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ABSTRACT 

 

This research mainly focuses on low temperature fuel cells. In detail, this research 

can be divided into following parts: i) Research on synthesis of low Pt loading 

catalyst, ii) Design of a new support material, iii) Development of one-step 

synthesis of Pt/graphene catalyst. 

 

Part 1. Synthesis of Low Pt Loading Catalyst 

Pt-based electrodes for proton exchange membrane fuel cells have been prepared 

by various methods such as polyol, impregnation, microemulsion. However, 

inactive catalyst sites are always present in the catalyst layer prepared by the 

conventional method. These inactive sites are not available for fuel cell reaction 

because the electrochemical reaction is limited only at the interface between the 

polymer electrolyte and the catalyst that is exposed to the reactant, known as the 

triple-phase reaction zone. In order to overcome this limitation, the 

electrodeposition method was applied on a surface of a substrate. Low loading Pt-

Co cathode catalyst on a Nafion(Na+)-bonded carbon layer was fabricated by using 

galvanostatic pulse technique to show the advantage of electrodeposition for high 

utilization of catalyst in proton exchange membrane fuel cell. The chemical 

composition of the electrodes could be controlled by varying the concentration of 

Co precursor. The Pt-Co catalysts evenly exist on the surface on the surface of 
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carbon electrode and its thickness was about 5.8 µm, which is four times thinner 

than conventional Pt/C. From XPS studies, Pt 4f spectrum of catalyst indicated the 

presence of oxidation states Pt2+ in addition to metallic Pt. The Pt-Co catalyst with 

a ratio of 3.2:1 was found to provide the highest single cell performance among the 

compositions studies. Therefore, the electrodeposition technique offers not only 

enhanced catalyst utilization but also simplification of preparation. 

 

Keywords: Platium-cobalt cathode catalyst, Galvanostatic pulse electrodeposition, 

Cost-effective electrocatalyst 

 

Part 2. A New Support Material 

Carbon is an ideal material for supporting nano-sized metallic particles in a catalyst 

for low temperature polymer fuel cells. No materials other than carbon have the 

essential properties of electronic conductivity, corrosion resistance, surface 

properties, and low cost requied for the commercialization of fuel cells. However, 

carbon supports are relatively easy to be corroded under harsh fuel cell operation 

conditions, which would cause a rapid decay of electrochemical performance. To 

circumvent this shortcoming, the rational construction of carbon-based electrode 

materials with more advanced architectural design has been identified as the major 

solution. In this part, we designed a well-arranged structure of graphene-Vulcan 

carbon composite to prepare highly dispersed 40 wt.% PtRu electrocatalyst. Vulcan 

carbon was added as a nano spacer to enhance the utilization and electrochemical 
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activites of graphene-based materials. The results show that a PtRu catalyst loaded 

onto the graphene-Vulcan carbon (3:1 w/w) composite exhibits high 

electrocatalytic activity and high stability toward methanol electrochemical 

oxidation owing to the special structure of the graphene-Vulcan carbon composite. 

Also, we investigated the feasibility of a chemically activated graphene-supported 

electrocatalyst. The modified graphene sheets were synthesized by chemical 

activation using KOH. The chemically activation of graphene resulted in the 

creation of pores of various sized and increased the number of edge sites. The 

chemically activated graphene-supported PtRu catalyst shows a high 

electrocatalytic activity and stability toward methanol oxidation because of its 

three-dimensional and porous structure that facilitates the efficient access of 

reactants. These results indicate that a graphene-Vulcan carbon composite and 

chemically activated graphene can be used as a catalyst support in fuel cells. 

 

Keywords: Graphene, Vulcan carbon, Nano spacer, Platinum, Ruthenium, 

Methnaol oxidation 

 

Part 3. One-Step Synthesis of Pt/graphene Catalyst 

Graphene-metal nanoparticle catalysts have typically been prepared by chemical or 

thermal reduction of mixture of GO (or graphene) and metallic precursors. These 

methods involve hazardous chemical, or high temperatures and complicated 

procedures. In this part, we demonstrate the one step co-electrodeposition synthesis 
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of the Pt/graphene catalyst using a galvanostatic pulse technique. Pt/graphene 

catalyst was uniformly deposited on a glassy carbon substrate, which facilitated the 

simultaneous electrochemical reduction of graphene oxide and formation of Pt 

nanoparticles. Compared to the commercial Pt/C catalyst, the electrochemically 

reduced Pt/graphene catalyst exhibited improved electrocatalytic activity for 

methanol oxidation due to the synergistic effects of an increase in the number of 

catalytic reaction sites and an enhancement of the charge transfer rate. 

 

Keywords: Platinum, Graphene, Co-electrodeposition, Methanol oxidation 

 

Student number: 2007-30082 
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1. Electrocatalysis of methanol oxidation 

 

The electro-oxidation of small organic molecules on Pt electrocatalysts based 

electrodes has received more attention in the last decades due their application for 

electrochemical energy conversion in direct liquid feed fuel cells [1-3]. Among 

these molecules; methanol is used as liquid fuel for direct methanol fuel cells 

(DMFCs). Methanol is an attractive fuel for fuel cells due to its low price and easy 

handling, storage, and transport. DMFCs have an advantage over polymer 

electrolyte fuel cells utilizing hydrogen gas generated through a methanol reformer, 

because the system can be made much simpler. However, in order to accomplish 

the DMFC reaction, the methanol fuel should undergo the six-electron oxidation 

process on the electrode catalyst given follow 

 

CH3OH + H2O → CO2 + 6H+ + 6e-        Eo = 0.02 V 

 

It is at the anode surface where methanol is oxidized to CO2, preferably at a 100 % 

yield, releasing six electron per methanol molecule to be harvested in the DMFC. 

Consequently, the oxidation kinetics is inherently slower. The slower kinetics are a 

result of intermediates formed during methanol oxidation [4]. Oxidation of the 

intermdiates to carbon dioxide requires the adsorption of an oxygen containing 

species (e.g., OH, H2O). Methanol oxidation is a slow reaction that requires active 

multiple sites for the adsorption of methanol and the sites that can donate OH 
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species for desorption of the adsorbed methanol residues [5, 6]. The electro-

oxidation of methanol has been studied on many electrode fabricated from 

unsupported metals and metal supported onto different supporting materials. Pt 

catalysts are still the most active catalysts materials for electro-oxidation of 

methanol [3, 7-11]. The electro-oxidation of methanol on Pt electrode surface is 

combined with several steps of dehydrogenation to form CO which is oxidized into 

CO2 [12, 13].  Figure 1 shows a proposed reaction network for methanol 

oxidation [14]. The mechanism for methanol oxidation has been debated 

significantly over the years, [15, 16] with research continuing to define the most 

significant pathways for different reaction conditions both experimentally [17, 18] 

and numerically [19]. There are multiple paths by which methanol oxidation can 

proceed. The selectivity of the reaction to formaldehyde, formic acid, and CO2 

depends on the reaction conditions, the catalyst used and the electrolyte. The 

selectivity of methanol oxidation over Pt to CO2 is very high and formation of 

other byproducts will be neglected. 

It should be noted in Figure 1 that all reaction pathways to form CO2 involve 

formation of adsorbed CHO or CO. It is believed that these species poison the 

catalyst surface and that their oxidation is the rate-limiting step for methanol 

oxidation. The mechanism shows that oxidation of the surface intermediates 

involves the addition of a hydroxyl group before the final oxidation to CO2. The 

mechanism for the oxidation of CO is very important in the reaction mechanism for 

methanol oxidation and this step. This means that with a platinum catalyst electro-
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adsorption of water is fairly slow and therefore addition of an OH- group to the CO 

adsorbed on the reaction site must come from an attack of a liquid phase water 

molecule. 

  

Figure 1. Reaction network for methanol oxidation. 

 

The poisoning of the electrode surface (anode) by CO molecules formed during the 

methanol oxidation is one of the obstacles in the development of DMFCs for 

commercial applications. The modification of Pt catalysts with other metals or 

metal oxides which have higher tendency to form surface oxygenated species at 

lower potential is considered as one of the best ways to solve this problem [20, 21]. 

In order to improve the catalyst performance, many efforts have been done by 

many groups to synthesis new catalysts systems for methanol oxidation based on 

bimetallic catalysts such as PtRu [22-25], PtSn [26, 27], PtNi [28, 29], PtMo [30, 

31], ternary alloy; PtRuNi [32-34], PtRuMo [33, 35, 36], and PtMOx (where M is, 

Ti, V, Mn, W) [37-40] which show higher catalytic activities than Pt alone have 

been investigated. Compared to pure Pt, the most active electrocatalysts known so 

far are alloys of Pt and Ru exhibiting lower overpotentials and extended life-time 

[41, 42]. The high catalytic activity of PtRu alloys for the electro-oxidation of 

methanol is described very well by the bifuctional action [41] of the alloy surface, 



 

5 

where the adsorption of methanol occurs on Pt ensembles and the further electro-

oxidation of methanol dehydrogenation fragments is catalyzed by oxygen-like 

species adsorbed on adjacent Ru atoms. 

The potential dependent discharge of water on Pt and Ru, respectively, to form 

oxygen-like surface species (symbolized by OH) will be approximated by the 

following two equations: 

H2O + Pt → PtOH + H+ + e-                           (1) 

H2O + Ru → RuOH + H+ + e-                         (2) 

On the basis of cyclic voltammetry and ellipsometry, the adsorption of oxygen-like 

species in Pt (equation 1) will not occur to any appreciable extent below about 0.7 

V, while it occurs on Ru at potentials as low as about 0.2 V (equation 2) [43]. 

Finally, given that the electrode potential is sufficiently positive to co-adsorb these 

oxygen-like species the electro-oxidation of the electrode poisoned by CO to CO2 

will be express as [44] 

Pt  + CH3OH → Pt -(CH3OH) a d s                         (3) 

P t - ( C H 3 O H) a d s  →  P t - ( C H 3 O ) a d s  +  H +  +  e -            ( 4a ) 

P t - (CH 3 O) a d s  → Pt - (CH 2 O) a d s  +  H +  +  e -              (4b) 

P t - (CH 2 O) a d s  → Pt - (CHO) a d s  +  H +  +  e -               ( 4c) 

P t - (CHO) a d s  → Pt - (CO) a d s  +  H +  +  e -                 ( 4d) 

Ru + H2O → Ru-(H2O)a d s                              (5) 

Ru-(H 2 O) a d s  → Ru -(OH) a d s  + H +  +  e -                  (6) 

P t - (CO) a d s  +  Ru-(OH) a d s  → Pt  +  Ru +  CO 2  +  H +  +  e -  (7 ) 
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The rate determining step at 25oC is methanol adsorption/dehydrogenation 

(equation 3 or 4) [45, 46], while at elevated temperatures (i.e., 60oC) the 

bimolecular surface reaction involving -OHads (equation 7) becomes rate limiting. 

The affinity of Ru for oxygen, as reflected in the Ru-O bond strength, will affect 

both the ability to oxidatively adsorb water [47] (equation 5 and 6) and the ease for 

Ru-O bonds to be broken in the formation of CO2 (equation 7). The scheme of 

dehydrogenation on Pt surface is shown in Figure 2. The first step involves the 

adsorption of methanol from the bulk of the solution onto the electrode surface and 

its successive dehydrogenation to form linearly bonded CO. 

 

 
 

Figure 2. Scheme of methanol oxidation on Pt showing the consecutive stripping of 

hydrogen atoms. 

 

Stripping voltammetry and potentiostatic stripping revealed that the adsorption of 

CO is equally facile on both Pt and Ru surface atoms and suggested that about 0.2 

V negative shift of the onset of CO oxidation on the most active PtRu alloy 

electrode compared to pure Pt is related to the nucleation of oxygen-containing 

species on Ru atoms at low electrode potentials, thereby promoting the oxidation of 

CO to CO2 [48]. 



 

7 

2. Electrocatalyst 

 

Electrochemical reactions for which no adsorbed intermediate exists are very rare 

and the electron transfer step or steps usually involve adsorbed species [49].  

These kind of species that are necessary for a reaction to take place but do not seem 

to participate in the global equation, are called catalysts. Hydrogen oxidation 

reaction occurs easily on Pt. Since the metallic surface plays an active role in the 

formation of intermediates, the nature and particular state of the surface is crucial 

for the success of the reaction. The metallic surface is then an electrocatalyst, a 

catalyst for the electron transfer reaction. If the rate-determining step of the 

reaction involves adsorbed species, and this is probably the case, then the nature 

and structure of the metallic surface will determine the speed of the reaction 

(Figure 3).  

 

 

Figure 3. Traditional potential energy curve illustrating the lowering of the activation energy 

as the addition of a catalyst. The catalyzed activation energy is distinctively lower than that 

of an uncatalyzed reaction. As a result, the catalyzed reaction rate is increased; products are 

formed quicker and with greater yields over time [49]. 
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The requirements of the catalyst for fuel cells are as follows: (Figure 4, 5) 

1) High intrinsic activity for hydrogen/methanol oxidation reaction at the anode 

and for oxygen reduction reaction at the cathode. 

2) Good durability to minimize the loss of electrocatalytic activity. 

3) Good electrical conductivity to minimize resistive losses in the catalyst layer. 

4) Thermal and acidic stability for maintaining the electrocatalytic activity. 

 

Considering the requirements of suitable catalyst materials for the low temperature 

fuel cell, Pt and Pt-based catalysts are found to meet these requirements, in both 

activity and stability. Especially, Pt nanoparticles supported on carbon (Pt/C) have 

advantages such as larger relative surface area, higher efficiency, and good 

intrinsic activity. 

 

Figure 4. Anode and cathode reactions. 
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Figure 5. Essential criteria for electrocatalyst. 

 

2. 1. Catalyst support  

Many industrial catalyst consists of metals or metal compounds supported on an 

appropriate support, the basic role of which is to maintain the catalytically active 

phase in a highly dispersed state (Figure 6). Carbon materials have been used for a 

long time in heterogeneous catalysis, because they can act as direct catalyst or, 

more important, they can satisfy most of the desirable properties required for a 

suitable support [50]. The advantage of spreading the active phase on a support is 

to disperse it throughout the pore system, thus making it possible to obtain a large 

active surface per unit weight used. A supported catalyst facilitates the flow of 

gases through the reactor and the diffusion of reactants through the pores to the 

active phase. The performance and stability of fuel cells are known to strongly 

depend on the carbon support used as well as the catalytically active species [51]. 
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Figure 6. Carbon supported platinum catalyst. 

 

The requirements of ideal support materials for Pt-based electrocatalysts should 

have the following characteristics: a high surface area for a high degree of 

dispersion of nanosized catalysts, a high electrical conductivity to facilitate 

electron transport during the redox reaction, a suitable pore structure and large pore 

volume to provide an open highway network around the active catalyst for a facile 

diffusion of fuels and products toward and away from the catalyst sites and low 

cost to make an inexpensive fuel cells. High surface area and a well-developed 

porosity are essential for achieving large metal dispersion, which usually results in 

a high catalytic activity.  

 

2. 2. Triple phase boundary  

The idea of the triple phase boundary is extensively employed in the fuel cell 

literature, especially with respect to solid oxide fuel cells and polymer electrolyte 

membrane fuel cells. The triple phase boundary concept holds that the 

hydrogen/methanol oxidation reaction and the oxygen reduction reaction can only 
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occur at confined spatial sites, called “triple phase boundaries” where ionomer, 

reactant, and electrically connected catalyst regions contact. A simplified 

schematic of the triple phase boundary is shown in Figure 7. The reaction kinetics 

often present a significant limitation to fuel cell performance. Therefore, 

understanding, characterizing, and optimizing the triple phase boundary content in 

fuel cells provides excellent opportunities for performance enhancement [52]. 

 
Figure 7. A simplified schematic diagram of the catalyst particle, ionomer and reactant. 

 

 

3. Electrochemical characterization 

 

3. 1. Cyclic voltammetry  

Cyclic voltammetry (CV) technique is applied to a three electrode cell. Thus, the 

electrode potential is controlled by an applied driving potential difference Ed 

between the reference and working electrodes. The reference electrode connections 

must have a very high input impedance, so that the current flows only between the 

working and counter electrodes. The reference input of the potentiostat is 
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connected to the working electrode in the cell, and the potential of the working 

electrode is measured against the reference electrode. The potential scan is applied 

in one direction (positive or negative), starting at chosen values, and then the 

sweep rate is inverted at selected reversing points which are selected in such a way 

that one has oxygen evolution in the positive and hydrogen evolution in the 

negative part. In PtRu alloy working electrode, 800 mV vs. SHE (standard 

hydrogen electrode) is typically selected for the positive limit because Ru atoms 

are dissolved over the limit and 0 mV vs. SHE is selected for the negative limit 

because hydrogen evolution starts below the limit. CV at given electrodes without 

active species in the electrolyte such as sulfuric acid or perchloric acid results in 

current/potential relations that are very characteristic for the electrode material 

used. Primarily, there is a contribution due to the charging of the double layer. Due 

to a fast attainment of the equilibrium, the double layer capacity is not a function of 

scan rate, but it can depend on potential. A second contribution, and in general a 

much larger one, is given by charging a pseudo-capacitance of value, e.g., capacity 

effects due to faradaic reactions like the formation and dissolution of hydride and 

oxide layers on the surface. This capacity does not also depend on the scan rate. 

The voltammogram presented in Figure 8 was taken using a polycrystalline Pt 

electrode in 1 M KOH [53]. In this voltammogram, the potential is referred to a 

reversible hydrogen electrode (RHE) in the same solution. Following the current 

starting at + 450 mV, we observe that between this potential and 550 mV the only 

current that flows is tat required to charge the electrolytic double layer. Above 550 
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mV, oxygen chemisorption start with 

Pt + OH- → Pt-OH + e- 

and above ca. 800 mV 

Pt-OH + OH- → Pt-O + H2O + e- 

Above ca. 1600 mV oxygen evolution begins, and in addition, a phase oxide may 

form on the Pt surface (with a thickness larger than a monolayer). At lower 

potentials oxide may also be formed, if a constant potential is applied. After the 

reversion of potential, oxygen molecules near the surface are reduced together with 

the chemisorbed oxide layer. At lower potentials there is a small “double layer” 

region followed by the underpotential deposition of H-atoms 

Pt + H2O + e- → Pt-H + OH- 

Finally, close to the thermodynamic H2/OH- potential, a strong evolution of 

hydrogen starts. After scan reversion, H2 molecules near the electrode and the layer 

of adsorbed hydrogen are oxidized again.  

 

Figure 8. Cyclic voltammogram of polycrystalline platinum in 1 M KOH, 20oC, nitrogen 

purged, sweep rate = 100 mV s-1 [53]. 
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Electrochemical active surface area (ECA) of electrodes is measured by CV either 

using the area under the hydrogen adsorption/desorption peaks or CO 

adsorption/stripping peaks. To determine the ECA, CV is carried out on the 

electrode of interest over a range between 0 and 1600 mV. The specific charge 

transfer due to hydrogen adsorption and desorption can be obtained from 

QH = 2
1 (QT -QDL), 

where QT is the total specific charge transfer in the hydrogen adsorption/desorption 

potential region and QDL is the specific capacitive charge in the double layers of 

both Pt and carbon support. QT can be obtained by integration of the CV curves in 

the relevant potential region [54]: 

QT = dEII
v ad )(1 4.0

05.0
−∫ , 

where v is the scan rate, Id and Ia are the specific current of desorption and 

adsorption, respectively, and E is the potential. QDL can be similarly obtained by 

integrating the double layer charging region. Assuming the charge per real cm2 of 

Pt with monolayer adsorption of hydrogen [55] is QH˚=210 μC cm-2, then the active 

specific areas can be obtained from 

SECA = o
H

H

Q
Q  

Although the above method is commonly used for Pt/C catalysts, it cannot be 

applied to PtRu/C catalysts because Ru absorbs hydrogen. Real surface area can be 

characterized by COad stripping analysis. As for PtRu/C, the surface area can be 

estimated assuming a monolayer of linearly adsorbed CO and the coulombic charge 
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necessary for oxidation as 420 μC cm-2, because the hydrogen 

adsorption/desorption peak of the PtRu/C is not well defined comparing to that of 

the Pt/C. 

 

3. 2. Single cell test  

The MEA (membrane electrode assembly) of a low temperature fuel cell usually 

consists of five layers which include gas and liquid diffusion layers, and 

electrocatalyst layers with a polymeric proton conducting acidic membrane in 

between. The proton conducting membrane acts as an electronic insulator between 

the electrodes, but allows protons to migrate efficiently from the anode to the 

cathode. The membrane also functions as a physical barrier to prevent mixing of 

the reactants. In addition, a soluble form of the membrane material is used to 

impregnate the electrocatalyst layers to extend the membrane interface. This 

provides a proton conducting pathway. The overall schematic diagram of a low 

temperature is shown in Figure 9. The cell consists of two electrodes which are 

separated by the electrolyte and which are connected in an external circuit. The 

electrodes are exposed to gas or liquid flows to supply the electrodes with fuel or 

oxidant. The electrodes have to be gas or liquid permeable and therefore possess a 

porous structure. The structure and content of the gas diffusion electrodes is quite 

complex and requires considerable optimization for the practical application. 

Electrons flow in the external circuit during these reactions. 



 

16 

 

Figure 9. Schematic diagram of a low temperature fuel cell. 

 

The factors which limit a low temperature fuel cell efficiency is show in Figure 10. 

Several sources contribute to irreversible losses in a practical fuel cell. The losses, 

which are often called polarization, overpotential or overvoltage (η), originate 

primarily from three sources: (i) activation polarization (ηact), (ii) ohmic 

polarization (ηohm), and (iii) concentration polarization (ηconc). These losses result in 

a cell voltage (V) for a fuel cell that is less than its ideal potential, E (V=E-losses). 

The activation polarization loss is dominant at low current density. At this point, 

electronic barriers have to be overcome prior to current and ion flow. Activation 

losses show some increase as current increases. Ohmic polarization (loss) varies 

directly with current, increasing over the whole range of current because cell 

resistance remains essentially constant. Mass transport losses occur over the entire 

range of current density, but these losses become prevalent at high limiting currents 
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where it becomes difficult to provide enough reactants flow to the cell reaction 

sites. The improvement of cell performance is approached by modifications to fuel 

cell design (improvement in electrode structures, better electrocatalysts, more 

conductive electrolyte and, thinner cell components, etc.). In this study, the 

improvement in better electrocatalysts is focused to. 

 

Figure 10. Ideal and actual fuel cell voltage/current characteristic. 
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1. INTRODUCTION  

 
Highly dispersed Pt on carbon black has been widely employed in polymer 

electrolyte membrane fuel cell (PEMFC). For commercial application, it is 

necessary to develop inexpensive catalysts that exhibit higher performance and 

stability than Pt/C catalysts. Low Pt loading and improved mass activity are 

required since Pt, which is used as the catalyst, is rare and expensive. For these 

reasons, many studies have been directed towards the development of electrodes 

with high performance with low Pt loadings [1-4]. Anode and cathode electrodes 

for PEMFC have been prepared by various methods such as the impregnation [14], 

polyol [15], microemulsion [16] and electrodeposition methods [17-21]. Catalyst 

powders synthesized by means of the impregnation, polyol, and microemulsion 

methods were well mixed with an ionic binder and then apply the paste on a porous 

support by a decal or a blade or a spray method. After this procedure, the 

membrane electrode assembly (MEA) was generally fabricated by using the 

prepared electrode and a Nafion membrane. Inactive catalyst sites are always 

present in the catalyst layer prepared by the conventional method (Figure 1). This 

method does produce a large number of inactive catalyst sites. These inactive sites 

are not available for fuel cell reaction because the electrochemical reaction is 

limited only at the interface between the polymer electrolyte and the catalyst that is 

exposed to the reactant, known as the triple-phase reaction zone [22]. Also, an ionic 

binder is added to the electrode in order to extend the triple-phase boundaries. As a 
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result, it increases the production cost of the electrode. 

 

Figure 1. Structure of electrode prepared by (a) conventional method and (b) 

electrodeposition method and transport of fuel, protons, and electrons. 

 

In order to overcome this limitation, the electrodeposition method was applied on a 

surface of a substrate. Therefore, it offers not only enhanced catalyst utilization but 

also simplification of preparation. Taylor et al. [23] developed an electrochemical 

catalyzation technique to improve the utilization of Pt catalyst. Antoine and Durand 

[24] impregnated carbon with H2PtCl4 and applied an electrochemical pulsed 

current to deposit Pt on the Nafion active layer. This process guarantees a smaller 

active layer thickness and high Pt mass fraction up to 40 wt.%. Kim et al. [20] used 

a pulse electrodeposition technique to prepare MEA. In this technique, Pt was 

deposited on the surface of the carbon electrode, followed by heat treatment and 

Nafion impregnation. In this case, the impregnated polymer electrolyte covered the 
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Pt particles, and thus, some Pt particles were not exposed to the reactant. In 

addition, some Pt particles were not always in good contact with the electrolyte 

phase because Nafion could not penetrate into the catalyst layer easily. In terms of 

the triple-phase boundary reaction zone, these electrodes may face problems of 

poor electrolyte contact or poor reactant diffusion. In order to overcome these 

problems, the electrodeposition technique was applied on a Nafion-bonded 

uncatalyzed carbon electrode. Thus use of Nafion as a proton conducting binder in 

the catalyst layer has been demonstrated to increase the Pt utilization significantly. 

In first-grneration PEMFCs, catalyst layers containing PTFE 

(polytetrafluoroethylene)-bonded Pt catalysts with a high loading of 4 mgpt cm-2 

were used as the PEMFC electrodes [25]. Srinivasan et al. reported high 

performance electrodes with a low catalyst loading of 0.35 mgpt cm-2 [26, 27]. This 

achievement was made possible mainly by using Nafion instead of PTFE as the 

catalyst binder. For using a Nafion-bonded carbon electrode, it is necessary to 

modify the heat treatment process because Nafion is thermally unstable above 150 

oC [28]. Another approach for the heat treatment is improving the mechanical 

properties of Nafion ionomer. It is reported that if the protons in Nafion ionomer 

are exchanged by other cations, the thermal stability of Nafion ionomer is 

improved [29, 30-33]. The molecular structure of Nafion (Figure 2) consists of a 

poly (tetrafluoroethylene) (PTFE) backbone with perfluorinated pendant chanins 

terminated by sulfonate groups in the acid form. Mauritz and Moore performed 

DMA (dynamic mechanical analysis) studies of various Nafion membranes 
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including the acid form and other cationic forms [28]. After the conversion of 

Nafion to the sodium sulfonated form (Nafion-Na+), the ionomer exhibited a 

significant shift in the α relaxation to temperature near 250 oC. Due to this thermal 

stability, the Nafion (Na+)-bonded electrodes are possible to treat to 250 oC. 

 

Figure 2. Chemical structure of Nafion (sulfonic acid form). 

 

In general, electrodeposition can be carried out by using either a potentiostatic or a 

galvanostatic technique, which involves direct and pulse techniques. 

Electrodeposition via the galvanostatic pulse technique is considered convenient to 

improve the current distribution. Therefore, it is easy to control the particle size and 

composition of the alloy simply by varying experimental parameters such as on/off 

time and peak current density [34, 35]. Electrode fabrication by electrodeposition 

results in the increase of catalyst utilization and low cost requirement. An 

advantage point of electrodeposition is also the simplification of electrode 

preparation reducing the catalyst synthesis step. Therefore, electrode fabrication 

using the electrodeposition method can increase the efficiency of PEMFC [36].   

In this part, we study on the electrode preparation method for low Pt-Co loading on 

Nafion (Na+)-bonded carbon electrodes using a current pulsed electrodeposition 
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technique and the optimal ratio of Pt-Co cathode catalyst. The main feature of this 

method is the location of the Pt-Co deposition that is limited only to the triple-

phase boundary reaction zone areas and thereby we can get improved performance 

with low Pt-Co loading.  

 

2. LITERATURE SURVAY 

 

2. 1. Electrodeposition process  

In an electrodeposition process, metal ions are transferred from the solution to the 

cathode and adsorbed at the electrode surface and adatoms are formed by the 

change transfer reaction. An adatom deposited on the surface of a perfect crystal 

stays on the surface as an adion only temporarily because of its low binding energy 

to the crystal. And formation of clusters occurs to increase is stability and finally 

incorporated into the crystal lattice [37]. At this time, two competing steps occur at 

the surface of electrode. One is the growth of crystals and another is the creating 

nucleation. These two steps can be influenced by the surface diffusion rate of 

adatom and the rate of charge transfer reaction. 

When the charge transfer step in an electrodeposition reaction is fast, the rate of 

growth of nuclei (crystallites) is determined by the lattice incorporation step of 

diffusion of electrodeposition ions into the nucleus (diffusion in the solution). In 

the initial stages of growth of the nuclei it can be assumed that nuclei grow 
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independency of each other. In this case the rate of growth of a single 3D 

hemispherical nucleus is given by 

ν = (𝑛𝑛𝑛𝑛𝑘𝑘
32𝜋𝜋𝑀𝑀2

𝜌𝜌2
)𝑡𝑡2  ……………………………………………………………… (i) 

Where k is the rate constant of 3D nucleus growth (mol cm-2 s-1), M is molecular 

weight, and ρ is the density of deposit (mass/volume) [37]. 

However, in order to obtain uniform and small sized catalyst particles, formation of 

nuclei is preferred growth of existing crystal. The rate of nuclei formation, ν, is 

given by: 

ν = k1 exp (-k2/h2) …………………………………………………………… (ii) 

where k1 and k2 are constants and h is the overpotential [34]. Therefore, the rate of 

nuclei formation depends on the overpotential that is given by the Tafel expression, 

h = a + b log i ………………………………………………………………… (iii) 

where a and b are constants, and i is the current density. From the above equations, 

it can be indicated that as the applied current density increases. 

Pulsed electrodeposition can raise the limiting current density, because the metal 

ion can be supplied from the bulk solution during the off time of the pulse. 

Consequently, this effect of off time bring out increase of nucleation rate based on 

equation [34, 38, 39] but the galvanostatic direct technique has only one variable 

such as current density. As current density for deposition increases, the metal ions 

near cathode are quickly exhausted and these concentrations become zero. Finally, 

the galvanostatic direct technique has lower limit current density and overpotential 
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for nucleation compared to the galvanostatic pulse technique [34]. 

In general, electrodeposition can be largely divided into galvanostatic [40, 41] and 

potentiostatic method (Table 1). The galvanostatic method is more convenient to 

high geometric surface area electrodes because of two-electrode system and 

arbitrary waveform generator [42]. The galvanostatic method with two-electrode 

system assorts direct and pulse technique. Especially, the galvanostatic pulse 

technique show many advantages. For example, improvement of the current 

distribution and possibility of adjustment for the particle size of catalyst and 

composition of alloy by varying independent parameters, such as on-time (ton), off-

time (toff) and peak current (ip) density as shown in Figure 5. The duty cycles that 

is related to on-time and off-time is defined as follows. 

Duty cycle (%) = 𝑡𝑡𝑜𝑜𝑜𝑜
𝑡𝑡𝑜𝑜𝑜𝑜+𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜

 × 100 …………………………………………… (iv) 

During on time, growth of existing crystal and formation of nuclei occur at the 

surface of electrode as shown in Figure 6. 

 

Table 1. Galvanostatic technique and potentiostatic technique. 
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Figure 5. General concept of galvanostatic pulsed electrodeposition. 

 

 

Figure 6. Effect of duty cycle in galvanostatic pulsed electrodeposition. 
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(1) Effect of Peak Current Density 

A decrease in particle size by application of the current density has often been 

reported in the literature [35]. There are several ways of examining the effect of 

pulsed current density on the particle size. One of the ways is an increase in pulsed 

current density at constant pulse charge and at constant average current density. 

This method has the advantage that ambiguity in interpretation of the results due to 

the influence of the off-time can be avoided. Increased pulsed current density 

amplitude leads to increased adatom concentrations, corresponding to equation (iii) 

to higher overpotentials and therefore, according to equation (ii), to higher 

nucleation rates. 

 

(2) Effect of Duty Cycle 

The duty cycle can be changed by increasing the off-time when the peak current 

density, on-time and total charge density are fixed. Duration of the off-time plays 

an important role in the deposition since the recovery of concentration of the 

electroactive species on the surface electrode occurs in this period. As the off-time 

decrease, a large increase of the particle size of the deposit is observed [34]. The 

results can be explained by taking into account that the limiting current density 

decreases with an increase of the duty cycle. 
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(3) Effect of Surface Concentration  

Reaction rate and deposit structure depend on the surface concentration of the 

reacting species. Mass transport limits the maximum rate of deposition and 

influences the structure and the properties of obtained deposits. The maximum rate 

of mass transport in plating system corresponds to the limiting current density at 

which the surface concentration of the reacting species at the electrode is zero. And 

the limiting current density is proportional to the bulk concentration of the reacting 

species. That is to say, the surface concentration of the reacting species has 

influence on the rate of deposition and the current efficiency. 

 

(4) Effect of Temperature 

An effective control of the deposition process operating temperature is vital for the 

consistent performance of any deposition bath. Deviations of more than 5 oC from 

optimum temperature are sufficient to harm plate quality, deposition rates, and 

other properties. The higher temperature provides higher plating rates and the 

ability to operate more dilute baths without the loss of current efficiency. We have 

focused on the optimization of the deposition conditions using the uncatalyzed 

electrode, which decide the deposition parameters; current density, duty cycle, 

charge density and concentration of chemical species. As the deposition parameters 

are optimized, the fuel cell performance can be increased with higher utilization of 

the catalyst. 
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3. EXPERTIMENTAL  

 

3. 1. Electrode preparation 

The carbon slurry was made by mixing 0.1 g Vulcan XC-72 carbon powder, 0.43 

mL Nafion solution (Aldrich, 5 wt.% in lower aliphatic alcohols and water, 1100 

EW) with 6 mL isopropyl alcohol in an ultrasonic bath (Figure 7).  

 

Figure 7. Preparation of uncatalyzed carbon layer.  

 

Then, excess sodium hydroxide was added to the mixture in order to change the 

H+-form of Nafion to the Na+-form. Figure 8 illustrates the schematic diagram of 

pulse electrodeposition method. To apply a uniform and flat electrode surface, the 

commercial gas-diffusion layer (GDL; E-TEK, LT 1200-W, Electrochem Inc.) was 

used as a backing layer. These steps were used to increase the current and thermal 

stability, respectively. The resulting carbon electrode had a hydrophilic surface due 

to the addition of the glycerol. The hydrophilic carbon layer was loaded with 0.3 

mg cm-2 of carbon by spraying. 

Galvanostatic pulsed electrodeposition of Pt-Co electrodes was carried out in a 

two-electrode cell by using an electrochemical instrument (VoltaLab80, 
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Radiometer). The uncatalyzed carbon electrode served as a working electrode and 

Pt mesh as a counter electrode. Electrodeposition was performed in a plating bath 

which contains the solution of 40 mM K2PtCl4 and various concentrations of CoCl2 

(20, 40, 60, 120 mM) dissolved in 0.5 M NaCl. The parameters for galvanostatic 

pulse electrodeposition were a peak current density of 300 mA cm-2, an on/off time 

of 10/100 ms and a total charge density of 1 C cm-2. After the electrodeposition 

process, the electrodes were heated at 250 oC in H2 atmosphere for 30 min to 

remove organic solvent and reduce the oxidized catalysts. Subsequently, the 

electrode catalysts were performed for protonation in 0.1 M H2SO4 solution at 80oC 

for 30 min in order to exchange again the Na+-form of Nafion to the H+-form. 

 

Figure 8. Schematic diagram of pulsed electrodeposition method. 

 

3. 2. Characterization 

The amount of deposited Pt-Co on the electrode was determined by using an 

electron probe micro-analyzer (EPMA, JEOL Co., JXA-8900R) and inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES). The morphology and 

particle size of the electrodeposited Pt-Co catalysts were obtained with a high-
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resolution transmission electron microscope (HR-TEM, JEOL Co., JEM-200CX). 

Before and after the heat treatment, the oxidation states of Pt were analyzed by X-

ray photoelectron spectroscopy (XPS, Pohang Accelerator Laboratory, Beam line 

4B1). Data from X-ray diffraction measurements (XRD, Philips, X’pert APD) were 

analyzed for the degree of alloying and lattice parameters. 

 

3. 3. Single cell test 

The catalyst slurry for the conventional electrode was prepared by thoroughly 

mixing the supported catalyst (40 wt.% HP Pt/C,  E-TEK), Nafion solution (5 

wt.%), and an appropriate amount of isopropyl alcohol. The well-mixed slurry was 

sprayed on a GDL (E-TEK, LT 1200-W) with 0.4 mgpt cm-2. The electrodeposited 

electrode and the sprayed electrode were placed on either side of the Nafion 112 

membrane (DuPont) as the cathode and anode, respectively. The membrane 

electrode assembly (MEA) was hot-pressed at 100 kgf cm-2 for 3 min at 130oC. For 

comparison, conventional MEA was also prepared by spraying both electrodes 

using the same GDL on both sides with a Pt loading of 0.4 mg cm-2. The cell 

performance and operating conditions were measured and controlled by a fuel cell 

test station (Globe Tech, Inc. 890 series, GT-500). The cell temperature was 

maintained at 70oC with the H2 and air gases humidified at 80oC for anode and 

75oC for cathode, respectively. The pressure on both electrodes was maintained at 2 

bar. 
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4. RESULTS AND DISCUSSION 

 
Under optimized conditions, Pt-Co alloy catalysts were prepared on Nafion(Na+)-

bonded carbon layers by means of a galvanostatic method. The amount of loaded 

Pt and Co was controlled by changing CoCl2 concentration and it was determined 

by ICP-AES, as shown in Table 2. Concentrations of Co precursor were varied 

from 20 to 120 mM while the concentration of Pt precursor is fixed at 40 mM. The 

data in Table 1 show that amounts of Pt and Co increase as the concentration of Co 

precursor is increased and these values are used to calculate the chemical 

composition. Also, the chemical composition of Pt-Co electrode was measured 

from energy dispersive x-ray spectroscopy (EDS) results where average results 

were calculated from several different data points. The compositions of electrode 

were observed from ICP-AES and EDS, as reported in Table 3. From these results, 

reliable chemical compositions of electrode from two analytical methods were 

obtained. 

 
Table 2. Amount of Pt and Co deposits from 40 mM Pt and various concentration of CoCl2. 

(Measured by ICP-AES) 

 
Sample Pt (mg/cm2) Co (mg/cm2) 

20 mM CoCl2 0.06899 0.06899 

40 mM CoCl2 0.07208 0.00676 

60 mM CoCl2 0.07539 0.01053 

120 mM CoCl2 0.08612 0.02481 
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Table 3. ICP-AES and EDS results of chemical composition for prepared catalysts. 

 
Sample 

Pt : Co atomic ratio 

ICP-AES Measurement EDS Measurement 

20 mM CoCl2 85 : 15 83 (±4) : 17 (±4) 

40 mM CoCl2 76: 24 78 (±3) : 22 (±3) 

60 mM CoCl2 68 : 32 64 (±3) : 36 (±3) 

120 mM CoCl2 51 : 49 52(±4) : 48 (±4) 

 

 
Figure 9. XRD patterns of the electrodeposited Pt-Co alloy catalysts after heat treatment 

(250 oC, 30 min, H2 10% / N2 90%). 

 

XRD patterns were analyzed to investigate the structural change of Pt-Co alloy 

catalyst. As indicated in Figure 9, XRD patterns show the Pt (111), (200), (220), 

and (311). The lattice parameter values of Pt are 3.887 Å (Pt), 3.861 Å (Pt85Co15), 
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3.863 Å (Pt76Co24), 3.860 Å (Pt68Co32), and 3.859 Å (Pt51Co49) for Figure 9, 

respectively. The lattice parameter of the Pt-Co alloy catalysts smaller than that of 

pure Pt. The decreasing of lattice parameter results from the interpenetration of 

transition metals which are smaller than Pt. Also, the Pt (111) peak of Pt-Co 

electrodes shifts to a higher angle compared to a pure Pt peak due to the 

incorporation of Co atoms into Pt atoms [13, 43].  

An XPS study was carried out to investigate the oxidation state of deposits before 

and after the heat treatment. Figure 10 shows the x-ray photoelectron spectra of Pt 

4f of the prepared electrodes after the heat treatment.  

 
Figure 10. X-ray photoelectron spectra of Pt 4f of electrodeposited Pt-Co alloy catalysts 

after heat treatment: (a) Pt85Co15, (b) Pt76Co24, (c) Pt68Co32, and (d) Pt51Co49. The spectra 

were deconvoluted into two components labeled as Pt and Pt2+. 
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The spectra can be deconvoluted into two components, labeled as Pt and Pt2+ (as 

PtO or Pt(OH)2). The relative intensities (%) of metallic Pt deposited from different 

Co concentrations are almost the same and these values increases in general after 

heat treatment, as shown in Table 4. It is reasonable to assume that the reduction of 

oxidized Pt occurs during the heat treatment. Based on XPS measurements, the 

electrodeposited Pt-Co alloy catalyst was found to have originated from the higher 

degree of relative intensity for metallic Pt on the catalyst surface compared to that 

of commercial 40 wt.% Pt-Co/C catalyst (E-TEK) in the XPS measurements 

of previous study [43]. The XPS results on electrodeposited Pt-Co alloy catalyst 

showed the presence of a relatively lower Pt-oxide content on the alloys.  

 

Table 4. Binding energies and relative intensities of deposits as observed from the Pt 4f X-
ray photoelectron spectra in Figure 10. 
 

Sample Species 
Binding Energies 

of 4f 7/2 (eV) 

Relative Intensities (%) 
Before 

 Heat Treatment 
After  

Heat Treatment 

Pt85Co15 
Pt 71.0 83.6 85.3 

Pt2+ 73.2 16.4 14.7 

Pt76Co24 
Pt 71.0 83.2 85.2 

Pt2+ 73.1 16.8 14.8 

Pt68Co32 
Pt 71.0 83.6 85.5 

Pt2+ 73.2 16.4 14.5 

Pt51Co49 
Pt 71.0 83.3 85.4 

Pt2+ 73.0 16.7 14.6 
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Unfortunately, we can’t find any reliable peak of cobalt 2p due to low loading 

catalysts. A trace metal loading causes weak signal on XPS experiment.  

 

Figure 10. HR-TEM images of electrodeposited Pt-Co alloy catalysts after heat treatment: 

(a) Pt85Co15, (b) Pt76Co24, (c) Pt68Co32, and (d) Pt51Co49. Insets indicate the particle size 

distribution. 

 

The morphology of Pt-Co particles was observed by HR-TEM, and the images are 

presented in Figure 11. These images were obtained from a series of deposits with 

a total charge density of 1 C cm-2 and various compositions. The average particle 
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sizes were calculated by particle distributions. Before heat treatment, size of those 

catalysts were 3-4 nm regardless of Co concentration (not shown here) while the 

average particle size of Pt-Co electrode after heat treatment at 250oC in H2 

atmosphere for 30 min grew a little (3-5 nm). In order to estimate the thickness of 

catalyst layer, SEM images and line scan were obtained by using EPMA coupled 

with SEM. Figure 11 (a) shows the cross-sectional image of MEA consisting of a 

conventional anode (left), pulse electrodeposited cathode (right) and Nafion 

membrane (middle). Figure 11 (b) displays the cross section image of the 

electrodeposited electrode from Pt76Co24 catalyst. The cross section image clearly 

shows the three layers consisting of catalyst layer, carbon layer and carbon cloth. 

The thickness of catalyst layer is measured to be 5-6 μm. The thickness of the Pt 

catalyst layer of anode and cathode is confirmed to be 26.2 μm and 5.8 μm, as 

shown in Figure 11 (c). The thickness of deposited cathode is about four times 

thinner than that of the E-TEK anode prepared by conventional method. Namely, 

the pulse electrodeposited cathode shows a high intensity of Pt peak in the thin area 

from the membrane. Figure 11 (d) shows the Pt-Co concentration profile of 

electrodeposited cathode electrode. The electrodeposited electrode increases the 

number of triple-phase boundaries where reactant is in contact with catalyst and 

ionomer. Therefore, there is the possibility of a higher Pt-Co utilization because of 

the existence of abundant triple phase boundaries. 

 

 



 

43 

 

Figure 11. Cross-sectional SEM images and EPMA concentration profiles of the 

electrodeposited electrode from Pt76Co24 catalyst: (a) Cross-sectional image of MEA 

consisting of a conventional anode (left), pulse electrodeposited cathode (right) and Nafion 

112 membrane (middle), (b) Cross-sectional image of pulse electrodeposited cathode, (c) Pt 

concentration profile of MEA, and (d) Pt-Co concentration profile of electrodeposited 

electrode for cathode. 
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Figure 12. Voltammograms of deposited Pt/C, Pt-Ru/C, Pt-Co/C catalysts in 0.5 M CH3OH 

and 0.5 M H2SO4 solution. 
 

Methanol crossover results in a significant loss in coulombic efficiency and voltage 

efficiency of a DMFC because the Pt/C is commonly used as the cathodic catalyst, 

and methanol would be oxidized at the cathode [44, 45]. To avoid this problem, 

one is the use of oxygen reduction catalysts, which are inactive towards methanol 

oxidation or have a high methanol tolerance strategy is the use of oxygen reduction 

catalysts, which are inactive towards methanol oxidation or have a high methanol 

tolerance. Previous studies have proved that the use of some Pt alloy catalysts 

could be an efficient route to meet this requirement because the carbon-supported 

Pt-Cr alloy catalyst [46, 47] and bulk Pt70Ni30 alloy catalyst [48] have been found 

to exhibit a high methanol tolerance during oxygen reduction in comparison to pure 

Pt. Figure 12 presents potential sweep voltammograms in a 0.5 M CH3OH and 0.5 
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M H2SO4 solution at Pt/C, Pt-Ru/C, and Pt-Co/C catalysts. It is seen that the Pt-

Ru/C and Pt/C catalysts exhibit enhanced catalytic activity toward methanol 

oxidation. However, the Pt-Co/C catalyst showed a high methanol tolerance.  

 
 

Figure 13. Current-voltage polarization curves of electrodeposited cathode catalysts and 

conventional method using the 40 wt.% HP Pt/C E-TEK catalyst. The anode catalyst loading 

was maintained at 0.4 mgpt cm-2. The cell temperature was maintained at 70oC with the 

anode H2 and cathode air gases. The pressure on both electrodes was maintained at 2 bar: 

(●) pulse electrodeposited cathode with catalyst loading of 0.070 mgPt cm-2, (▲) 

conventional electrode with Pt loading of 0.4 mgpt cm-2. 
 

Figure 13 shows the polarization curves from the PEM fuel cell prepared by using 

two different types of cathodes. One was prepared by using the electrodeposited Pt 

on uncatalyzed carbon electrode and the other was prepared by conventional 

method using the 40 wt.% Pt/C E-TEK catalyst. The total amount of metals in the 

cathode was determined as 0.070 mgPt cm-2 by ICP-AES. While conventional MEA 
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were fabricated by spraying the catalyst slurry with 0.4 mgPt cm-2 on GDL on the 

cathode side. The current densities are 1.051 A cm-2 and 0.858 A cm-2 at 0.6 V for 

pulse electrodeposited electrode and conventional electrode, respectively. In 

comparison with the conventional electrode made with catalysts from the E-TEK, 

the electrode prepared by electrodeposition contains only 17.5 % of catalyst of the 

E-TEK shows a better performance in almost the entire current density regions. It 

is certain that a less amount of Pt is required with the electrodeposition method to 

exhibit the same performance as the electrodes prepared by the conventional 

method.  

 

Figure 14. Current-voltage polarization curves of the electrodes prepared with different Pt-

Co compositions. The electrodeposited electrodes were used as the cathode. The anode 

catalyst loadings were maintained at 0.4 mgpt cm-2. The cell temperature was maintained at 

70 oC with the anode H2 and cathode air gases. The pressure on both electrodes was 

maintained at 2 bar: (◆) Pt85Co15, (▲) Pt76Co24, (★) Pt68Co32, and (■) Pt51Co49. 
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Figure 14 presents the mass activities of the electrodes prepared with different Pt-

Co compositions. The electrodeposited electrodes were used as the cathode. The 

electrodeposition method was prepared from 40 mM K2PtCl4 and various 

concentrations of CoCl2 dissolved in 0.5 M NaCl. A anode was made from the 

slurry mixed commercial 40 wt.% HP Pt/C E-TEK, Nafion solution and isopropyl 

alcohol. The mixture was sprayed on GDL with 0.4 mg cm-2 of Pt. The 

electrodeposited Pt-Co electrodes exhibit better performance than electrodeposition 

Pt electrode. The Pt-Co catalysts with 76 : 24 (obtained from a solution containing 

40 mM K2PtCl4 and 40 mM CoCl2) were found to provide the highest single cell 

performance among the compositions studied. These results are in agreement with 

previous result, the optimum atomic ratio of 3 : 1 Pt-Co [8, 13, 52-54]. 
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5. CONCLUSION AND PERSPECTIVE 

 

 

The characteristics and single cell performance of cost-effective Pt-Co catalysts, 

prepared on uncatalyzed carbon electrode by galvanostatic pulse electrodeposition 

have been evaluated. The chemical composition of the electrodes could be 

controlled by varying the concentration of Co precursor. We observed that Pt-Co 

catalysts evenly exist on the surface of carbon electrode and the thickness of Pt-Co 

catalysts layer was about 5.8 μm. From XPS studies, Pt 4f spectrum of catalyst 

indicated the presence of oxidation states Pt2+ in addition to metallic Pt. The Pt-Co 

catalysts with 76 : 24 were found to provide the highest single cell performance 

among the compositions studied. Improved mass activity of Pt-Co alloy catalysts 

indicated a definite increase of utilization efficiency. 
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1. INTRODUCTION  

 

Many research groups have recently made efforts to understand the influence of 

carbon support properties on the activity of fuel cell electrocatalysts. Carbon is an 

ideal material for supporting nano-sized metallic particles in an electrode for low 

temperature polymer fuel cells [1-3]. No materials other than carbon have the 

essential properties of electronic conductivity, corrosion resistance, surface 

properties, and low cost required for the commercialization of fuel cells. Carbon 

materials affect many vital properties of supported metal catalysts, in particular: (i) 

metal particle size, morphology and size distribution [4, 5]; (ii) extent of alloying 

in bimetallic catalysts [6]; (iii) stability of supported metal nanoparticles towards 

particle growth and agglomeration; (iv) electrocatalytic activity, e.g. due to metal-

support interactions; (v) degree of catalyst utilization; (vi) mass transport in the 

catalytic layer; (vii) electronic conductivity of the catalyst layer and thus its ohmic 

resistance, etc. [7, 8].  

Carbon black is currently the most widely used carbon material for the preparation 

of supported catalysts because this carbon material contains a small portion of 

micropores and a large surface area sufficient to accommodate a high loading of 

the metal phase. Carbon black is formed in the gas phase by the thermal 

decomposition of hydrocarbons [9]. Common carbon blacks include acetylene 

black, Vulcan XC-72, Ketjen Black, Black Pearl, etc., which possess different 

physicochemical characteristics, such as specific surface area, electronic 
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conductivity, stability and surface functionality.  

Recently, graphene has been studied as a catalyst support due to its excellent 

conductivity, remarkable mechanical strength and high specific surface area [10-

19]. Various techniques including mechanical exfoliation, epitaxial growth and 

chemical vapor deposition have been developed for producing graphene. Among 

them, chemically synthesized graphene using either graphite or a graphite 

derivative as the starting material has been found to be a useful component in 

various composites, potentially improving and controlling their properties [20, 21]. 

Graphene may serve as a support material to anchor nanoparticle catalysts in order 

to improve electron transport, which provides possibilities in the design of next-

generation catalysts with enhanced interactions between the substrate and the 

catalysts. In a previous study, we reported that a PtRu/graphene was used as an 

electrocatalyts for improving methanol oxidation [16]. However, the surface area of 

graphene decreases considerably when separated sheets aggregate together due to 

van der Waals force and π–π interaction [22-24], this will influence the utility and 

activity of the catalysts supported on them. Although the use of metal nanoparticles 

has been proposed for separating the graphene sheets, there has been some 

difficulty in creating a triple-phase boundary in a catalyst layer. 

In this part, we tried to provide a better approach of reactants into PtRu catalysts 

via the addition of a nano-sized spacer between graphene sheets. Also, we 

investigated the feasibility of a novel chemically activated graphene-supported 

electrocatalyst. 
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2. LITERATURE SURVEY  

 
2. 1. Various carbon supports for fuel cells 

Carbon plays an important role in fuel cell catalyst because of its good electrical 

and thermal conductivities, low density, adequate corrosion resistance, low thermal 

expansion, low elasticity, and high purity (Figure 1). In general, fuel cell catalysts 

consist of nano-sized metal particles deposited on carbon supports, therefore, the 

metal particles expose the active sites whereas the support acts as an anchor for 

these particles, thus preventing sintering. Extensive effort has been devoted to 

determining the optimum carbon as supports which supply enough surfaces in the 

dispersion of nanoparticles. 

 

 

Figure 1. Various carbon supports. 

 

(1) Activated carbon 

Activated carbons are commonly used as supports for DMFC anode catalysts. 

There are many types of carbon blacks, such as Acetylene Black, Vulcan XC-72, 

Ketjen Black, etc., and these are usually manufactured by pyrolyzing hydrocarbons 
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such as natural gas or oil fractions taken from petroleum processing. These carbon 

blacks show different physical and chemical properties, such as specific surface 

area, porosity, electrical conductivity and surface functionality. Among these 

factors, specific surface area has a significant effect on the preparation and 

performance of supported catalysts. Generally, highly dispersed, supported 

catalysts cannot be prepared from low-surface-area carbon blacks (e.g., Acetylene 

Black). High surface-area carbon blacks (e.g., Ketjen Black) could support highly 

dispersed catalyst nanoparticles. However, Ketjen Black supported catalysts 

showed high Ohmic resistance and mass transport limitation during fuel cell 

operation. Vulcan XC-72 with a surface area of ∼250 m2 g−1 has been widely 

used as a catalyst support, especially in DMFC anode catalyst preparation. An 

accessible and sufficiently large surface for maximum catalyst dispersion has been 

argued to be a necessary but insufficient condition for obtaining optimized carbon 

supported catalysts. Other factors, such as pore size and distribution, and surface 

functional groups of carbon blacks, also affect the preparation and performance of 

carbon black supported catalysts.  

 

(2) Carbon nanotube 

Carbon nanotubes were discovered in 1991 by Sumio Iijima of NEC and are 

practically long, thin cylinders of graphite sheet [25] and large-scale synthesis have 

been investigated, due to their high mechanical and unique electrical properties [26, 

27]. In CNT the graphitic planes run parallel to the central axis, implying that in 
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this compound only basal planes are exposed. These materials are also referred to 

as multi-walled carbon nanotubes (MWNT) or parallel carbon nanofibers. If the 

fiber consists of only one graphite sheet that is oriented in a parallel way to the 

fiber axis it is called a single-walled carbon nanotube (SWNT). This carbon of 

which surface is graphene sheet is so inert that the introduction of oxygen-

containing groups by treatment of this material with an oxidizing agent, e.g., nitric 

acid [28-30]. These functional groups ensure wettability with water and other polar 

solvents and enable the anchoring of an active phase or its precursor. A number of 

studies relating to the synthesis of CNT supported catalysts and their application in 

heterogeneous catalysis have been reported [28, 30-38]. However, the reasons why 

CNT supported catalysts show high performances in fuel cell application have not 

been discussed clearly. 

 

(3) Carbon nanofiber 

Carbon nanofiber (CNF) can be produced at relatively low costs with a high yield 

and are therefore suitable as catalyst support material [38-42]. It can be prepared in 

a reproducible manner, with tunable properties, making these fibers a support with 

great potential. One of the most outstanding features of these structures is the 

presence of a large number of edges, which in turn constitute sites that are readily 

available for chemical and physical interactions. In CNF the graphitic planes are 

oriented at an angle to the central axis, thus exposing graphite edge planes. The 

CNFs are classified as possessing a ‘platelet’ structure where the graphite platelets 
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in the carbon materials are oriented perpendicular to the fiber axis, a ‘spiral’ form 

where the platelets in the helical CNFs are oriented parallel to the fiber axis, a 

‘ribbon’ structure where the graphite platelets are aligned parallel to the fiber axis, 

and a ‘herring-bone’ structure where graphene sheets are stacked in a ‘fishbone’ 

way. Among these types of CNFs ‘platelet’ and ‘spiral’ graphite CNFs possess a 

structure in which the graphite sheets are oriented in a direction perpendicular to 

the growth axis and since the layers maintained a minimum interlayer spacing of 

0.355 nm, this well-ordered arrangement can act as a template for subsequent 

deposition of metals (Figure 2). 

The production of reactive carbon intermediates from a carbon source is a crucial 

step in the synthesis of CNF. This can be achieved by activation of graphite by 

laser vaporization, by electric arc-discharge, or by the dissociation of a carbon- 

containing gas (e.g., CH4, CO, and C2H4) on the surface of a suitable metal catalyst 

like Ni, Fe, or Co. Only the latter route, the catalytic synthesis route, very pure 

carbon nanofibers can be produced in large quantities, while tuning of physico-

chemical properties like surface structure, mean diameter, density, and morphology 

is possible. 

 

Figure 2. Schematic representations of four main types of carbon nanofiber (CNF). 
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(4) Graphene 

Graphene is the name given to a two-dimensional sheet of sp2-hybridized carbon. 

Its extended honeycomb network is the basic building block of other important 

allotropes; it can be stacked to form 3D graphite, rolled to form 1D nanotubes, and 

wrapped to form 0D fullerenes. Long-range π-conjugation in graphene yields 

extraordinary thermal, mechanical, and electrical properties, which have long been 

the interest of many theoretical studies and more recently became an exciting area 

for experimentalists. Graphene has potential applications in various fields such as 

energy electrodes, transparent electrodes (Figure 3). 

 

 

Figure 3. Applications of graphene. 
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While studies of graphite have included those utilizing fewer and fewer layers for 

some time, the field was delivered a jolt in 2004, when Geim and co-workers at 

Manchester University first isolated single-layer samples from graphite [43]. These 

mechanical exfoliation technique used by the Manchester group isolated the two-

dimensional crystals from three-dimensional graphite [44]. Many methods 

including mechanical exfoliation, chemical exfoliation, epitaxial growth, and 

chemical vapor deposition have been developed for producing graphene (Table 1). 

As recently demonstrated, graphene can be obtained in bulk quantity by chemical 

reduction of graphene oxide in solution. Because chemical reduction of graphene 

oxide easily obtains many grams as compared to mechanical method, many groups 

have been widely investigated on this topic [45-47].  

 

Table 1. Synthesis method of graphene  
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(5) Porous graphene 

Porous graphene is a collection of graphene-related materials with pores in-plane 

and out-of-plane (Figure 4). Depending on the production techniques used, the 

pore size ranges from atomic precision to macro scale. As a result of the pores of 

graphene, porous graphene exhibits properties distinct from those of pristine 

graphene, leading to its potential applications in numerous fields such as energy 

storage [48-51], gas purification [52, 53]. 

 

 

Figure 4. In-plane/out-of-plane pore by pore structure dimension. 

 

2. 2. Preventing graphene sheets from restacking 

Graphene has attracted increasing attention in the past several years due to its high 

surface area, remarkable thermal conductivity, excellent electronic conductivity 

and mechanical properties [10, 11]. Unfortunately, graphene from chemical 

reduction of graphite oxide (GO) often results in the aggregation or restacking due 

to the intersheet van der Waals attractions [54], and consequently significant 

degradation of the unique properties of individual sheets, such as high specific 

surface area and fast ion transport behaviors. 



 

63 

To fully utilize and further explore the new functions of graphene, many 

researchers try to design out-of- plane space by introducing spacer in-between 

graphene layers, such as metal oxides [55, 56], metal hydroxide [57, 58], 

conducting polymer [59-61], and carbon nanotubes [62-66] which makes the 

electroactive area more accessible, resulting in enhanced electrochemical 

performances for fuel cell, supercapacitors and Li-ion batteries. Recently, porous 

graphene materials including graphene nanomesh (in-plane pores in graphene 

sheets), crumpled graphene and graphene foam have been extensively studied. Due 

to their unique porous structure combined with the inherent properties of graphene, 

porous graphene materials have a higher surface area and much more space for the 

transportation or storage for the electron/ion, gas and liquid. 
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3. EXPERIMENTAL 

 

3.1. Preparation of graphene oxide 

Graphene oxide was synthesized using the modified Hummers method reported by 

Kovtyukhova et al [67]. Synthesized graphene oxide was suspended in water (0.05 

wt.%) to give a brown dispersion. Exfoliation of the graphene oxide was achieved 

through ultrasonication for 3 h and then subsequently dialyzed (12–14 kDa cut-off) 

for 6 h to remove any residual salts and acids. The obtained solution was then 

subjected to 20 min of centrifugation at 3000 rpm to remove any unexfoliated 

graphene oxide [68, 69]. Finally, the precipitate was dried at 70°C overnight. 

 

3.2. Preparation of chemically activated graphene 

500 mg of GO was dispersed in 20 ml of deionized water with ultrasonication for 

20 min. 3 g of KOH was added to the solution 50 followed by ultrasonication for 

another 20 min. The solution was impregnated with stirring at room temperature 

for 6 h and dried at 120oC. The powdered mixture was heated at 280oC for 1 h to 

evaporate residual water and then to it was heated at 800oC for 1 h under N2 gas 

atmosphere for activation in a quartz furnace. After washing the product with 

deionized water several times, it was dried at 80oC overnight, and then the 

activated graphene was obtained [70, 71]. 

 

http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib19
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3.3. Synthesis of PtRu/graphene-Vulcan carbon and PtRu/activated graphene  

A PtRu alloy catalyst supported on graphene–Vulcan carbon was prepared using an 

improved impregnation method [72], applying HCHO as a reducing agent and HCl 

as an acidic sedimentation promoter. H2PtCl6 (Aldrich) and RuCl3 (Aldrich) were 

used as metal precursors. The atomic ratio of platinum to ruthenium was adjusted 

to 1:1. Graphene oxide and Vulcan carbon (VULCAN XC-72, Cabot Corp.) were 

used as supports to make 40 wt.% PtRu/graphene–Vulcan carbon catalysts (Figure 

5). The graphene oxide and Vulcan carbon ratio varied between 0 and 100 wt.%. 

Also, the activated graphene was used as a support to obtain 40 wt.% 

PtRu/activated graphene. The prepared catalysts were heat-treated at 300°C in 10% 

H2 in N2 atmosphere to reduce the oxidized catalysts. For a comparison, 40 wt.% 

PtRu/graphene and PtRu/Vulcan carbon catalysts were also prepared in the same 

manner. 

 

Figure 5. Schematic illustration of facile synthesis of graphene-Vulcan carbon composite. (a) 

Chemical oxidation using modified Hummers method and (b) preparation of PtRu/graphene-

Vulcan carbon catalyst using an improved impregnation method. 

http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib22


 

66 

3.4. Characterization 

The chemical states of the component elements were analyzed through XPS 

(AXIS-His spectrometer, KRATOS) using a monochromatic Al Ka X-ray source 

(1486.6 eV) with a 12 kV voltage and 10 mA current. The binding energies were 

shifted for charging using C 1s to 284.6 eV. The C 1s signals were collected and 

analyzed based on the deconvolution of the spectra using XPS peak software. 

Atomic force microscopy (AFM) images of the layers deposited on SiO2/Si 

substrates were obtained using a Digital Instruments XE150 (PSIA) in tapping 

mode. Typical images were obtained at line scan rates of 1 Hz and 256 × 256 pixel 

samples were collected. A high-resolution transmission electron microscope (HR-

TEM, JEM-3010, JEOL) and field-emission scanning electron microscope (FE-

SEM, JSM-6700F, JEOL) were used to check the morphology of the catalysts. The 

crystallinity of the samples was determined through X-ray diffraction (XRD) 

performed using a M18XHF-SRA (MAC science Co.) diffractometer equipped 

with nickel-filtered Cu Ka radiation at a scan rate of 5° min−1 (2-theta). The X-ray 

gun was operated at 50 kV and 200 mA. 

 

3.5. Electrochemical measurements 

All electrochemical experiments were performed using an Autolab potentiostat 

(Metrohm, USA) with a conventional 3-electrode system. The electrochemical cell 

consists of a glassy carbon electrode (3 mm diameter, Bioanalytical Systems, Inc.) 

as the working electrode, Ag/AgCl (Bioanalytical Systems, Inc.) as the reference 
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electrode, and platinum wire as the counter electrode. All potentials determined 

through the electrochemical measurements were converted to the reversible 

hydrogen electrode (RHE) scale. The scan rate used during the CV measurement 

was 20 mV s−1. The working electrodes were prepared as follows: a glassy carbon 

electrode, polished to a mirror finish with a 0.05 mm alumina suspension (Buehler, 

Lake Bluff, MN, USA) before each experiment, was used as a substrate for the 

catalysts during the electrochemical measurements. A mixture of the catalyst, 5 wt.% 

Nafion solution, 2-propanol, and distilled water were ultrasonically homogenized. 

For the measurements, a thin compact layer of the mixture was cast onto the glassy 

carbon electrode. A measured volume of this mixture was dropped onto the glassy 

carbon surface, which enabled the calculation of the catalyst loading. The 

electrochemical activity of the methanol oxidation reaction was measured using 

linear sweep voltammetry at a scan rate of 20 mV s−1 at 25°C in a 1 M CH3OH and 

1 M H2SO4 solution. The electrochemically active surface area (ECA) of the 

prepared catalysts was determined using CO-stripping voltammetry in 1 M H2SO4 

solution. CO adsorption was achieved at 0.1 V versus RHE in a CO saturated 

solution for 10 minutes and the electrolyte was purged with nitrogen for 10 min to 

remove CO on the surface. The amount of COads was evaluated by integrating the 

stripping peak of COads, which was corrected for the electric double-layer 

capacitance. The electrochemical surface area of the PtRu metal was obtained 

using two assumptions: (1) the monolayer of the linearly adsorbed CO was 

established, and (2) the coulombic charge required for oxidation was 420 mC cm−2 
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[72, 73]. Chronoamperometry curves were measured at 0.7 V for 3600 s in 1 M 

CH3OH and 1 M H2SO4. 

 

3.6. Single cell test 

The polymer electrolyte membrane fuel cell tests of the prepared catalysts were 

performed with respective anode electrocatalysts under the same operating 

conditions. To fabricate the membrane electrode assembly (MEA), the catalyst 

slurry for the electrode was prepared by thoroughly mixing catalysts, Nafion 

solution (5 wt.%), and an appropriate amount of isopropyl alcohol. The well-mixed 

slurry was sprayed on a GDL (E-TEK, LT 1200-W) with 0.4 mgPtRu cm−2 for the 

anode. The Pt/C (E-TEK, 40 wt.%) catalyst slurry with 0.4 mgpt cm−2 was applied 

for the cathode. The anode and cathode electrodes were placed on both sides of a 

Nafion 112 membrane (DuPont). The MEA was hot-pressed at 9800 kPa for 3 min 

at 130°C. The cell performance and operating conditions were measured and 

controlled by a fuel cell test station (Globe Tech, Inc. 890 series, GT-500). The cell 

temperature was maintained at 70°C with the anode H2 and cathode air gases. 
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4. RESULTS AND DISCUSSION 

 

4.1. Addition of a nano-sized spacer between graphene sheets (PtRu/graphene-

Vulcan carbon) 

Surface chemical information was obtained using X-ray photoelectron 

spectroscopy (XPS). The main signals present on the survey spectra of the 

graphene oxide and graphene are due to C and O. The high-resolution C 1s XPS 

spectra are shown in Figure 6 (a). The C 1s peak of the graphene oxide consists of 

C-C (sp2 carbon in the basal plan, 284.6 eV), C-O (286.6 eV), C=O (288.1 eV) and 

O-C=O (289 eV). The contribution of C-O is particularly high. After a reduction 

using formaldehyde, the O/C ratio decreases notably in graphene, indicating that a 

large majority of the oxygenated species is removed [74, 75]. In addition, a broad 

and weak peak centered above 290.0 eV is identified as a shake-up satellite due to 

π–π* transitions [76]. To assess the reduction of graphene oxide, Fourier transform 

infrared (FT-IR) spectra of the nanostructures were recorded (Figure 6 (b)). The 

FT-IR spectrum of graphene oxide shows the presence of various oxygen-

containing groups, including O-C=O (νO-C=O at 840 cm−1), C-OH (νC–OH at 

1220 cm−1), O-H (νO–H at 1400 cm−1) and carboxyl functional moieties at 1730 cm−1, 

which are formed owing to the strong oxidation process [77]. On the other hand, in 

the case of graphene, most of the contributions from the oxygen-containing groups 

decrease after reduction using formaldehyde.  

http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib26
http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib27
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Figure 6. (a) XPS spectra of graphene oxide and graphene, (b) FT-IR spectra of graphene 

oxide and graphene, and (c) tapping-mode AFM image of graphene on SiO2/Si substrate. 
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Tapping-mode atomic force microscopy (AFM) shows that the graphene sheet was 

flat, with a thickness of ~ 1.48 nm (Figure 6 (c)). The measured thickness is larger 

than the theoretical value of a perfectly flat sp2-carbon atom network (∼0.32 nm). 

It is assumed that this difference results from oxygen-containing functionalities 

such as epoxy and hydroxyl groups, intrinsic out-of-plane deformation of graphene, 

and an instrumental offset arising from different interactions between the AFM 

cantilever, graphene sheet, and substrate [69, 74].The crystal structures of the 

graphene oxide, graphene sheet and prepared catalysts were characterized using 

XRD, the results of which are shown in Figure 7 (a). The XRD pattern of graphene 

oxide showed a well-defined (002) peak at 10.5°. After a chemical reduction using 

formaldehyde, the graphene oxide was reduced to graphene with a peak at 24.7° 

[75]. Additionally, XRD data of PtRu catalysts loaded onto supporting materials 

are shown in Figure 7 (a). The Pt (111) peak observed from all alloy catalysts 

shifts slightly toward a higher value compared with pure Pt. This shift indicates 

that the alloy is formed between the Pt and Ru [72, 78]. 

The surface morphology of the PtRu/graphene–Vulcan carbon was observed using 

a high-resolution transmission electron microscopy (HR-TEM) and field-emission 

scanning electron microscopy (FE-SEM). As shown in Figure 7 (b), PtRu 

nanoparticles were uniformly dispersed on a graphene–Vulcan carbon composite 

and their ranges were primarily between 1 and 5 nm with an average particle size 

of 3.3 nm, which is slightly smaller than PtRu/Vulcan carbon with an average 

particle size of about 3.5 nm (Figure 8). 

http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib22
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Figure 7. (a) X-ray diffraction profiles of graphene oxide, graphene, PtRu/Vulcan carbon 

(PtRu/C), PtRu/graphene (PtRu/G), and PtRu/graphene-Vulcan carbon (PtRu/G-C (3:1)) and 

(b) HR-TEM image of PtRu metal particles anchored onto graphene-Vulcan carbon. The 

inset is a graph of particle size distribution. 
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Figure 8. HR-TEM images of (a) PtRu/Vulcan carbon and (b) PtRu/graphene 

 

The graphene consists of randomly aggregated, closely associated crumpled sheets 

forming a disordered solid. The PtRu/graphene catalyst (Figure 9 (a)) shows a 

slightly wrinkled morphology, while the PtRu/graphene–Vulcan carbon composite 

shows a highly wrinkled morphology (Figure 9 (b)). Aksay et al. reported that 

these wrinkles may be important for preventing the aggregation of graphene 

occurring from van der Waals forces during drying process and to maintain high 

active surface area [13, 24]. This means that the Vulcan carbon prevents the 

aggregation of graphene sheets and increases distance between them, thereby 

altering their arrays. An effective electrocatalyst is one that correctly balances the 

transport processes required for an operational fuel cell. A catalyst, ionomer and 

reactant are referred to as a triple-phase found in a catalyst layer. The triple-phases 

meet at the triple-phase boundary and create a reaction carried out by the catalyst 

particles [79]. In the PtRu/graphene, a relatively low triple-phase boundary resulted 

http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib29
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from the aggregation of the graphene sheets. In contrast, more triple-phase 

boundaries could be created in a PtRu/graphene–Vulcan carbon than in a 

PtRu/graphene owing to the well-arranged spacing structure of a graphene–Vulcan 

carbon composite. Therefore, the catalyst layer with a graphene–Vulcan carbon 

composite provides more reactive PtRu nanoparticles adjacent with an ionomer and 

reactant, resulting in a higher methanol oxidation and ECA (Figure 10 (b)). The 

electrocatalytic activity for methanol oxidation was estimated by linear sweep 

voltammetry. Figure 10 (a) shows the linear sweep voltammograms of the 

PtRu/graphene–Vulcan carbon composite (PtRu/G–C), PtRu/graphene (PtRu/G), 

and PtRu/Vulcan carbon (PtRu/C) in 1 M CH3OH and 1 M H2SO4. The current 

density of the PtRu/G–C catalyst was increased to twice that of the PtRu/G catalyst 

at 0.8 V. The electrocatalysts with different graphene–Vulcan carbon ratio were 

prepared and their electrochemical activities evaluated (Figure 11). 

PtRu/graphene–Vulcan carbon at 3:1 w/w shows the highest methanol oxidation 

compared to the other composition ratios. This ratio suggests the best 

electrocatalyst activity during methanol oxidation. 
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Figure 9. FE-SEM images of (a) PtRu/graphene and (b) PtRu/graphene-Vulcan carbon 

composite. The inserts show the effects of a spacing material between two-dimensional 

graphene (●: activated catalyst, ○: dead catalyst). 
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The electrochemically active surface area (ESA) provides important information 

regarding the number of available active sites. Figure 10 (b) shows the CO-

stripping voltammograms of the PtRu/graphene–Vulcan carbon (PtRu/G-C), 

PtRu/graphene (PtRu/G), and PtRu/Vulcan carbon (PtRu/C) recorded in 1 M 

H2SO4. Note that the PtRu/G-C catalyst of 79.8 m2 g−1 exhibits a larger 

electrochemical surface area than the PtRu/G catalyst value of 44.6 m2 g−1, which 

is attributed to the different active sites. Long-term methanol oxidation was 

conducted at 0.7 V and the variation of current with time was recorded (Figure 10 

(c)). The performances of the prepared catalysts show that the current density 

initially decreased and reached a steady state value. From these results, the PtRu/G-

C catalyst exhibits a higher current density and long-term performance for the 

methanol oxidation compared with PtRu/G and PtRu/C. Figure 12 shows the 

polarization curves of the polymer electrolyte membrane fuel cell using the as-

prepared catalysts and the commercial catalysts. The current densities at 0.6 V are 

0.967 A cm−2 and 0.368 A cm−2 for the 40 wt.% PtRu/G-C (3:1 w/w) and 40 wt.% 

PtRu/graphene, respectively. The power densities of the PtRu/G-C (3:1 w/w) and 

PtRu/graphene were found to be 0.742 W cm−2 and 0.310 W cm−2, respectively. It 

is evident from Figure 12 that the PtRu/G-C (3:1 w/w) catalyst exhibited better 

performance than that of the PtRu/graphene catalyst in a polymer electrolyte 

membrane fuel cell test. The results indicated that Vulcan carbon effectively 

modifies to array of graphene sheets, resulting in more triple-phase boundaries 

available for electrochemical reaction and better mass transport in the catalyst layer. 
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Figure 10. (a) Linear sweep voltammograms of the prepared catalysts in 1 M H2SO4 and 1 

M CH3OH at 25 °C at a scan rate of 20 mV s-1. (b) CO-stripping voltammograms in 1 M 

H2SO4. The black line shows the first cycle, i.e., the CO stripping voltammograms, while the 

red dash line shows the second cycles, which are equivalent to the background CV of the 

particular catalysts. (c) Chronoamperometric curves at 0.7 V in 1 M CH3OH and 1 M H2SO4. 
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Figure 11. Methanol oxidation current at 0. 8 V for graphene-Vulcan carbon with different 

ratio (graphene to Vulcan carbon = 1:3, 1:1, 3:1, 9:1 w/w). 

 

   

Figure 12. (a) Current–voltage polarization curves of the polymer electrolyte membrane fuel 

cell using PtRu/Vulcan carbon, PtRu/graphene, PtRu/Vulcan carbon-graphene (3:1), and 

commercial catalysts (E-TEK, 40 wt.% PtRu/C) as respective anode electrocatalyst. The cell 

temperature was maintained at 70oC with the anode H2 and cathode air gases. 
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4.2. Chemically activated graphene supported PtRu electrocatalyst 

The PtRu/chemically activated graphene (PtRu/CAG) catalyst was prepared 

through a 2-step reaction: activation of graphene oxide, followed by an improved 

impregnation method of as-prepared chemically activated graphene and metal 

precursors. Figure 13 (a) illustrates the preparation of graphene via the KOH 

activation process. During the activation reaction at elevated temperature, the 

surface of graphene acquires a high porosity and large specific surface area. In the 

reaction, KOH is reduced into metallic K and carbon atoms of graphene are 

oxidized to carbon oxide and carbonate. The as-formed metallic K intercalate into 

the graphene layers and accelerates the efficient activation process all over the 

graphene surface, leading to higher structural porosity [80]. 

 

 

Figure 13. Schematic diagrams of (a) chemically activated graphene (CAG) by KOH 

activation and (b) PtRu/ chemically activated graphene (PtRu/CAG) using an improved 

impregnation method.  
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The KOH activation process generates a porous structrure of various pore sizes. 

FE-SEM and HR-TEM images show the surface morphology of chemically 

activated graphene. 

The FE-SEM images (Figure 14) reveal the three-dimensional structure of 

chemically activated graphene (CAG), consisting of pores and rough edges. In 

contrast, the graphene consists of a thinm wrinkled paper-like structures. Similarly, 

the PtRu/graphene (PtRu/G) shows a slightly wrinkled structure, while the 

structure of PtRu/chemically activated graphene (PtRu/CAG) displays abundant 

wrinkles. The wrinkles in graphene have practical significance in that they prevent 

the aggregation of the graphene sheets and thus maintain a large active surface area. 

 

Figure 14. FE-SEM images of (a) graphene sheets, (b) chemically activated graphene 

(CAG), (c) PtRu/graphene(PtRu/G), and (d) PtRu/chemically activated graphene 

(PtRu/CAG).  
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In particular, the HR-TEM image reveals a nanoporous structure, similar to that of 

porous graphene activated by KOH reported previously [70], indicating that this 

activation process is able to etch the graphene sheets to form a porous structure. 

Chemically activated graphene had a rough and mesh-like structure (Figure 15 (b)), 

whereas graphene typically shows a flat and smooth surface (Figure 15 (a)). The 

images indicate that KOH etched the structure during the activation process.  

 
Figure 15. HR-TEM images of (a) graphene and (b) chemically activated graphene. 

 

The HR-TEM image of PtRu/chemically activated graphene (Figure 16) shows the 

PtRu nanoparticles tobe uniformly dispersed on the chemically activated graphene 

with an average particle size of about 3.1 nm, which is slightly smaller than 

PtRu/graphene with an average particle size of about 3.3 nm. The presence of PtRu 

(1:1 atomic ratio) in PtRu/chemically activated graphene was confirmed by the 

EDX spectrum. 
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Figure 16. (a) HR-TEM image of PtRu metal particles anchored on chemically activated 

graphene. (b) Particle size distribution and (c) EDX spectrum of PtRu/chemically activated 

graphene. 

 

Table 2 shows the specific surface area, total pore volume, and average pore sizes 

of the samples. The specific surface areas of graphene and chemically activated 

graphene were 370 and 2,376 m2 g-1 respectively. The very large surface area of 

chemically activated graphene was close to the theoretical value of graphene (2,630 

m2 g-1). This is because the in-plane pores created during the chemical activation 

process, increase the surface area of chemically activated graphene. 

In the nitrogen adsorption/desorption analysis, the isotherm slope of chemically 

activated graphene continuously increased until around P/P0 = 0.5. According to 

the classification of isotherms, the chemically activated graphene isotherm could 

be classified as a mesopore type (Figure 17), chemically activated graphene 

exhibited a narrow pore diameter distribution mainly centered at ~ 3.8 nm. 
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Graphene has a surface are of 360 m2 g-1 with average pore diameter of ~ 4.3 nm. 

The nitrogen adsorption/desorption isotherm of graphene shows a platelet-like 

structure [81, 82]. Active sites are often located in mesopore of 2 ~ 10 nm, whereas 

the mesopores of 20 ~ 50 nm and macropore favor mass transfer and reduce 

transport limitations [83]. Therefore, the existence of pores of various sizes in the 

chemically activated graphene expected to be beneficial for the mass transfer of the 

reactant. 

 
Table 2. Specific surface area, total pore volume, and average pore diameter of Vulcan 

carbon (C), graphene (G), and chemically activated graphene (CAG). The specific surface 

area and total pore volume were calculated using the BET method and the average pore 

diameter was yielded by the BJH method.  

 
C G CAG 

Specific surface 
area (m2/g) 240 366 2,376 

Total pore 
volume (m3/g) a 0.62 0.99 1.86 

Average pore 
diameter (nm) b 10.43 10.67 2.89 

a Total pore volumes measured at P/Po = 0.995. 
b BJH desorption average pore diameters. 
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Figure 17. Nitrogen adsorption/desorption analysis of chemically activated graphene (CAG), 

graphene (G) and Vulcan XC-72 (C). (a) N2 isotherm curves at 77.4 K. (b) Cumulative pore 

volume and pore diameter distribution obtained from the adsorption isotherm in (a). 
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Figure 18. FT-IR spectra of graphene oxide (GO), graphene (G), and chemically activated 

graphene (CAG). 

 

The reduction of graphene oxide, was assessed by recording the Fourier transform 

infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS) spectra of graphene 

oxide, graphene, and chemically activated graphene (Figure 18, 19) 

The FT-IR spectrum of graphene oxide shows the presence of various oxygen-

containing groups, including O-C=O, C-OH, C-O, and C=O, which are formed 

owing to the strong oxidation process [77]. On the other hand, in the case of 

graphene and chemically activated graphene, most of the contributions from the 

oxygen-containing groups decrease after heat treatment.   

http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib27
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Figure 19. XPS spectra of graphene oxide (GO), graphene (G), and chemically activated 

graphene (CAG). 

 

The C 1s XPS spectra can be deconvoluted into four peaks at binding energies of ~ 

284.6, ~ 286.6, ~ 287.9, and ~ 289 eV, which can be attributed to the sp2 C-C, C-O, 

C=O, and O-C=O groups, respectively [74, 75]. The peak resulting from the C-O 

bond of chemically activated graphene and graphene is much smaller than that of 

graphene oxide. On the other hand, the peak of the C-C bond of chemically 

activated graphene and graphene at a binding energy of 284.6 eV is larger than that 

of graphene oxide. The area percentages of the different peaks are summarized in 

Table 3, which shows that the ratio of bonds between carbon and oxygen in 

chemically activated graphene is much smaller than that in graphene oxide and 
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graphene. This evidence indicates that graphene oxide was reduced during the 

activation process. 

 

Table 3. Relative intensities of C 1s bond of graphene oxide (GO), graphene (G), and 

chemically activated graphene (CAG) by XPS measurement.  

Bond GO (%) G (%) CAG (%) 

C-C 37.2 72.7 85.3 

C-O 49.7 14.1 9.5 

C=O 10.6 11.1 5.2 

 O-C=O 2.5 2.1 - 

  

Figure 20 shows the XRD patterns of the catalyst supports and the catalysts. The 

XRD pattern of graphene oxide showed a well-defined (002) peak at 11.8° 

corresponding to a d-spacing (interlayer distance between sheets) value of 0.837 

nm. This value is higher than the interlayer spacing of graphite flackes (d-spacing: 

0.335 nm), because of the presence of oxygenated functional groups and 

intercalated water molecules [84]. After thermal reduction, the graphene exhibited 

a weak and broad diffraction peak at 23.9°, whereas the peak displayed by 

graphene oxide at 11.8° was absent from the XRD pattern of graphene. After 

thermal reduction of the graphene oxide to graphene [75, 76]. The d-spacing value 

decreased to 0.344 nm. The distance between the graphene layers of chemically 

activated graphene was found to be 0.349 nm, which is somewhat larger than that 

http://www.sciencedirect.com/science/article/pii/S0378775312012505#bib22
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of graphene. Additionally, the XRD data of PtRu catalysts loaded onto supporting 

materials are shown in Figure 20. The Pt peak representing the (111) plane 

observed for all alloy catalysts is shifted toward a slightly higher value compared 

with pure Pt. This shift indicates the formation of an alloy between Pt and Ru [72]. 

 

 

Figure 20.  X-ray diffraction patterns of graphene oxide (GO), graphene (G), chemically 

activated graphene (CAG), PtRu/Vulcan carbon (PtRu/C), PtRu/graphene (PtRu/G), and 

PtRu/chemically activated graphene (PtRu/CAG). 
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Figure 21. CO-stripping voltammograms of PtRu/chemically activated graphene 

(PtRu/CAG), PtRu/graphene (PtRu/G), and PtRu/Vulcan carbon (PtRu/C) in 1 M H2SO4. The 

black line shows the first cycle, i.e., the CO stripping voltammograms, while the red dash 

line shows the second cycles, which are equivalent to the background CV of the particular 

catalysts. 

 

The electrochemically active surface area (ECA) provides important information 

regarding the number of available active sites. Figure 21 shows the CO-stripping 

voltammograms of the PtRu/activated graphene (PtRu/AG), PtRu/graphene 

(PtRu/G) and PtRu/Vulcan carbon (PtRu/C) recorded in 1 M H2SO4 at a scan rate 

of 20 mV s−1. The utilization of the PtRu/CAG catalyst showed a significantly 

higher electrochemically active surface area of 80.2 m2 g−1 in methanol electro-

oxidation compared to that shown by the PtRu/G (44.8 m2 g−1) and PtRu/C 

(26.5 m2 g−1) catalysts. This meas that the abundant pores and three-dimensional 
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structure in the support material played an important role in the electrochemical 

reaction. 

 

Figure 22. Linear sweep voltammograms ofPtRu/chemically activated graphene 

(PtRu/CAG), PtRu/graphene (PtRu/G), and PtRu/Vulcan carbon (PtRu/C) in 1 M H2SO4 and 

1 M CH3OH at 25°C at a scan rate of 20 mV s-1. 
 

Figure 22 shows the linear sweep voltammograms of the PtRu/CAG, PtRu/G, and 

PtRu/C in 1 M CH3OH and 1 M H2SO4. The current density of the PtRu/CAG 

catalyst is more than twice as high as that of the PtRu/G catalyst at 0.7 V. The 

results indicated that the chemical activation of graphene to produce CAG 

effectively modifies the graphene sheets, resulting in the availability of additional 

triple-phase boundaries for electrochemical reation. The enhanced current of the 

methanol oxidation indicated that a higher energy density could be achieved in fuel 

cells for practical applications. 

The long-term stabilities of the catalysts prepared for methanol oxidation were 
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investigated by recording their chronoamperometric curves in 1 M H2SO4 and 1 M 

CH3OH at a constant potential of 0.6 V (Figure 23). For all the catalysts, the 

current was initially observed to decrease, which could be ascribed to the formation 

of COads and other intermediate species during the methanol oxidation reaction [85, 

86] However, the urrent of the PtRu/CAG catalyst is still considerably higher than 

those obtained for the PtRu/G and PtRu/C catalysts after 2000 s. These results 

indicate that the chemically activated graphene would be capable of providing 

effective support for a metal catalyst in fuel cells. 

 

 

Figure 23. Chronoamperometric response of PtRu/chemically activated graphene 

(PtRu/CAG), PtRu/graphene (PtRu/graphene), and PtRu/Vulcan carbon (PtRu/C) in 1 M 

H2SO4 and 1 M CH3OH at 0.6 V. 
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5. CONCLUSION AND PERSPECTIVE 

 

 
 

In this part, we studied a new support material for low temperature fuel cell 

electrocatalyst: graphene, graphene-Vulcan carbon composite and chemically 

activated graphene. We tried to provide a better approach of reactants into PtRu 

catalysts via the addition of a nano-sized spacer between graphene sheets. Vulcan 

carbon is added as a nano spacer to enhance the utilization and electrochemical 

activities of the graphene-based materials. The results show that a PtRu catalyst 

loaded onto the graphene-Vulcan carbon (3:1 w/w) composite exhibits high 

electrocatalytic activity and high stability toward methanol electrochemical 

oxidation owing to the special structure of the graphene-Vulcan carbon composite. 
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Also, the PtRu/graphene-Vulcan carbon catalyst exhibits better performance than 

the PtRu/graphene catalyst in a polymer electrolyte membrane fuel cell test. Also, 

we prepared a chemically activated graphene by using KOH activation, after which 

it was loaded with 40 wt.% PtRu using an improved impregnation method. The 

chemical activation of graphene to produce CAG results in a modification that 

leads to an increase in the number of triple-phase boundaries that are available for 

electrochemical reaction. The results show that the PtRu/CAG exhibited an 

enhanced electrocatalytic activity and stability toward methanol oxidation owing to 

the three-diemnsional and porous structure of the CAG. The outstanding catalytic 

activity of the PtRu/CAG catalyst suggests that the chemically activated graphene 

can be used as the catalyst support in fuel cells. 
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1. INTRODUCTION  

 
Graphene-metal nanoparticle catalysts have typically been prepared by chemical or 

thermal reduction of mixtures of GO (or graphene) and metallic precursors. These 

methods involve hazardous chemicals, or high temperatures and complicated 

procedures. More recently, the electrochemical reduction of GO by potentiostatic 

method such as chronoamperometry or cyclic voltammetry has been developed [1-

12]. For instance, Liu and co-workers [13] developed electrodeposition 

method for the synthesis of graphene-Au (Au NPs with a diameter of  about 

30 nm) nanocomposite film through cyclic voltammetry. Ye and co-workers 

[14] investigated by pulsed potential deposition and chronoamperometry for 

the synthesis of graphene-Pt (Pt microspherical particles are built up by 

numerous small Pt nanorods with average diameter of ~ 30 nm and the 

length of ~ 90nm). The electrodeposition technique is attractive because it is fast, 

clean, and simple. In general, electrodeposition can be carried out using either a 

potentiostatic or galvanostatic method, which involve direct and pulse techniques. 

The galvanostatic method is more convenient for the preparation of high geometric 

surface area electrodes, because the electrical set-up requires only two electrodes 

and an arbitrary waveform generator, whereas the potentiostatic set-up requires a 

three electrode configuration. Electrodeposition via the galvanostatic pulse 

technique is better for controlling particle size and composition of the alloy by 
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varying experimental parameters such as duty cycle (on/off time), peak current 

density, and total charge [3, 4].  

One step co-electrodeposition synthesis of the Pt/graphene catalyst is possible 

because both GO and H2PtCl6 reduction reactions can occur under cathodic 

conditions simultaneously. Herein, we demonstrate the one step co-

electrodeposition synthesis of the Pt/graphene catalyst using a galvanostatic pulse 

technique. The novel Pt/graphene electrocatalyst exhibits significantly higher 

electrocatalytic activity than commercially available Pt/C catalysts toward 

methanol oxidation. 

 

2. EXPERTIMENTAL 

 

2. 1. Preparation of graphene and Pt/graphene electrocatalyst  

Pulsed galvanostatic electrodeposition of the Pt/graphene catalyst was carried out 

in a two-electrode cell using an Autolab electrochemical workstation (Metrohm, 

USA). Figure 1 shows a schematic of the pulsed electrodeposition method. The 

glassy carbon electrode (GCE, 3 mm diameter, Bioanalytical Systems, Inc.) served 

as a working electrode and a Pt wire as the counter electrode. The working 

electrodes were prepared as follows: the GCE, polished to a mirror finish with a 

0.05 mm alumina suspension (Buehler, Lake Bluff, MN, USA) before 

electrodeposition, was used as a substrate for the catalysts. GO was synthesized 

using the modified Hummer’s method [15-17]. For electrochemically reduced 
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Pt/graphene (Pt/ERG), a dispersion containing 1.0 mg mL-1 GO and 5 mM 

chloroplatinic acid hydrate (H2PtCl6·xH2O) in 0.01 M phosphate buffered saline 

(PBS; 0.138 M NaCl, 0.0027 M KCl, pH 7.4) was prepared. Pt precursor was used 

to prepare mixed dispersions with GO for co-electrodeposition synthesis of Pt/ERG. 

The parameters for the pulsed galvanostatic electrodeposition were optimized at a 

peak current density of 300 mA cm-2, an on/off time of 10/100 ms and a total 

charge density of 2 C cm-2. After deposition, the working electrode was rinsed with 

distilled water and dried under an infrared lamp. For comparison of the 

electrochemically reduced graphene (ERG), a dispersion containing 1.0 mg mL-1 

GO in 0.01 M PBS was also prepared using the same method. 

 

 

Figure 1. Schematic diagram of pulsed galvanostatic electrodeposition. 
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2. 2. Characterization 

A field-emission scanning electron microscope (FE-SEM, JSM-6700F, JEOL) and 

high-resolution transmission electron microscope (HR-TEM, JEM-3010, JEOL) 

were used to assess the morphology of the catalysts. Energy dispersive 

spectroscopy (EDS) was used to confirm the existence of Pt particles. Fourier-

transform infrared (FT-IR) spectra were recorded using a Nicolet 6700 (Thermo 

Scientific, USA) in the 500-4000 cm-1 infrared range using a KBr matrix. The 

Raman spectra of GO, ERG, and Pt/ERG were obtained using a micro-Raman 

system equipped with a homemade sample stage, a monochromator (SPEX 500 M), 

and a CCD camera (RogerScientific model 7346-001) with a 632.8 nm wavelength 

He/Ne laser line (power 2 mW). The chemical states of the component elements 

were determined using X-ray photoelectron spectroscopy (XPS; Sigma Probe, 

ThermoVG, U.K) with a monochromatic Al Kα X-ray source (1486.6 eV) with a 

12 kV voltage and 10 mA current. The binding energies were corrected for 

charging by scaling them to the C 1s binding energy, 284.6 eV. The C 1s signals 

were collected and analyzed by deconvoluting the spectra using XPS peak software. 

The amount of deposited Pt was determined using inductively coupled plasma-

atomic emission spectroscopy (ICP-AES). All electrochemical experiments were 

performed using an Autolab electrochemical workstation (Metrohm, USA) with a 

conventional three-electrode system. The electrochemical cell consisted of an 

electrochemically prepared sample on the GCE as the working electrode, Ag/AgCl 

(Bioanalytical Systems, Inc.) as the reference electrode, and a Pt wire as the 
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counter electrode. The scan rate used during the CV experiments was 50 mV s-1. 

Electrochemical impedance spectroscopy (EIS) experiments were carried out using 

a GAMRY electrochemical analyzer system (Reference600, US) in a grounded 

Faraday cage at ambient temperature. EIS was conducted in the frequency range 

between 0.5 Hz and 1 MHz with a perturbation signal of 5 mV. The impedance 

data were fitted to an appropriate equivalent circuit using Echem Analyst™ 

Software. Electrochemical experiments were conducted in 5 mM Fe(CN)6
3-/4- /0.01 

M PBS solution, 0.5 M H2SO4, 0.5 M CH3OH/0.5 M H2SO4, respectively. For 

comparison, a commercial Pt/C catalyst (40 wt% Pt/C, E-TEK Inc.) was also tested 

under the same conditions. 
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3. RESULTS AND DISCUSSION 

 
Co-electrodeposition synthesis of the Pt/graphene catalyst becomes possible 

because both GO and H2PtCl6 reduction reactions can occur under cathodic 

conditions simultaneously. Figure 2 shows photo of electrochemically reduced 

graphene (ERG) and electrochemically reduced Pt/graphene (Pt/ERG) on indium 

tin oxide (ITO) glass in order to observe the color change of GO. The color was 

changed from brownish yellow (GO) to black (ERG and Pt/ERG) visible to the 

naked eye, which indicates the restoration of the π network within the carbon 

structure, and has been witnessed during the electrochemical reduction of GO [7]. 

 

Figure 2. Photograph of electrochemically reduced graphene (ERG) and electrochemically 

reduced Pt/graphene (Pt/ERG) on ITO glass. 

 

The electrodeposition process occurs by formation of fresh nuclei and by growth of 

deposits. These two processes are competitive, depending on the chemical and 

electrochemical parameters are related to the particle size. The Pt loading amount 

increases with the increase of total charge density and concentration of Pt precursor. 

When the concentration of Pt precursor at a fixed total charge density doubles, Pt 

metal ions are deposited approximately twice as much. (Figure 3 and Table 1).  
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Figure 3. Amount of Pt loading according to the concentration of Pt precursor and charge 

densities (1.0 mg mL-1 GO, 300 mA cm-2, 10/100 ms). 

 

Table 1. Pt loading and electrochemically surface area by different concentration (1.0 mg 

mL-1 GO, 300 mA cm-2, 2 C cm-2, 10/100 ms).                 
 

Concentration Pt Loading (mg/cm2) ECSA (m2/g Pt) 

5 mM H2PtCl6·xH2O 0.015 45.2 

10 mM H2PtCl6·xH2O 0.034 37.8 

 

Duration of the off-time plays an important role in the pulsed deposition since the 

recovery of concentration of the electroactive species at the surface of electrode 

(Figure 4). So the use of appropriate pulse variables creates predictable Pt/ERG 

morphology. The parameters for the pulsed galvanostatic electrodeposition were 

optimized at a peak current density of 300 mA cm-2, an on/off time of 10/100 ms 

and a total charge density of 2 C cm-2. Consequently, the repeated pulsed 

electrodeposition led to the formation of the Pt/ERG catalyst. 



 

109 

 
Figure 4.  Pt loading and electrochemically surface area estimated for various off-times 

       (5 mM H2PtCl6·xH2O, 1.0 mg mL-1 GO, 300 mA cm-2, 2 C cm-2, 10 ms On time). 

 

The surface morphology of ERG and Pt/ERG was examined using electron 

microscopy. SEM images revealed that the graphene appeared as an aggregation of 

thick flakes, each consisting of overlapping thin sheets, stacked in random 

orientations (Figure 5 (a)). Pt/ERG catalyst can be successfully synthesized via 

electrochemical co-reduction (Figure 5 (b) and Figure 5 (c)). Indeed, as shown in 

the Figure 6, the lattice spacing of Pt is ~ 0.22 nm, corresponding to Pt (111). It is 

clearly seen that Pt particles with a diameter of ~ 4.5 nm were dispersed uniformly 

on the graphene, which enables high electrochemical activity of Pt/ERG. It showed 

a much smaller Pt particle size than potentiostatic synthesis [14]. 
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Figure 5. Typical SEM images of (a) electrochemically reduced graphene (ERG) and (b) 

electrochemically reduced Pt/graphene (Pt/ERG) catalyst by pulsed galvanostatic 

electrodeposition, respectively. (c) EDS spectrum of electrochemically reduced Pt/graphene 

(Pt/ERG) catalyst. 
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Figure 6. TEM images of electrochemically reduced graphene (Pt/ERG) at different 

magnifications. 

 

 

 

Figure 7. FT-IR spectra of graphene oxide (GO) and electrochemically reduced graphene 

(ERG). 
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To assess the reduction of GO, the nanostructures were characterized using FT-IR 

spectroscopy (Figure 7). The FT-IR spectrum of GO shows the presence of various 

oxygen-containing groups, including -OH (ν = 3400 cm-1), carboxyl C=O (ν = 

1730 cm-1), aromatic C=C (ν = 1623 cm-1), epoxy C-O (ν = 1268 cm-1), alkoxy C-O 

(ν = 1082 cm-1), and O-C=O (ν = 840 cm-1), which were formed by the vigorous 

oxidation process [19-21]. As expected, most of the contributions in graphene from 

oxygen-containing groups decreased after electrochemical reduction. 

 

Figure 8. Raman spectra of graphene oxide (GO), electrochemically reduced graphene 

(ERG), and Pt/graphene catalyst (Pt/ERG). 

 

Significant structural changes arising from electrochemical reduction from GO to 

graphene were reflected in the corresponding Raman spectra. GO, ERG, and 

Pt/ERG were characterized by Raman spectroscopy, and the results are shown in 

Figure 8. The two peaks were attributed to the G and D bands at 1593 cm-1 and 
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1338 cm-1, respectively. The G band is related to the in-plane bond-stretching 

motion of pairs of sp2-C atoms. The D band is the breathing mode of the sp2-rings 

in the graphene layer related to a series of defects: bond-angle disorder, bond-

length disorder and hybridization [22, 23]. The increased intensity ratio (ID/IG) of 

Pt/ERG was attributed to the increase in the graphene sheet defects caused by the 

incorporation Pt. 

Surface chemical information was obtained using XPS. In brief, the C1s XPS 

spectrum of the GO (Figure 9 (a)) clearly indicated a considerable degree of 

oxidation, with four components corresponding to carbon atoms in different 

functional groups: the non-oxygenated C ring (284.6 eV), the C in C-O (~286.8 

eV), the carbonyl C (~287.8 eV), and the carboxylate carbon (O-C=O, ~289.5 eV) 

[24, 25]. The contribution of C-O was particularly high. After electrochemical 

reduction, the O/C ratio decreases notably in ERG, indicating that a majority of the 

oxygenated species were reduced. Figure 9 (b) shows the XPS of Pt 4f of the 

electrochemically reduced Pt/graphene catalyst (Pt/ERG). The XPS signals were 

deconvoluted to their corresponding XPS signals for the Pt metal, Pt (II), and Pt 

(IV) species. Relative intensities of different species were calculated according to 

the area of the Pt 4f7/2 signal [26-29]. The results of the XPS analysis are presented 

in Table 2. As shown in Table 2, a large portion of the surface elements were in 

the form of metallic Pt species. According to the literature, greater metallic Pt 

content can result in higher catalytic activity [29]. 
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Figure 9. X-ray photoelectron spectra of (a) C 1s of graphene oxide (GO) and 

electrochemically reduced graphene (ERG), (b) Pt 4f of electrodeposited Pt/graphene 

catalyst (Pt/ERG). 
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Table 2. Binding energies and relative intensities of XPS spectra of Pt species in the 

electrochemically reduced Pt/graphene catalyst (Pt/ERG). 

Species Binding energy of 4f
7/2

 (eV) Relative intensity (%) 

Pt metal 71.0 69.5 

Pt(II) 72.5 24.1 

Pt (IV) 74.2 6.4 

 

Figure 10 (a) shows cyclic voltammograms of 5 mM Fe(CN)6
3-/4- in 0.01 M PBS 

with bare GCE, ERG, and Pt/ERG catalysts. The peak current intensity of the 

Pt/ERG catalyst was 1.4 times higher than that measured with the bare GCE. It is 

assumed that these electrochemical properties are related to the larger 

electrochemical active surface area of the Pt/ERG structure. A pair of well-defined 

oxidation and reduction peaks was observed at 0.27 and 0.17 V with the Pt/ERG 

catalyst, indicating that conductive graphene facilitated electron transfer. The 

capacity of electron transfer of different catalyst was also investigated using 

electrochemical impedance spectroscopy (Figure 10 (b)). In the Nyquist plot of 

impedance spectra, the semicircular portion at higher frequencies corresponds to 

the electron transfer limited process and the linear portion seen at lower 

frequencies ascribed to diffusion. The increased diameter of the semicircle reflects 

an increase in the charge transfer resistance (Rct). Numerical values of Rct were 

calculated from the experimental impedance spectra by fitting an equivalent circuit 

model to the data. 
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Figure 10. (a) Cyclic voltammograms of 5 mM Fe(CN)
6

3-/4-
 in 0.01 M PBS on bare GCE 

(dash-dotted line), ERG (dashed line), and Pt/ERG (solid line) modified electrodes. Scan 

rate: 50 mV/s. (b) Nyquist plots of 5 mM Fe(CN)
6

3-/4-
 in 0.01 M PBS on bare GCE (square), 

ERG (triangle), and Pt/ERG (circle) modified electrodes. The frequency range was from 0.5 

Hz to 1 MHz. An ac amplitude of 5 mV was applied. Inset of (b) is the used equivalent circuit.  
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By fitting the data using an appropriate equivalent circuit, the Rct values were 

determined to be 126.8 Ω on bare GCE, 77.7 Ω on the ERG, and 61.6 Ω on the 

Pt/ERG catalyst. The Rct of the Pt/ERG catalyst was decreased compared to ERG 

catalyst. The Pt/ERG catalyst prevented graphene agglomeration and improved its 

conductivity [30, 31]. The higher electrocatalytic activity of the Pt/ERG catalyst 

was confirmed by the reduction of Rct in electrochemical impedance spectra.  

To characterize the deposited Pt, the prepared catalysts were cycled in a N2 

saturated 0.5 M H2SO4 electrolyte at 50 mV s-1. A typical cyclic voltammogram of 

the Pt/ERG catalyst in acid is shown in Figure 11 (a). Three potential regions are 

observed: (i) one pair of reversible hydrogen adsorption-desorption peaks (-0.2 ~ 

0.1 V), (ii) double-layer formation (0.1 V ~ 0.3 V), and (iii) oxidation-reduction of 

Pt (0.3 V ~ 1.25 V). Pt nanoparticles have been effectively loaded between the 

graphene sheets. The amounts of deposited Pt and the commercial Pt/C were 

determined by ICP-AES to be 0.015 and 0.092 mg cm-2. A commercial Pt/C 

electrocatalyst was selected with specification of 40 wt% Pt loading and particle 

size distribution in the range 2-5 nm. (Figure 12) The electrochemically active 

surface area (ECSA) values were calculated by measuring the coulomb charge for 

adsorption of the monolayer of hydrogen [32, 33]. The chemical surface area (CSA) 

of these Pt catalysts can also be calculated using the following equation: 

𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 =
6 ×  104

𝜌𝜌𝜌𝜌
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Figure 11. Cyclic voltammograms of the Pt/graphene catalyst (Pt/ERG, solid line) and 

commercial Pt/C (dashed line) in (a) 0.5 M H2SO4 and (b) 0.5 M CH3OH + 0.5 M H2SO4 at 

25 oC with a scan rate of 50 mV s-1. (c) Chronoamperometric curves at 0.5 V in 0.5 M 

CH3OH + 0.5 M H2SO4.  
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where d is the mean Pt particle in Å (from TEM results) and ρ is the density of Pt 

metal (21.4 g/cm3).  

Then the Pt utilization efficiency for methanol oxidation can be calculated [34-36]: 

Pt utilization efficiency (%) = SECSA
SCSA

 × 100   

The ECSA values of the commercial Pt/C and the Pt/ERG were 36.5 and 45.2 m2/g, 

respectively, based on the normalized Pt loading on the substrate. Pt utilization 

efficiencies for the commercial Pt/C and the Pt/ERG catalysts are about 50% and 

73%, which is in good agreement with other’s work [36]. This result indicates 

thatmore Pt was available electrochemically at the Pt/ERG catalyst than at the 

commercial Pt/C catalyst. The effective structure of Pt nanoparticles on the 

graphene sheets contributed to the ECSA value enhancement of the Pt/ERG 

catalyst. 

 

Figure 12. TEM image of commercial Pt/C. 
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Figure 13. XPS spectrum of C 1s of commercial Pt/C. 

 

To evaluate the activity of the Pt/ERG catalyst toward methanol electro-oxidation, 

cyclic voltammetry was performed in a N2 saturated solution of 0.5 M CH3OH in 

0.5 M H2SO4 at a scanning rate of 50 mV s-1. Before voltammograms were 

recorded, cycling was repeated until a reproducible CV curve was obtained. As 

shown in Figure 11 (b), each of curves includes a methanol oxidation peak during 

the forward scan at around 0.6-0.8 V and another anodic peak during the reverse 

scan associated with the removal of incompletely oxidized carbonaceous species 

(such as CO) formed in the forward scan. The current of Pt/ERG catalyst at 0.5 V 

(vs. Ag/AgCl) was 25.6 mA/mg Pt and commercial Pt/C catalyst was 7.6 mA/mgPt. 

The current value of Pt/ERG catalyst was about 3 times higher than the commercial 

Pt/C catalyst. This shows that the Pt/ERG catalyst could be due to high 
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conductivity of graphene and highly Pt utilization efficiency. Generally, the ratio 

(If/Ib) of the forward peak current (If) to the reverse peak current (Ib), could be used 

to describe the catalyst tolerance to the carbonaceous species on the electrode 

surface. A higher ratio means the higher removal efficiency of the poisoning 

species [11, 37]. The If/Ib ratio of the Pt/ERG (1.24) is higher than that of the Pt/C 

(1.08), showing the better tolerance to the intermediate carbonaceous species. The 

improved CO tolerance of Pt/ERG is attributed to the increased amount of oxygen 

groups as well as to the strong interaction between the Pt nanoparticles and the 

graphene sheets [38, 39] (Figure 13 and Table 3). 

 
Table 3. XPS analysis: relative intensity contributions of Pt/ERG and commercial Pt/C. 
 

Sample 
Relative intensity (%) 

Carbon Oxygen 

Pt/ERG 63.3 36.7 

Pt/C 83.5 16.5 

 

The long-term stability of methanol oxidation was conducted at 0.5 V and the 

variation of current with time was recorded (Figure 11 (c)). The currents at Pt/ERG 

and Pt/C catalysts decrease rapidly at the initial stage, which is due to the 

formation of intermediate species during methanol oxidation reaction [40, 41]. 

However, the electrocatalytic stability of the Pt/ERG catalyst for the methanol 

oxidation reaction is higher than that of the Pt/C. From these results, the higher 
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activity and long-term stability of the Pt/ERG catalyst could be due to the 

synergetic effects of the Pt nanoparticles and the graphene sheets, such as an 

increase in the number of catalytic reaction sites and an enhancement of the charge 

transfer rate.  

 
 
 
 
 

4. CONCLUSION AND PERSPECTIVE 

 
We demonstrated a straightforward one step pulsed galvanostatic electrodeposition 

technique for the preparation of Pt/ERG catalyst for improved electro-oxidation of 

methanol. The Pt/ERG eletrocatalyst improved catalytic activity for methanol 

oxidation due to the synergistic effects of the Pt nanoparticles and the graphene 

sheets, such as an increase in the number of catalytic reaction sites caused by the 

well-dispersed graphene sheets, and an enhancement of the charge transfer rate. 

Due to the ease of synthesis of Pt/ERG catalyst, this pulsed electrodeposition 

technique may be applied to the fabrication of many devices such as sensors, fuel 

cells, supercapacitors, and batteries. 
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ABSTRACT (in Korean) 

 

연료전지는 가장 친환경적이고 효율이 높은 전기 생산 방식 중 하나이다. 

그러나 대중적으로 사용되기 위해서는 몇 가지 해결해야 하는 과제가 

있다. 본 논문에서는 이러한 과제들 중 (i) 백금 기반 촉매의 사용량을 

절감하기 위한 촉매 및 전극의 제조 방법과 (ii) 새로운 촉매 담지체를 

이용하여 백금 기반 촉매의 성능 향상 연구 그리고 (iii) 촉매와 

담지체를 동시에 합성하는 방법에 관하여 연구하였다. 

 

첫번째 파트에서는 촉매 및 전극 제조가 연료전지에 성능에 주는 영향을 

중심으로 고찰하였다. 펄스 전류 전기환원법을 이용하여 연료전지 운전 

중에 반응이 일어나는 삼상계면에 백금-코발트 입자를 담지 시켜, 촉매 

이용 효율을 높이고 백금의 사용량을 절감하는 효과를 얻을 수 있었다. 

용액 상에서 나피온이 포함된 탄소 전극의 표면에 직접 백금과 코발트의 

이온을 담지하여 환원시키기 때문에 촉매층의 두께를 줄일 수 있고, 

백금 담지량 또한 줄일 수 있었다. 막-전극 접착체의 단면을 보면 펄스 

전류 전기환원법으로 제조한 전극이 기존의 방법으로 제조한 전극에 

비해 두께가 얇으며, 전극 내부의 백금-코발트 분포는 나피온 막에 

가까울수록 담지된 촉매의 양이 많고 멀어지면서 서서히 그 양이 
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감소하는 것으로 나타났다. 이것은 촉매의 사용 효율과 밀접한 연관성을 

갖는다. 실제 연료전지 반응은 나피온 막에 가까울수록 많이 일어나며 

전기환원법으로 제조한 촉매는 이와 잘 부합되어 촉매의 이용 효율이 

높아지게 된다. 펄스 전류 전기환원법으로 제조한 전극의 경우 촉매 

이용 효율이 높아졌음을 확인하였다. 

두번째 파트에서는 새로운 탄소 담지체를 이용하여 백금 기반 촉매의 

성능을 향상 시키고자 하였다. 삼차원 구조의 나노 스페이서를 삽입한 

그래핀, 그리고 화학적으로 활성화 시킨 다공성 구조의 그래핀을 

담지체로 이용하였다. 그래핀의 재결합 방지 및 삼상계면 증가와 

반응물의 이동을 용이하게 하기 위해 그래핀에 나노 스페이서로 활성 

탄소를 도입하였다. 그 결과 전기화학적 활성 면적이 증가되었고, 

메탄올의 전기화학적 산화반응이 향상되었으며, 단위 전지 실험에서도 

우수한 성능을 보였다. 더불어, 그래핀의 표면을 알칼리족 수산화물인 

수산화칼륨으로 처리하여 다공성 구조의 활성화된 그래핀을 합성하여 

촉매의 담지체로서 응용하였다. 그래핀 산화물 분산액에 수산화칼륨을 

넣고 함침시키면 그래핀 시트 사이에 수산화칼륨이 끼어 들어가 탄소 

원자 사이의 격자간격이 넓어진다. 이후 혼합액을 건조시킨 뒤 고온에서 

열분해 시킨다. 그러면 그래핀 표면은 수산화칼륨과의 반응 및 반응 

부산물로 인하여 에칭되고 그 자리에 기공이 생성된다. 이렇게 만들어진 
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다공성 구조의 활성화된 그래핀은 풍부한 기공을 통하여 비표면적을 

넓히고 반응자리를 극대화 시킴으로써 더 빠르게 전기화학적 반응을 

가능하게 하였다. 그 결과 전기화학적 활성 면적이 증가되었고, 

메탄올의 전기화학적 산화반응이 향상되었다. 

세 번째 파트에서는 펄스 전류 전기환원법을 이용해 촉매와 담지체를 

동시에 합성하는 방법이다. 산화된 그래핀과 백금 전구체를 전기 

화학적으로 동시에 환원시켜서 그래핀-백금 촉매를 합성하였다. 기존 

제조 방법보다 전기화학적으로 환원된 백금-그래핀 촉매가 반응 사이트 

증가 및 전자 전달 속도의 향상으로 인해 메탄올의 전기화학적 

산화반응이 우수해 졌음을 확인할 수 있었다. 

 

주요어: 펄스 전류 전기환원법, 백금-코발트 합금 촉매, 백금-루테늄 

합금 촉매, 그래핀, 나노 스페이서, 다공성 구조의 활성화된 그래핀, 

촉매 이용 효율, 메탄올 산화반응, 고분자 전해질막 연료전지  
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