolytes due to the improved adhesion and higher 

electrochemical active area achieved by using ionic liquid electrolyte. By comparing 

performance of sensors with pulsed electrodeposited Pt, Pd and PtxPdy alloy gas diffusion 

electrodes, Pt54Pd46 alloy gas diffusion electrode based sensor was having higher sensitivity, 

while response time was found to be shorter for Pt80Pd20 alloy in comparison to pristine Pt 

and Pd. 

Facile fabrication of gas diffusion electrode with low loading of PtxPdy alloy electrocatalyst 

has been achieved by pulsed electrodeposition method for application in proton exchange 

membrane fuel cell. Membrane electrode assembly (MEA) was made using diffusion 

electrodes with loading of 0.l mg/cm2 of Pt51Pd49 alloy as cathode and 0.05 mg/cm2 of Pt at 

anode. The diffusion electrodes showed good performance in H2-O2 single fuel cell. 

Moreover, the use of Pt51Pd49 alloy reduced the expensive Pt by 50 % since the loading of Pt 

in Pt51Pd49 alloy was only 0.05 mg/cm2. This MEA exhibits better performance than 

commercial Pt/C catalyst. For comparative purpose, another MEA was made using diffusion 

electrodes with pulsed electrodeposited Pt as cathode and anode with a loading of 0.1 mg/cm2 

and 0.05 mg/cm2 respectively. MEA with pulsed electrodeposited Pt51Pd49 alloy on gas 

diffusion layer (GDL) as cathode and Pt as anode gave comparable performance with that of 

pulsed electrodeposited Pt on GDL as cathode.  
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SYNOPSIS 
Chapter 1 – Introduction 
Hydrogen (H2) is an energy carrier for the global clean energy initiative 1-3 and used as a 

clean source for the future energy supply; fuel cell and internal combustion engine. In spite of 

all these advantages of H2, it also possesses certain demerits regarding safe storage and 

handling owing to its flammable nature 4, 5. Therefore, it is very essential to monitor its 

leakage. In fast breeder reactors, removal of sodium from its components is carried out by 

using moistened CO2. The reaction of sodium with moisture present in the reactive gas 

stream releases large quantity of H2
6, 7. Therefore, the concentration of H2 has to be 

monitored to maintain the concentration within safe levels. Thus, an extensive demand for 

reliable sensors for monitoring H2 is persistent. Electrochemical sensors 8-10 are well 

established commercially, owing to the low power consumption and room temperature 

operation. Attempts have been made across the globe to lessen the amount of catalyst loading 

and in turn reduce agglomeration by using porous carbon supporting materials. Rashid et al. 
11, 12 reported platinum-multi walled carbon nanotube (Pt-MWCNT) as supporting material. 

Here, it was reported that the usage of MWCNT has largely reduced the loading quantity of 

the expensive Pt by providing a high surface area for catalyst to be deposited. Lu et al. 13, 

Sakthivel et al. 14, and Murugesan et al. 7 have deposited electrocatalyst directly on to Nafion 

membrane for H2 sensor application. They found that the change in flow rate has affected the 

sensor performance. However, susceptibility to the sensor response to flow rate variation is 

not desirable in field applications as in the case of sodium removal from fast reactor 

components. Hence, to provide a high surface area for electrocatalyst and also to minimize 

the flow rate dependency of sensor signal, gas diffusion layer (GDL) is attempted as substrate 

material for electrocatalyst deposition. Attempt is made to lower the amount of catalyst 

loading and also to minimize the effect of flow rate imposed on the sensor response by using 

GDL and adopting ED method for preparing the sensing electrode. 

Proton exchange membrane fuel cell (PEMFC) is an emerging energy resource for the 

sustainable development. Commercial application of PEMFC is challenging due to the high 

cost of electrocatalyst used. Pt catalysts are commonly used for hydrogen oxidation reaction 

(HOR) and oxygen reduction reaction (ORR). The rate of ORR is five times slower compared 

to HOR15. Hence, the loading of Pt required is higher at cathode side than at anode. Though 

Pt is the outperforming catalyst for ORR in PEMFC, cost and stability are the major 

limitations for commercialization in a large-scale. Hence, pulsed electrodeposition method is 
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adopted to reduce the loading and to improve the stability. Pt, Pd and PtxPdy alloy 

electrocatalysts are studied for application in sensors and fuel cells [1-3]. 

Efficiency and economy of catalyst deposition is a major hindrance for its utility as 

predominant electrocatalysts even though these noble metal electrocatalysts have potential to 

show superior performance. The electrodeposition method is found to be effective due to its 

ease of controlling the particle size with regulated catalyst loading [9-11]. Electrodeposition of 

Pt and Pd was carried out using both aqueous and ionic liquid electrolytes in order to see the 

morphology change and its influence on the sensor performance.   

Finally, the objectives of the present study are listed as below: 

1. Investigations of electrodeposition and pulse electrodeposition methods for 

preparation of Pt, Pd and PtPd alloy electrocatalysts on gas diffusion layer (GDL) for 

application in sensors and fuel cells. 

2. Comparison and performance of aqueous and ionic liquid electrolytes in 

electrodeposition of Pt and Pd electrocatalysts. 

3. The electrodeposition behaviour of Pt in 1-butyl-3-methylimidazolium 

tetrafluoroborate ([C4mim][BF4]) ionic liquid is examined. 

4. Performance evaluation of PEM fuel cell based amperometric H2 sensors with 

diffusion electrodes having electrodeposited Pt, Pd and PtPd alloy electrocatalysts. 

5. Performance evaluation of PEM fuel cell with diffusion electrodes having 

electrodeposited Pt, Pd and PtPd alloy electrocatalysts. 

Chapter 2- Experimental methods, principles and its applications 

This chapter briefs the working principles of electrodeposition and pulsed electrodeposition 

methods used for deposition of metals and metal alloys on GDL. This chapter also describes 

about the principles and applications of instruments utilized for structural and 

electrochemical characterizations of electrocatalysts deposited. The instruments used for 

physicochemical characterizations include gracing incidence X-ray diffractometer, field 

emission scanning electron microscope (FESEM) with energy dispersive X-ray analysis 

(EDAX), high-resolution transmission electron microscope (HRTEM), linear scratch 

equipment and muti-potentiostat.  

Chapter 3- Studies on deposition and characterization of electrocatalysts on carbon 
paper based diffusion electrodes for application in PEM based H2 sensors and fuel cells 
This chapter deals with the studies on preparation of Pt, Pd and PtxPdy alloy electrocatalysts 

on GDL by brush coating, electrodeposition and pulsed electrodeposition methods. Pt and Pd 
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catalysts were electrodeposited and pulsed electrodeposited on GDL using aqueous and ionic 

liquid electrolytes. Ionic liquid electrolytes used for depositing Pt and Pd are K2PtCl6 

dissolved in 1-butyl-3-methylimidazolium tetrafluoroborate and PdCl2 dissolved in 1-butyl-3-

methylimidazolium chloride. This chapter also provides information on the synthesis of the 

above ionic liquid electrolytes and their electrochemical window determined by cyclic 

voltammetry. Prior to the deposition, the deposition potential of Pt and Pd in ionic liquid 

electrolytes were measured by cyclic voltammetry. The nucleation mechanism of Pt on GDL 

was studied using chronoamperometry and chronopotentiometry. To find the optimum 

deposition potential for getting uniform surface coverage, deposition was carried at four 

different potentials from reduction peak potential obtained from the cyclic voltammogram.   

Electrodeposition of Pt and Pd on GDL were carried out in K2PtCl6 + [C4mim][BF4] and 

PdCl2    + [C4mim][Cl] electrolytes respectively. Adhesion of electrodeposited Pd on GDL 

using aqueous and ionic liquid electrolytes was studied by using linear scratch technique. The 

deposited Pt and Pd electrocatalysts on GDL via aqueous and ionic liquid electrolytes were 

characterized for their crystal structure, morphology and elemental analysis by GIXRD, 

FESEM, and EDAX. Diffusion electrodes with brush coated Pt on GDL was attempted by 

using commercially procured Pt/C powder for comparative study. 

Further, this chapter illustrates the effect of pulse widths on the electrodeposition of Pt by 

carrying out PED at four different pulse widths. The optimum pulse width was chosen for 

depositing PtxPdy alloy on GDL using aqueous electrolyte for the application in PEM sensors 

and fuel cells. Crystallite sizes, lattice parameter were calculated using Scherrer’s formula 

using the data obtained from GIXRD. Compositions and distribution of Pt and Pd in PtxPdy 

alloy on GDL were studied by EDAX and EDAX mapping. TEM and HRTEM analysis of 

representative Pt54Pd46 alloy sample were carried out to find the particle size distribution and 

to confirm the alloy formation. 

It became evident from the studies that pulsed electrodeposition produced uniform deposits of 

Pt, Pd and PtxPdy alloy nanoparticles on GDL with minimal agglomeration in comparison to 

electrodeposition and brush coating methods. Thus, the PED catalysts are expected to 

produce higher electrocatalytic area. EDAX analysis confirmed the presence of Pt, Pd and 

PtxPdy alloy electrocatalysts on GDL and composition of PtxPdy alloys were found to be 

Pt28Pd72, Pt54Pd46 and Pt80Pd20. All Pt, Pd and PtxPdy alloy electrocatalysts were found to 

have fcc crystal structure. TEM and HRTEM analysis of Pt54Pd46 alloy showed an average 

particle size of less than 5 nm and confirmed alloy formation for the first time by PED. 
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Electrodeposition and pulsed electrodeposition of Pt and Pd on GDL in [C4mim][BF4] and 

[C4mim][Cl] ionic liquid electrolytes are studied. Pulsed electrodeposited Pt, Pd and PtxPdy 

alloy on GDL electrocatalysts are developed for the first time for amperometric H2 sensor and 

fuel cell applications.   

Chapter 4 -Development of PEM fuel cell based amperometric H2 sensor with catalyst 
deposited diffusion electrode 

Brush-coated, electrodeposited and pulsed electrodeposited Pt, Pd and PtxPdy alloy on GDL 

were tested for the amperometric H2 sensing behaviour. These deposited Pt, Pd and PtxPdy 

alloy electrocatalysts on GDL were used as the sensing electrode and Pt electrocatalyst on 

GDL was used as the counter electrode. Sensing and counter electrodes were hot-pressed 

onto the Nafion membrane to make membrane electrode assembly (MEA). Conductivity of 

Nafion membrane was determined from electrochemical impedance spectroscopy to find the 

suitability of the electrolyte to be used as a proton conductor. Electrochemical active surface 

area (ECSA) of all sensing electrodes was measured by carrying out cyclic voltammetry. 

Amperometric H2 sensor performance was tested up to the lower explosive limit of H2 in 

argon (1-5 %) (V/V) for Pt, Pd and PtxPdy alloy catalysts based sensing electrodes. 

Brush-coated, electrodeposited and pulsed electrodeposited Pt on GDL showed a variation in 

the signal during testing for 48 h. Hence, electrochemical impedance spectrum and cyclic 

voltammogram were recorded before testing and after 48 h of testing in order to see the 

variation in charge transfer resistance. ECSA of brush coated, electrodeposited and pulsed 

electrodeposited Pt was also measured. Response and recovery time of the sensor were 

determined from the response behaviour. Repeatability of the sensor was also recorded for all 

the concentrations of H2 in argon. Calibration plot was made with their standard deviations 

for the concentration range 1-5 % H2/Ar. Sensitivities of sensors were obtained from the 

slope of the calibration plot. Effect of relative humidity, temperature and flow rate on the 

sensor performance was studied for sensors with Pt deposited by PED. Sensor performance 

was also studied for electrodeposited and pulsed electrodeposited Pt and Pd on GDL using 

[C4mim][BF4] and [C4mim][Cl] ionic liquid electrolytes. The sensing behaviour of 

electrodeposited Pt on GDL using [C4mim][BF4] ionic liquid showed a better sensitivity and 

short response time compared to aqueous electrolyte assisted electrodeposition of Pt. 

 Sensing behaviour of sensor with Pd based diffusion electrodes in terms of ECSA, 

sensitivity, response time, recovery time and long-term stability were investigated. Diffusion 

electrodes for the sensors were prepared using aqueous and [C4mim][Cl] ionic liquid 

electrolytes. Pd diffusion electrode based sensors in three electrode mode was found to give 
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higher sensitivity when compared to Pt, PtxPdy alloy sensor operated in two electrode mode. 

The sensing of Pd based sensor in two electrode mode, signal does not reached the steady 

state. Hence, Pd diffusion electrode sensor is more suitable to be operated as three electrode 

mode sensor.  

Alloying of Pt with Pd is expected to improve sensitivity and response time due to the change 

in electronic structure of Pt compared to the pristine Pt. Hence, sensing behaviour of sensors 

with diffusion electrodes having three different ratios of Pt and Pd in PtxPdy alloy prepared by 

PED method was also studied.  

The hydrogen response behaviour of electrodeposited and pulsed electrodeposited Pt, Pd and 

PtxPdy alloy revealed that use of diffusion electrode reduced dependence of sensor signal on 

flow rate. Sensitivity and response time for sensors operated in galvanic mode with 

electrocatalysts followed the order Pt54Pd46 > Pt deposited using ionic liquid > Pt80Pd20 > Pt 

deposited using aqueous electrolyte and Pt80Pd20 > Pt54Pd46 > Pt > Pd respectively. Higher 

sensitivity and short response time was obtained for Pt54Pd46 and Pt80Pd20 alloys compared to 

the pristine Pt. 

Chapter 5– Application of pulsed electrodeposited Pt, Pd and PtxPdy alloy based gas 
diffusion electrodes for oxygen reduction reaction in PEMFC 

PEMFC with pulsed electrodeposited Pt, Pd and PtxPdy alloy diffusion electrodes using 

aqueous electrolyte as cathode were assembled and tested. For comparison, fuel cells with 

brush coated Pt based diffusion electrodes was also assembled and tested. In order to 

ascertain the optimal pulse width for deposition of Pt, studies were carried out at four 

different pulse widths.  ECSA and charge transfer resistance values for the diffusion 

electrodes were determined by making these electrodes as cathode and Pt deposited at a fixed 

pulse width as anode for respective electrodes. After arriving at the optimal pulse width, 

diffusion electrodes with Pt, Pd and PtxPdy alloy were made and performance evaluation was 

carried out in fuel cell configuration. Experiments were carried out with diffusion electrodes 

having PtxPdy alloy of composition Pt28Pd72, Pt54Pd46 and Pt80Pd20. Performance of fuel cell 

with diffusion electrode having pulsed electrodeposited Pt, Pd and PtxPdy alloys was 

compared. Higher current density was obtained for pulsed electrodeposited Pt and Pt54Pd46 

alloy in comparison to other proportions of PtxPdy alloy, pristine Pd and commercial Pt/C 

catalyst. The above result was also supported by ECSA and charge transfer resistance values 

obtained. Performance of the fuel cell catalyst in the diffusion electrode followed the order Pt 

≈ Pt54Pd46 > Pt20Pd72 > Pt/C > Pd > Pt80Pd20. Hence, Pt54Pd46 catalyst with nearly 50 % of Pt 

gives same performance pristine Pt. 



viii 
 

Chapter 6 –Summary, conclusions and scope for future studies 
The present investigations indicated that the electrocatalyst prepared by pulsed 

electrodeposition method gives higher catalytic area over brush coating and electrodeposition 

methods. The sensor testing studies conclude that PtxPdy alloy is highly suitable for sensing 

H2 with better sensitivity and response time. It is established that fuel cell performance of 

pulsed electrodeposited Pt54Pd46 alloy is approximately equal to that of pulsed 

electrodeposited Pt. Hence, the amount of Pt is reduced by employing PtxPdy alloy.  

Three electrode potentiostatic sensors with Pt54Pd46 as sensing electrode can be undertaken in 

future to improve the response behaviour. Studies can also be carried out towards developing 

H2 sensors with composite proton conducting polymer electrolyte. Fuel cells with larger 

electrode area and also fuel cell stacks can be made with alloy electrodes and evaluated for 

performance. Studies can be extended with pulsed electrodeposited alloys of Pt with Pd, Ru, 

Cr as electrocatalyst in diffusion electrode to improve the corrosion resistance and reduce 

poisoning.   
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Polymer exchange membrane (PEM) based H2 sensors and PEM fuel cell devices are operating in galvanic 
mode where chemical energy is converted into electrical energy. The response behaviour of 
electrochemical sensors and current efficiency of fuel cell are significantly influenced by the catalytic area 
available for electrochemical reaction and these sites are called three phase contact sites i.e. electrolyte, 
gas, and electrically connected catalyst regions are in contact for the completion of the circuit in the case of 
electrochemical reactions. The catalyst used for the above purpose is called electrocatalyst. Platinum (Pt) 
and its alloys are commonly used as electrocatalysts for sensors and fuel cell owing to their 
physicochemical properties. The high cost of Pt catalyst is the main hurdle to be used commercially. 
Recently, several efforts have been made to reduce the cost of precious metal electrocatalysts without 
sacrificing the catalyst performances and are listed below: reduction of precious metal loading, 
nanostructured thin-flm (NSTF) development for catalyst layer, particle size reduction for electrocatalyst, 
developing non-precious metal/alloy and developing novel catalyst preparation methods. Novel catalyst 
preparation method is used in the present study to reduce the loading of expensive electrocatalysts. Pulsed 
electrodeposition method is adopted for the first time to prepare the electrocatalysts for the application in 
H2 sensors and fuel cell.  

Facile fabrication of gas diffusion electrode with low loading of electrocatalysts has been achieved by 
pulsed electrodeposition method for application in PEM based H2 sensor and PEM fuel cell. The minimum 
Pt electrocatalyst loading reported in literature for PEM H2 sensor is 1 mg/cm2 and PtxPdy alloy 
electrocatalyst for fuel cell is 0.5 mg/cm2. In the present study, it is possible to reduce the loading to 0.5 
mg/cm2 and 0.1 mg/cm2 for sensors and fuel cell respectively. This is due to finer distribution of Pt 
electrocatalyst is attained by pulsed electrodeposition method compared to electrodeposition and brush 
coating methods as shown by Fig. 1. Improved sensing characteristics of H2 sensors and current efficiency of 
fuel cell are attained as indicated by Fig. 2 (a) and Fig. 2 (b) by the usage of pulsed electrodeposition 
method. 

 

Fig. 1 FESEM images of electrocatalyst on gas diffusion layer (a) brush coated Pt/C (50 %), (b) 

electrodeposited Pt and (c) pulsed electrodeposited Pt 



 

Fig. 2 Evaluation of pulsed electrodeposited electrocatalysts (a) H2 response behavior of Pt electrocatalysts 

(b) PEM fuel cell performance of PtxPdy alloys 
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Chapter 1 

Introduction 

1.0 Hydrogen sensors 

Future of this planet largely depends on the successful utilization of molecular hydrogen (H2) 

as an energy resource in the renewable energy sector. H2 is a clean source of energy with 

environmentally green combustion products and has the potential to be the lead energy carrier 

and energy provider. In spite of all these advantages, H2 forms an explosive mixture with air 

in the concentration range of 4-75% (V/V) resulting in a catastrophic damage 1, 2. Therefore, 

to prevent any unforeseen disaster, H2 in the concentration between 0-4 % (Lower Explosion 

Limit of hydrogen in air) needs to be monitored using suitable sensors. Hence, H2 sensor is 

high in demand to monitor its leakage wherever it is utilized or released as a by product. In 

sodium cooled fast reactor (SFR) technology, hydrogen sensor operable in inert ambient like 

argon/nitrogen in percentage range are required for processes like residual sodium removal 

from sodium wetted reactor components and cold trap regeneration. The components of the 

reactor will be removed for the purpose of service/disposal and it will have residual sodium 

sticking on the surface of the components. The adopted process for residual sodium removal 

are steam-nitrogen (SN) and water vapour CO2 (WV-CO2) processes depending upon the 

nature of the component. The reaction of sodium with steam releases H2 as by- product. H2 

sensor is also finds application during cold trap regeneration. Cold traps are made up of 

stainless steel mesh (SS mesh), which are used in sodium cooled fast reactor to maintain the 

purity of sodium by trapping H2 and O2 as sodium hydrides and sodium oxides which gets 

collected in SS mesh. The cold trap gets saturated with hydride during the continuous 

operation of the reactor. Hence, once in five years cold trap needs to be regenerated and it is 

done by thermal decomposition of NaH, which releases a large quantity of H2. The released 

H2 during sodium cleaning and cold trap regeneration will be sampled in inert ambient such 
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as argon or nitrogen. The concentration of H2 has to be monitored to maintain the 

concentration within the safe level of below 4 % before being let out to the atmosphere. 

Therefore, both sodium cleaning and cold trap regeneration are in demand of reliable, flow 

rate independent and accurate H2 sensors which can function in inert ambient. Solid 

electrolyte based H2 sensors are miniaturized and is suitable to avoid leakage of electrolyte, 

corrosion and impurities. Operation of this sensor becomes handy compared to the liquid 

electrolyte based H2 sensors. At present, several researchers are taking efforts to develop 

room temperature H2 sensor operating on change in electrical resistivity 3, optical constants 4, 

potential 5, current 6, volume 7 and work function 8 to meet the ever growing demand. Mainly, 

five types of H2 sensors have been discussed in this section (1) metal oxide sensors, (2) 

catalytic sensors, (3) thermal conductivity sensors, (4) optical sensors and (5) electrochemical 

sensors.  

1.0.1 Metal oxide sensors 

Metal oxide sensors (MOS) detect H2 with a change in its resistance upon exposure to H2. 

This is due to the interaction of H2 with the MO, thereby largely affecting its electronic 

properties. Typical metal oxide sensor is shown in Fig. 1.1. MOS with planar and tubular 

morphology are the various common architectures used. Among the two, the planar structure 

is promising with its ability to scale up in mass production. Metal oxides have been 

developed for sensing H2. SnO2 is the most commonly used metal oxide. Recently, rare earth 

oxide materials are also reported for their H2 sensing ability9-11. 
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Fig. 1.1 Schematic of metal oxide sensor12 

1.0.2 Catalytic sensors  

The reaction of combustible H2 with oxygen releases heat (exothermic) and this change is 

monitored and measured as a sensor signal. This type of sensor has two Pt coils where one is 

an active bead with the coated catalyst and the other is an inactive bead that is used as a 

reference which is shown in Fig. 1.2. Hydrogen gets oxidized on the catalyst surface and the 

heat is generated as a result of an exothermic reaction. The heat produced, changes the 

electrical resistance of the active bead and is measured with the help of a Wheatstone bridge. 

The disadvantage of using a catalytic sensor is that it requires a high temperature for its 

operation and also needs the presence of oxygen 13, 14.  
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Fig. 1.2 Structure of catalytic sensor12 

1.0.3 Thermal conductivity sensors  

Thermal conductivity sensor has two identical working and reference cells as shown by Fig. 

1.3. These two independent cells have heated metallic elements and over them, H2 and 

reference gases are streamed. Variation in H2 content in the “analyte gas” will modulate the 

temperature of the sensor. This dissimilarity is felt as a change in the resistance of the 

material creating a measurable imbalance in the Wheatstone bridge. At present, the thermal 

conductivity sensors have simpler design where no reference cell is used. The surrounding 

ambience temperature is taken as reference and the change in temperature as a function of H2 

concentration is measured. Thermal conductivity of H2 sensors can be used to detect wide 

range of concentration but, they are less sensitive 15-18.  

 

Fig. 1.3 Thermal conductivity sensor configuration12 
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1.0.4 Optical sensors 

The optical property of some material changes upon exposure to the H2 gas and this 

phenomenon could be utilized for the detection of H2. Butler et al. 4 reported the use of 

palladium coated optical fibre as sensor. Schematic of optical sensor with Pd thin layer is 

shown in Fig. 1.4. Pd reacts with H2 and forms palladium hydride. The optical property of 

palladium hydride is different from that of Pd. As a result, the effective path length of the 

light in the optical fibre varies and an interferometer is used to detect the variation 19.  

 

Fig. 1.4 Schematic of optical sensor12 

1.0.5 Electrochemical H2 sensors   

Electrochemical sensors convert the chemical energy into electrical energy or vice versa. 

Sensor schematic is shown in Fig. 1.5. In this sensor, H2 gets oxidized at the sensing electrode 

that is coated with Pt or Pd catalyst. On the other hand, O2 is reduced at the counter electrode. 

Electrochemical sensors can be used in harsh environment and also provide easy way to 

interpret the sensor signals. Compared to all the types of sensors discussed in Table 1.1, 

electrochemical sensor offers fast response, simplicity, precision, and allows to be operated 

with minimal power consumption. Several electrochemical sensors have been developed to 

detect glucose, CO, H2O2, yet are commonly employed for H2 leak monitoring 20, 21.  
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Fig. 1.5 Structure of an amperometric sensor12 

The above classifications of sensors are based purely on the principle of operation and their 

characteristics are listed in Table 1.1. 

Table 1.1 Characteristics of different types of sensors 

Sensor Advantages Disadvantages Accuracy of 
detection (%) 

Response 
time (s) 

Metal oxide High sensitivity 
and fast 
response 

High operation 
temperature and 
requires the 
presence of O2 

±10-30 <20 

Catalytic Wide operating 
temperature 
range 

High operation 
temperature and 
also needs 
presence of O2 

<±5 <30 

Thermal 
conductivity 

Resistant to 
poisoning 

Highly sensitive to 
the flow rate 
change of the gas. 
Poor selectivity for 
hydrogen in 
presence of 
moisture and CO2 

±0.2 <10 

Optical  Can operate in 
the absence of 
O2 

Interference from 
ambient light  

<0.1 <60 

Electrochemical  Room 
temperature 
operation 

Sensitive from 
percentage to ppm 
in argon. 

≤± 4 <90 
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Table 1.1 indicates the advantages and disadvantages of different types of H2 sensors. 

Electrochemical sensors are more suitable for monitoring H2 in argon atmosphere since metal 

oxide and catalytic sensors needs the presence of O2 in H2 gas stream for detection. Thermal 

conductivity sensors are highly sensitive to the flow rate change. Interference from ambient 

light is the issue with optical sensors. 

1.0.5.1 Amperometric and potentiometric hydrogen sensors 

Electrochemical sensors comprise both potentiometric and amperometric devices 20, 22, 23. 

Unlike potentiometric sensors, signal in amperometric sensors varies linearly with respect to 

H2 concentration, works at room temperature and can operate in wide range of concentration 

(Table 1.1) consuming very low power with superior sensitivity, selectivity and stability 24, 25.  

1.0.5.2 Proton exchange membrane based amperometric H2 sensor 

Proton exchange membrane based H2 sensor (PEMHS) operates on fuel cell principle with 

following configuration: H2/Pt//Nafion//Pt/O2 
26. PEMHS consists of sensing electrode, 

counter electrode and Nafion as electrolyte. Nafion, a commercial proton exchange 

membrane which is made up of sulfonated tetrafluoroethylene based fluoropolymer-

copolymer, whose structure is shown in Fig. 1.6. Nafion is a hydrophilic membrane and 

forms internal pores which are associated with the clustering of sulphonic acid group. These 

pores facilitate the transport of proton as hydronium ion. Nafion requires substantial 

hydration to function as a proton exchange membrane. The sulphonic acid group of Nafion 

facilitates efficient transfer of proton since it has high dissociation constant (Pka~6) and has 

high conductivity of 0.1-0.01 S.cm-1 at 373 K–383 K 27.  
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Fig. 1.6 Structure of Nafion proton exchange membrane 

H2 oxidizes at the catalyst surface of the sensing electrode and proton is transported through 

the Nafion to the counter electrode. Electron flows through the external circuit to the counter 

electrode where O2 gets reduced at the catalyst surface by the reaction of proton, electron and 

oxygen. Water is the final product of the above reaction and the reaction steps are shown in 

eq. 1.1 and eq. 1.2. A diffusion barrier is placed at the sensing side in order to limit the flow 

of H2 to the sensing electrode, so that whatever the amount of H2 comes to the sensing 

electrode, it will get oxidized fully, since the flow of H2 is a diffusion limited process. A 

typical assembly of sensor is shown in Fig. 1.7. Finally, the current generated during the 

process is monitored as a function of time and interpreted to the amount of concentration of 

hydrogen. 

 

 

 

 (1.1)   E0 = 0.00 V      Sensing reaction H2 2H+ + 2e-     

Counter reaction    1/2O2 + 2H+ + 2e-    H2O E0 = 1.229 V    (1.2) 
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Fig. 1.7 Schematics of the proton exchange membrane based  

hydrogen sensor assembly 28 

1.1 Proton exchange membrane fuel cell (PEMFC) 

Fuel cell is a galvanic device which consists of an anode, a cathode and an electrolyte. The 

principle of fuel cell operation is as follows: (1) fuel at the anode gets oxidized and 

transported to cathode through the ion conducting Nafion membrane and (2) electrons 

generated during oxidation flow towards the external circuit and reach the cathode. Fuel at 

the cathode is reduced by the reaction with the oxidised ion and electron. Water is generated 

as one of the products during the reaction. The reaction is continued as long as the fuel is 

supplied at their respective electrodes. Various types of fuel cells exist and all operate on the 

same principle. In general, fuel cells are classified based on the electrolyte used and are 

shown in Table 1.2.  
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Table 1.2 Various types of fuel cells with their electrochemical reactions  

 

Among the fuel cells, proton exchange membrane fuel cell is predominantly developed for 

portable applications because of its compact size, low temperature and fast operation. This 

cell uses Nafion as ion conducting membrane, hydrogen and oxygen gases are used as a fuel 

and oxidant at the anode and cathode respectively. In PEMFC, hydrogen is oxidised at the 

anode and transported to cathode. Oxygen is reduced at the cathode by reacting with proton 

and electron.  

1.1.1 Thermodynamics of fuel cell 

Fuel cell is an energy converter by definition. The maximum energy available for conversion 

is given by Gibbs energy change of H2-O2 reaction. Theoretical efficiency of the fuel cell is 

calculated by the ratio of Gibbs energy change to the enthalpy change of the reaction under 

standard conditions (100 kPa, 298 K). The maximum efficiency is found to be 83 % by 

Fuel cell Anodic reaction Cathodic reaction Overall cell reaction 

Polymer electrolyte 

membrane 27 
H2 → 2H+ + 2e- 1/2O2 + 2H+ + 2e- → 

H2O        

H2 + 1/2O2 → H2O 

Alkaline 29 H2 + 2OH- →       

2H2O + 2e- 

1/2O2 + H2O + 2e-           

→ 2OH-                   

H2 + 1/2O2 → H2O 

Phosphoric acid 29 H2 →  2H+ + 2e- 1/2O2 + 2H+ + 2e- → 

H2O        

H2 + 1/2O2 → H2O 

Molten carbonate 29 H2 + CO3
2- →        

H2O + CO2 + 2e- 

1/2O2 + CO2 + 2e- →  

CO3
2-      

H2 + 1/2O2 → H2O 

Solid oxide 27 H2 + O2- →            

H2O + 2e- 

1/2O2 + 2e- → O2- H2 + 1/2O2 → H2O 

Direct methanol 29 2CH3OH + 2H2O 

→ 2CO2 + 12H+ + 

12e- 

3O2 + 12H+ + 12e- → 

6H2O  

2CH3OH + 3O2 → 

2CO2 + 2H2O 
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substituting Gibbs energy change (237.1 kJ.mol-1) and enthalpy change (286 kJ.mol-1) of 

overall H2-O2 reaction in eq. (1.3).  

                            Energy Efficiency =                                                  (1.3) 

Gibbs energy of a reaction influenced by temperature and reactant concentration (or partial 

pressure of reactants) 

                            + RT ln                                                   (1.4)                         

where, ∆G0 - Gibbs free energy under standard conditions, T- absolute temperature, R- gas 

constant;  , ,  are the partial pressures of H2O, H2 and O2. 

Gibbs energy of a reaction is converted to electrical energy when operated reversibly in a 

galvanic device. Relation between Gibbs energy and potential difference is given below 

                                                                                             

where n - number of electrons and F - Faraday’s constant equal to 96485 C.mol-1. 

Substituting eq. (1.5) in eq. (1.4) gives the potential of the cell and is known as Nernst 

equation (eq. 1.6). 

                         + RT ln                                                        (1.6) 

where E0 – potential under standard conditions and is found to be potential of H2 – O2 

reaction is 1.23 V.  

1.1.2 Polarisation curve of fuel cell 

Theoretical voltage of 1.23 V for H2 – O2 reaction gets polarised under experimental 

conditions. This voltage loss occurs mainly for three reasons such as, (1) ohmic loss of cell 

∆G = -nFErev (1.5) 
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components, (2) inadequate supply of fuel to the electrodes and (3) slow kinetics of 

electrochemical reaction. A cell without these limitations would produce a constant voltage 

of about 1.17 V at 373 K irrespective of the current drawn. Typical voltage vs. current 

response curve of fuel cell is shown in Fig. 1.8. 

 

Fig. 1.8 Typical polarisation curve of a fuel cell 27  

1.1.2.1 Ohmic loss 

Electrical resistance offered by bipolar plates, cell components and interface (between the 

electrolyte and electrode), ionic resistance of electrolyte and catalyst layer contributes to 

overall ohmic loss of fuel cell. Drop in potential follows ohm’s law where it decreases 

linearly with increasing current (eq. 1.7). 

 

RΩ- Internal ohmic resistance of the cell. 

 

 

-∆E = ∆I RΩ (1.7) 
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1.1.2.2 Mass transport loss 

Fuel cannot be supplied as quickly as the kinetics of the reaction. Hence, the concentration of 

the fuel near the electrode surface decreases and ultimately defines the process to be diffusion 

limited process. This phenomenon in turn decreases the potential of the cell. 

1.1.2.3 Activation loss 

Activation loss occurs in the low current region of voltage-current plot. This loss is observed 

due to the slow kinetics of the reaction at the electrode. All electrochemical reactions involve 

either gain of an electron (reduction) or removal of an electron (oxidation). The rate of 

electrochemical reaction is purely controlled by the kinetics of the reaction when ohmic loss 

and mass transport losses are avoided. Hence, the kinetics determines the current flow 

between the electrodes and a drop in the potential is observed known as activation 

overpotential. Current observed due to activation overpotential is given by Butler-Volmer 

equation (eq. 1.8) 27. 

                                                                      

where, jo-exchange current density, α- transfer coefficient, and ɳ-overpotential 

Exchange current density is a significant parameter in electrode reactions. Current density at 

thermodynamic equilibrium (ɳ = 0) is called exchange current density. The rates of anodic 

and cathodic reactions are equal but, each reaction has corresponding exchange current 

density. Moreover the polarization from equilibrium leads to the net oxidation or reduction 

reaction. If the exchange current density is higher, reaction rate will be faster. Transfer 

coefficient determines the effect of overpotential on the rate of an electrochemical reaction 

and is another important parameter to ascertain the current density.  

 

j = jo (e-αɳF/RT - e(1 α)ɳF/RT) (1.8) 
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1.2 Electrocatalysis in proton exchange membrane based hydrogen sensors and fuel 

cells 

Electrocatalysts are used to speed up the electrochemical reaction that takes place in PEMHS 

and PEMFC. Pt and Pd metal nanoparticles have been used extensively as electrocatalysts 

and are observed to be a better candidate for sensing H2 compared to any other metals  since 

they exhibit excellent catalytic activity, electrical conductivity, corrosion resistance and 

thermal stability, making them exceptional electrocatalysts 30. Alloying Pt with Pd decreases 

the use of the expensive Pt. Application of PtPd alloy electrocatalyst in amperometric H2 

sensor and fuel cell gives better performance with the reduced loading of Pt reported in 

literature 31, 32.   

1.2.1 Electrocatalyst 

Electrocatalyst is generally involved in electrochemical reaction which usually takes place at 

the electrode-electrolyte interface. It also facilitates in transportation of the electron at 

interface. Electrochemical reaction at the interface follows three steps: (1) transportation and 

adsorption of reactant at the electrode surface, (2) transfer of electrons between the reactant 

and the electrode and (3) desorption of the products and other intermediates from the 

electrode. Fig. 1.9 illustrates the mechanism of electrochemical oxidation of gas at the 

catalyst surface. 
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Fig. 1.9 Mechanism of electrochemical oxidation of gas at the catalyst surface 

The main objective of electrocatalysis is to increase the rate of the electrochemical reaction. 

Electrocatalyst has a profound effect on the kinetics of the reaction. Similar to catalysis, 

electrocatalysis is also classified into two, as homogenous and heterogeneous electrocatalysis. 

In homogenous electrocatalysis, the catalyst and reactant will have the same phase; both will 

be dissolved in bulk. Catalyst is generally immobilised on the electrode surface or in some 

cases the electrode itself plays the role of a catalyst in heterogeneous catalysis. 

1.2.2 Criteria for the selection of an electrocatalyst 

Electrochemical reactions at the surface of electrocatalysts include oxidation at the anode and 

reduction at the cathode. For an effective electrocatalyst the following criteria should be met: 

(1) possessing high exchange current density for both cathodic and anodic reactions and (2) 

ability to oxidise the impurities present in reactants so that these impurities will not block the 

active surface area of the catalyst. Electrocatalysts should have the ability to undergo multiple 

adsorption-desorption cycles. Noble metals (group 8-11) are commonly used as an 

electrocatalyst due to their physicochemical properties and are generally used as 

electrocatalysts, especially Ag, Au and Pt in the periodic table. These metals are chosen 

owing to their high melting and boiling points and their ability to robustly resist to corrosion. 

Noble metal electrocatalysts are chosen based on their metal-reactant binding energy. Pt and 

Pd metals are found to exhibit higher activity for both oxygen reduction reaction and 
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hydrogen oxidation reaction in acidic electrolytes 33. There are many ways to reduce the cost of fuel 

cells without sacrificing performance and are34-39  listed below: Reduction of precious metal loading, 

Nanostructured thin-flm (NSTF) development for catalyst layer, Particle size reduction for 

electrocatalyst, Developing non-precious metal/alloy and Developing novel catalyst preparation 

methods. Among the above methods we have adopted novel catalyst preparation method for the 

application in H2 sensor and fuel cell in order to reduce the loading of expensive Pt, Pd and PtxPdy 

alloy electrocatalysts.  

1.2.3 Applications of electrocatalysts 

 

Fig. 1.10 Applications of electrocatalyst in various fields 40 

Electrocatalyst finds applications in many fields such as fuel cells, electrocatalytic 

hydrogenation, sensors, and water electrolysis (Fig.1.10). The current study focuses on 

application of electrocatalyst in fuel cell based amperometric H2 sensors and proton 

exchange membrane fuel cell.  

1.2.4 Methods of preparation of electrocatalyst  

Various methods have been reported for the deposition of electro-catalysts. Methods adopted 

so far include physical vapour depositions41, hot pressing42, screen printing43, chemical 
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reduction44, 45, electrophoretic painting46 and electrodeposition47-49. Vapour deposition 

requires an expensive metal target, high vacuum experimental facility and catalyst wastage 

could not be avoided. In hot pressed method, the catalyst powders are mixed with solvents 

and then the catalyst slurry is coated onto the sintered glass. This sintered glass is further 

heated to 623 K in a hot press. The film is then transferred onto a Nafion membrane and 

heated to 368 K. Screen printing method involves the printing of catalyst slurry onto a Nafion 

membrane. In chemical reduction process, the film is coated over a Nafion membrane by 

chemically reducing the catalyst precursors using sodium borohydride. Commercially 

adopted methods for Pt/C catalyst deposition are electrophoretic, brush coating, spray coating 

and electrodeposition methods. There are advantages and disadvantages with respect to each 

methods and are listed in Table 1.3. In the case of spray coating/brush coating methods, the 

active sites are being covered by Nafion which eventually reduce the three phase boundary of 

the catalytic sites. In chemical reduction method cannot have a control over the particle 

growth.  

Table 1.3 Comparison of different methods used for deposition of electrocatalysts 

Method of 
deposition 

Catalyst Potential 
used for 
deposition 

Particle 
size 

Advantages Disadvantages 

Electro 
-phoretic 

50Pt/C nano-
powder 

30–50 V 150 nm The amount 
of metal 
deposited is 
linearly 
dependent on 
the current  

High voltage is 
required to deposit 
 
Need of conducting 
colloidal suspensions 
which determines 
the efficiency of the 
process 
 
 

5140 wt% Pt -20 
wt% Ru/CNT 

0-5 V 3-6 nm 

52Pt/C 250 V/cm - 
46Pt-Ru bimetallic 
nanocatalysts 

200 V/cm - 

53Pt/C 100 V/cm 245-263 
nm 

54Pt/C 1000 V - 
55Pt/C 33 V - 

Chemical 
reduction  

56Nafion®/Pt/ 
nano-structured 

- 15–40 and 
5–30 nm 

Ease of 
preparation 

Cannot have control 
over the particle size  
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Electrophoretic and electrodeposition methods are found to be efficient for deposition of 

catalyst due to the control of particle size or thickness of the film by potential or time but an 

average electrotrophoretic method requires high voltage and also their efficiency of 

deposition depends on the nature of colloidal suspensions. Though electrodeposition method 

is less efficient compared to electrophoretic, it is economical as well as preparation handy.  

1.2.5 Electrodeposition 

Electrodeposition is a simple and cost-effective technique compared to several other highly 

sophisticated methods such as chemical or physical vapour depositions. Electrodeposition 

polyaniline/Au/Al
2O3  

 
57Pt-Rh/C - - 
58TiO2-CNTs/Pt  

 

- 25 nm 

59Pt  nanoparticles - 50 nm 
Spray 
coating/scre
en printing 

47, 60, 61Pt/C - - Ease of 
preparation 
for larger 
area of the 
electrodes 

most of the platinum 
atoms are not having 
three  
phase boundary 
where ionic, 
electronic, catalytic 
and gas are in 
contact with each 
other 

Electro 
-deposition 

62Pt -0.1 V vs 
Ag/AgCl 

30-40 nm Economical, 
preparation 
becomes 
handy 

Faradic efficiency is 
less  

63Pt −0.25 V 
vs SCE 

60-80 nm 

 64Pd cluster 0.3 V  vs.  
Ag/AgCl 

150 nm 

65PtPd alloy 
foams 

-0.2 V vs. 
SMSE 

- 
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facilitates better control over the thickness and size of nanoparticle deposits by fine tuning the 

reduction potential 66. In doing so, the electrodeposition prevents the agglomeration of an 

electrocatalyst and therefore, this method has been found suitable and largely favourable for 

the preparation of electrocatalysts. 

Electrodeposition is also called as “electrocrystallization”. In this process, overpotential 

results in the faster reduction of metal ion. A typical process of electrocrystallization is to 

attain supersaturation state by the electrolyte solution during this phase transition. Normally, 

electrodeposition of adatoms occurs on the surface of the electrode. These deposited atoms 

eventually dissolve if the interaction of adatom on the electrode surface is weak. However, 

defects or dislocations on the substrate strengthen the interaction of adatoms and stabilizes 

them. The defect sites are denoted as the “kink sites” which is the active site for nucleation, 

followed by the growth of a metal crystal.  

1.2.5.1 Nucleation and growth  

Thin film formation during electrodeposition is controlled by two distinct steps such as 

nucleation and growth. Initially, ions will be in the form of hydrated complex in the 

electrolyte. When the potential is applied at the electrode, hydrated complex start migrating 

towards the cathode owing to the potential gradient. The hydrated complex passes through a 

diffusion layer and an electrical double layer before reaching the electrode. This hydrated 

complex at the interface loses water molecules and turns out to be bare metal ions. Further, 

these metal ions get reduced as neutral metal atoms by obtaining an electron from the 

electrode.These reduced metal atoms migrate over the electrode surface and gets adsorbed 

onto the kink sites. The process persists until the formation of a monolayer over the entire 

electrode surface. Thereafter, the atoms will interact with incoming  neighbouring atoms, 

leading to the formation of clusters. These clusters at a larger size will get desorbed with time 
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since they are thermodynamically unstable. Therefore, clusters grow until reaching a critical 

size up to which the cluster is in a thermodynamically stable state. 

Nucleation is a phenomenon of generating a new phase over the existing old phase of atoms 

on the substrate. This process occurs when energy at the surface of the old phase is higher 

than that of the newly forming phase. Surface nuclei contributes to the growth, possessing a 

larger energy than that are at the bulk, since the nuclei at the surface are less bound to the 

neighboring atoms. The growth of the nuclei is decided by the increase in the size of the 

particle more than its critical size and the rate of nucleation. Various types of growth modes 

are observed during electrodeposition. 

1.2.5.2 Growth modes of electrodeposition 

Electrodeposition of metal on a substrate occurs in several successive steps. First step is the 

electroreduction of an adatom on the electrode substrate. Second step, requires a large 

overpotential to facilitate the formation and growth of the deposited metal. These steps are 

explained substantially using the following modes and are shown in Fig.1.11.  

a) Volmer-Weber mode 

The weak interactions of the metal on the substrate lead to this type of growth. Here, adatom-

adatom interaction is stronger than the adatom-surface interaction which results in the 3D 

growth of the deposit. 

b) Frank-van der Merwe mode 

The strong interaction between the metal and a substrate leads to the epitaxial growth of the 

deposited metal. This kind of growth follows a layer by layer deposition of the metal along 

with the orientation of the atoms on the substrate producing 2D growth. 

c) Stranski-Krastanov mode 
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This mode initially consists of an epitaxial deposition followed by isolated islands growth of 

the deposited metal. After that, 3D island growth takes place over the epitaxial growth. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.11 Growth modes of electrodeposition 67  

If the nucleation rate is higher than the growth rate then it leads to the formation of a fine 

grained structure. Pulsed electrodeposition is a type of electrodeposition with increased 

nucleation rate and produces fine-grained morphology. 

1.2.5.3 Pulsed electrodeposition  

Potentiostatic or galvanostatic electrodeposition results in the continuous growth of the 

particle after the initial nucleation process. The constant growth of the diffusion layer 

thickness during electrodeposition decreases the current flow i.e., the passage of current 

decreases as the thickness of the diffusion layer increases. This reduces the deposition of 

catalyst at newer sites leading to non-uniformity in deposition with the formation of dendrite 

deposition. Among all electrodeposition techniques, pulsed electrodeposition is a well known 

method for obtaining a uniform and nanocrystalline deposition of electro-catalyst. In pulsed 

 

Volmer-weber mode 

Frank-van der Merwe mode 

Stranski-Krastanov mode 
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electrodeposition, the potential is switched on (ton) and off (toff) between the applied reduction 

potential and zero potential at the electrode where electrodeposition occurs. Careful choice of 

these parameters allows the control of porosity, grain size and hardness of the deposit.  

Pulsed electrodeposition reduces diffusion layer thickness by reorganization of the 

electroactive species at the interface during toff. This offers deposition of metal atoms on 

various other sites which would bring about uniformity68, 69. Further, pulsed electrodeposition 

provides high rate of nucleation over constant potential electrodeposition by supporting the 

formation of new crystals instead of growing on the existing crystals. Metals can be 

electrodeposited or pulsed electrodeposited by using two types of electrolytes a) aqueous 

electrolyte and b) non-aqueous electrolyte. 

1.2.5.4 Aqueous and non-aqueous electrolytes for electrodeposition 

Electrodeposition (ED) could be carried out using aqueous 70-73 and non-aqueous   

electrolytes 74. ED from aqueous medium has been extensively used for the preparation of Pt 

and Pd electrocatalyst. Usage of aqueous electrolytes impose problems such as gas evolution, 

passivation of cathode or anode and has a limited potential window 75. Further, it affects the 

adherence of the catalyst onto the substrate as a consequence of gas evolution. These 

limitations of the aqueous electrolyte prevents it being used in various applications although 

it has an effective advantage with respect to conductivity, mass transfer and economy 28.  

In the recent past, alternatives to aqueous electrolyte have been developed. For instance, 

molten salt can successfully be used as the electrolyte for depositing several metals that are 

not feasible to be deposited using an aqueous electrolyte. In spite of this advantage, the 

temperature of operation with this electrolyte is higher and the temperature is generally 

maintained between 300 and 1000 K. The high temperature requirement makes the use of 

molten salt electrolyte being limited. To overcome the limitation, molecular solvents are 
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suggested that have low conductivity and inhomogeneous current distribution with volatile 

nature. Hence, the usage of molecular solvents is limited.  

Room temperature ionic liquid is made up of cation and anion which provides good 

conductivity for ED. In this scenario, room temperature ionic liquids (RTIL) are expected to 

replace water as suitable electrolytes for electrodeposition. The use of RTILs in 

electrodeposition is noteworthy as they are a unique class of electrolytes comprising only of 

ions and are devoid of any other molecular species 76. These RTILs are eco-friendly and can 

be used to replace hazardous volatile organic solvents 77. The size difference of the cations 

and anions in the RTILs is large and it keeps them entirely disorganized. The size factor 

hinders RTILs to form a stable crystal lattice as in the case of inorganic crystals. Thereby, the 

liquid state is maintained over a broad range of temperature, and fascinatingly RTILs almost 

do not have any vapor pressure 78. Direct electrodeposition of a metal in an ionic liquid 

electrolyte is possible without subsequent heating due to higher thermal stability of RTILs. 

Further, these characteristics of RTILs reported in literature are listed in Table 1.4 and its 

properties can be modified and engineered by varying the combination of anions and cations 

according to the reaction’s requirement.  

Table 1.4 Viscosity, conductivity, melting point and electrochemical window of ionic 
liquid electrolytes 

Ionic liquids Viscosity  

(mPa s) 

Conductivity 

(mS/cm) 

Melting point 

(K) 

Electrochemical 

window (V) 

[C4mim][BF4]  43 1.98 284 4.9 

[C4mim][PF6] 275 1.59 335 >4 

[DEME][BF4] 1200 4.80 282 6 

[C4mim][Cl] 64 4.6 338 2.5 

[C4mim][Br] 1486 1.7 354 2.7 
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In general, RTILs have large, stable and tunable electrochemical window, whereas their 

aqueous counterpart has a narrower electrochemical window 79. These distinguished qualities 

of RTILs qualify them as better candidates with effective capacity to be employed in various 

electrochemical devices such as batteries, capacitors, fuel cells, photovoltaics, sensors and 

actuators 78. Moreover, RTILs are in the limelight in the areas such as electrochemistry, 

organic synthesis and separations. Also RTILs have the capacity to act as a template for 

preparing metal nanoparticles 80, 81. At present, RTILs have become increasingly important 

electrolyte media for ED because of their high electrochemical window, low vapour pressure 

and high ionic conductivity. RTILs can adapt to several types of precursors since they 

provide both hydrophobic and hydrophilic environment and also has high directional 

polarizability. Among RTILs, imidazolium based ionic liquids have exceptional structural 

organization by having a rigid planar structure with acidic hydrogen. The high degree of 

structural organization of imidazolium ionic liquids is responsible for the synthesis of 

nanostructures during ED 82, 83. With these inherent qualities, RTILs play a constructive role 

in defining the morphology and crystallite size of the deposits. These special qualities of 

imidazolium based RTILs qualify them to be desirable candidates for ED.  

1.3 Literature survey on methods of preparation of electrocatalysts for proton exchange 

membrane based H2 sensor 

Vapour depositions of Pt, Pd and PtxPdy alloy electrocatalysts requires high vacuum and are 

also capital intensive. Catalyst wastage cannot be avoided by vapour deposition methods. Hot 

press, screen printing or spray-coating or brush coating (BC) methods involve the preparation 

of a paste of Pt/C with solubilised Nafion polymer. This method has limitation due to the 

possibility of non-utilization of 90 % of active sites of platinum by Nafion 47. Active sites 

need to have three-phase contact involving gaseous reactant (H2/O2), electrocatalyst, and 

electrolyte. Excessive coverage of Pt sites by Nafion during spray coating / BC limits the Pt 
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particles from attaining a better contact with both the reactant gas and Nafion simultaneously. 

Significant agglomeration of catalyst occurs when above methods are adopted by leading to 

the decrease in the effective catalytic surface area. Chemical reduction method for electro-

catalyst deposition includes impregnation-reduction 44 and Takenaka-Torikai method 45. 

These methods involve deposition of metal catalyst on Nafion membrane using appropriate 

reducing agent. However, the size and morphology of a particle cannot be controlled by these 

methods.  

Electrodeposition of electrocatalyst from aqueous electrolytes 84-87 has been reported for PEM 

fuel cell application 34, 45-47. Particle agglomeration is expected to be significantly reduced in 

the case of RTIL electrolytes compared to aqueous electrolytes, since it also acts as a 

surfactant during deposition. Electrodeposition of electrocatalyst from aqueous medium has a 

disadvantage of poor adherence of the deposit onto the substrate due to excessive H2 

evolution. However, effective adherence of electrocatalyst is expected, while using RTIL as 

the electrolyte medium for deposition. Since, in this method H2 evolution does not occur. 

Many methods have been used for preparing the electrocatalyst such as vapour depositions, 

chemical reduction and hot-pressed methods for PEMHS and are shown in Table 1.3 and 

were discussed in sub-section 1.2.4. Table 1.5 compares the amperometric H2 sensor 

characteristics of Pt and PtxPdy alloy electrocatalysts prepared by different methods. Loading 

of electrocatalyst is found to be higher and response time of H2 sensors was found to be 

larger. Both loading and response time of the sensor depends on the active area of the 

catalyst. Hence in order to reduce the consumption of expensive electrocatalyst and to 

enhance the response, ED method has been chosen for the preparation. Lu et al. 44 and 

Sakthivel et.al 88 observed non-linearity in sensor response with increasing concentration of 

H2/Ar. Lu et al. 44 reported that the sensor lost linearity above 1.15 % due to excess water and 

heat generated by the reaction with increasing concentration of H2. The use of GDL facilitates 
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removal of H2O molecule owing to the hydrophobicity provided by Teflonised microporous 

layer of gas diffusion layer (GDL) and also establishes better dispersion of electrocatalyst 

compared to conventional methods of coating 44, 88. Therefore, electrocatalysts are 

electrodeposited on gas diffusion layer (GDL) to get good sensor response in the LEL range 

(0-4 %). To improve the availability of the active sites of catalyst, ED has been attempted on 

Nafion impregnated GDL. The only variable in ED is potential that is applied with respect to 

time. Current efficiency of ED decreases as soon as it reaches the limiting current density 

resulting in the denser deposits. Pulsed electrodeposition has been used to prepare size 

controlled electrocatalyst particles. Pulsed electrodeposition (PED) has two pulses with on 

and off time pulses. The ratio of current density in ED and PED have been  described by 

Chen et al. 89. They have found that the limiting potential of PED is always higher than the 

constant potential deposition. Larger the overpotential, greater will be the current density and 

this effect subsequently increases the nucleation rate resulting in finer grain particles in short 

pulse width. PED has several advantages such as uniform deposition, finer deposits, stronger 

adhesion, and selectivity. Electrocatalysts are prepared by both ED and PED for its 

application in PEMHS. 

Table 1.5 Comparison of electrocatalyst/Nafion based hydrogen sensor by various 
methods 

Electrocatal
yst (sensing 
electrode) 

Catalyst 
loading 

(mg/cm2) 

Preparation 
method 

Concentration 
range (ppm) 

Response 
time (s) 

Sensitivity 
(μA/ppm) 

Ref. 

Pt/Nafion 4.99 IR method by 

NaBH4 

0-4508 120-180 0.0744 90 

Pt/C/Nafion 3 HP-Method 1260-5250 100-500 0.716 42 

Pt/Nafion 3 IR method by 

HCOOH 

560-11,500 20–50 0.017 44 
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Note: IR- Impregnation-Reduction, TT- Takenata–Torikai, CR- Chemical reduction, HP- Hot pressed  

 

1.4 Literature survey of electrocatalysts in proton exchange membrane fuel cell 

Pt is the commonly used electrocatalyst for PEMFC. The cost of PEMFC becomes a 

challenge due to the rare availability of the Pt catalyst which hinders the commercialization 

of fuel cell. From Table 1.6, it is clear that Pt electrocatalyst is found to give high current 

with low loading of the catalyst. Currently, lot of efforts have been put to develop a non-Pt 

catalyst or to reduce the amount of Pt used in PEMFC by alloying it with other metals. Pd is 

found to have similar electroactivity as that of Pt be the next highest electroactive metals and 

also the price is one half of Pt 94. Like Pt, Pd is currently being used in automotive industries 

as catalytic converters. However, catalytic activity of pure Pd for hydrogen oxidation and 

oxygen reduction reaction is at least five times lesser than that of Pt. Hence alloying of Pd 

with Pt reduces the amount of expensive Pt yet, simultaneously increases the catalytic activity 

compared to pure Pd or Pt. PtxPdy alloy has advantages of reducing the quantity of expensive 

Pt metal.  

Pt/Nafion 3.05 IR method by 

NaBH4 

1-100000 10–50 0.01 

 

88 

Pt/Nafion N.A. Screen 

printing 

50-20000 35-60 0.0022 43 

PtxPdy/Nafio

n 

N.A. TT-method 100-1000 24 to 37 1.62 45 

PtRu/Nafion N.A. TT-method 100-1000 40 s 0.83- 9.42 91 

Pt- 

MWNT/Nafi

on 

1 Decal 

Transfer 

100-1000 33 3.60 92 

Ag/Pt-

MWNT 

1.1 CR by 

NaBH4 

5–1000 180 1.1 93 
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Various methods have been developed so far for preparing PtxPdy alloy electrocatalyst for 

fuel cell such as brush coating, formic acid reduction, ethylene glycol reduction, wet-

impregnation method, electrodeposition and pulsed electrodeposition are shown in Table 1.6. 

Among these methods, pulsed electrodeposition has better control over the particle size of 

PtxPdy alloy and the advantageous of pulsed electrodeposition is discussed in the previous 

section 1.2.5.3. Here also PED of PtxPdy is adopted for the application in PEMFC. Table 1.6 

compares PEMFC characteristics of electrocatalyst reported in literature. PtxPdy catalyst is 

found to give similar performances as Pt/C commercial catalyst. The use of Pd greatly 

reduces the Pt quantity and also increases the electrocatalytic activity. From Table 1.6, it is 

clear that very few studies have been conducted for pulsed electrodeposition of PtxPdy alloy 

electrocatalyst. 
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Table 1.6 Comparison of proton exchange membrane fuel cell performance of different 
electrocatalysts reported in literature  

Catalyst Method adopted 
for preparation 

Loading of 
catalyst 

(mg/cm2) 

Current 
Density 

(mA/cm2) 

Application 

Pd95Pt5/C -
Anode 

Pt/C-cathode 

Formic acid 
reduction 

0.4 1000 PEMFC 95 

RGO/PtPd Pulsed 
electrodeposition 

0.3 7.6 Alkaline fuel cell 
96 

Pt on Pd/C NaBH4-reduction 0.3 424 PEMFC 97 
PdPt3/C NaBH4-reduction - 22.7 Methanol  

oxidation 98 
Pt/C Pulsed 

electrodeposition 
0.68 380 PEMFC 99 

Pt/C Pulsed potential 
deposition 

0.219 324 PEMFC 100 

TiO2/Pt70Pd30 Chemical 
reduction 

0.4 3.0 PEMFC 101 

PtPd/C-Anode 
Pt/C- cathode 

Brush coating 0.3 1000 PEMFC 102 

 PtPd Hydrazine 
hydrate reduction 

0.17 3 PEMFC 103 

 

1.5 Objective of the thesis 

Present thesis investigates electrodeposition methods to prepare the electrocatalysts with high 

electrochemical active area for its application in PEMHS and PEMFC.  

The H2 sensor made, will find application in monitoring H2 released during sodium cleaning 

of stainless steel components and regeneration of cold trap of fast breeder reactor. In both 

cases, H2/Ar or H2/N2 will be sampled online from the cleaning chamber/regeneration 

chamber in real time and measured before being let out into the atmosphere. The sampled gas 

of H2/Ar will not mix with ambient air prior to the sensing by the sensor. H2/Ar mixture from 

the cleaning chamber will be released out at high altitude and will get diluted in ambient air. 
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The low density of H2 further facilitates upward mobility of hydrogen and hydrogen will not 

be present in the air near the sensor. Hence, the counter electrode side will be exposed only to 

air. Thus, the present sensor with air-exposed counter electrode can be used to monitor H2/Ar 

or H2/N2 in real time sampling mode. In the present investigations, high electrochemical 

active area catalyst has been prepared to improve the sensitivity and to lessen the response 

time of the amperometric H2 sensor. Further, electrodeposition and pulsed electrodeposition 

of Pt, Pd and PtxPdy alloy electrocatalysts on GDL were carried out for the application in 

PEMHS. Pt and Pd electrocatalysts were electrodeposited and pulsed electrodeposited on 

GDL using ionic liquid electrolytes for the application in PEMHS. The H2 sensing behaviour 

of sensors with electrodeposited and pulsed electrodeposited Pt, Pd and PtxPdy alloys based 

diffusion electrodes were compared. The H2 sensor with Pt and Pd diffusion electrodes using 

ionic liquid electrolyte were studied. For comparison purposes, Pt/C commercial 

electrocatalysts were brush coated on GDL.      

The major difficulties in PEMFC lie in the usage of expensive electrocatalysts due to which 

commercialisation of fuel cells becomes a challenge. Pt electrocatalysts based PEMFC is 

found to give maximum power density. In order to reduce the Pt electrocatalyst loading in 

PEMFC, electrodeposition of PtxPdy alloy electrocatalysts has been studied in the present 

work. Electrodeposition of PtxPdy alloy has two advantages, (a) Alloying of Pt with Pd lessen 

the usage of Pt and (b) Electrodeposition methods are efficient in controlling the particles size 

hence higher electrochemical active area can be achieved with low loading of electrocatalyst. 

In the present study, three different ratios of PtxPdy alloys were pulsed electrodeposited on 

GDL and studied their fuel cell performances as cathode catalysts and supporting 

electrochemical characterizations were carried out.   
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Chapter 2 

Experimental Methods 

This chapter provides brief details on the experimental techniques used for deposition and 

characterization of Pt, Pd and PtxPdy alloy electrocatalysts on gas diffusion layer (GDL). 

Furthermore, studies related to the application of Pt, Pd and PtxPdy alloy electrocatalysts on 

GDL in proton exchange membrane (PEM) based H2 sensor and H2 - O2 PEM fuel cell are 

also discussed. Electrochemical characterizations by electrochemical impedance spectroscopy 

(EIS) of deposited electrocatalysts on GDL are explained. Electrodeposition of 

electrocatalysts on GDL was conducted in electrolytic cell by using multi-potentiostat whose 

details are illustrated. Working principles of cyclic voltammetry, chronoamperometry and 

chronopotentiometry pertaining to the deposition of electrocatalyst on gas diffusion layer 

(GDL) are illustrated. Following the description of electrodeposition facility, basic principles 

of Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

utilized for morphological studies of deposited electrocatalysts on GDL are explained. After 

that, principles of grazing incidence X-ray diffraction (GIXRD) used for characterizing the 

crystal structure of the deposit were elaborated. Thereafter, energy dispersive X-ray analysis 

(EDAX) and inductively coupled plasma mass spectrometry (ICP-MS) for compositional 

analyses are described.    

2.1 Electrochemical studies 

2.1.1 Potentiostat 

Potentiostat consisting of three electrodes such as working, counter and reference electrodes 

connected to the cell (Fig. 2.1). It is used to control the potential of the working electrode at a 

constant level with respect to the reference electrode by allowing the current to pass through 

the counter electrode. Current of the working electrode is recorded by measuring between 
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counter and working electrode and potential is measured between working and reference 

electrodes.  

 

Fig. 2.1 Schematics of potentiostatic circuit 

All the electrochemical studies were carried out using multi-potentiostat (VMP-300 of M/s 

Biologic, France) in the present work (Fig. 2.5).  

2.1.2 Cyclic voltammetry 

Cyclic voltammetry is an analytical technique for the determination of oxidation and 

reduction potentials of the electroactive species. A triangular waveform consisting of both 

positive and negative potential sweep applied to the working electrode with respect to time. 

Since potential is cycled between two potential limits back and forth, it is called cyclic 

voltammetry.  Anodic polarisation of the electrode will result in oxidation peak and cathodic 

polarisation result in reduction peak.  Current is generated due to the redox processes at the 

respective electrodes. Current is recorded with respect to the potential ramp. Plot of current 

vs potential is called cyclic voltammogram and the characteristics reduction and oxidation 



33 
 

peak of electroactive species will be obtained at negative and positive side of the 

voltammogram respectively.  The peak at anodic side gives oxidation potential and at 

cathodic side gives reduction potential 104, 105. A typical cyclic voltammogram is shown in 

Fig. 2.2.   

 

Fig. 2.2 A typical cyclic voltammogram of reversible redox reaction (Ea – anodic 
potential, Ec- cathodic potential, Es – starting potential, Ei – initial potential, Ef – final 

potential)      

In the present investigations, electrochemical window of room temperature ionic liquid 

electrolyte and deposition potentials of Pt and Pd were studied by cyclic voltammetry. 

2.1.3 Chronoamperometry 

Chronoamperometry is a potentiostatic transient technique used for the evaluation of 

diffusion coefficient and nucleation kinetics of an electrochemical process. To measure 

diffusion coefficient, potential is stepped to a value where diffusion dominates. Hence, large 
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overpotential is applied so that the current depends upon the diffusion of electroactive species 

from the bulk to the interface. The current is plotted against time and is known as 

chronoamperogram 106-108. Cottrell equation (eq. 2.1) relating the current and diffusion 

coefficient is given below: 

                                                                                                      (2.1) 

where i-current, n- no. of electrons, F- Faraday’s constant, A- area of the electrode (cm2), C- 

concentration of analyte (mol.L -1), D- diffusion coefficient (cm2.s-1) and t- time (s). 

In the present studies, the nucleation kinetics of Pt was studied by chronoamperometric 

method. 

2.1.4 Chronopotentiometry 

The term chronopotentiometry says that the measurement of potential with time by keeping 

he current constant. The working electrode potential is measured and plotted with respect to 

time and is known as chronopotentiogram. When a constant current is applied between the 

working and counter electrode, the concentration of electroactive species decreases near the 

electrode-electrolyte interface. Hence, working electrode potential changes and the process 

persists till the concentration of electroactive species comes to zero at the interface. The time 

taken by the process to reach the potential change to occur is called transition time, τ 109 and 

its relationship with current is given by Sand’s equation (2.2) 106, 107. This equation is used for 

determining the diffusion coefficient of electroactive species.    

                                   =                                              (2.2) 
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where i-current, - transition time, n- no. of electrons, F- Faraday’s constant, A- area of the 

electrode (cm2), C- concentration of analyte (mol.L-1), D- diffusion coefficient (cm2.s-1) and t- 

time (s). 

In the present work, the nucleation behaviour of Pt was studied by chronopotentiometric 

method. 

2.1.5 Electrodeposition and pulsed electrodeposition 

Electrodeposition is a simple and inexpensive technique used for the preparation of thick and 

thin film coatings on a substrate. The size of the particles can be easily controlled by 

optimizing conditions of deposition. Electrodeposition involves the reduction of metal of 

interest onto the base material, which acts as a working electrode with the aid of an 

electrolyte and a counter electrode. Electrodeposition can be carried out either by applying 

constant potential or (potentiostatic) or constant current (galvanostatic) modes and these can 

be in a constant or a pulse mode (Fig. 2.3). Electrodeposition is carried out in an electrolytic 

cell consisting of working, counter and reference electrodes (Fig. 2.4). 

 

Fig. 2.3 Plot of potential vs time for electrodeposition and pulsed electrodeposition 
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Reduction potential is applied with respect to the reference electrode. Characteristic reduction 

and oxidation potential can be obtained from cyclic voltammetric studies. The metal 

deposited is proportional to the charge applied (Faraday’s first law of electrolysis).  

Schematics of typical electrolytic cell are shown in Fig. 2.4.  The set up for electrodeposition 

with potentiostat is shown Fig. 2.5. The electrodeposition facility consists of (1) electrolyte, 

(2) working (WE), counter (CE) and reference electrodes (RE) and (3) potentiostat. 

 

 

 

 

 

 

 

Fig. 2.4 Schematics of electrolytic cell 

 

 

Fig. 2.5 Multipotentiostat with electrolytic cell (VMP-300 of M/s Biologic)  

WE 

Electrolyte 

RE CE 
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In the present work, Pt Pd and PtxPdy alloys were electrodeposited and pulsed 

electrodeposited on GDL working electrode using both aqueous and ionic liquid electrolytes. 

2.1.6 Electrochemical impedance spectroscopy 

Ohm’s law says that current (I) through a conductor between two points is directly 

proportional to potential (V) difference between the two points. This law is obeyed by an 

ideal conductor.  

                                                               R =                                                    (2.3) 

 In order to measure the resistance (R) of ideal electrochemical systems, direct current is 

applied but, in the case of non-ideal system, alternating current is used to study the 

impedance.  Proportionality constant in Ohm’s law shows complex ( ) behaviour due to 

sinusoidal perturbation and is called impedance 110. 

                                                                 Z = eiθ = Zr                                          (2.4) 

where Zr and Zj are real and complex impedance. 

The perturbation is made either potentiostatic or galvanostatic modes in a wide frequency 

range and response to each frequency is recorded. Electrochemical impedance spectroscopy 

is an experimental tool to determine impedance of non-ideal electrochemical systems. Simple 

single faradaic reaction is denoted by a simple equivalent circuit shown in Fig. 2.6 consisting 

of electrolyte resistance (R1), charge transfer resistance (R2), and double layer capacitance 

(C2). The impedance of this circuit is given in eq. 2.5.  
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Fig. 2.6 Equivalent circuit of simple electrochemical reaction 
 

                                   Z = R1 +                                           (2.5) 

where R1- electrolyte resistance (Ω), R2 - charge transfer resistance (Ω), C2 - double layer 

capacitance (F) and frequency – f (Hz). 

 A typical impedance spectrum of this system shows a perfect semicircle at high frequency 

and a line appears at low frequency with one time constant as shown by Fig. 2.7. Number of 

time constants gets varied with respect to the electrode surface or reactivity of 

electrochemical reaction. The distribution of time constants are commonly represented as 

constant phase element  in order to fit the impedance data obtained from the experiment 110.  

 

Fig. 2.7 Nyquist impedance plot of simple electrochemical reaction 
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2.2 Morphological and phase characterisation 

2.2.1 Electron microscopy  

Electron microscopy is used to find an image of the samples surface as well as its diffraction 

pattern by interacting with the electron beam. The electron has a shorter wavelength because 

of which it can be focused by electromagnetic lenses. These accelerated electrons can just 

pass through the material without any interaction; undergo interaction with sample results in 

the release of elastically and inelastically scattered electrons, and those are characteristics of a 

sample. The resultant signals are captured by the detector for imaging, qualitative and 

quantitative analysis of the sample. Schematics of electron-sample interaction are shown in 

Fig. 2.8. 

 

Fig. 2.8 Schematics of electron-sample interaction 111 

 

2.2.1.1 Scanning electron microscopy  

The surface morphology of the material is studied by SEM. It can go up to a resolution of a 

few nm and can be operated at magnifications range from 10 x to 300,000 x. In SEM, the 

primary electrons are accelerated towards the target using a fine probe that scans over 
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samples surface. The interaction of the electron with sample results in the release of 

secondary electrons, diffracted back scattered electrons, X-ray photons, back scattered 

electrons, visible light and heat. The emitted electron beam gives information of the sample, 

for instance, secondary electrons are used for imaging the sample, atomic number contrast 

image can be obtained from back scattered electron, X-rays furnish details about elements 

present in the sample and crystal structure is revealed from diffracted back scattered 

electrons. This technique is non-destructive other than the radiation damage caused by the 

electron. If the energy transfer of the electron beam to the sample exceeds the work function 

of the material, the electron will be ejected out from the sample’s surface, and these are 

known secondary electrons (SEs). SEs has energy lesser than 50 eV and are produced from 

the depth of a few nm of the sample’s surface. The energy of back scattered electrons are 

much higher than 50 eV 112, 113. 

 

Fig. 2.9 Schematic representation of scanning electron microscope 113 
In EDAX equipment the output is displayed in the form of a histogram of counts versus X-

ray energy. The characteristic X-rays emitted from the sample serve as fingerprints and 
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provide elemental information of the samples permitting semi-quantitative analysis, 

quantitative analysis, line profiling and spatial distribution imaging. 

Field Emission Scanning Electron Microscopes (FEG Quanta, M/s Philips, Netherlands and 

M/s Zeiss, Germany) having EDAX facilities were employed for the morphological analysis 

in the present study. Semi-quantitative elemental analyses were carried out by using the 

EDAX facilities attached to the FESEMs.  

2.2.1.2 Transmission electron microscopy  

TEM is a tool for visualisation and analysis of specimens. TEM reveals information which is 

inaccessible by light microscopy since it uses high energy electrons. It is widely used to 

investigate chemical compositions and crystal structures. It produces images by capturing the 

electrons, which are transmitted from the specimen 113, 114.  

 

Fig. 2.10 Schematics of transmission electron microscope (FEI-Technai) 
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Modes of operation of TEM: 

Diffraction mode: In this mode, electron diffraction pattern is formed at the back focal plane 

of objective lens owing to the diffraction that occurs between the incident electrons and 

atomic planes of the specimen. This diffraction pattern will be displayed on the fluorescent 

screen. The magnetic lenses are positioned below the specimen for analysing the transmitted 

electrons. Selected area electron diffraction (SAED) is carried out in the specific region to 

obtain the information on the crystal structure. SAED is produced by superposition of 

diffraction patterns produced from crystallites that has distinct orientations.      

Imaging mode: A magnified image is produced in the objective lens (image plane).  

TEM (M/s FEI-Technai, G2 20 Twin) was employed for the morphological and structural 

characterization of all the samples investigated for the present work (Fig. 2.10). 

2.2.2 X-ray diffraction  

Diffraction effect occurs, when electromagnetic radiation with a wavelength  impinges and 

imposes on a crystallographic material having regular periodic structures with a few 

geometrical variations in the incident length scale ( ). Since the wavelength of X-rays is 

largely comparable to inter-atomic spacing, d of a crystal, it can largely interact with the solid 

material and can scatter to produce diffraction patterns 115. This phenomenon occurs only 

when the interaction of the wavelength with the crystal planes satisfy the Bragg’s diffraction 

criterion (eq. 2.6) 

                                                                                    

where, d in this equation, is the inter-planar distance (i.e. distance is the spacing between next 

two adjacent planes in a vast set of planes, Fig. 2.11), θ is known as the angle of incidence, n 

is an integer that represents the order of diffraction, and  is the wavelength of the incident 

2dsinθ = nλ   (2.6) 
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X-ray (in general, Cu K  = 1.54056 Å). Notably, each peak in the diffraction pattern can be 

positively correlated to a several set of planes in the crystal lattice. This is because, different 

set of planes have a different interplanar distance and according to Bragg’s law condition θ 

must vary as the “d” varies. A schematic diagram of X-ray Diffraction (XRD) is displayed in 

Fig. 2.11. The diffraction pattern is recorded in the X-ray diffractometer from the Bragg-

Brentano geometry.  In general, the pattern of diffraction is plotted with the intensity against 

the diffraction angle, 2θ.  

 

Fig. 2.11 Schematics of X-ray diffraction 

Grazing incidence X-ray diffraction (GIXRD) is another technique closely associated with 

common XRD and it is used to record the diffraction pattern in thin films, where minimum 

contribution is required from substrate to acquire the pattern. In the case of GIXRD, the 

penetration depths of the incident X-rays are strictly restricted to about 10-100 nm by fixing 

the angle of incidence of X-ray to a value below 5o. Since the scattering volume in this format 

is very small, high brilliance X-ray sources such as rotating anode and synchrotron beams are 

commonly used. On the other hand, such a surface and sub-surface crystallography requires 

fast and efficient detectors to yield significant counts displaying the pattern. The crystal 

structure of the thin film samples are solely obtained by the comparison of the pattern 

obtained and is maintained by Joint Committee of Powder Diffraction Standards (JCPDS) 
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established by International Commission on Diffraction Data (ICDD). The crystallite sizes (t) 

of the samples are calculated using Scherer formula 116. 

                                                               t =                                                  (2.7) 

where K is a dimensionless quantity having a value of 0.9, λ is the wavelength of X-ray 

radiation and θ is the diffraction angle in radians. Broadening, B is generally calculated by 

using the full width half maximum (FWHM) of the diffraction peak that corresponds to every 

plane in the diffraction pattern. In the present study, the samples were analyzed in GIXRD 

mode by using the X-ray diffractometer (M/s GNR-Explorer, Italy).  

2.2.3 Linear scratch test equipment 

The adhesion of coating on substrate was determined using linear scratch test equipment. 

Acoustic signal will be emitted where cracking takes place on the scratch path. The strength 

of the coating is depicted by critical load (Lc) and it describes about the load at which coating 

peels off from the substrate. The adhesion is measured by sensing first acoustic signal 117, 118. 

A scratch was done by using rock-well type diamond indenter with radius of 200 μm 

hemispherical tip. The test load was increased gradually from 1 N to 6 N at 2 N/min rate for a 

distance of 2 mm. Depending on the nature of substrate and material used for coating, the 

testing parameters were calibrated as per ASTM C1624-05 standard 119. During the test, 

frictional force, acoustic emission, tangential force, penetration depth and applied normal 

load parameters are automatically recorded. The adhesion of thin film on substrate was 

measured by linear scratch test equipment (Revtest, Switzerland) in the present study. 

2.2.4 Inductively coupled plasma mass spectrometry  

Inductively coupled plasma mass spectrometry (ICP-MS) is mass spectrometry which can 

detect metals in the concentration range of part per quadrillion. Ionizing the sample using 
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inductively coupled plasma and then analysed by mass spectrometer. This process made 

possible for such a low concentration level detection. In comparison to atomic absorption 

spectroscopy, ICP-MS is more precise and has higher sensitivity 120, 121. 

In the present work, the samples were analysed using ICP-MS (M/s SPECTRO MS – 

MSS001, Germany).   

2.2.5 Sensor and fuel cell testing of Pt, Pd and PtxPdy alloys deposited on gas diffusion 

layer 

2.2.5.1 Diffusion electrode 

Diffusion electrode in the present study is a gas diffusion electrode which is prepared by deposition of 

electrocatalysts on teflonised microporous layer on carbon paper (200 micron thickness). 

Teflonised microporous layer consits of nanocarbon (25 micron thickness) deposited onto 

carbon paper. Teflonised carbon paper used in the study is a commercial one (Anabond 

Sainergy Fuel cell Pvt. Ltd, Chennai). The gas diffusion electrode facilitates effective distribution 

of reactant gases (h2 and O2/air) and also transport of water (preventing clogging). 

The use of gas diffusion layer is to allow the gas to reach the catalyst layer more effectively. 

In addition, GDL also provides the necessary electrical conductivity and helps in the removal 

of water from the fuel cell. Gas transport from the macroporous (carbon paper) layer to 

catalyst layer is the mass transfer process in PEM fuel cell and PEM based H2 sensor. A 

typical diffusion electrode is shown in Fig. 2.12. 

 
Fig. 2.12 Schematic of diffusion electrode 
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2.2.5.2 Preparation of membrane electrode assembly for sensor and fuel cell 

Membrane electrode assemblies (MEA) for sensor and fuel cell were made by hot-pressing 

the anode and cathode onto either side of the Nafion membrane. Hot-pressing was done by 

using hydraulic press shown in Fig. 2.13 (M/s SANTEC, Delhi).  

 

Fig. 2.13 Hydraulic press (SANTEC) 

2.2.5.3 Sensor testing unit 

Sensor consists of sensing electrode (anode), counter electrode (cathode) and electrolyte. 

Sensing electrode has inlet and outlet for the controlled flow of H2 and that of counter 

electrode disc has small holes which are exposed to atmosphere for the supply of oxygen 

from air as shown by Fig. 2.14. The required concentrations of H2 were mixed with argon 

using mass flow controller. Platinum wire used as the current collector, which was pressed 

onto working and counter electrodes. In three electrode mode operation platinum wire was 

used as the reference electrode. The schematics of the sensor and testing unit are shown in 

Fig. 2.14.  
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Fig. 2.14 Schematics of sensor and testing unit 

2.2.5.4 Fuel cell testing unit 

A typical fuel cell has anode, cathode and electrolyte. MEA preparation is shown in section 

2.2.5.1. The humidified H2 gas at anode and humidified O2 at cathode were supplied using 

the in-built mass flow controller of fuel cell test station (FCTS) (M/s FCT-150S, France). The 

schematics of fuel cell testing unit are shown in Fig. 2.15. Cell temperature, humidification 

temperature and line temperature were controlled by in-built temperature controller. Current-

voltage polarization and impedance studies of MEAs were studied using fuel cell test station. 

Electrochemical characterization (cyclic voltammetry) of diffusion electrodes in fuel cell set 

up were studied using multi-potentiostat (VMP-300 of M/s Biologic, France). 
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2.3 Conclusions  

This chapter provided brief details of electrodeposition and characterization techniques used 

for carrying out research on the method of deposition of Pt, Pd and PtxPdy alloy 

electrocatalysts on gas diffusion layer. The microstructure and electrochemical 

characterization tools utilized are described. The basic principles of experimental tools 

employed are discussed. 

 

 

 

 

 

 

 

Fig. 2.15 Schematics of fuel cell test station 
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Chapter 3 

 Studies on deposition and characterization of electrocatalysts on carbon 

paper for application in PEM sensors  

3.1 Introduction 

Pt, Pd and PtxPdy alloy are being investigated extensively as electrocatalysts in fuel cells and 

sensors 20, 32, 122-124. These noble metals and its alloys also find application in many other 

fields such as petroleum refineries, nitric acid production units, hydrogenation processes in 

chemical industries and as catalytic converters in automobiles. Particle size and 

microstructure of the electrocatalyst significantly influences the performance of fuel cells and 

sensors. Several techniques have been used for preparing the electrocatalyst in nano range. 

The methods of preparation of electrocatalyst include chemical reduction, 125 pulsed laser 

deposition, 126 sonochemical method, 127 chemical vapour deposition 41, electrodeposition 47 

(ED), and pulsed electrodeposition (PED) methods. Most commonly used method for 

electrocatalyst deposition are screen printing, spray coating and brush coating methods 128. 

These methods have limitation due to the possibility of non-utilization of significant extent of 

active sites 47. Chemical reduction methods for electro-catalyst deposition include 

impregnation-reduction 44 and Takenaka-Torikai method 45. These methods do not have 

control over the particle growth. Vapour deposition and pulsed laser deposition require high 

vacuum and expensive instrumental facility. To compensate for the effect of agglomeration 

or larger size particle, high loading of electrocatalyst is practised. Therefore, the present focus 

is to find an optimal method for deposition of electrocatalyst which is economically viable 

and has control over the particle size. ED methods are effective in tuning the particle size and 

also cost effective 68, 129, 130.  
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Preparation and deposition of Pt, Pd and PtxPdy alloy electrocatalysts on GDL by brush 

coating (BC), ED and PED methods in the context of making gas diffusion electrodes are 

discussed in this chapter. ED and PED of Pt and Pd were carried out using both aqueous and 

ionic liquid electrolytes. Only aqueous electrolyte was used for pulsed electrodeposition of 

PtxPdy alloy. The morphology and crystal structure of deposited electrocatalysts were 

characterized by field emission scanning electron microscope (FESEM) and grazing 

incidence X-ray diffraction (GIXRD). The prepared gas diffusion electrodes (GDE) find 

application in PEMHS.   

3.2 Experimental 

Diffusion electrode for application in PEM based sensors were made by deposition of 

electrocatalysts on to carbon paper based gas diffusion layer. Electrocatalysts attempted in 

the present study include Pt, Pd and PtxPdy alloys. Deposition was carried out by brush 

coating, electrodeposition and pulsed electrodeposition. Both aqueous and ionic liquid 

electrolytes were used. 

3.2.1 Preparation of gas diffusion electrodes for the application in PEMHS  

3.2.1.1 Materials 

1-methyl imidazole, chloro butane, acetonitrile, potassium tetrafluoroborate, ethyl acetate, 

and potassium hexachloroplatinate (K2PtCl6) were purchased from Sigma Aldrich. The ionic 

liquids 1-butyl-3-methylimidazolium tetrafluoroborate ([C4mim][BF4]) and 1-butyl-3-

methylimidazolium chloride ([C4mim][Cl]) electrolytes were synthesized as per the 

procedure given in literature 131, 132. Palladium chloride (PdCl2) used in the study was 

procured from M/s Ranbaxy, Chennai, India. GDL was bought from M/s Anabond Sainergy 

Fuel cell Pvt. Ltd, Chennai. GDL (3 cm2) used in the present study comprises of carbon paper 

(200 micron thickness) with a microporous layer of teflonised nanocarbon (25 micron 
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thickness) deposited on the surface. Pt supported on carbon (Pt/C-40%) was obtained from 

M/s Alfa Aesar, India. 

Synthesis of [C4mim][Cl]: 1-methyl imidazole used in the study was purified by  fractional 

distillation; 2:3 ratios of 1-methyl imidazole and chloro butane mixtures were taken in 1 L 

round bottom flask and refluxed for 48 h. The resulting mixture was washed thoroughly (4-5 

times) with 1:1 ratios of acetonitrile and ethyl acetate. Finally, vacuum heating at 353 K was 

carried out to remove water completely. C4mimCl begins to crystallise and a white 

crystalline solid was obtained.  

Preparation of [C4mim][BF4]: [C4mim][Cl] and potassium tetrafluoroborate were dissolved 

in water in 3:2 ratio and stirred for 12 h. Water was removed under vacuum by maintaining 

the temperature at 353 K. Further, dichloromethane and anhydrous magnesium sulphate were 

added to remove any residual moisture and kept aside for 1 h. The filterable residue of 

magnesium sulphate was removed. Volatile dichloromethane and the final trace of moisture 

in the above filtrate were removed under reduced pressure (0.2 bar) in a roto-evaporator. A 

light yellow [C4mim][BF4] viscous liquid was obtained.  

The prepared ionic liquids were stored in vacuum desiccators to prevent absorbing moisture. 

The ionic liquids were purged with Ar to maintain the purity of the ionic liquid during the 

experiment. 

3.2.1.2 Preparation/deposition of Pt electrocatalyst on gas diffusion layer 

Pt electrocatalyst was deposited on GDL from both aqueous and ionic liquid electrolytes. 

From aqueous medium, deposition was attempted by BC, ED and PED methods. Catalyst for 

BC was prepared by taking Pt/C (50 %) catalyst (M/s Sigma Aldrich, India) along with 1:1 

ratio of isopropanol and water. The mixture was ultrasonicated for 15 mins. 2.33 ml of 5% 

Nafion solution was added to the above mixture and again ultrasonicated for 15 mins. 
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Catalyst slurry thus prepared was brush coated on to the GDL and dried in an oven for 2 h at 

333 K to remove volatile solvent.  

Electrodeposition and pulsed electrodeposition of Pt were carried out in three electrode cell 

with constant stirring. Nafion impregnated GDL was used as the working electrode. Brush 

coated Pt/C catalyst based diffusion electrode and saturated calomel electrode (SCE) were 

used as the counter and reference electrodes respectively. Pt was electrodeposited on GDL at 

the optimum potential of -0.2 V from 3 mM of K2PtCl6 in 0.5 M H2SO4 for 10 mins 39, 112-114. 

PED of Pt on GDL was performed using the following electrochemical parameters: Lower 

potential (EL) = 0 V, upper potential (EU) = -0.2 V, on time (ton) = 10 ms, off time (toff) = 10 

ms. After the deposition, the sample was washed with acetone and dried in oven at 333 K. 

The prepared samples were characterized.  

Electrodeposition and pulsed electrodeposition of Pt on GDL in ionic liquid medium were 

also carried out in a three electrode cell. Nafion impregnated GDL, brush coated Pt/C catalyst 

on GDL and Pt wire were used as the working, counter and reference electrodes respectively. 

70 mM of K2PtCl6 + [C4mim][BF4] ionic liquid was used as the electrolyte and the 

temperature was maintained at 373 K. Before finding the characteristic potentials of Pt, the 

potential window of the electrolyte was determined by recording the cyclic voltammogram of 

[C4mim][BF4] electrolyte.  Prior to the electrodeposition, the deposition potential of Pt on 

GDL was determined by cyclic voltammetry (CV). Nucleation and growth kinetics of Pt on 

GDL was investigated by chronopotentiometry and chronoamperometry. The electrolyte 

solution was stirred during ED. The effect of deposition potential on the morphology was 

studied at various deposition potentials and optimum deposition potential was chosen 

ensuring surface coverage with minimum agglomeration. The diffusion electrode was 

washed, dried and characterized for surface morphology and microstructure.  
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3.2.1.3 Preparation/deposition of Pd electrocatalyst on gas diffusion layer 

Palladium was electrodeposited and pulsed electrodeposited by using both aqueous and ionic 

liquid as electrolytes. Electrodeposition and pulsed electrodeposition  were conducted in an 

electrolytic cell with Nafion impregnated GDL, brush coated Pt/C catalyst on GDL and SCE 

as working, counter and reference electrodes respectively. Both electrodeposition and pulsed 

electrodeposition were performed using PdCl2 in 0.5 M HCl as electrolyte and the deposition 

potential reported in literature was adopted 133, 134. Electrodeposition was carried out at 

applied potential of -0.2 V for 10 mins 47, 135-137. Pulsed electrodeposition of Pd was carried 

using the following parameters EL = 0 V, EU = -0.2 V, ton= 10 ms, toff = 10 ms, and Nc 

(number of cycles) = 30,000. The electrodeposited and pulsed electrodeposited Pd on GDL 

was characterized after washing and drying. 

Pd was also electrodeposited and pulsed electrodeposited on Nafion impregnated GDL using 

12 mM of PdCl2 + [C4mim][Cl] as ionic liquid electrolyte. Electrodeposition and pulsed 

electrodeposition of Pd were carried using Nafion impregnated GDL, glassy carbon and Pt 

wire as working, counter and reference electrodes respectively. Before the deposition, the 

potential window of electrolyte and characteristics reduction potentials of Pd on GDL were 

determined by CV. Different potentials were applied for ED to study the microstructural 

change with applied potential. The optimum potential was selected to ensure uniform 

distribution of deposited catalyst with minimum particle size for both ED and PED. Both the 

samples were washed with acetone to remove the ionic liquid and dried in oven at 333 K. 

After that, the samples were dried at room temperature and characterized.  

3.2.1.4 Preparation/deposition of PtxPdy alloy electrocatalyst on gas diffusion layer  

Pulsed electrodeposition of PtxPdy alloy electrocatalyst was attempted from aqueous medium 

using Nafion impregnated GDL, brush coated Pt/C catalyst on GDL and SCE as the working, 
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counter and reference electrodes respectively. The electrolyte used for making PtxPdy alloy 

electrodes was 1-3 mM PdCl2 + 1-3 mM K2PtCl6 + 0.5 M H2SO4 and stirred continuously 

during deposition. In order to obtain PtxPdy alloy electrodes of varying compositions of Pt 

and Pd, concentration of PdCl2 was fixed at 3 mM and that of K2PtCl6 was varied in the range 

of 1 mM to 3 mM. High overpotential of -0.8 V was applied for electrodepositing PtxPdy 

alloy to get the deposit in short duration compared to the potential used in the above studies 

for depositing Pt or Pd. PED of PtxPdy alloy was carried out using the following parameters 

in three different electrolytes: EL (lower potential) = 0 V, EU (upper potential) = -0.8 V, ton= 

10 ms, toff = 10 ms. After deposition, the samples were washed with acetone, dried in oven 

and characterized for morphology and crystal structure. 

3.2.2 Characterization of Pt, Pd and PtxPdy alloy based gas diffusion electrodes 

The diffusion electrodes were characterized by FESEM, EDAX and GIXRD. Microstructure 

of the deposits was characterized by FESEM. The crystal structure of the deposits was 

studied by GIXRD at a grazing angle of 0.5 degrees. Elemental compositions of deposits 

were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) and EDAX. 

Crystallite sizes of the deposits were calculated using Scherrer’s formula. The lattice 

parameter was calculated by using the below mentioned equation (eq. 3.1) 

                                            a =                                                            (3.1) 

The adhesion strength of electrodeposited Pd using ionic liquid and aqueous electrolytes over 

GDL was measured using linear scratch test equipment.  
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3.3 Results and discussions 

3.3.1 Preparation of gas diffusion electrodes for the application in PEMHS 

3.3.1.1 Preparation/deposition of Pt electrocatalyst on gas diffusion layer from aqueous 

electrolyte 

Grazing incidence X-ray diffraction pattern of brush coated Pt/C catalyst on GDL 

(BC/Pt/C/GDL), electrodeposited Pt on GDL (ED/Pt/GDL/AQ), and pulsed electrodeposited 

Pt on GDL (PED/Pt/GDL/AQ) from aqueous electrolyte are shown in Fig. 3.1. The GIXRD 

pattern of all three GDE’s shows a broad and low intense peak indicating that the deposited 

Pt particles are in nano range. Peaks at 39.8 , 46.2 , and 67.4  are attributed to fcc platinum 

(JCPDS No. 040802), and their corresponding planes are (111), (200) and (220) respectively. 

The calculated crystallite size for each lattice planes of Pt for brush coated, electrodeposited 

and pulsed electrodeposited samples are shown in Table 3.1. From the Table, it is evident that 

the crystallite size of Pt for BC/Pt/C/GDL is smaller than for PED/Pt/GDL/AQ and 

ED/Pt/GDL/AQ. 
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Fig. 3.1 Grazing incidence X-ray diffraction pattern of deposited Pt on gas diffusion 
layer (a) brush coated Pt/C commercial catalyst, (b) electrodeposited and (c) pulsed 

electrodeposited  

Table 3.1 Crystallite sizes of Pt deposited on gas diffusion layer by brush coating, 
electrodeposition and pulsed electrodeposition methods 

Angle (2  BC/Pt/C/GDL  
d (nm) 

ED/Pt/GDL/AQ  
d (nm) 

PED/Pt/GDL/AQ  
d (nm) 

39.8  (111) 4.71±0.29 8.96±1.53 5.38±1.32 

46.2  (200) 4.41±0.54 9.34±1.15 4.70±1.21 

67.4  (220) 3.99±0.34 11.44±1.46 8.93±1.12 
Note: Brush coated Pt/C catalyst; electrodeposited Pt and pulsed electrodeposited Pt on gas diffusion layer are 
indicated as BC/Pt/C/GDL, ED/Pt/GDL/AQ and PED/Pt/GDL/AQ respectively.  
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Fig. 3.2 Field emission scanning electron microscope images of electrocatalyst on gas 
diffusion layer (a) brush coated Pt/C (50 %), (b) electrodeposited Pt and (c) pulsed 

electrodeposited Pt 

FESEM images of BC/Pt/C/GDL, ED/Pt/GDL/AQ and PED/Pt/GDL/AQ are shown in Fig. 

3.2. Though the crystallite size is small for BC/Pt/C/GDL sample in comparison to 

ED/Pt/GDL/AQ and PED/Pt/GDL/AQ, the extent of agglomeration of crystallites is more as 

seen from the FESEM image of BC/Pt/C/GDL. FESEM image of PED/Pt/GDL/AQ shows a 

clear separation of particles when compared to ED/Pt/GDL/AQ and BC/Pt/C/GDL. Hence, 

PED/Pt/GDL/AQ contributes more to catalytic area than electrodeposited and brush coated 

samples. In brush coating method, active Pt catalytic sites are covered by Nafion preventing 
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the reactant gas from contacting Pt catalyst; whereas in ED method GDL is impregnated in 1 

% Nafion prior to the deposition of Pt, avoids any coverage of Pt by Nafion. The 5% Nafion 

solution was diluted with the IPA to 1% and the electrodes were immersed in the Nafion IPA 

mixture for fixed time to achieve uniform loading of Nafion into carbon paper. This process 

was repeated until the required loading of Nafion is reached. The Nafion content was 

maintained at 30 % for the respective loading of catalyst. Prior to the deposition, the loading 

of catalyst is known and accordingly Nafion loading is made onto the carbon paper. The 

weight difference was measured before and after loading of Nafion. Pt ions diffused through 

the thin Nafion layer and were electrodeposited only at the regions with proper ionic and 

electronic conductivities138, 139. Potentiostatic ED results in the continuous growth of the 

particle after initial nucleation process. The constant increase in diffusion layer thickness 

during ED decreases the current and thus reduces the deposition of catalyst at other sites 

leading to non-uniformity in deposition. Among all techniques, PED is a well known method 

for obtaining a uniform and nanocrystalline deposition of electrocatalyst. In PED, the 

potential is switched on (ton) and off (toff) between the applied reduction potential and zero 

potential at the electrode where electrodeposition occurs. PED reduces diffusion layer 

thickness by the reorganization of electroactive species at the interface during toff. This offers 

deposition on various other sites which would bring about uniformity in PED 68, 69. PED gives 

high rate of nucleation compared to constant potential ED which enhances the electroactive 

area of catalyst with lower loading. This results in the formation of larger particles as seen 

from the FESEM image of ED/Pt/GDL/AQ. Thus, PED/Pt/GDL/AQ is expected to generate 

higher catalytic surface area because of formation of Pt particles of nano size with lesser 

agglomeration.  
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3.3.1.2 Preparation/deposition of Pt electrocatalyst on gas diffusion layer from  

[C4mim][BF4] ionic liquid electrolyte 

Electrochemical window for [C4mim][BF4] was determined by CV and is shown in Fig. 3.3 

(a). The electrolyte was found to be stable in the potential range -2.8 to 1 V as reported in 

literature 140. Two small peaks were observed, one is at anodic (+0.4 V) and the other is at 

cathodic direction (-0.7 V). Most probably, the peak at -0.7 V is attributed to the reduction of 

water introduced, while transferring the ionic liquid to the electrolytic cell. Schroéder et al.141 

and Brendan K Sweeny et al.142 reported that [C4mim][BF4] can quickly absorb moisture. 

They also studied the similar behaviour of [C4mim][BF4] ionic liquid in cyclic voltammetry 

as shown by Fig. 3.3 (a). Further, reported that the presence of water in [C4mim][BF4] ionic 

liquid electrolyte has a strong influence in the cyclic volatmmetric experiments. The peak at 

+ 0.4 V may be due to the oxidation of the reduced product of 1-butyl-3-methyl imidazolium 

cation, which is in accordance with the literature143-145. CV was carried out on gas diffusion 

electrode at the same scan rate of 10 mV/s for both [C4mim][BF4] and K2PtCl6 + 

[C4mim][BF4]  electrolyte. In order to identify the characteristic reduction and oxidation 

potentials of Pt, CV was carried out in the potential range -2.6 to 0.6 V in K2PtCl6 + 

[C4mim][BF4] electrolyte and is shown in Fig. 3.3 (b). Cyclic voltammogram of Pt exhibits 

two peaks (E p
 C

1 and Ep
 C

2) at cathodic side (at -0.53 V, -2.15 V) and one peak at anodic side 

at 0.66 V. The increased current was observed for K2PtCl6 + [C4mim][BF4] compared to 

pure [C4mim][BF4]  electrolyte. Hence, the peaks Ep
C1 and Ep

a are only due to the added K2PtCl6 

and not from the electrolyte, since all other parameters are same except the addition of 

K2PtCl6 to [C4mim][BF4]  electrolyte. Similar redox behaviour of Pt in [DEME][BF4] ionic 

liquid electrolyte was observed by Da Zhang et al. 140.  
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Fig. 3.3 Cyclic voltammogram of (a) 1-butyl-3-methylimidazolium tetrafluoroborate 

electrolyte (scan rate: 10 mV/s) and (b) K2PtCl6 + [C4mim][BF4]  (scan rate: 10 mV/s) ; 
working electrode: GDL, counter electrode: glassy carbon, reference electrode: Pt wire 
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Fig. 3.4 (a) Pt electrodeposited on gas diffusion layer at -0.58 V and (b) Pt 
electrodeposited on gas diffusion layer at -2.17 V 

 

 



62 
 

The peak at -0.58 V may be due to the reduction of [PtCl6]2- to [PtCl4]2-, the second peak at    

-2.17 V because of the reduction of [PtCl4]2- to Pt (0) and the peak at 0.68 V corresponds to 

the oxidation of [PtCl4]2- to [PtCl6]2-. Hence, the peak at -0.58 V is not expected to give the Pt 

electrodeposition whereas it occurs at -2.17 V. Therefore, in order to confirm the reduction of 

Pt (II) to Pt (0) at -2.17 V, the electrodeposition was carried out at -0.58 V and -2.17 V. After 

the deposition the samples were characterized by EDAX to identify the presence of Pt. 

EDAX spectrum of electrodeposited Pt on GDL using [C4mim][BF4] 

(ED/Pt/GDL/[C4mim][BF4]) at -2.17 V indicates a characteristic peak of Pt whereas no peak 

was observed for Pt deposition at -0.58 V as shown by Fig. 3.4 (a) and (b). This confirms that 

the peak at -0.58 V is due to the reduction of [PtCl6]2- to [PtCl4]2-and the latter peak at -2.17 

V owing to the reduction of [PtCl4]2- to Pt (0) 140. Only limited studies have been reported for 

the growth of Pt on glassy carbon using K2PtCl6 + [C4mim][BF4] as electrolyte 140, 146. 

Hence, the nucleation and growth kinetics of Pt were investigated prior to the deposition.   

Chronopotentiometric studies on reduction of Pt on GDL using K2PtCl6 + [C4mim][BF4] as 

electrolyte were carried out at different current densities ranging from -2 mA to -6 mA and 

are shown in Fig. 3.5. The initial drop in potential is observed due to the formation of a 

double layer as well as due to the pseudocapacitor charging 147. After the initial decrease in 

potential, there is a plateau formation. The potential remains stagnant for a few seconds, and 

this corresponds to the progress of a nucleation reaction. Afterwards, the overvoltage for 

reduction of Pt decreases owing to the formation of nuclei resulting in switching of the 

electrode potential to the next stable potential of the system. Chronopotentiogram shows two 

steps, first step is related to the reduction of Pt (IV) to Pt (II) and the second step is due to the 

reduction of Pt (II) to Pt (0). The reduction peak of Pt (IV) to Pt (0) observed in CV is in 

good agreement with chronopotentiogram.  
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Fig. 3.5 Chronopotentiogram of 70 mM K2PtCl6 + [C4mim][BF4] at 373 K 

Chronoamperometry was performed to understand the nucleation and growth behaviour of Pt 

(IV) on GDL at 373 K in [C4mim][BF4] ionic liquid medium. Typical chronoamperogram 

has the following behaviours: (1) initial increase in current due to the growth of individual 

nuclei and increase in the total number of nuclei in a short interval of time, (2) maximum 

current is reached once completion of the growth of independent nuclei is attained, and 

overlap occurs, and (3) decrease in current commences due to the overlap of hemispherical 

diffusion zones 148. Chronoamperometry studies of Pt (IV) on GDL were carried out by 

varying the potential from -2.1 V to -2.6 V and the plot is shown in Fig. 3.6 (a). For over 

potential less than -2.2 V, steady state was reached immediately after the initial increase of 

current and this indicates the constant diffusion of Pt ion to the growing nuclei of Pt. In this 

case, the nuclei are far away from each other to undergo overlap, and hence the maximum 

current is not observed. Above -2.2 V, the high over potential leads to merging of individual 

nuclei formed initially in short span of time resulting in observation of the current transients 
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reaching maximum. Further decrease in current is due to the planar diffusion. The mechanism 

of nucleation and growth has been explained by Scharifker and Hills model. 149 This model 

explains whether a deposition follows instantaneous or progressive nucleation. Instantaneous 

growth happens slowly with small number of active sites, whereas progressive nucleation 

leads to fast growth of nuclei on many active sites during reduction. Theoretical plot of 

(i/imax)2 vs t/tmax for instantaneous and progressive growth model are made by using equation 

(3.2) and (3.3).    

For instantaneous nucleation 

                                                                    (3.2) 

 

And for progressive nucleation 

                                                             (3.3) 

Imax and tmax values were taken from chronoamperogram and the plot is made (i/imax)2 vs t/tmax 

[Fig. 3.6 (b)]. Experimental and theoretical plots are compared to find the nucleation 

mechanism of platinum during electrodeposition in [C4mim][BF4] ionic liquid. Plot shows 

deviation from the theoretical line after tmax and is likely due to the partial kinetic control of 

growth. Hence, Pt electrodeposition on GDL in [C4mim][BF4] ionic liquid follows 3D 

instantaneous nucleation growth.  
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Fig. 3.6 (a) Chronoamperogram of Pt on gas diffusion layer in [C4mim][BF4] ionic 

liquid electrolyte and (b) Fitting of chronoamperometric data with Scharifker Hills 
theoretical model of 3D progressive and instantaneous nucleation 

Electrodeposition of Pt on GDL from [C4mim][BF4] ionic liquid electrolyte was conducted 

by using the data obtained from cyclicvoltammetric, chronopotentiometric and 

chronoamperometric studies, which were carried out for 1 h at three different potentials of -
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2.4, -2.5 and -2.6 V. These potentials are found to be high for Pt electrodeposition for 

commercial scale. It may be noted that this thesis presents a basic study of electrodeposition 

of Pt using [C4mim][BF4] electrolyte and further studies needs to be carried out by 

considering the economic point of view.  So far, three different RTILs were reported for 

electrodepositing Pt such as 1-butyl-3-methylimidazolium tetrafluoroborate [C4mim][BF4], 

1-butyl-3-methylimidazolium hexafluorophosphate [C4mim][PF6] and N,N-diethyl-N-

methyl-N-(2-methoxyethyl)ammonium tetrafluoroborate [DEME][BF4]. The potential of 

deposition of Pt in both [C4mim][BF4] and [C4mim][PF6] electrolytes was found to be lower 

but, the Pt precursor used in this has some amount of water in it (Table 3.2). Hence, the 

present study was carried out using K2PtCl6 in [C4mim][BF4] ionic liquid electrolyte.  

Table 3.2 Deposition potentials of Pt in [C4mim][BF4], [C4mim][PF6] and 
[DEME][BF4] ionic liquids 

Pt precursor + IL Deposition potential (V) 

H2PtCl6.6H2O + [C4mim][BF4] -1.5 

H2PtCl6.6H2O + [C4mim][PF6] -1.5 

K2PtCl6 +[DEME][BF4] -2  and -3.5 

H2PtCl6.6H2O + [C4mim][BF4] 

(present work) 

-2.4 

 

 Based on the surface coverage and particle size, the optimum potential was chosen for 

electrodeposition and pulsed electrodeposition of Pt on GDL for the application in sensors. 

Both potential and duration of deposition has an effect on the distribution of particle over the 

substrate. In this study, the effect of potential on Pt electrodeposition is studied and is 

possible to get well separated particles by reducing the loading of electrocatalyst. Field 

emission scanning electron microscope images of electrodeposited Pt on GDL using 

[C4mim][BF4] electrolyte (ED/Pt/GDL/[C4mim][BF4]) are shown in Fig. 3.7. Figures 

clearly show that an increase in the applied potential influences the morphology of Pt deposit 
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and change in potential from -2.4 V to -2.6 V significantly enhances the particle growth, 

leading to the formation of denser deposits. Denser deposits of Pt occurred at -2.5 V and -2.6 

V compared to the deposit at -2.4 V, which eventually reduces the effective catalytic area. 

Optimum surface coverage and minimum agglomeration was observed for electrodeposited 

Pt at the potential of -2.4 V. Therefore, the optimum potential of -2.4 V was chosen for 

electro-deposition. Particle size was found to be less than 100 nm and similar observations 

were made by Ping et al. 15 and Da Zhang et al. 26. Likewise, pulsed electrodeposition of Pt 

on GDL was carried out at the applied potential of -2.4 V. The FESEM image of pulsed 

electrodeposited Pt on GDL using [C4mim][BF4] ionic liquid (PED/Pt/GDL/[C4mim][BF4])  

is also shown in Fig. 3.7 and this indicates a clear distinction between the particles.  
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Fig. 3.7 Field emission scanning electron microscope images of (a) gas diffusion layer 
(GDL) electrodeposited Pt/GDL at the applied potential of (b) -2.4 V, (c) -2.5 V and    

(d) -2.6 V, and pulsed electrodeposited Pt/GDL at (e) -2.4 V (f) 1 m resolution 

Grazing incidence X-ray diffraction pattern of ED/Pt/GDL/[C4mim][BF4] and 

PED/Pt/GDL/[C4mim][BF4] are shown in Fig. 3.8. Peaks are of low intensity with 

broadening denoting the deposited particles are in nano range. Peaks at 39 , 46  and 67  are 

identified to be fcc structure of Pt (JCPDS No. 040802) with planes of (111), (200) and (220) 

respectively. Smaller crystallites of Pt were obtained for pulsed electrodeposited samples 

when compared to electrodeposited samples as seen from Table 3.3. 
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Fig. 3.8 Grazing incidence X-ray diffraction pattern of Pt on gas diffusion layer (a) 
electrodeposited and (b) pulsed electrodeposited  

Table 3.3 Crystallite sizes of electrodeposited Pt on gas diffusion layer (Pt/GDL) and 
pulsed electrodeposited Pt/GDL from [C4mim][BF4] ionic liquid electrolyte  

Note: Electrodeposited and pulsed electrodeposited Pt on GDL using [C4mim][BF4] ionic liquid electrolyte are 
indicated as ED/Pt/GDL/[C4mim][BF4] and PED/Pt/GDL/[C4mim][BF4] respectively 

3.3.1.3 Preparation/deposition of Pd electrocatalyst on gas diffusion layer from aqueous 

electrolyte 

Field emission scanning electron microscope images of electrodeposited (ED/Pd/GDL/AQ) 

and pulsed electrodeposited (PED/Pd/GDL/AQ) Pd on GDL using aqueous electrolyte are 

Angle (2

(Pt) 

ED/Pt/GDL/[C4mim][BF4]  
d (nm) 

PED/Pt/GDL/[C4mim][BF4]  
d (nm) 

39.4  (111) 8.0±1.0 5.0±0.32 

46.0  (200) 7.3±1.21  4.6±0.5 

67.5  (220) 7.0±1.03 4.1±0.31 
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given in Fig. 3.9. This figure indicates spherical particles with larger agglomerates of 

electrodeposited Pd whereas uniform distribution with spherical particles is observed for 

pulsed electrodeposited Pd.   

 

Fig. 3.9 Field emission scanning electron microscope images of Pd on gas diffusion layer 
(a) electrodeposited and (b) pulsed electrodeposited 

GIXRD pattern of ED/Pd/GDL/AQ and PED/Pd/GDL/AQ (Fig 3.10) shows peaks at 39.6  

46.2  and 67.5  and are matching with palladium fcc structure (JCPDS Data No: 7440.06.4). 

Crystallite sizes of PED/Pd/GDL/AQ are found to be less than ED/Pd/GDL/AQ as shown by 

Table 3.4. Both FESEM and GIXRD pattern confirms the formation of nanoparticles of 

palladium. 
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Fig. 3.10 Grazing incidence X-ray diffraction pattern of Pd on gas diffusion layer (a) 
electrodeposited and (b) pulsed electrodeposited  

Table 3.4 Crystallite sizes of electrodeposited and pulsed electrodeposited Pd on gas 
diffusion layer using aqueous electrolyte 

Angle (2 Planes ED/Pd/GDL/AQ 
 d (nm) 

PED/Pd/GDL/AQ  
d (nm) 

39.6  (111) 11.42±0.30 8.97±0.23 

46.2  (200) 14.94±0.12 9.37±0.10 

67.5  (220) 9.28±0.50 10.40±0.05 
Note: electrodeposited and pulsed electrodeposited Pd on gas diffusion layer using aqueous electrolyte are 
indicated as ED/Pd/GDL/AQ and PED/Pd/GDL/AQ respectively 

3.3.1.4 Preparation/deposition of Pd electrocatalyst on gas diffusion layer from  

[C4mim][Cl] ionic liquid electrolyte  
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Electrochemical window of synthesized [C4mim][Cl] ionic liquid electrolyte is found to be 

2.5 V i.e. from -1.7 to 0.8 V as shown in Fig. 3.11 (a). Jayakumar et al. also observed similar 

window for the [C4mim][Cl] ionic liquid electrolyte 150-153.  

 

Fig. 3.11 Cyclic voltammogram of (a) 1-butyl-3-methylimidazolium chloride electrolyte 
(scan rate: 10 mV/s) and (b) PdCl2 + [C4mim][Cl] (scan rate: 10 mV/s); working 
electrode: GDL, counter electrode: glassy carbon, reference electrode: Pt wire 
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Thereafter, CV was conducted in PdCl2 + [C4mim][Cl] electrolyte to find the deposition 

potential of Pd on GDL. CV of Pd (Fig. 3.11 (b)) indicates a peak (Ep
c) at −0.63 V (Vs. Pt) 

and is due to the reduction of Pd (II) to Pd (0). The two oxidation peaks at −0.24 V (Ep
a
1) and 

0.31 V (Ep
a
2) were observed when the scan was reversed from −0.95 V. Jayakumar et al. 150 

studied the nucleation and growth behaviour of Pd on glassy carbon electrode using PdCl2 + 

[C4mim][Cl] as electrolyte. They reported that Pd on glassy carbon electrode followed the 

3D instantaneous growth model. Electrodeposition of Pd on gas diffusion layer was carried 

out at four different deposition potentials close to the reduction peak potential (-0.79 V). The 

deposition potentials used were (-0.8 V, -0.9 V,-1.0 V & -1.1 V) and deposition were carried 

out for 2 h using [C4mim][Cl] electrolyte.  

Field emission scanning electron microscope images of ED/Pd/GDL/[C4mim][Cl] at various 

applied potentials are shown in Fig. 3.12. FESEM images of Pd show that increase in the 

applied potential influences morphology of the deposit 154. FESEM images indicate that the 

surface coverage is insufficient at -0.8V and -0.9 V while at -1.1 V non uniform deposit with 

large lumps of Pd. At -1.0 V, uniform Pd deposits with good surface coverage was obtained, 

which is expected to give better catalytic activity compared to the deposits at higher or lower 

potentials. Hence the optimum potential of -1.0 V was selected for ED and PED of Pd on 

GDL. FESEM image of pulsed electrodeposited (Fig. 3.12 f) Pd shows separate particles with 

uniform distribution.  
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Fig. 3.12 Field emission scanning electron microscope images of electrodeposited Pd on 
gas diffusion layer using [C4mim][Cl] electrolytes at the applied potentials of (a) -0.8 V, 

(b) -0.9 V, (c) -1 V, (d) -1.1 V, (e) -1 V at 1 m and (f) pulsed electrodeposited Pd at -1 V 

 
FESEM images reveal that the Pd nanoparticles obtained are spherical in nature with an 

average size less than 100 nm. The reduction in size could also be due to the possible 

adsorption of RTIL onto the surface of the Pd due to its low interface tension. This reduces 

the tendency of the electrodeposited metal to undergo Ostwald Ripening 155. Moreover, the 

absence of oxygen functional groups on GDL due to the presence of supramolecular RTIL 

plays an important role in uniformly distributed nanoparticles across the GDL 156. The 
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particle sizes are uniform and the deposits are distributed over the entire surface of the GDL. 

Usage of IL for electrodeposition and pulsed electrodeposition has improved the adhesion of 

the deposit onto the substrate as compared to the aqueous electrolytes since it is devoid of H2 

evolution. 

The energy dispersive X-ray spectrum of electrodeposited Pd on GDL using [C4mim][Cl] 

ionic liquid (ED/Pd/GDL/[C4mim][Cl]) illustrated in Fig. 3.13 shows the elemental signature 

of Pd. Hence, this confirms the presence of Pd nanoparticles. 

 

Fig. 3.13 Energy dispersive X-ray analysis of electrodeposited Pd on gas diffusion layer 
using [C4mim][Cl] electrolyte 

Grazing incidence X-ray diffraction pattern of Pd shows peaks at 2θ values 40.2°, 46.6°, 

68.1° as shown in Fig. 3.14, and corresponds to fcc with planes of (111) (200) and (220), 

respectively. The patterns match well with the JCPDS Data No: 7440.06.4. The other peak at 

2θ value of 54  is from the GDL substrate and indexed to the JCPDS Data No: 89-8487 157. 

The crystallite sizes of ED/Pd/GDL/[C4mim][Cl] and pulsed electrodeposited Pd on GDL 



76 
 

using [C4mim][Cl] ionic liquid (PED/Pd/GDL/[C4mim][Cl]) are in the range of 10.7 to 17 

nm and 4.25 to 7.11 nm  as indicated in Table 3.5. Pulsed electrodeposited Pd on GDL has 

lesser crystallite size than that of electrodeposited.  

 

Fig. 3.14 Grazing incidence X-ray diffraction pattern of Pd on gas diffusion layer using 

[C4mim][Cl] electrolyte (a) electrodeposited and (b) pulsed electrodeposited 

Table 3.5 Bragg angle and crystallite sizes of electrodeposited and pulsed 
electrodeposited Pd using [C4mim][Cl] electrolyte 

 
 
 
 
 
 
 
 
 
Note: Electrodeposited and pulsed electrodeposited Pd on gas diffusion layer on GDL using [C4mim][Cl] ionic 
liquid electrolyte are represented as ED/Pd/GDL/[C4mim][Cl] and PED/Pd/GDL/[C4mim][Cl] respectively 

  
 Strong adhesion of electrocatalyst on GDL provides improved integrity and facilitates good 

electrochemical contact at electrode/electrolyte interface when it is used as electrocatalyst.  

Angle (2

Pd) 

ED/Pd/GDL/[C4mim][Cl] 
d (nm) 

PED/Pd/GDL/[C4mim][Cl] 
d (nm) 

40.11 (111) 12.12±0.66 5.03±0.20 

46.64 „(200) 10.60±0.32 4.25±0.33 

68.15 „(200) 16.80±0.34 7.11±0.45 
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Scratch tests were carried out on the electrodeposited samples to see the adhesion of the 

electrocatalyst prepared using both aqueous and ionic liquid electrolytes. For instance, 

ED/Pd/GDL/[C4mim][Cl] and ED/Pd/GDL/AQ samples were taken for testing the adhesion. 

The scratch test of ED/GDL/Pd/AQ displayed a critical failure of the coating even at a 

minimal load of 1 N as shown in Fig. 3.15 (a). The scratch plot and SEM micrograph of Pd 

deposited GDL in RTIL medium is shown in Fig. 3.15 (b). The plot indicates absence of any 

such adhesive failure in the coating up to a test load of 2N. However, the load after 2 N 

produced only perforation in the coated layer, while other types of deformations such as 

buckling or spallation are not observed. Electrodeposited Pd via aqueous and RTIL 

electrolytes, using RTIL is observed to exhibit low defect density and superior coating 

morphology.  
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Fig. 3.15 Scratch plot and scanning electron micrograph of electrodeposited (a) Pd 

using PdCl2/HCl electrolyte and (b) Pd from PdCl2/[C4mim][Cl] electrolyte 
3.3.1.5 Preparation/deposition of PtxPdy alloy electrocatalyst on gas diffusion layer from 

aqueous electrolyte 

Alloying of Pt with Pd greatly improves the electrocatalytic activity due to the modification 

in the electronic structure of Pt. Electrodes with different compositions of PtxPdy alloy were 

prepared by PED using different concentrations of electrolyte solution. ICP-MS analysis of 
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pulsed electrodeposited PtxPdy indicated concentrations of Pt1Pd3, Pt1Pd1 and Pt4Pd1 for the 

electrolyte concentrations of 3 mM PdCl2 + 1 mM K2PtCl6, 3 mM PdCl2 + 3 mM K2PtCl6   

and 1 mM PdCl2 + 3 mM K2PtCl6. The chemical compositions of the deposited PtxPdy alloy 

were determined by ICP-MS analysis and EDAX spectroscopy are found to be Pt28Pd72, 

Pt54Pd46 and Pt80Pd20 for electrolyte concentrations of 3 mM PdCl2 + 1 mM K2PtCl6, 3 mM 

PdCl2 + 3 mM K2PtCl6   and 1 mM PdCl2 + 3 mM K2PtCl6 respectively. The EDAX 

spectrum of PtxPdy alloys are shown in Fig. 3.16.  
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Fig. 3.16 Energy dispersive X-ray analysis of pulsed electrodeposited catalyst on gas 

diffusion layer using aqueous electrolyte (a) Pt80Pd20, (b) Pt54Pd46 and (c) Pt28Pd72 
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Field emission scanning electron microscope images of pulsed electrodeposited PtxPdy alloy 

on GDL using aqueous electrolyte at a pulse width of 10 ms and at 0.2 ms  (PED/ 

PtxPdy/GDL/AQ) with various compositions of PtxPdy alloys (PED/Pt28Pd72/GDL/AQ, 

PED/Pt54Pd46/GDL/AQ PED/Pt80Pd20/GDL/AQ) are shown in Fig. 3.17. It is evident from the 

figure that particles deposited are spherical in shape. In order to ascertain the distribution of 

Pt and Pd in PtxPdy alloy on GDL, EDAX mapping was carried out. The profile indicates that 

Pt and Pd (Fig. 3.17 d and e) are well covered over the surface of GDL. The alloy formation 

of PtxPdy is evident from the merged mapping of Pt and Pd (Fig. 3.17 f). 

 

Fig. 3.17 Field emission scanning electron microscope images of pulsed electrodeposited 
of catalyst on gas diffusion layer using aqueous electrolyte  (a) Pt28Pd72, (b) Pt54Pd46 and 

(c) Pt80Pd20. Energy dispersive X-ray mapping of Pt54Pd46 alloy (d) Pt, (e) Pd and (f) 
merging of Pt and Pd 

Grazing incidence X-ray diffraction pattern of Pt, Pt28Pd72, Pt54Pd46 and Pt80Pd20 are shown in 

Fig. 3.18. Pt peaks are interpreted with JCPDS data card no. 7440.05.3 which are 

characteristics of fcc. The peaks correspond to the planes of (111), (200) and (220). The (111) 

plane was used to calculate the lattice parameter and crystallite size. GIXRD of Pt28Pd72, 

Pt54Pd46 and Pt80Pd20 show peaks with a shift in 2  value to that of Pt as well as Pd. The 
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atomic radii of Pt (0.139 nm) and Pd (0.137 nm) 158 are very close. Bragg angle and lattice 

parameter are indicated in Table 3.6. The 2  value of Pt rich Pt80Pd20 is shifted to higher 

value compared to that of Pt. The inclusion of Pd to the larger size Pt has lead to the 

increased lattice parameter of Pt80Pd20, whereas 159 addition of Pt to smaller size Pd does not 

alter the lattice parameter in Pt28Pd72 as seen from Table 3.6. Intermediate lattice parameter 

and 2 are observed for the similar ratios of Pt and Pd (Pt54Pd46).  Peak shift and change in 

lattice parameter indicate the formation of PtxPdy alloy 160-162. EDAX mapping also confirms 

alloy formation. Crystallite sizes of the present electrodes are given in Table 3.6, and the 

sizes are observed in the range between 8 and 11 nm. 

 

Fig. 3.18 Grazing incidence X-ray diffraction pattern of pulsed electrodeposited of 
catalyst on gas diffusion layer using aqueous electrolyte (a) Pt28Pd72, (b) Pt80Pd20, (c) 

Pt54Pd46 and (d) Pt                                                               

     Inset: Expanded image of PtxPdy electrodes of (111) plane 
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Table 3.6 Bragg angle, lattice parameter and crystallite sizes of pulsed electrodeposited 
Pt28Pd72, Pt54Pd46 and Pt80Pd20 on gas diffusion layer 

PtxPdy alloy Angle (2

 

Lattice parameter 
(nm) 

Crystallite size 
d (nm) 

Pt28Pd72 39.63  ± 0.09 0.392 7.54±0.23 

Pt54Pd46 39.43  ± 0.14 0.393 7.74±0.15 

Pt80Pd20 39.51  ± 0.21 0.396 8.25±0.11 

 

3.4 Conclusions 

Pt, Pd and PtxPdy alloy electrocatalysts were deposited on GDL for application in PEMHS. Pt 

electrocatalysts on GDL were prepared by brush coating, electrodeposition and pulsed 

electrodeposition methods. The characterization of brush coated, electrodeposited and pulsed 

electrodeposited Pt on GDL was carried out by FESEM, EDAX and GIXRD. FESEM images 

indicate larger agglomerates of Pt for brush coated samples compared to electrodeposited 

ones. Hence, further studies were carried out only on electrodeposited and pulsed 

electrodeposited electrodes. Electrodeposition and pulsed electrodeposition of Pt and Pd were 

carried out by using both aqueous and ionic liquid electrolytes. On comparing the 

morphology and microstructure of electrodeposited and pulsed electrodeposited Pt and Pd 

electrocatalyst, pulsed electrodeposition method is found to be highly suitable for getting 

good catalytic area for application in PEMHS. PtxPdy alloys of three different compositions 

were electrodeposited by PED on GDL using aqueous electrolyte and characterized.  GIXRD 

of the samples confirmed the formation of PtxPdy alloy. The GIXRD pattern also showed the 

change in lattice parameter of PtxPdy alloy compared to Pt because of alloying. 

Compositional analyses of three alloys were carried out by EDAX spectroscopy. EDAX 

analysis indicated the alloy composition to be Pt28Pd72, Pt54Pd46 and Pt80Pd20.  
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Chapter 4 

Development of PEM fuel cell based amperometric H2 sensor with catalyst 

deposited gas diffusion electrode  

4.1 Introduction 

Hydrogen measurement is a technical challenge and extensive R&D is carried out to develop 

sensors for the purpose. Sensors based on catalytic oxidation of hydrogen 163, thermal 

conductivity 164, resistance change 3, and electrochemical devices 165 have been reported. 

Pellistor and thermoelectric catalytic sensors 14, 166 operate by change-in-resistance as a result 

of an exothermic reaction between H2 and oxygen (O2). Catalytic sensors work at high 

temperatures, and need the presence of O2 163, 164. Thermal conductivity sensors are very 

sensitive to the flow rate change of the gas. Metal oxide sensors 165 function as chemo 

resisters where surface gets altered because of reduction of chemisorbed O2 by H2 resulting in 

change of surface conductivity. Electrochemical sensors 20, 22, 23 are well established 

commercially due to miniaturization, low power consumption and operation at ambient 

temperature. Electrochemical sensors comprise of conductometric, potentiometric and 

amperometric devices 20, 22, 23, 165. Potentiometric sensors 167 give non-linear response, where 

it relates electromotive force with concentration logarithmically. Hence, potentiometric 

sensors are suitable to be used in an environment with low concentration of hydrogen. 

Whereas, an amperometric hydrogen sensor 25 responds linearly with the concentration of 

analyte. Therefore, amperometric sensors can be used for detecting analyte concentrations in 

a wide range. 

Solid electrolyte based sensors are deemed to be superior to those with that of liquid 

electrolyte since it avoids the leakage of electrolyte, corrosion and impurities associated with 

liquid electrolyte thereby increasing the lifetime of the sensor 168. Among the solid 

electrolytes, polymer electrolyte based sensors are found to be efficient due to its ease of 
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operation and compactness. Nafion 168-170 is a commonly used solid proton conducting 

polymer electrolyte in amperometric sensors.  

Polymer electrolyte based H2 sensor (PEMHS) is a fuel cell device operating in galvanic 

mode. The response behaviour of electrochemical sensors is significantly influenced by the 

three phase boundary (analyte-electrolyte-electrode) at the electrochemical interface at anode 

hence care has to be taken during the design of a sensor. The following aspects need to be 

considered before configuring PEMHS: (1) optimum porosity of the electrode to allow the 

diffusion of analyte to the interface and (2) suitable electrocatalyst with high surface area to 

increase the rate of redox process. This charge transfer reaction at the interface influences the 

sensor signal. Various types of diffusion electrodes were developed for the above purpose. In 

commercially available amperometric hydrogen sensors, 25 Pt catalyst slurry was prepared 

with Teflon solution and was coated on a porous Teflon film and used as sensing electrodes. 

The porous structure of Teflon allows the electrolyte solutions to flow through and also the 

hydrophobic nature of Teflon on Pt surface prevents it from being unduly wetted by the 

electrolyte. Liquid electrolytes impose problems such as leakage of electrolyte, corrosion and 

impurities, thereby decreasing the lifetime of the sensor 168. Hence, solid polymer membranes 

are being attempted as electrolyte, typically Nafion (sulphonated tetrafluroethylene) is used 

as proton conducting electrolyte due to good conductivity, chemical stability and non 

permeability to hydrogen. Electrocatalyst film can also be transferred directly onto Nafion 

membrane via screen printing and decal methods. Coating of catalyst by these methods 

suffers by agglomeration and this aspect is already discussed in detail in the previous chapter.  

Present sensor design uses electrodeposited Pt catalyst on gas diffusion layer (carbon paper) 

as diffusion electrodes and these electrodes are hot pressed on both sides of the Nafion 

membrane to get better three phase contact, stability and less dependence of response on flow 

rate. The electrodeposition of catalyst was carried out on Nafion impregnated GDL so that Pt 
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deposited on the surface which will have both ionic and electronic conductivity. Hence, the 

present design is aimed to achieve large number of three phase boundaries to have high active 

area at the electrochemical interface. Thus the present study is an attempt to develop sensor 

with improved sensitivity, short response time, less flow rate dependence and minimum 

catalyst loading by employing GDL and ED methods for preparing sensing electrodes of 

sensor. PED gives high rate of nucleation compared to constant potential ED which enhances 

the active area of catalyst requiring lower catalyst loading. In this study, development of 

amperometric H2 sensor with electrodeposited Pt and Pd on GDL using aqueous and ionic 

liquid electrolytes are reported. Pulsed electrodeposited PtxPdy alloy on GDL was also 

attempted to be used as sensing electrodes in PEMHS.   

4.2 Experimental 

4.2.1 Preparation of membrane electrode assembly  

Nafion 117 membrane was pre-treated prior to the preparation of membrane electrode 

assembly (MEA) by boiling with 3% H2O2 solution for 1 h for removing the oxidizable 

impurities. After that, the membrane was boiled in 0.5 M H2SO4 for 2 h to protonate the 

membrane and then cleaned with boiling de-ionized water for 2 h. Finally, the cleaned 

membrane was used as the electrolyte. Membrane electrode assemblies were made using the 

above cleaned membrane.  

MEA was prepared by hot-pressing sensing (3 cm2) and counter (3 cm2) electrodes on either 

side of Nafion membrane at 393 K, 50 bar for 120 s. Sensing and counter electrodes of MEA 

used in making Pt, Pd and PtxPdy alloy sensors are indicated in Table 4.1. Loading of 

electrocatalyst was maintained with 0.5 mg/cm2.   
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Table 4.1 Sensing and counter electrodes used for membrane electrode assembly for the 
application in proton exchange membrane based H2 sensor  

Sensing electrode Counter electrode 

BC/Pt/C/GDL BC/Pt/C/GDL 

ED/Pt/GDL/AQ ED/Pt/GDL/AQ 

PED/Pt/GDL/AQ PED/Pt/GDL/AQ 

ED/Pt/GDL/[C4mim][BF4] ED/Pt/GDL/[C4mim][BF4] 

PED/Pt/GDL/[C4mim][BF4] ED/Pt/GDL/[C4mim][BF4] 

PED/Pd/GDL/ AQ PED/Pt/GDL/ AQ 

ED/Pd/GDL/[C4mim][Cl] BC/Pt/C/GDL 

PED/PtxPdy/GDL/AQ PED/Pt/GDL/AQ 
 
Note: BC/Pt/C/GDL- Brush coated Pt/C electrocatalysts on gas diffusion layer, electrodeposited and pulsed 
electrodeposited Pt and Pd on gas diffusion layer using aqueous electrolyte are indicated as ED/Pt/GDL/AQ 
PED/Pt/GDL/AQ, PED/Pd/GDL/ AQ. Electrodeposited and pulsed electrodeposited Pt and Pd on GDL using 
[C4mim][BF4] and [C4mim][Cl]  ionic liquid electrolytes are represented as ED/Pt/GDL/[C4mim][BF4], 
PED/Pt/GDL/[C4mim][BF4], ED/Pd/GDL/[C4mim][Cl]. Pulsed electrodeposited PtxPdy alloy on gas diffusion 
layer using aqueous electrolyte is indicated as PED/PtxPdy/GDL/AQ.    
  

4.2.2 Sensor assembly  

Membrane electrode assembly of sensors with different sensing electrodes and counter 

electrodes indicated in Table 4.1 were assembled in a separate polycarbonate sensor housing 

discs and tested for H2 sensing. A pin-hole barrier was positioned at the sensing side to limit 

the flow of H2/Ar. In addition to the pin-hole barrier, GDL also acts as the diffusion barrier at 

the sensing side.  

4.2.3 Testing of sensor performance 

The assembly of sensor was discussed in chapter 2 (section 2.2.5.2). Sensors were tested for 

sensing H2 in the concentration ranges 1 to 5% of H2/Ar. The current generated during the 

oxidation of H2 was acquired using Agilent data acquisition system and data was recorded 

with respect to time. Different concentrations of H2 and argon mixtures were prepared by 

using mass flow controller and it is passed to the sensing side of the sensor and counter 
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electrode was exposed to atmosphere. The mechanical barrier with pin-hole (0.1 mm) at the 

sensing side limits the supply for the oxidation of H2. The response behaviour of the sensors 

with all the sensing electrodes mentioned in Table 4.1 was recorded towards H2 in argon 

atmosphere. Based on the sensor performance, sensors were extensively investigated for 

repeatability, long-term stability, detection limit etc. of sensors. Sensor response of pulsed 

electrodeposited Pd based diffusion electrodes prepared using aqueous electrolyte operated in 

two electrode mode was not satisfactory since it takes much longer response time. Hence, the 

response behaviour of electrodeposited Pd using [C4mim][Cl] ionic liquid electrolyte based 

diffusion electrodes were studied in three electrode mode. The potential to be applied for 

sensing H2 in three electrode mode was determined by recording cyclic voltammogram 

separately in argon and H2 at the sensing side. Cyclic voltammetry was carried out in three 

electrode mode using Pd diffusion electrode, brush coated Pt/C and Pt wire as working, 

counter and reference electrodes respectively. The optimum potential was chosen by 

comparing the CV recorded in argon and H2, where H2 signal to baseline (argon) ratio is high. 

H2 sensing characteristics were tested by applying of 0.8 V vs Pt wire at the working 

electrode. 

 To calculate the detection limit, standard deviation (σ) of baseline value with argon was 

calculated. The minimum detection limit of the sensor was calculated using the following 

equation: 

                                     Detection limit =                            (4.1) 

Influence of temperature, flow-rate and relative humidity were studied for the sensors whose 

long-term stability was satisfactory. The temperature of the sensor was regulated using mini 

cooling system for studying the effect of temperature on the sensor signal.  
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4.2.4 Electrochemical characterization 

Electrochemical surface area of BC/Pt/C/GDL, ED/Pt/GDL/AQ and PED/Pt/GDL/AQ were 

determined by in-situ cyclic voltammetry measurement (hydrogen pump mode)171-173. In 

order to measure the ECSA of the sensing electrode, barrier was not incorporated in the 

assembled sensor at the sensing side. Argon was flown at the sensing side and H2 was passed 

at the counter electrode side. Cyclic voltammetry (CV) was performed using multi-

potentiostat and the potential was applied in the range 0 to +1 V at the scan rate of 10 mV/s 

and the stability of the catalyst was studied by recording the CV for 48 h. The obtained 

current vs voltage plot could be converted in terms of current vs time to calculate the 

electrochemical surface area. The charge associated with hydrogen desorption region was 

obtained by integrating the area under the potential range 0 and +0.4 V. ECSA of 

ED/Pt/GDL/[C4mim][BF4], PED/Pt/GDL/[C4mim][BF4], PED/Pd/GDL/AQ, 

ED/Pd/GDL/[C4mim][Cl] and PED/PtxPdy/GDL/AQ were measured using ex-situ cyclic 

voltammetry. The evolution of molecular hydrogen could not be controlled in electrochemical 

surface area measurement using hydrogen pump mode as there was two or three orders of 

difference was observed between the anodic and cathodic peak. Hence, adopted the procedure 

reported by Stefan Rudi et al.174 Cyclic voltammetry was carried out using Pt or PtxPdy alloy 

on gas diffusion layer as working electrodes in 0.5 M H2SO4 electrolyte at the scan rate of 

200 mV/s. Pt sheet and Ag/AgCl were used as counter and reference electrodes respectively. 

The solution was purged with argon continuously. CV scan was optimized in the potential 

range of -0.2 to 1.2 V vs Ag/AgCl. Cyclic voltammogram of Pt/GDL and PtxPdy/GDL 

showed a slightly different potential limits for desorption of hydrogen that are mentioned in 

the respective sub-section. Adsorption region was not taken for ECSA since there was no 

clear distinction of double layer capacitance. Third cycle of CV was taken for ECSA 

calculation and the same is shown in the figures. ECSA measured using this method showed 
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a considerable difference as that of hydrogen pump mode. The charge associated with 

hydrogen desorption region was obtained by integrating the area and the equation for 

calculation of electrochemical surface area (ECSA) is given below 

Electrochemical active area =                 (4.2) 

210 (μC/cm2) is the charge correspond to the oxidation of monolayer adsorption/desorption 

of H2 on smooth Pt surface. 

Impedance spectra were recorded while sensing 4 % H2/Ar (in-situ) in the frequency range of 

100 kHz to 10 mHz at the applied potential of 10 mV for all the sensors. Charge transfer 

resistance values were estimated by fitting the curve using a simple equivalent circuit for 

studying the variation in charge transfer resistance at the electrode–electrolyte interface. 

 

4.3 Results and discussions 

4.3.1 Sensing mechanism 

Amperometric H2 sensor is a galvanic device in which chemical energy is converted to 

electrical energy. Sensor signal leads were connected in series with the current measuring 

device (Agilent 34972 A data acquisition system/switch unit). When the data acquisition 

system operated in current mode, the system offers minimum input impedance and hence 

there is no load imposed on the sensor cell. Therefore the sensor was operated in short 

circuited mode. The cell is represented as H2, Ma/Nafion/Mc, O2 where Ma and Mc represents 

anode and cathode electrocatalyst respectively. H2 at the sensing side gets oxidized and 

oxidized protons are conducted through the proton conducting electrolyte to cathode. The 

electron produced in the oxidation flows through the external circuit and reaches the cathode. 
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Oxygen reduction reaction takes place by the reaction of O2 with proton and electron at the 

cathode. The overall cell reaction is given below 

 

The flux of H2/Ar reaching sensing electrode is limited by pin hole diffusion barrier such that 

HOR becomes the rate-determining step of the electrochemical reaction. The oxidation of H2 

at sensing electrode is diffusion controlled process because of limiting H2 supply at the 

anode. The flux is correlated to the concentration of H2 by Fick’s first law of diffusion 175. 

Faraday’s law relates the number of moles of H2 being pumped per unit time (J) to the current 

and is given by 20 

                                                       J =                                                          (4.4) 

 Fick’s first law relates J and concentration gradient by  

                                                      J = AD                                                      (4.5) 

where A - area of electrode (m2), D - diffusion coefficient of H2 (m2/s),  - concentration 

gradient. By relating equation (4.4) and (4.5) get 

                                                     I = 2FAD                                                                    (4.6) 

where I-current (coulombs/s) and F- Faraday’s constant (C/mol). 

4.3.2 Hydrogen sensing behaviour of PEMHS with Pt/GDL diffusion electrodes  

4.3.2.1 Response behaviour of PEMHS with brush coated Pt/GDL, electrodeposited 

Pt/GDL, pulsed electrodeposited Pt/GDL as sensing electrodes prepared using aqueous 

electrolyte  

H2 + 1/2O2 H2O   Ecell
0 = 1.229 (4.3) 



93 
 

Sensor response of PEMHS with brush coated Pt/C catalyst on gas diffusion layer 

(BC/Pt/C/GDL) and electrodeposited Pt on gas diffusion layer using aqueous electrolyte 

(ED/Pt/GDL/AQ) for 0.5 % - 4 % H2/Ar are shown in Fig. 4.1 and Fig. 4.2 respectively. 

Response of sensor with pulsed electrodeposited Pt on gas diffusion layer using aqueous 

electrolyte (PED/Pt/GDL/AQ) for 0.5 % - 4 % H2/Ar is given in Fig. 4.3. Sharp and stable 

response was observed for PED/Pt/GDL/AQ sensor than ED/Pt/GDL/AQ and BC/Pt/C/GDL 

sensors. Although the response time of BC/Pt/C/GDL sensor is lesser, noise increases with 

the rise in the concentration of H2.  

FESEM (Fig. 3.2) image of BC/Pt/C/GDL showed predominant agglomeration of particles, 

which ultimately reduces three-phase contacts in sensing H2. Whereas FESEM (Fig. 3.2) 

images of ED/Pt/GDL/AQ and PED/Pt/GDL/AQ showed a finer distribution of particles, 

which lead to the enhanced three-phase contacts in the sensors. Further, the adhesion of 

catalyst onto the support is crucial in sensing application, otherwise during sensor testing the 

particles have higher tendencies to coalesce to form larger particles. This ultimately affects 

the sensor performance 176. Pulsed electrodeposition method provides better adhesion 

compared to the brush coating and electrodeposition methods. The particles are distributed 

uniformly over the surface in pulsed electrodeposited samples as proven by the FESEM 

images (Fig. 3.2).   
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Fig. 4.1 Hydrogen response behaviour of sensor with brush coated Pt on gas diffusion 
layer  
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Fig. 4.2 Hydrogen response behaviour of sensor with electrodeposited Pt on gas 
diffusion layer using aqueous electrolyte (a) initial (b) after 48 h 
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Fig. 4.3 Hydrogen response behaviour of sensor with pulsed electrodeposited Pt on gas 
diffusion layer using aqueous electrolyte  
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Fig. 4.4 Impedance spectrum of sensors with brush coated (BC), electrodeposited (ED) 

and pulsed electrodeposited (PED) Pt electrocatalyst on gas diffusion layer (a) initial 
and (b) after 48 h 
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In-situ electrochemical impedance spectra of sensors with BC/Pt/C/GDL, ED/Pt/GDL/AQ, 

and PED/Pt/GDL/AQ were taken initially and after 48 h while passing 4 % H2/Ar and are 

shown in Fig. 4.4 (a) and Fig. 4.4 (b). Impedance spectra were recorded from high frequency 

to low frequency. Impedance spectra illustrate a semicircle which indicates that there is a 

charge transfer resistance and non-ideal capacitance elements are in parallel combination as 

shown by the equivalent circuit (Fig. 4.4., inset). The negative value of the impedance at high 

frequency range observed in Fig. 4.4 corresponds to the inductance offered by the current 

connecting leads. At extremely high frequency the non-ideal capacitor part acts as short 

circuit and that of at low frequency non- ideal capacitor behaves as open circuit. Hence, at 

high frequency the current is completely shunted through the non-ideal capacitor and 

therefore, the effective impedance is zero. The intercept at high frequency on the real axis 

corresponds to the ohmic resistance of the electrolyte. In contrast, at low frequency all the 

current is forced through the resistor and the effective impedance of the model is given by the 

impedance of the resistor. At intermediate frequency the impedance model will have both 

non-ideal capacitor and resistor elements. Table 4.2 signifies that PED/Pt/GDL/AQ has much 

lesser charge transfer resistance and lesser interfacial capacitance leading to the reduced noise 

and better stability. The higher capacitance, higher charge transfer resistance, less 

electrochemical active area (Table 4.2) and substantial agglomeration as shown by FESEM 

image (Fig. 3.2) of BC/Pt/C/GDL sensor elucidate the apparent current fluctuations detected 

in BC/Pt/C/GDL sensor response 177-179. The response of BC/Pt/C/GDL sensor testing after 

48 h denotes only noise and it is ascribed to the fact that the electrode/electrolyte interface 

has deteriorated. This is explained by the increased capacitance, decreased ECSA and 

decreased charge transfer resistance values obtained after 48 h of sensor testing. Fig. 4.5 

shows the cyclic voltammogram of BC/Pt/C/GDL, ED/Pt/GDL/AQ and PED/Pt/GDL/AQ 

sensing electrodes taken initially and after 48 h of sensor testing for electrochemical active 
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area measurement. All the catalysts showed a peak in the hydrogen adsorption-desorption 

region i.e. from 0 to 0.37 V. ECSA values of the electrodes were calculated by integrating the 

peak obtained in the hydrogen desorption region. Comparing the voltammogram at initial and 

after 48 h of BC/Pt/C/GDL and ED/Pt/GDL/AQ electrodes, it is evident that current density 

has decreased which reflects that the ECSA of the catalyst has changed due to the 

agglomeration caused during the sensor testing, PED/Pt/GDL/AQ electrode showed only a 

slight change in ECSA when compared to electrodeposited and brush coated samples. 
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Fig. 4.5 Cyclic voltammogram of sensor with Pt electrocatalyst on gas diffusion layer (a) 
brush coated, (b) electrodeposited and (c) pulsed electrodeposited 
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Though noise was lesser in ED/Pt/GDL/AQ sensor, response (t90%) and recovery time (Fig. 

4.6 (a)) are observed to be longer compared to PED/Pt/GDL/AQ sensor and further the 

response and recovery time get enhanced after 48 h of testing (Fig. 4.6 (a)). The potential 

cycling of electrocatalyst leads to the increased particle size in brush coated and 

electrodeposited Pt samples which eventually leads to the loss of electrochemical active area. 

177 The loss of ECSA of brush coated, electrodeposited and pulsed electrodeposited samples 

follows in the order BC/Pt/C/GDL > ED/Pt/GDL/AQ > PED/Pt/GDL/AQ. Sensitivity, 

response time, electrochemical active area and charge transfer resistance of BC/Pt/C/GDL, 

ED/Pt/GDL/AQ and PED/Pt/GDL/AQ sensors are displayed in Table 4.2.  

Table 4.2 Response behaviours of sensors with brush coated, electrodeposited and 
pulsed electrodeposited Pt on gas diffusion layer using aqueous electrolyte 

Characteristics of 
sensor 

BC/Pt/C/GDL ED/Pt/GDL/AQ PED/Pt/GDL/AQ 

Response time 1-5 s 360 –1254 s 115 -30 s 

Electrochemical 

active area (m2/g) 

2 15 26 

Sensitivity ( - - 9.7 

Stability Signal degraded 

after 48 h 

Increased response  

time after 48 h 

Signal was found to be 

stable with stable 

response time 

Capacitance (F) 

(initial and after 48 h) 

0.042 

& 0.082  

0.012 & 0.023 0.0058 & 0.0057 

Charge transfer 

resistance (Ω) (initial 

and after 48 h) 

7.87 & 8.39 6.39 & 7.39  5.35 & 5.12 

 Note: Brush coated Pt/C electrocatalysts, electrodeposited and pulsed electrodeposited Pt and Pd on gas 
diffusion layer using aqueous electrolyte are indicated as BC/Pt/C/GDL, ED/Pt/GDL/AQ and PED/Pt/GDL/AQ 
respectively.  
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Fig. 4.6 Response and recovery times of sensor with Pt deposited on gas diffusion layer 

using aqueous electrolyte (a) electrodeposited Pt/GDL and (b) pulsed electrodeposited 
Pt/GDL 
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Response and recovery times of the sensors vary with respect to the pore volume and 

electrochemical active surface area of the diffusion electrode. If the pore volume is fixed for 

all three sensors, the response time directly depends on the electrochemical active area 42. 

Electrochemical active area of BC/Pt/C/GDL, ED/Pt/GDL/AQ, and PED/Pt/GDL/AQ sensors 

are shown in Table 4.2. The stable electrochemical active area and low charge transfer 

resistance of PED/Pt/GDL/AQ sensor contributes to the improved sensor performance than 

ED/Pt/GDL/AQ and BC/Pt/C/GDL sensor. The response and recovery time of 

PED/Pt/GDL/AQ is shown in Fig. 4.6 (b) and is found to decrease with increase in 

concentration (0.5 – 4 %) which implies that the more number of H2 can diffuse deeper into 

the electrode, which leads to the activation of more catalytic sites of Pt than at low 

concentration resulting in shorter response time of 115-30 s for 1% - 5 % concentration of 

H2/Ar.  
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Fig. 4.7 Pulsed electrodeposited Pt on gas diffusion layer using aqueous electrolyte 
based sensor (a) Repeatability of 1% H2/Ar and (b) Calibration plot  
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Repeatability of sensor response to 1 % H2/Ar of PED/Pt/GDL/AQ is shown in Fig. 4.7 (a). 

The sensor response is found to be repeatable. PED/Pt/GDL/AQ sensor has better stability; 

short response time and minimum detection limit (Table 4.3). Hence, PED/Pt/GDL/AQ 

sensing electrode is the best suited for use in amperometric H2 sensing application.  

Table 4.3 Response behaviour of sensor with pulsed electrodeposited Pt on gas diffusion 

layer using aqueous electrolyte to H2/Ar 

H2 sensor 
characteristics 

PED/Pt/GDL/AQ 

Sensitivity ( %) 9.75  

Response time (s) 115-30  

Recovery time (s) 90-62  

Detection limit (%) 0.0275
Note: pulsed electrodeposited Pt on gas diffusion layer using aqueous electrolyte are indicated as 
PED/Pt/GDL/AQ  

Calibration plot of PED/Pt/GDL/AQ based sensor is indicated in Fig. 4.7 (b). Sensor signal 

value for each concentration with their standard deviations of PED/Pt/GDL/AQ sensor is 

indicated in Table 4.4 and the standard deviation of the sensor signal is found to be minimal 

and hence the spread in values is not visible in the calibration plot. 

Table 4.4 Sensor signal with their standard deviations for pulsed electrodeposited Pt on 
gas diffusion layer   

Concentration of H2 (%) I (

0.50 3.2 ± 0.30 

1.00 6.9 ± 0.02 

1.50 11.0 ± 0.10 

2.00 15.4 ± 0.03 

2.50 20.3 ± 0.03 

3.00 25.3 ± 0.07 

3.50 30.0 ± 0.04 

4.00 35.7 ± 0.07 
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The sensitivity of PED/Pt/GDL/AQ sensor is adequate for sensing H2 concentration in 

percentage level. Hydrogen sensors with electrocatalyst coated on either side of the Nafion 

membrane showed significant variation in the sensor performance with change in flow rate. 

Amperometric H2 sensors with Pt catalyst prepared by chemical reduction method and decal 

method were reported by Sakthivel et al.180, Murugesan et al. 181 and Lu et al. 44  Sakthivel et 

al. 180 tested the sensor performance at a fixed flow rate of 80 sccm and they also studied the 

effect of flow rate on the sensor signal. Thus, a change of flow rate of ± 20 sccm showed a 

variation in the sensor signal from 425 μA to 325 μA (23 % error) whereas Murugesan et al. 

181 performed at a fixed flow rate of 300 sccm and there was no significant change when the 

flow rate was changed by 300 ± 75 sccm. The large deviation in the sensor signal was 

observed when the change was more than 25 % of the fixed flow rate. Lu et al.44 reported a 

variation of sensor signal from 123 μA to 115 μA for a change of flow rate from 60 sccm to 

40 sccm. Response behaviour of PED/Pt/GDL/AQ for 1 % H2/Ar with varying the flow rates 

from 50 sccm to 400 sccm is given in Fig. 4.8.  
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Fig. 4.8 response behaviour of sensor with pulsed electrodeposited Pt on gas diffusion 

layer using aqueous electrolyte for 1% H2/Ar with various flow rates (50 sccm to 400 
sccm)  

Increasing the flow rate from 50-400 sccm varied the signal from 6.0 μA to 6.7 μA the error 

is found to be less than 10 %. Moreover, doubling the flow rate from 200 sccm to 400 sccm 

leads to 12 % (6.9 μA) error. Hence, the flow rate variation on sensor performance is much 

less in the present sensor. Other two important factors that affect the sensor performances are 

relative humidity (RH) and temperature. The ionic conductivity of Nafion membrane depends 

on water content and it varies with a change in RH and temperature. Fig. 4.9 exhibits a linear 

variation of current with concentration of H2/Ar at different RH, i.e. at 60-80 %. From the 

figure, it is clear that RH has an impact on the sensor response for concentrations greater than 

2 % H2/Ar.  
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Fig. 4.9 Calibration plot of sensor with pulsed electrodeposited Pt on gas diffusion layer 
using aqueous electrolyte at different RH 60-80 % 

The effect of temperature on the sensor performance is illustrated in Fig. 4.10. The plot 

reveals that the variation of temperature from 293-313 K does not affect the sensor signal 

significantly and the error is less than 7 %.  
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Fig. 4.10 Sensor with pulsed electrodeposited Pt on gas diffusion layer using aqueous 
electrolyte response behaviour of 1% H2/Ar at five different temperatures (293-313 K)  
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Fig. 4.11 Sensor with pulsed electrodeposited Pt on gas diffusion layer using aqueous 
electrolyte (a) Signal stability of 4% H2/Ar and (b) Long-term stability  
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Stability of sensor with PED/Pt/GDL/AQ signal for 4 % H2/Ar is shown in Fig. 4.11 (a). The 

sensor signal is found to be stable over a significant period (12 h). Fig. 4.11 (b) shows the 

long-term stability of the sensor for a period of four weeks. Generally, the catalyst 

agglomeration and less adhesion on the substrate are the main cause for catalyst degradation. 

Pt particles deposited are well separated from each other in PED when compared to the 

constant potential deposition and hence the probability of getting agglomerated is less in the 

case of PED. Pulse electrodeposition can produce finer particles with homogenous 

distribution over the substrate with better adhesion than the constant potential deposition.  

The good adhesion of pulsed electrodeposited sample contributes to the high 

stability/durability of the deposit. One can obtain improved adhesion using pulsed 

electrodeposition (PED) method compared to the constant potential deposition due to higher 

instantaneous current density achieved during PED. In PED, the potential is turned off (toff) 

periodically so that the ions near the interface will be discharged to an extent and this allows 

the easier passage of ions during the time of deposition (ton) which, gives higher current 

efficiency whereas constant potential deposition leads to the growth of charged layer till the 

duration of deposition eventually decreases the current efficiency of deposition.  

Extensive investigations on hydrogen sensors with brush coated Pt, electrodeposited Pt and 

pulsed electrodeposited Pt on GDL revealed that sensor with pulsed electrodeposited 

electrodes exhibited better sensitivity and stability. The sensor also displayed less flow rate 

dependency compared to the previously reported sensors 44, 88, 181. Improved response 

behaviour of hydrogen sensor with pulsed electrodeposited electrodes is attributed to the 

higher electrochemical active area and lower charge transfer resistance.  
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4.3.2.2 Hydrogen sensing behaviour of sensors with electrodeposited Pt/GDL and pulsed 

electrodeposited Pt/GDL using [C4mim][BF4] as electrolyte 

Response behaviour and repeatability of 4 % H2/Ar sensor with ED/Pt/GDL/[C4mim][BF4]  

sensor are shown in Fig. 4.12 (a) and Fig. 4.12 (b), respectively. The sensor responds to each 

concentrations of H2/Ar and attains the steady state. The sensor retraces to the baseline 

immediately when the flow was cut off. Thus, it indicates that the sensor senses H2/Ar with 

stable response and recovery of the signal. Response and repeatability of 4 % H2/Ar sensor 

with PED/Pt/GDL/[C4mim][BF4]  are shown in Fig. 4.13 (a) and Fig. 4.13 (b), respectively.   
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Fig. 4.12 Sensor with electrodeposited Pt on gas diffusion layer using [C4mim][BF4] 

ionic liquid electrolyte (a) response behaviour and (b) repeatability for response of 4 % 
H2/Ar  
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Fig. 4.13 Sensor with pulsed electrodeposited Pt on gas diffusion layer using 
[C4mim][BF4] ionic liquid electrolyte (a) response behaviour and (b) repeatability for 

response of 4 % H2/Ar  
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The average value was taken for each concentration from the response curve of the sensors. 

The resulting current is plotted against the concentration of hydrogen. The calibration plot of 

sensors shows that the current signal varies linearly with concentration. The sensitivity of the 

sensors is obtained from the slope of the plot. Sensitivities of ED/Pt/GDL/[C4mim][BF4]  

and PED/Pt/GDL/[C4mim][BF4]  sensors are found to be 65.6  and 77.7  

PED/Pt/GDL/[C4mim][BF4] sensor exhibited higher sensitivity than 

ED/Pt/GDL/[C4mim][BF4]  due to larger ECSA. Fig. 4.14 shows that both electrodeposited 

and pulsed electrodeposited samples exhibited a peak in the hydrogen desorption region. 

ECSA of ED/Pt/GDL/[C4mim][BF4]  and PED/Pt/GDL/[C4mim][BF4] was calculated in 

hydrogen desorption region (Table 4.5). Pulsed electrodeposited Pt has high ECSA compared 

to electrodeposited one and is due to the uniform distribution of particles on GDL in pulsed 

electrodeposited samples.  

 

Fig. 4.14 Cyclic voltammogram of sensors with electrodeposited and pulsed 
electrodeposited Pt on gas diffusion layer using [C4mim][BF4] ionic liquid electrolyte 

(Loading: 0.5 mg/cm2, scan rate: 200 mV/s)   
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The plot of response and recovery time of sensors with ED/Pt/GDL/[C4mim][BF4]  and 

PED/Pt/GDL/[C4mim][BF4]  vs. concentration of H2/Ar is shown in Fig. 4.15. From Table 

4.5, the response time (t90) of PED/Pt/GDL/IL sensor is observed to be much less than that of 

the ED/Pt/GDL/[C4mim][BF4]  sensor. This is because of high electrochemical active area of 

PED/Pt/GDL/[C4mim][BF4]  electrode as is evident from the FESEM image (Fig. 3.7). 

Table 4.5 Comparison of amperometric H2 sensing behaviour of electrodeposited and 

pulsed electrodeposited Pt on gas diffusion layer using [C4mim][BF4] ionic liquid 
electrolyte 

 

 

 

 

 

 

 

 

 

 

 

 

Sensor Potential limit used 
for integration of 
charge for ECSA 

(V) 

ECSA  
(m2/g) 

Response 
time (s) 

Sensitivity 

( ) 

Detection 
limit (%) 

Electrodeposited Pt 0.04 – 0.29 16 60-176 65.6 0.1593 

Pulsed 

electrodeposited Pt 

0.039 – 0.35 27 12-16 77.7 0.0381 
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Fig. 4.15 Response and recovery times of sensor with Pt deposited on gas diffusion layer 
using [C4mim][BF4] ionic liquid electrolyte  

Response and recovery times of the sensor directly depend on the catalytic surface area of the 

sensing electrode. Response and recovery times decrease with increase in concentration of 

H2/Ar 182
.  
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Fig. 4.16 Calibration plot of H2 sensors with five different loadings of Pt deposited on 
gas diffusion layer using [C4mim][BF4] ionic liquid electrolyte  (a) electrodeposited and 

(b) pulsed electrodeposited 

Fig. 4.16 (a) and Fig. 4.16 (b) indicate the calibration plot of sensors with different loadings 

of Pt on GDL of ED/Pt/GDL/[C4mim][BF4]   and PED/Pt/GDL/[C4mim][BF4]. Sensitivity 
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of sensor increases with Pt loading in both ED/Pt/GDL/[C4mim][BF4] and 

PED/Pt/GDL/[C4mim][BF4] sensors owing to the enhancement of active area when the 

loading increases. The improvement in sensitivity with loading of Pt is attributed to the 

particles are being distributed without any agglomeration even at the higher loading of Pt. 

 

Fig. 4.17 Long-term Stability sensors with electrodeposited and pulsed electrodeposited 
Pt at different loadings on gas diffusion layer using [C4mim][BF4] of ionic liquid 

electrolyte  

The long-term stability of the sensors was studied by recording the sensor signal for two 

weeks, and the plot is shown in Fig. 4.17. Improved sensor performance owing to the use of 

RTILs has been observed and reported in the literature 28, 74. 

Electrodeposition and pulsed electrodeposition of Pt from ionic liquid electrolyte furnishes 

higher electrochemical active area compared to that of Pt electrodeposited from aqueous 
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electrolyte. The use of RTIL in electrodeposition methods controls the morphology. 

Electrodeposition and pulsed electrodeposition via ionic liquid electrolytes give better 

adhesion of the catalyst onto the support. Thus, improves the three phase contacts between 

the reactant, electrode and electrolyte which ultimately influence the integrity of the catalyst 

on the support compared to aqueous electrolyte 28.  

4.3.3 Hydrogen sensing behaviour of sensors with pulsed electrodeposited Pd/GDL as 

sensing electrode 

Pd exhibits high sticking coefficient for H2 and is a promising catalyst for dissociation of H2. 

Hence, Pd was also attempted as electrocatalyst for H2 sensing. It is clear from our studies 

that response to hydrogen decreased significantly in the case of sensors with brush coated Pt 

and Pt electrodeposited using aqueous electrolyte. Similar behaviour was expected in the case 

of Pd and hence H2 sensors with electrodes having brush coated Pd and Pd electrodeposited 

using aqueous electrolyte were not investigated. Studies were carried out with pulsed 

electrodeposited Pd/GDL in aqueous electrolyte and electrodeposited Pd/GDL using ionic 

liquid electrolyte.   

4.3.3.1 Response behaviour of sensor with pulsed electrodeposited Pd/GDL using 

aqueous electrolyte  

Response behaviour of sensor with PED/Pd/GDL/AQ for H2/Ar in the concentration range 1-

5 % is shown in Fig. 4.18 (a). Fig. 4.18 (b) presents the repeatability of the sensor for 4 % 

H2/Ar. Fig. 4.18 (a) clearly indicates that response takes much longer time to reach the steady 

state. Similar behaviour is also seen from the repeatability plot (Fig. 4.18 (b)).  
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Fig. 4.18 Sensor with pulsed electrodeposited Pd on gas diffusion layer (a) response 
behaviour and (b) repeatability of 4 % H2/Ar  
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Response time for PED/Pd/GDL/AQ sensor is found to be very much higher than for 

PED/Pt/GDL/AQ and PED/Pt/GDL/[C4mim][BF4] sensors. Hence, irrespective of the 

method used for preparation of Pd electrocatalyst on GDL, the sensor in two electrode 

configuration takes much longer response time to achieve steady state. This is because of O2 

adsorbed on the surface of Pd. Hence, pristine Pd is not a recommended electrocatalyst for H2 

sensing in two electrode mode.  

4.3.3.2 Response behaviour of sensor with electrodeposited Pd/GDL using [C4mim][Cl] 

ionic liquid electrolyte as sensing electrode  

Cyclic voltammetry (CV) was carried out to find the optimum potential for sensing H2. CV 

was recorded from 0 to +1 V at the scan rate of 50 mV/s with Ar gas, as well as H2/Ar 

mixture at sensing electrode side (anode side) and the cathode side was exposed to air. The 

optimum potential for sensing H2 was determined from the voltammogram such that signal to 

baseline ratio is high. H2 sensing characteristics were tested in three electrode mode by 

applying the experimentally determined optimum potential of 0.8 V vs Pt wire at the working 

electrode. 
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Fig. 4.19 Response behaviour sensor with electrodeposited Pd on GDL using 

[C4mim][Cl] electrolyte  
Response behaviour of the sensor for various concentrations of H2/Ar was recorded in three 

electrode mode and is shown in Fig. 4.19.  
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Fig. 4.20 Response and recovery times of electrodeposited Pd on GDL using 
[C4mim][Cl] electrolyte based sensor 

Response (t90) and recovery time of the sensor for 1-5 % concentration of H2 is shown in Fig. 

4.20. From the plot, it is evident that response time of the sensor is in the range 22-26 s. 

Repeatability for 5% H2/Ar and the calibration plot of the sensor in the concentration range 1-

5% are shown in Fig. 4.21 (a) and Fig. 4.21 (b) respectively. The sensitivity of the sensor is 

0.011 A/%. The sensor shows linear response behaviour since the supply of H2 to the sensing 

electrode is a diffusion-limited process 175. The flow of H2 is diffusion limited because of the 

pin-hole barrier at the anode and it is the rate determining step for the reaction of H2 and O2. 

If the rate of oxidation of H2 is limited, then the change in current is directly proportional to 

concentration of H2. 
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Fig. 4.21 Sensor with electrodeposited Pd on gas diffusion layer using [C4mim][Cl] ionic 
liquid electrolyte (a) Repeatability for 5% H2/Ar and (b) Calibration plot 
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The sensitivity and response time of electrodeposited Pd on GDL is enhanced in three 

electrode mode operation owing to the application of potential which facilitates the faster rate 

of electrochemical reaction. Hence, Pd based amperometric H2 sensor could be very well 

operated in three electrode mode to get shorter response time and higher sensitivity.    

4.3.4 Hydrogen sensing behaviour of sensor with PtxPdy /GDL diffusion electrodes as 

sensing electrode 

It is clear from the studies carried out on H2 sensors in two electrode mode with diffusion 

electrodes having Pt and Pd as electrocatalyst that both Pt and Pd can serve as electrocatalyst 

but, have deficiencies with respect to sensitivity and response time. Hence, an attempt was 

made to develop H2 sensors with PtxPdy alloy as electrocatalyst.   

Cyclic voltammogram of sensors with PtxPdy alloy as electrocatalyst is shown in Fig. 4.22. 

PtxPdy alloys showed a peak in the hydrogen desorption region hence the ECSA was 

calculated in different potential limits and are indicated in Table 4.6. ECSA estimated for 

various alloy compositions (Pt54Pd46, Pt28Pd72 and Pt80Pd20) are shown in Table 4.6.  
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Fig. 4.22 Cyclic voltammogram of sensors with pulsed electrodeposited PtxPdy alloy 
electrocatalyst  

(Loading: 0.5 mg/cm2, scan rate: 200 mV/s)   

ECSA follows in the order Pt54Pd46 > Pt28Pd72 > Pt80Pd20. Hoa van Hien et al. 183 also reported 

higher ECSA for Pt51Pd49 deposited by chemical vapour deposition method in comparison to 

other combinations of alloys. It is observed highest ECSA for alloy composition of Pt54Pd46 

(33 m2/g). 
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Fig. 4.23 Hydrogen response behaviour of sensor with pulsed electrodeposited Pt28Pd72 

alloy electrodes 

The H2/Ar response behaviour of sensor with Pt28Pd72/GDL electrode is shown in Fig. 4.23. It 

is evident from the figure that limiting current is not attained for all the concentrations of 

H2/Ar. In Pd rich alloy, Pd forms oxide film on the surface which inhibits the chemisorptions 

of H2 
184. Hence Pd rich PtxPdy alloy does not attain steady state unless the oxide is removed 

and hence the sensor takes much longer time to establish the steady state. Even though the 

ECSA is higher for Pt28Pd72 sensor as indicated in Table 4.6, the oxide present at the surface 

limits the response time to an unacceptable level. Hence, the response behaviour of sensor 

with Pt28Pd72 was not investigated further. Fig. 4.24 indicates the response behaviour of 

H2/Ar in the case of sensors with diffusion electrodes having alloy electrocatalyst of 

composition Pt54Pd46, and Pt80Pd20. 
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Fig. 4.24 Response behaviour of sensors with pulsed electrodeposited PtxPdy alloy 
electrodes (a) Pt54Pd46 and (b) Pt80Pd20 
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Fig. 4.25 shows the calibration plot of sensors with pulsed electrodeposited Pt54Pd46, and 

Pt80Pd20 sensors. It can be inferred from the figure that sensor with Pt54Pd46 alloy has the 

highest sensitivity compared to pristine Pt and Pt80Pd20 electrode based sensors. The 

sensitivity gets enhanced with increase in Pd content in PtxPdy alloy but deteriorates when Pd 

content increases very significantly. Our experimental observations indicate that at 46 % of 

Pd in PtxPdy alloy improved the sensitivity and response time compared to pristine Pt. The 

higher sensitivity of Pt54Pd46 corresponds to higher ECSA value compared to the other alloy 

compositions as seen from Table 4.6. 

 

Fig. 4.25 Calibration plot of sensor with pulsed electrodeposited Pt54Pd46 and Pt80Pd20 
alloy electrodes 

Plot bearing the response and recovery time of Pt, Pt54Pd46, and Pt80Pd20 alloy sensors are 

shown in Fig. 4.26.  
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Fig. 4.26 Response and recovery times of sensors with pulsed electrodeposited PtxPdy 
alloy on gas diffusion layer  

Notably, the decrease in response and recovery time with respect to increasing concentration 

of H2 is due to the activation of more catalytic sites. The response time of the sensor is 

improved when the Pt content increases in PtxPdy alloy as observed from Table 4.6. Response 

and recovery time of Pt80Pd20 sensor achieves steady state faster than that of Pt54Pd46 sensor. 

Sensitivity and response time are dependent on the ECSA and the ratios of Pt and Pd 

respectively as indicated in Table 4.6. 
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Table 4.6 Hydrogen sensing characteristics of sensor with pulsed electrodeposited 
PtxPdy alloy diffusion electrodes 

sensor Potential limit 
used for 

integration of 
charge for ECSA 

(V) 

ECSA  
(m2/g) 

Sensitivity 
( %) 

Response 
 Time (s) 

Detection 
limit (%) 

Pt28Pd72 -0.072 – 0.27 17 - - - 

Pt54Pd46 0.019 – 0.33 51 228 34-99 0.0305 

Pt80Pd20 -0.075 – 0.31  12 78 1.5-6.24 0.0258 

 

Sensitivity and response time are found to better for PtxPdy alloy compared to the pristine Pt 

and Pd. Pd has high sticking coefficient towards H2 which leads to spontaneous adsorption of 

H2 and PdHx alters the electronic structure of Pt in alloy to favour the hydrogen oxidation 

reaction 158. Minimum detection limit of Pt54Pd46 and Pt80Pd20 alloys are shown in Table 4.6. 

Pt54Pd46 alloy sensor shows a detection limit of 0.0305 % H2/Ar and is found to be the 

minimum value compared to the other sensors. 
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Fig. 4.27 (a) Effect of RH and (b) flow rate on the sensor response for Pt54Pd46 alloy on 
gas diffusion layer based sensors 
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The repeatability, long-term stability, influence of relative humidity (RH) and flow rate effect 

on the sensor response was studied for Pt54Pd46 sensor since it has optimal response 

behaviour in comparison to other sensors. The sensor response of Pt54Pd46 sensor was studied 

at different RH to see the effect of RH on the sensor signal. Fig. 4.27 (a) indicates that a 

change of RH from 40 to 50 % has an impact on sensitivity which gets altered from 75 

to 70 Electrodeposition of electrocatalyst on GDL for the application in 

amperometric H2 sensor has an advantage with respect to flow rate dependence on sensor 

response. The effect of flow rate on the sensor response of Pt54Pd46 was studied and is shown 

in Fig. 4.27 (b).  



135 
 

 

Fig. 4.28 Sensor with pulsed electrodeposited Pt54Pd46 alloy on gas diffusion layer (a) 

repeatability of 5 % H2/Ar of Pt54Pd46 and (b) long-term stability for 5 % H2/Ar  
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Flow rate variation from 100 sccm to 200 sccm has altered the sensor signal from 1085 

to 1183  and the value is found to be well within the acceptable range. 

Repeatability and long-term stability of Pt54Pd46 sensor for 5 % H2/Ar are shown in Fig. 4.28 

(a) and (b). Standard deviation of sensor signal was calculated from the repeatability of 

sensor response for each concentration four times and the values are indicated in Table 4.7.  

Table 4.7 Response current with standard deviation of sensor with Pt54Pd46 alloy 
diffusion electrode 

 

Table 4.8 Sensor characteristics of Pt and PtxPdy alloy electrocatalysts on gas diffusion 
layer based electrodes with sensors reported in literature 

Sensing electrode Sensitivity 

(

Response 
time (s) 

ECSA 
(m2/g) 

PED/Pt/GDL/AQ 9.75 115-30 26 

PED/Pt/GDL/[C4mim][BF4] 77.7 12-16 29 

PED/Pt54Pd46/GDL/AQ 228 34-99 33 

PED/Pt80Pd20/GDL/AQ 78 1.5-6.24 16 

 

Table 4.8 compares the sensitivity and response time of Pt and Pt54Pd46 sensors. The diffusion 

electrodes for PEMHS prepared by PED method is found to give better sensitivity and 

response time than by electrodeposition and brush coating methods. PED method has better 

control over the particle size than the other deposition methods. On comparing the sensitivity 

Concentration of 
H2 (%) 

Current ( ) Standard 
deviation 

Response time (s) 

1 155.4 ±3.3 11 

2 333 ±2.4 18 

3 558 ±4.2 60 

4 789 ±9.6 66 

5 1056 ±3.6 49 
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and response time of Pt and Pt54Pd46 alloy, Pt54Pd46 alloy showed improved response time 

and higher sensitivity which is attributed to the high ECSA. The alloying of Pt with Pd 

reduces the expensive Pt and improves the sensitivity and response time. Alloying of Pt with 

Pd modifies the electronic structure of Pt that contributes to the better catalytic area in PtxPdy 

alloy.  The d-band centre of metal becomes low when it is alloyed with other metals and thus 

attribute to the optimum adsorption of hydrogen neither strong nor too weak. This may be the 

reason for the enhanced activity of PtxPdy over pristine Pt or Pd185.  

The sensitivity and response time of the PtxPdy was found to be better compared to the 

pristine Pt and Pd sensing electrodes. The equal proportions of Pt and Pd in PtxPdy alloy gives 

higher sensitivity owing to the higher ECSA value over the other compositions of Pt and Pd. 

Alloying of Pt with 20 % Pd gives short response time compared to the Pt54Pd46 and pristine 

Pt and Pd electrodes.  Higher or equal ratios of Pt in PtxPdy alloy are able to facilitate 

reaching the steady state in lesser time than the other ratios with lower concentration of Pt. In 

terms of optimal sensitivity and response time of pulsed electrodeposited PtxPdy alloy 

electrocatalyst, the order is Pt54Pd46> Pt IL≈ Pt80Pd20>Pt and Pt80Pd20< Pt IL <Pt <Pt54Pd46 

respectively. 

Table 4.9 compares the present amperometric H2 sensors with the sensors reported in 

literature. The sensitivity of the pulsed electrodeposited electrocatalyst based sensors is 

comparable with reported sensors. Pulsed electrodeposition or electrodeposition of 

electrocatalyst on GDL substrate reduces the effect of flow rate of H2 on the sensor response. 

GDL also facilitates better dispersion of catalyst enhancing electrocatalytic area. The effect 

of flow rate on the sensor response is not advisable in the field application. Lu et al. [38] and 

Sakthivel et al. [39] observed non-linearity in sensor response with increasing concentration of 

H2/Ar. Lu et al. reported that the sensor lose its linearity above 1.15 % due to excess water 

and heat generated by the reaction with increasing concentration of H2.  In the present sensor 
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this is prevented because of hydrophobicity incorporated into GDL by Teflonization. The 

sensitivity of these amperometric H2 sensors directly depends on the H2 flux at the sensing 

electrode which in turn depends on the pore size in the Teflon mechanical barrier. The flux of 

gas reaching the sensing electrode is minimized using small pore sized mechanical barrier 

such that the flux of H2 is reduced. The use of mechanical barrier with pin-hole is 

advantageous in sodium cleaning or cold trap regeneration since any sodium aerosol 

produced does not reach the sensing electrode. Due to smaller pore size, the sensitivity of the 

sensor is lesser in the present sensor in comparison to similar sensors reported in the 

literature. The dynamic range of the present sensor is from ppm to percentage level with a 

minimum detection limit of ~ 300 ppm of Pt54Pd46/GDL based sensor.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 
 

Table 4.9 Comparison of present amperometric H2 sensor performances with sensors 
reported in literature 

Electrocatalyst  loading 
(mg/cm2) 

Preparation 
method 

Concentration 
range (ppm) 

Response 
time (s) 

Sensitivity 
(μA/ppm) 

Ref. 

Pt/Nafion 4.99 IR method by 

NaBH4 

0-4508 120-180 0.0744 90 

Pt/C/Nafion 3 HP-Method 1260-5250 100-500 0.716 42 

Pt/Nafion 3 IR method by 
HCOOH 

560-11,500 20–50 0.017 44 

Pt/Nafion 3.05 IR method  
by NaBH4 

1-100000 10–50 0.01 

 

88 

Pt/Nafion N.A. Screen 

printing 

50-20000 35-60 0.0022 43 

PtxPdy/Nafion N.A. TT-method 100-1000 24 to 37 1.62 45 

Pt- 

MWNT/Nafion 

1 Decal 

Transfer 

100-1000 33 3.60 92 

Ag/Pt-MWNT 1.1 CR by 

NaBH4 

5–1000 180 1.1 93 

Pt54Pd46/GDL 0.5 PED 0-50000 34-99 0.022 Present 

sensor 

Pt80Pd20/GDL 0.5 PED 0-50000 1.5-6.24 0.005 Present 

sensor 
Note: Electrodeposition-ED, pulsed electrodeposition-PED, IR- Impregnation-Reduction, TT- Takenata–

Torikai, CR- Chemical reduction, HP- Hot pressed 

 

Huber et al.12 report on “Response time measurement of hydrogen sensors" showed a 

maximum response time  (t90) of 57 ± 8 s for CAT sensor  and a minimum response time of 

2.8 ± 0.2 s (Table 4.10).  
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Table 4.10: Response time reported in Huber et al.12 document 

Sensor Type Response time 

TC 2.8±0.2 

MIS-FET 3.4±0.3 

MOS I 4.8±0.3 

MOS II 23.1±0.2 

CAT 57±8 

  

Table 4.11: Response time reported in the present thesis 

Sensing electrode mode of operation 

two/three electrode mode 

Response time 

(s) 

PED/Pt/GDL/AQ Two 115-30 

PED/Pt/GDL/[C4mim][BF4] Two 12-16 

PED/Pt54Pd46/GDL/AQ Two 34-99 

PED/Pt80Pd20/GDL/AQ Two 1.5-6.24 

ED/Pd/GDL/[C4mim][Cl] Three 22-26 

 

The response time of sensors with PED/Pt/GDL/[C4mim][BF4], PED/Pt80Pd20/GDL/AQ and 

ED/Pd/GDL/[C4mim][Cl] reported in the present study is comparable with Hubert et al.12 

except the sensors with PED/Pt/GDL/AQ and PED/Pt54Pd46/GDL/AQ. Three electrode mode 

of operation (Table 4.11) was found to give shorter response time and hence future studies of 

sensor with PED/Pt/GDL/AQ and PED/Pt54Pd46/GDL/AQ in three electrode mode has to be 

carried out for improving the response time of sensors. 

4.4 Conclusions 

Pt, Pd and PtxPdy alloy diffusion electrodes were prepared by electrodeposition methods and 

used for development of PEM fuel cell based amperometric H2 sensor. The amperometric H2 

sensor performance of pulsed electrodeposited Pt using ionic liquid electrolyte showed a 

better sensitivity than aqueous electrolyte due to the better control of particle size and also 
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owing to the improved adhesion of the electrocatalysts since H2 evolution was avoided during 

electrodeposition. Sensor with Pd diffusion electrode in two electrode mode exhibited higher 

response time to reach the steady state but, in three electrode mode operation of sensor gave 

much higher sensitivity and short response time over two electrode mode. Hence, sensor with 

Pd diffusion electrode needs to be operated in three electrode mode for achieving the steady 

state with short response time. Sensor having diffusion electrode with PtxPdy alloy of 

composition Pt54Pd46 in two electrode mode gave better response behaviour for H2 in Ar 

compared to pristine Pt in two electrode mode. The alloy also reduced the expensive Pt 

content in electrode by nearly 50 %. The sensing behaviour also showed that the flow rate 

dependency gets greatly reduced due to the use of diffusion electrodes for electrocatalyst 

deposition for sensor application. By adopting electrodeposition method for sensor 

application was greatly reduced the catalyst loading to 0.5 mg/cm2 and also avoided the 

catalyst wastage in the present study compared to the conventional method used for 

depositing the electrocatalysts. The developed PEMHS is intended to be used in monitoring 

hydrogen concentrations during sodium cleaning and cold trap regeneration applications in 

fast reactor technology.  For these applications, the response time of 60 seconds is sufficient 

since the hydrogen concentration is measured in an inert ambient. For these applications, the 

sensor is used along with the commercial sensor for redundancy. The commercial sensor 

(NUCON H2 sensor using Citi-Tech (UK) sensor transducer) used for these applications has a 

response time of about 90 seconds. The sensor presently developed is having shorter response 

time than the mentioned commercial sensor.  
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Chapter 5 

Deposition, characterization and application of pulsed electrodeposited 
PtxPdy alloy based gas diffusion electrodes in PEMFC 

5.1 Introduction 

Proton exchange membrane fuel cell (PEMFC) is an emerging energy convertor for 

sustainable development186-189. Commercial application of PEMFC is challenging due to the 

high cost of electrocatalyst used. Platinum is the commonly used electrocatalyst for hydrogen 

oxidation (HOR) and oxygen reduction reactions (ORR). The rate of ORR is six times slower 

compared to HOR190, 191. Hence, the loading of Pt required is higher at cathode than at anode. 

Though Pt is the outperforming catalyst for ORR in PEMFC, cost and stability of the catalyst 

are the major limitations for commercialization in a large-scale. The adsorption of hydrogen 

and oxygen on metal surface is mainly depending on its electronic structure. The interaction 

of metal d-band with H2, hybridizes to form bonding (d-σ) and anti-bonding (d-σ)* orbitals. 

This model seems to be reasonable for ORR also with reference to Stamenkovic et al.192. The 

metals used in HOR and ORR has filled (d-σ) orbital and the extent of filling (d-σ)* decides 

the catalytic activity of the electrocatalyst. An increased filling of anti-bonding orbital leads 

to weaker binding of metal with adsorbate and this filling is determined by the location of d-

band centre. Higher the d-band centre stronger is the binding between metal and adsorbate if 

the d-band centre is low weaker is the binding (vice-versa). Platinum binds too strongly with 

oxygen due to high d-band centre. Alloying Pt introduces an irregularity in the Pt lattice 

eventually leads to the neither too weak nor too strong binding with oxygen. Thus, facilitates 

better adsorption kinetics for ORR193. Hence, to improve the stability of the catalyst without 

compromising the catalytic activity for ORR, Pt has been alloyed with other metals. Alloying 

of Pt is commonly accepted owing to the desired change of electronic structure and surface 

effects 158, 194. Pd is the next active metal to Pt for ORR since it has similar lattice structure as 
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Pt and also economical. Guo et al. 195 observed that alloying of Pt with Pd significantly 

enhanced the morphology of Pt-Pd alloy. 

Many methods have been adopted for the deposition of PtxPdy alloy for the application in 

PEMFC. They include chemical reduction of electrocatalyst precursors using ethylene glycol, 

formic acid 196, NaBH4 as reducing agents 197, surfactant assisted synthesis 198, 

electrodeposition 199, one-step dealloying 200 and pulsed electrodeposition (PED) 49, 201, 202. 

PED method has advantages like easy fabrication, low cost, high purity and better control of 

microstructure when compared to other conventional methods201.       

Herein, studies were carried out on pulse electrodeposition of PtxPdy alloy on gas diffusion 

layer (GDL) in three different ratios of Pt and Pd for the first time for fuel cell application. 

PED method plays an important role for controlling the particle size of the deposit. This 

method makes the electrode fabrication easier and allows us to achieve high surface area for 

the electrochemical reactions with minimum loading of the catalyst.  

5.2 Experimental 

Gas diffusion electrodes were made by pulsed electrodeposition of electrocatalysts on GDL 

for application in PEM fuel cell. Electrocatalysts used in the present investigation comprises 

of Pt and PtxPdy alloy and deposition was also carried out by brush coating of Pt/C 

commercial electrocatalyst on GDL for purpose of comparison. 

5.2.1 Pulsed electrodeposition of PtxPdy alloy electrocatalysts on gas diffusion layer  

Pulsed electrodeposition of Pt and PtxPdy alloy electrocatalyst was conducted on Nafion 

impregnated GDL in three electrode configuration with constant stirring. GDL on which 

electrocatalyst is to be deposited was made as working electrode and brush coated Pt/C 

catalyst on GDL was used as counter electrode. Saturated calomel electrode was chosen as 

reference electrode for the electrodeposition. Electrodeposition of pristine Pt on GDL was 
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carried out using 3 mM of K2PtCl6 in 0.5 M H2SO4. Three different compositions of PdCl2 

and K2PtCl6 in 0.5 M H2SO4 was taken to deposit PtxPdy alloys of three different 

compositions. The concentrations of electrolytes used for deposition are given in Table 5.1.  

Table 5.1 Electrolyte concentrations used for pulsed electrodeposition of PtxPdy alloy on 

gas diffusion layer  

Concentration of K2PtCl6 
(mM) 

Concentration of PdCl2 
(mM) 

3 mM PdCl2  1 mM K2PtCl6 

3 mM PdCl2 3 mM K2PtCl6 

1 mM PdCl2 3 mM K2PtCl6 

 

Pulsed electrodeposition of Pt and PtxPdy alloy on GDL was carried out at pulse potentials of 

EL (lower potential) = 0 V, EU (upper potential) = -0.8 V. In order to choose the optimum 

pulse width for deposition, pulsed electrodeposition of Pt was studied by carrying out 

deposition at four different pulse widths such as ton = 0.2 ms, 2 ms, 20 ms and 200 ms. The 

toff was kept at 20 ms in all the cases. Pulsed electrodeposition of PtxPdy alloy on GDL was 

carried out at a pulse width of ton= 0.2 ms, toff = 20 ms. Duration of deposition was 

maintained until similar loadings (0.05 mg/cm2) of Pt were obtained for the electrodes to be 

used as anode. Duration of deposition for preparing Pt and PtxPdy alloy for cathode diffusion 

electrodes were maintained until the loading was found to be at 0.1 mg/cm2. Thereafter, the 

prepared samples were washed with acetone and dried.  

5.2.2 Characterization of Pt and PtxPdy alloy based gas diffusion electrodes 

Pulsed electrodeposited Pt, and PtxPdy alloy based diffusion electrodes were characterized for 

their morphology, elemental compositions, crystal structure and particle size by FESEM, 

EDAX, GIXRD and HRTEM. Chemical compositions of PtxPdy alloy was analysed by ICP-

MS. Samples for ICP-MS analysis were prepared by dissolving the pulsed electrodeposited 
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PtxPdy alloy in aqua regia. Scherrer’s formula was employed to calculate the crystallite size 

of the deposits. Alloy formation of PtxPdy was confirmed by HRTEM analysis and sample for 

analysis was prepared by sonicating PtxPdy/GDL in methanol and drop casted the solution on 

copper grid. Details of the instruments used are provided in chapter 2.   

5.2.3 Preparation of membrane electrode assembly  

Membrane electrode assemblies (MEAs) for use in fuel cells were prepared by hot-pressing 

the anode and cathode diffusion electrodes onto the Nafion membrane (212 R) at 393 K, 50 

bar pressure for 120 s. Fig. 5.1 indicates MEA with an electrode areas of 5 cm2 and 25 cm2.  

 

 

Fig. 5.1 Membrane electrode assemblies of PEM fuel cell with 5 cm2
 and 25 cm2 

electrode area  

MEAs were made using diffusion electrodes with pulsed electrodeposited Pt on GDL at four 

different pulse widths as cathode with a loading of 0.1 mg/cm2. Diffusion electrodes with 

pulsed electrodeposited Pt on GDL at a fixed pulse width of 0.2 ms with a loading of 0.05 

mg/cm2 were used as anode. These MEAs were assembled in fuel cell set-up to study the 

effect of pulse widths of Pt deposition on the electrochemical active area and charge transfer 

resistance of the cell. Details of the sub assemblies are presented in Table 5.2. 
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The fuel cell performance of Pt and PtxPdy alloy electrodes were studied by making MEA 

with pulsed electrodeposited PtxPdy alloys and pristine Pt at 0.2 ms pulse width on GDL as 

cathodes and pulsed electrodeposited Pt diffusion electrodes as anode. The loading of Pt and 

PtxPdy alloy on GDL at cathode side was maintained at 0.1 mg/cm2 and that of anode at 0.05 

mg/cm2 as indicated in Table 5.3. For comparison purposes MEA was also made with 

commercial Pt/C electrocatalyst with a loading of 0.1 mg/cm2 at cathode and 0.05 mg/cm2 at 

anode.  

Table 5.2 Loading of electrocatalyst and pulse width used for pulsed electrodeposition 

of Pt on gas diffusion layer as anode and cathode 

                          Cathode electrocatalyst  Anode electrocatalyst 

Catalyst Loading 

(mg/cm2) 

Pulse width 

(ms) 

Catalyst loading 

(mg/cm2) 

Pulse width 

 (ms) 

Pt 0.1 0.2 Pt 0.05 0.2 

Pt 0.1 2 Pt 0.05 0.2 

Pt 0.1 20 Pt 0.05 0.2 

Pt 0.1 200 Pt 0.05 0.2 

 

Table 5.3 Loading of electrocatalyst and pulse width used for pulsed electrodeposition 
of PtxPdy alloy on gas diffusion layer as cathode and for pulsed electrodeposition of Pt 
on gas diffusion layer as anode   

Cathode electrocatalyst  Anode electrocatalyst 

Catalyst Loading 
(mg/cm2) 

Pulse width 
  (ms) 

Catalyst Loading 
(mg/cm2) 

Pulse width 
(ms) 

Pt28Pd72 0.1 0.2 Pt 0.05 0.2 

Pt51Pd49 0.1 0.2 Pt 0.05 0.2 

Pt81Pd19 0.1 0.2 Pt 0.05 0.2 
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5.2.4 Assembly of proton exchange membrane fuel cell 

The PEM fuel cell consists of components like end plates, mono-polar plates (graphite), 

current collectors, gas diffusion electrodes (GDEs), etc. are shown in Fig. 5.2 (a). MEA is 

formed by sandwiching the Nafion memberane (Nafion 212R) between anode and cathode 

gas diffusion electrodes at 393 K, 50 bar pressure for 120 s. The assembly of PEM fuel cell 

(Fig. 5.2 (b)) is made by placing the MEA between two monopolar plates for the supply of 

gas followed by gold coated (5 m) copper plate used as current collectors on both sides. The 

assembly is finally enclosed by two stainless steel end plates with provision for gas inlet and 

outlet. After assembling the cell, uniform torque of 5 Nm was applied for tightening the cell. 

Across leak was tested by passing argon at anode and checking the leak at cathode. Gas leak 

tightness of fuel cells was ensured prior to the testing. Totally six cells were made, five cells 

with an area of 5 cm2 and one with 25 cm2 electrode area. Further details of diffusion 

electrodes are shown in Table 5.4.  

 

Fig. 5.2 (a) Components of proton exchange membrane fuel cell and (b) Assembly of 
proton exchange membrane fuel cell  
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Table 5.4 PEM fuel cells assembled and tested  

Cathode electrocatalyst Anode electrocatalyst Area 

Catalyst Loading 
(mg/cm2) 

Pulse width 
(ms) 

Catalyst Pulse 
width 
(ms) 

loading 
(mg/cm2) 

(cm2) 

Pt 0.1 0.2 Pt 0.2 0.05 5  

Pt28Pd72 0.1 0.2 Pt 0.2 0.05 5 

Pt51Pd49 0.1 0.2 Pt 0.2 0.05 5 

Pt81Pd19 0.1 0.2 Pt 0.2 0.05 5 

Pt/C 

commercial 

0.1 - Pt/C 

commercial 

- 0.05 5 

Pt51Pd49 0.1 0.2 Pt 0.2 0.05 25 

 

5.2.5 Electrochemical characterizations of membrane electrode assembly 

MEAs (5 cm2) assembled in standard fuel cell configuration were characterized for 

electrochemical active surface area by cyclic voltammetry. Hydrogen adsorption - desorption 

voltammetric studies were carried out in-situ using the fuel cell set up at scan rate of 50 mV/s 

in the potential range 0 to 1 V. Impedance spectra were recorded for all the cells under 

operating condition with H2 at anode side and O2 at the cathode side using the real time 

impedance measurement option available in fuel cell test station. Measurements were carried 

out in the frequency range of 1 kHz to 10 mHz under an applied potential of 10 mV. 

Polarizing potential of 0.5 V was applied and the discharge current of 1 A/cm2 was observed.  

5.2.6 Performance evaluation of fuel cell 

Fuel cell performance was ascertained for six MEAs shown in Table 5.4 under the following 

conditions: cell temperature; 323 K, humidification temperature; 313 K and line temperature; 

323 K. The flow rates of H2 at anode and O2 at cathode were maintained at 100 sccm and 200 

sccm respectively. The fuel cell test station with assembled fuel cell is shown in Fig. 5.3. The 
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fuel cell catalysts were activated by keeping the discharge potential of fuel cell at 0.5 V for 4 

h with H2 flow maintained at anode side and O2 at cathode side. Thereafter, the current-

voltage polarization curve was recorded in the potential range from open circuit potential to 

0.3 V at the scan rate of 50 mV/s. Fuel cell discharge at constant potential (0.5V) was also 

studied to ascertain the stability of the cells.  

 

Fig. 5.3 Fuel cell set up with test station 

5.3 Results and discussions  

5.3.1 Physicochemical characterizations of Pt and PtxPdy alloy on gas diffusion layer 

The chemical composition of deposited PtxPdy alloy in gas diffusion electrodes was 

dependent on the concentrations of Pt and Pd in electrolyte solutions used for pulsed 

electrodeposition.  ICP-MS analysis of stripped out PtxPdy on diffusion electrodes indicated 

Pt/ Pd ratios as Pt1Pd3, Pt1Pd1 and Pt4Pd1 for the electrolyte concentrations of 3 mM PdCl2 + 

1 mM K2PtCl6, 3 mM PdCl2 + 3 mM K2PtCl6   and 1 mM PdCl2 + 3 mM K2PtCl6 

respectively. The ratios of Pt and Pd in PtxPdy alloys were also confirmed by EDAX and are 

found to be similar to that obtained by ICP-MS analysis. EDAX analysis of PtxPdy showed 
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compositions of Pt28Pd72, Pt51Pd49 and Pt81Pd19 (Fig 5.4). EDAX analysis indicated 0.8 % of 

chloride in Pt81Pd19 sample and was removed by washing thoroughly with acetone prior to 

other characterizations.  

 

Fig. 5.4 Energy dispersive X-ray analysis of pulsed electrodeposited PtxPdy alloy on gas 
diffusion layer (a) Pt28Pd72, (b) Pt51Pd49 and (c) Pt81Pd19 
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Field emission scanning electron microscope images of pulsed electrodeposited Pt on GDL at 

various pulse widths are shown in Fig. 5.5. Spherical particles and particle size is getting 

reduced with decreasing pulse width. Hence, Pt, Pd and PtxPdy alloy based diffusion 

electrodes were prepared at a pulse width of 0.2 ms to obtain higher electrocatalytic area for 

fuel cell application.  

 

Fig. 5.5 Field emission scanning electron microscope images of pulsed electrodeposited 
Pt on gas diffusion layer at different pulse widths of (a) 200 ms, (b) 20 ms, (c) 2 ms and 

(d) 0.2 ms 

FESEM images of pulsed electrodeposited PtxPdy alloys exhibited spherical particles with 

uniform coverage over GDL (Fig. 5.6). Chapter 3 (Fig. 3.17) indicated that EDAX mapping 

of Pt54Pd46 alloy showed uniform distribution of Pt and Pd over the surface of GDL prepared 

by pulsed electrodeposition method.    
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Fig. 5.6 FESEM images of pulsed electrodeposited PtxPdy alloys on gas diffusion layer at 
0.2 ms pulse width (a) Pt28Pd72, (b) Pt51Pd49 and (c) Pt81Pd19  

Grazing incidence X-ray diffraction pattern of Pt, Pt81Pd19, Pt51Pd49 and Pt28Pd72 are shown in 

Fig. 5.7. GIXRD patterns of all the deposited electrocatalysts exhibit peaks at 39.32°, 45.71°, 

66.9° and their corresponding planes are (111), (200) and (220) (JCPDS card no. 7440.05.3). 

This confirms that PtxPdy has fcc crystal structure. 

 

Fig. 5.7 Grazing incidence X-ray diffraction pattern of Pt, Pd and PtxPdy alloy: (a) Pt 
(b) Pt81Pd19 (c) Pt51Pd49 (d) Pt28Pd72 
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The slight shift in 2 value and also change in lattice parameter is observed for PtxPdy alloy 

compared to pure Pt which is an indication of the presence of alloy. 2 value corresponding 

to (111) plane and lattice parameters of Pt and PtxPdy alloy are shown in Table 5.5. Crystallite 

sizes of pulsed electrodeposited Pt and PtxPdy alloy on GDL for (111) are shown in Table 5.5 

and the sizes are found to be between 2.55 and 3.64 nm.      

Table 5.5 Bragg angle, lattice parameter and crystallite sizes of pulsed electrodeposited 

Pt28Pd72, Pt51Pd49 and Pt81Pd19 on gas diffusion layer   

PtxPdy alloy Angle (2   

 

Lattice 
parameter 

(nm) (111) 

Lattice 
parameter 

(nm) (200) 

Lattice 
parameter 

(nm) (220) 

Crystallite 
size (d) (nm)  

Pt 39.32±0.004 0.393 0.393 0.392 3.64±0.12 

Pt28Pd72 39.27±0.002 0.396 0.393 0.392 3.00±0.21 

Pt51Pd49 39.17±0.005 0.393 0.396 0.394 2.96±0.19 

Pt81Pd19 39.31±0.008 0.394 0.395 0.393 2.55±0.12 

 

TEM images of representative Pt51Pd49 alloy were recorded. Fig. 5.8 (a, and b) shows the 

TEM images with an average particle size of 4.6 nm as revealed from histogram (Fig 5.8 (f)). 

The high magnification HRTEM images indicate that the particles are spherical and well 

distributed (Fig. 5.8 (c)). Fig. 5.8 (d) shows lattice spacing of 0.229 nm in between the lattice 

spacing of pure Pt (0.23 nm with (111) lattice plane) 203 and Pd (0.224 nm with (111) lattice 

plane) 204. The ring pattern shown (Fig.5.8 (e)) by selected area electron diffraction (SAED) 

indicating that pulsed electrodeposited Pt51Pd49 alloy on GDL is polycrystalline in nature 

(JCPDS No. 04-001-0001).  
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Fig. 5.8 (a) TEM image, (b) to (d) HRTEM images, (e) SAED pattern and (f) particle 
size distribution    

5.3.2 Electrochemical characterizations of membrane electrode assemblies 

In order to understand the effect of pulse width on the catalytic area of Pt deposited on GDL, 

deposition was carried out at different pulse widths. Cyclic voltammogram of pulsed 

electrodeposited Pt at different pulse width is shown in Fig. 5.9 (a). ECSA was calculated 

using eq. (4.2) (section 4.2.4) by substituting the integrated charge. ECSA increases with 

decreasing pulse width (Fig. 5.9 (b)) due to lesser agglomeration and reduced particle size at 

lower pulse width. This aspect is further confirmed by FESEM images (Fig. 5.5). ECSA 

increases in the order 200 ms <20 ms <2 ms <0.2 ms (Table 5.6). Electrochemical impedance 

studies of pulsed electrodeposited Pt based gas diffusion electrodes at different pulse widths 

further substantiates the enhanced electrochemical activity with decreasing pulse width.  
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Fig. 5.9 (a) Cyclic voltammogram of pulsed electrodeposited Pt on gas diffusion layer at 
various pulse widths (Loading: 0.1 mg/cm2, scan rate: 200 mV/s) and (b) Plot of ECSA 

vs pulse width 
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Table 5.6 Electrochemical surface area of pulsed electrodeposited Pt on GDL at various 
pulse widths 

Pulsed electrodeposited Pt 
on GDL at various pulse 

widths 

Potential limit used for 
integration of charge for 

ECSA (V) 

ECSA (m2/g) 

200 ms 0.119 - 0.34 24 

20 ms 0.001 - 0.25 30 

2 ms -0.052 - 0.27 45 

0.2 ms 0.040 – 0.39 98 

 

The impedance spectra shown in Fig. 5.10 and Fig. 5.11 indicated a semicircle with two 

characteristic features: (i) a high frequency intercept on the real axis corresponding to total 

ohmic resistance, electrolyte resistance of single cell and (ii) a single elongated semicircle, 

the diameter of which is ascribed to the charge transfer resistance, pulsed electrodeposited 

cathode electrocatalysts. The impedance spectra are fitted with resistor and non-ideal 

capacitor in parallel combination and their equivalent circuits are displayed in Fig. 5.10 and 

Fig. 5.11 as insets. It can be seen from both Fig. 5.10 and Fig. 5.11 that, electrolyte resistance 

of the cells are not varying much with the electrocatalysts representing minimal effect of 

electrocatalysts on the electrolyte resistance of the fuel cell. On the other hand, charge 

transfer resistance changes significantly for different pulsed electrodeposited Pt and PtxPdy 

alloy electrocatalysts. It is an important parameter, since it can give a direct correlation with 

the ORR kinetics; a low value indicates a high catalytic activity. The estimated charge 

transfer resistance of pulsed electrodeposited Pt at various pulse widths and PtxPdy alloy 

electrocatalysts on GDL follows the decreasing order: 200 ms>20 ms> 2 ms> 0.2 ms and 

Pt28Pd72 >Pt/C>Pt81Pd19>Pt51Pd49 respectively (Table 5.7 and Table 5.8). Low charge transfer 

resistance of pulsed electrodeposited Pt at a pulse width of 0.2 ms and pulsed 

electrodeposited Pt51Pd49 are expected to give higher electrocatalytic activity for ORR. 
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Fig. 5.10 Impedance spectrum of fuel cell with pulsed electrodeposited Pt diffusion 
electrode at different pulse widths as cathode and pulsed electrodeposited Pt at 0.2 ms 

as anode (R1 - Ohmic resistance, R2 - Charge transfer resistance and Q1 - Non-ideal 

capacitance)

Table 5.7 Electrochemical impedance of pulsed electrodeposited Pt diffusion electrode 
at different pulse widths  

Pulsed electrodeposited 
Pt at a pulse width (ms) 

Ohmic 
resistance 
(R1) (Ω) 

Charge transfer 
resistance 
(R2) (Ω) 

Non-ideal 
capacitance 

(Q1) (F) 

0.2 0.019 0.060 0.067 

2 0.019 0.064 0.093 

20 0.019 0.190 0.095 

200 0.019 0.237 0.100 
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Fig. 5.11 Electrochemical impedance spectrum of Pt/C commercial catalyst and pulsed 
electrodeposited PtxPdy alloy electrocatalysts on gas diffusion layer (R1 - Ohmic 

resistance, R2 - Charge transfer resistance and Q1 - Non-ideal capacitance)  

Table 5.8 Electrochemical impedance of Pt/C commercial catalyst and pulsed 
electrodeposited PtxPdy alloy electrocatalysts on gas diffusion layer  

Electrocatalysts Ohmic resistance 
(R1) (Ω) 

Charge transfer 
resistance 

(R2) (Ω) 

Non-ideal 
capacitance 

(Q1) (F) 

Pt/C 0.018 0.086 0.029 

Pt51Pd49 0.018 0.046 0.057 

Pt81Pd19 0.018 0.050 0.062 

Pt28Pd72 0.018 0.1063 0.180 
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Cyclic voltammogram of brush coated and pulsed electrodeposited PtxPdy alloy electrodes are 

shown in Fig. 5.12. ECSA values were calculated from the integrated charge in different 

potential limits as indicated by Table 5.9. ECSA values of electrocatalysts are shown in Table 

5.9 and is in the order Pt51Pd49> Pt81Pd19> Pt/C> Pt28Pd72. 

Table 5.9 Electrochemical surface area of brush coated Pt/C/GDL and pulsed 

electrodeposited PtxPdy on GDL  

Pulsed electrodeposited 
Pt/C and PtxPdy alloy on 

GDL  

Potential limit used for 
integration of charge for 

ECSA (V) 

ECSA (m2/g) 

Pt28Pd72 -0.05 – 0.30 38 

Pt51Pd49 -0.068 – 0.30 101 

Pt/C -0.075 – 0.226 62 

Pt81Pd19   0.031 – 0.32 55 

 

 

Fig. 5.12 Cyclic voltammogram of Pt/C commercial catalyst and pulsed electrodeposited 
PtxPdy alloy electrocatalysts on gas diffusion layer (Loading: 0.1 mg/cm2 scan rate: 200 

mV/s)  
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5.3.3 Performance evaluation of fuel cells assembled with catalyst deposited diffusion 

electrodes 

Electrochemical active area and charge transfer resistance of diffusion electrodes indicated 

that pulsed electrodeposited Pt and PtxPdy alloys on GDL at 0.2 ms exhibited maximum 

electrochemical active area and minimum Rct. Hence, fuel cell performance was evaluated for 

diffusion electrodes with pulsed electrodeposited Pt and PtxPy alloys deposited at 0.2 ms pulse 

width (used as cathode electrocatalysts). Pulsed electrodeposited Pt on GDL at 0.2 ms pulse 

width was used as anode for all the cells used in the study.   

Proton exchange membrane fuel cell performance for diffusion electrode with brush coated 

Pt/C on GDL and pulsed electrodeposited PtxPdy alloy electrocatalysts on GDL are shown in 

Fig. 5.13. Pulsed electrodeposited Pt51Pd49 alloy on GDL is found to have higher power 

density over other compositions of PtxPdy alloy catalyst and Pt/C commercial catalyst. The 

fuel cell performance of pulsed electrodeposited Pt51Pd49 alloy (loading of Pt – 0.05 mg/cm2) 

electrocatalyst is comparable with that of pulsed electrodeposited Pt (Fig. 5.13) (0.1 mg/cm2). 

This is attributed to high ECSA (Table 5.9) and low Rct values (Table 5.8) of Pt51Pd49 alloy.  

Current density vs time plot at 0.5 V is shown in Fig. 5.14.  
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Fig. 5.13 Proton exchange membrane fuel cell performance of pulsed electrodeposited 
PtxPdy alloy electrocatalysts on gas diffusion layer (5 cm2) (a) current density vs E and 

(b) current density vs power density 
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Fig. 5.14 Plot of current density vs time at 0.5 V  

Table 5.10 and Fig. 5.14 shows that current density for fuel cell performance of PtxPdy as 

ORR catalyst at 0.5 V is in the order Pt> Pt51Pd49> Pt/C commercial > Pt81Pd19> Pt28Pd72. 

Pt51Pd49 alloy catalyst exhibits higher performance in fuel cell over other ratios of Pt/Pd in 

PtxPdy alloy. Upon comparing the fuel cell performance of Pt51Pd49 alloy with literature, using 

pulsed electrodeposition for deposition of electrocatalyst reduced the loading of 

electrocatalyst for the same current density reported in literature (Table 5.11).     
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Fig. 5.15 Proton exchange membrane fuel cell performance for pulsed electrodeposited 
Pt, Pt54Pd49 alloy and brush coated commercial Pt/C catalyst (5 cm2) (a) current density 

vs E and (b) current density vs power density 
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Table 5.10 Proton exchange membrane fuel cell performance of pulsed electrodeposited 
PtxPdy on gas diffusion layer at a loading of 0.1 mg/cm2  

 

The electrode area of pulsed electrodeposited Pt51Pd49 alloy on GDL was extended to 25 cm2 

and it gave similar performance as that of 5 cm2 electrode area with a slight change in 

maximum power density of 0.314 W/cm2 and its I-V curve is indicated in Fig. 5.16.  

  

Fig. 5.16 Proton exchange membrane fuel cell performance of pulsed electrodeposited 

Pt51Pd49 alloy electrocatalysts on gas diffusion layer (25 cm2) 

 

 

Electrocatalysts Maximum power density (W/gPt) Current density (A/cm2) @ 0.5 V 

Pt/C commercial 2580 0.435 

Pt51Pd49 6588 0.520 

Pt81Pd19 3049 0.256 

Pt28Pd72 5928 0.278 

Pt 3760 0.714 
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Table 5.11 Comparison of single fuel cell performance of present pulsed 
electrodeposited PtxPdy alloy electrocatalysts on GDL with reported PtxPdy alloy 
electrocatalysts in literature 

Electrocatalysts Method adopted 
for preparation 

Loading of 
catalyst 

(mg/cm2) 

Current 
density 

(mA/cm2)  
Pt on Pd/C97 NaBH4-reduction 0.30 424 (@0.6 V) 

 
Pt/C catalyst coated 

membrane205 
Spray coating  

0.029 
3000 (0.4 V) 

at 3 bar 

Pt/C catalyst coated 
membrane206 

Spray coating 0.1 3250 (0.2 V) at 
cell temp. 313 K 

Pt/C99 Pulsed 
electrodeposition 

0.68 380 (@ 0.8 V) 

Pt/C100 Pulsed potential 
deposition 

0.22 324 (@ 0.5 V) 
 

TiO2/Pt70Pd30
101 Chemical 

reduction 
0.40 820 (@ 0.6 V) 

 
TiO2/Pt50Pd50

101 Chemical 
reduction 

0.40 716 (@ 0.6 V) 
 

Pt1Pd1/CNT207 microwave 
(MW) assisted, 
polyol reduction 

route 

0.5 600 (@ 0.52 V) 

Pt (present studies) Pulsed 
electrodeposition 

0.10 714 (@ 0.5 V) 
 

Pt51Pd49/GDL (present 
studies) 

Pulsed 
electrodeposition 

0.10 520 (@ 0.5 V) 
 

 

Comparison of PEM fuel cell performance of pulsed electrodeposited Pt and Pt51Pd49 on 

GDL with reported single cell performance of PtxPdy alloys are shown in Table 5.11. Fuel 

cell performance of Pt and Pt51Pd49/GDL alloy with low loading of 0.1 and 0.05 mg/cm2 

gives considerable output current density at 0.5 V and is achieved due to the use of pulsed 

electrodeposition method for deposition of catalyst. Pulsed electrodeposition method has 

better control over the microstructure and better dispersion of electrocatalyst over other 

chemical reduction methods. The improved dispersion of catalyst results in increased activity 
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208, 209. Effective utilization of Pt51Pd49/GDL catalysts was achieved by depositing the 

catalysts on Nafion impregnated GDL. Alloying of Pt with Pd causes a lattice strain to the Pt 

lattice and this might contribute to better performance for ORR. Use of PtxPdy alloy for ORR 

result in enhanced performance with 50 % loading of Pt compared to pure Pt due to the 

change in d-band center of Pt in PtxPdy alloy favouring ORR activity 210-212. Membrane 

coated catalyst is found to give better performance as reported by M. Breiwieser et al.205 (3 

A/cm2) and Klinglee et al.206 (3.25 A/cm2) but they have used Nafion 211 (25 micron) 

thickness and performed fuel cell operation at 353 K. Also, M. Breiwieser et al. observed 3 

A/cm2 under the pressurised condition of 3 bar for both H2 and O2. Hence, pressure, 

temperature of operation as well as the membrane thickness decides the current density of 

PEM fuel cell. Future studies will be carried out on the effect of different thickness Nafion 

membrane, back pressure and also different cell temperature on the fuel cell performances.      

5.4 Conclusions 

Facile fabrication of PtxPdy alloy electrocatalysts on GDL was carried out by pulsed 

electrodeposition method. Pulsed electrodeposition of Pt at 0.2 ms pulse width gave better 

catalytic area compared to other pulse widths. The deposited PtxPdy electrocatalysts at an 

optimum pulse width of 0.2 ms by pulsed electrodeposition method indicated a spherical 

morphology in FESEM images with an average particle size of 4-6 nm confirmed by 

HRTEM studies. The Pt/Pd ratio of PtxPdy alloys prepared using three different electrolytes 

having varying ratios of Pt and Pd was found to be Pt81Pd19, Pt51Pd49 and Pt28Pd72 and were 

indexed to fcc crystal structure by GIXRD and SAED. The electrocatalytic activity of the 

deposited diffusion electrodes was investigated by ECSA measurements and impedance 

studies. The alloy with composition, Pt51Pd49 showed minimal charge transfer resistance and 

maximum ECSA. The fuel cell performance of diffusion electrodes with PtxPdy alloys 

follows in the order Pt51Pd49> Pt81Pd19> Pt/C commercial> Pt28Pd72. MEA with Pt51Pd49 alloy 
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electrocatalyst used lower loading of Pt (0.05 mg/cm2) at cathode and Pt (0.05 mg/cm2) at 

anode compared to pulsed electrodeposited Pt at cathode with a loading of 0.1 mg/cm2 and Pt 

at anode (0.05 mg/cm2). The use of pulsed electrodeposition method for electrocatalyst 

reduced Pt loading considerably. Improved fuel cell performance was observed for Pt51Pd49 

alloy compared to the conventional method of coating the Pt/C commercial catalyst. Single 

cell performance of Pt51Pd49 (Pt loading: 0.05 mg/cm2) alloy is comparable with that of 

pulsed electrodeposited Pt (0.1 mg/cm2). Enhanced fuel cell performance of Pt51Pd49 alloy is 

due to higher dispersion, electronic structure and improved interaction of Pt and Pd in alloy.       
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Chapter 6 

Summary and Scope for Future Research 

The thesis covers investigations carried out towards development of diffusion electrodes by 

electro deposition of Pt, Pd and PtxPdy alloy electrocatalysts. The diffusion electrodes found 

application in amperometric H2 sensors and fuel cells. Pulsed electrodeposition method was 

chosen and conditions for deposition optimised for depositing the electrocatalysts on gas 

diffusion layer (GDL). Facile fabrication of diffusion electrodes with better control of particle 

size and reduced loading of expensive electrocatalysts was realised. Electrodeposition was 

carried out using both aqueous and ionic liquid electrolytes. The use of ionic liquid 

electrolyte in electrodeposition avoids H2 evolution and also acts like surfactants to control 

the particle growth during electrodeposition. Amperometric hydrogen sensor operating in fuel 

cell mode was developed and performance evaluation carried out. PEM fuel cells with pulsed 

electrodeposited alloy electrocatalyst was assembled and tested. 

6.1 Summary 

6.1.1 Studies on deposition and characterization of electrocatalysts on carbon paper for 

application in PEM sensors  

The Pt, Pd and PtxPdy alloy electrocatalysts were deposited on GDL by electrodeposition and 

pulsed electrodeposition methods for the application in proton exchange membrane based 

hydrogen sensors (PEMHS). Pt/C commercial catalysts were also coated on GDL by brush 

coating method for comparison. FESEM studies of brush coated Pt, electrodeposited Pt and 

pulsed electrodeposited Pt on GDL indicated more uniform distribution of spherical particles 

in pulsed electrodeposited samples in comparison to the other two methods. Pt was 

electrodeposited using [C4mim][BF4] ionic liquid electrolyte for sensor application. Prior to 

the electrodeposition, deposition behaviour was studied by carrying out cyclic voltammetry, 
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chronopotentiometry and chronoamperometry.  Cyclic voltammetric studies of K2PtCl6 + 

[C4mim][BF4] showed the peak potential for Pt reduction at -2.17 V and this was also 

confirmed by EDAX analysis by electrodeposited Pt at -2.17 V. Chronopotentiometric and 

chronoamperometric studies of Pt confirmed the formation of nuclei at peak potential. By 

matching chronoamperometric data with Scharifker and Hills theoretical model, it was found 

that the nucleation of Pt on GDL surface follows instantaneous growth model. Based on the 

results of the above studies, electrodeposition of Pt in K2PtCl6 + [C4mim][BF4] electrolyte 

was carried out at three different applied potentials such as -2.4 V, -2.5 V and -2.6 V.  The 

optimum surface coverage was observed at the potential of -2.4 V. This potential was used 

for electrodeposition and pulsed electrodeposition of Pt on GDL for sensor application. Pd 

was electrodeposited on GDL using PdCl2 + [C4mim][Cl] ionic liquid electrolyte. Peak 

deposition potential of Pd on GDL was observed at -0.79 V from the cyclic voltammogram of 

the above electrolyte. Electrodeposition of Pd on GDL was performed at four different 

applied potentials such as -0.8 V, -0.9 V, -1 V and -1.1 V and the optimum surface coverage 

was exhibited at -1 V. This potential was used for electrodeposition and pulsed 

electrodeposition of Pd on GDL for sensor application. Pt and Pd were also electrodeposited 

on GDL from aqueous medium at the applied potential of    -0.2 V using 3 mM K2PtCl6 + 0.5 

M H2SO4 and PdCl2 + 0.5 M HCl respectively for comparison. Deposition from ionic liquid 

electrolytes showed well adhered and spherical morphology of electrodeposited Pt and Pd as 

illustrated by the FESEM images. GIXRD analysis confirmed Pt and Pd have fcc crystal 

structure without any other impurities. Energy dispersive X-ray analysis indicated the 

presence of Pt and Pd on GDL for electrodeposited samples. PtxPdy alloy electrocatalysts was 

pulsed electrodeposited on GDL using K2PtCl6 + PdCl2 + 0.5 M H2SO4 electrolyte. Three 

different ratios of Pt and Pd in PtxPdy alloys were prepared using three different 

concentrations of Pt and Pd in the electrolyte solutions used for deposition. Compositions of 
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PtxPdy alloy were found to be Pt28Pd72, Pt54Pd46 and Pt80Pd20 on analysis by ICP-MS and 

EDAX analysis. FESEM images of pulsed electrodeposited PtxPdy alloy on GDL denote 

spherical particles and EDAX mapping showed uniform distribution of Pt and Pd. Shift in 2θ 

values in GIXRD pattern and change in lattice parameter confirmed the alloy formation. 

6.1.2 Development of PEM fuel cell based amperometric H2 sensor with catalyst 

deposited diffusion electrode  

Pulsed electrodeposition of Pt, Pd and PtxPdy alloys were carried on GDL for preparation of 

diffusion electrodes to be used as sensing and counter electrodes in PEMHS. Pt and Pd 

electrocatalysts on GDL were also electrodeposited using ionic liquid electrolytes and sensor 

performance compared with that prepared using aqueous electrolytes. Hydrogen sensing 

behaviour of sensor in two electrode mode with pulsed electrodeposited electrocatalysts on 

GDL showed better sensitivity and short response time compared to sensors made with brush 

coated and electrodeposited electrodes. By adopting gas diffusion electrode for sensor 

application, reduced flow rate dependence of sensor signal was achieved. Sensor with Pt 

based diffusion electrode prepared from ionic liquid electrolyte gave better sensitivity and 

response time in comparison to aqueous electrolyte owing to the improved adhesion and 

better morphology. Pd diffusion electrode based sensor takes much longer time to reach 

steady and hence it can only be operated in three electrode mode. Three electrode mode of 

operation of Pd diffusion electrode based sensor gave much faster response and sensitivity 

compared to two electrode mode. The use of ionic liquid avoids H2 evolution during 

electrodeposition. The use of alloy in sensor application enhanced the catalytic activity due to 

the change in d-band center, which was favourable for fast kinetics of hydrogen oxidation 

reaction on alloy surface. Amperometric H2 sensor with Pt54Pd46 alloy diffusion electrode as 

anode exhibited higher sensitivity compared to pristine Pt and other PtxPdy alloys. Sensor 

with pulsed electrodeposited Pt80Pd20 alloy diffusion electrode gave much shorter response 
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time.  The alloy based diffusion electrode sensor also requires lesser quantity of expensive Pt. 

The loading of Pt was reduced to 0.5 mg/cm2 by utilizing electrodeposition method for sensor 

application. Sensitivity of the present sensor is comparable with H2 sensors reported in 

literature.  

6.1.3 Deposition, characterization and application of pulsed electrodeposited PtxPdy 

alloy based gas diffusion electrodes in PEMFC 

Diffusion electrode with pulsed electrodeposited PtxPdy alloy on GDL was developed for 

application in proton exchange membrane fuel cell. In order to optimise the pulse width for 

deposition, pulsed electrodeposition of Pt on GDL was carried at four different on time pulse 

widths (0.2, 2, 20 and 200 ms) and off time pulse width was fixed at 20 ms. FESEM image of 

Pt at a pulse width of 0.2 ms indicated a reduced particle in comparison to depositions carried 

out at other pulse widths. The pulse width for deposition of PtxPdy alloy was optimised at 0.2 

ms on time pulse width and off time pulse width was fixed at 20 ms. FESEM and HRTEM 

studies proved that the PtxPdy alloy has spherical morphology. GIXRD and SAED pattern 

confirms PtxPdy alloy has fcc crystal structure. EDAX and ICP-MS analysis showed PtxPdy 

with compositions of Pt81Pd19, Pt51Pd49 and Pt28Pd72. Fuel cell polarization studies of 

diffusion electrodes with pulsed electrodeposited electrocatalysts indicated that the 

performance are in the order of Pt ≈ Pt51Pd49> Pt81Pd19> Pt/C commercial> Pt28Pd72. This in 

turn was supported by the ECSA and charge transfer values of the above electrocatalysts. The 

loading of Pt51Pd49 alloy used was 0.1 mg/cm2 and in that Pt loading was only 0.05 mg/cm2. 

The power density of Pt51Pd49 alloy diffusion electrode is comparable with that of pristine Pt. 

Alloying of Pt with other metals alter the electronic structure of Pt by inducing an irregularity 

in the Pt lattice. This result in the lowering of d-band center in alloys for oxygen reduction 

reaction compared to pristine Pt.  
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6.2 Conclusions 

 Pulsed electrodeposition method for the preparation of Pt and PtxPdy alloy 

electrocatalysts was found to be superior in comparison to constant potential 

deposition and by brush coating method. 

 The H2 sensing behaviour of Pt54Pd46 alloy showed better sensitivity and response 

time in comparison to pristine Pt and Pd electrocatalyst. This is because of higher 

ECSA, lesser charge transfer resistance, change in the electronic structure and 

synergistic effect of alloy.  

 The ionic liquid electrolyte assisted electrodeposition gave well adhered Pt and Pd 

particles compared to aqueous electrolyte assisted electrodeposition eventually 

leading to improved sensitivity and response time. Hence, future study will be 

undertaken for depositing PtxPdy alloy using ionic liquid electrolyte and studying the 

H2 sensing behaviour. 

  Higher power density and current density for PEM fuel cell was achieved in the case 

of pulsed electrodeposited Pt51Pd49 alloy in comparison to pulsed electrodeposited 

pristine Pt, Pt28Pd72, and Pt81Pd19 alloy due to higher ECSA, lesser charge transfer 

resistance, change in the electronic structure and synergistic effect of alloy.  

6.3 Scope for future studies 

Three electrode mode operation of amperometric H2 sensors are expected to give better 

selectivity, shorter response time and higher sensitivity than two electrode mode due to 

application of external voltage as a driving force for the reaction. Further, the function of 

Nafion proton conducting electrolyte depends on water content and sensor signal varies with 

respect to the relative humidity. To eliminate the humidity effect on the sensor, composite 

membranes are required to be developed. Also, alloy electrocatalysts are playing crucial role 
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in improving the performance as well as stability of fuel cell and sensor. Hence, it has lot of 

scope in future. Prevention of corrosion and poisoning of electrocatalysts is challenging. 

Therefore, the following works can be carried out in the future.    

1) Sensors with Pt and PtxPdy alloy electrocatalysts based diffusion electrodes needs to 

be operated in three electrode mode to get improved sensitivity, selectivity and 

response time.   

2)  In this thesis, single-cell performance with small electrode area (5 cm2 and 25 cm2) is 

reported. This can also be carried out at large electrode area and also for fuel cell 

stacks in order to extend for large-scale operation.  

3) Corrosion and poisoning of electrocatalysts are major issues due to the continuous 

potential cycling of fuel cells and sensors. Alloys of Pt with Pd, Ru, Cr electrocatalyst 

are found to improve the stability and the kinetics of HOR and ORR. Hence, pulsed 

electrodeposition of the above electrocatalysts on gas diffusion layer needs to be 

carried out.     
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