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Reduced graphene oxide (RGO) film on a glass carbon electrode (GCE) obtained by pulsed 

electrodeposition has been used as an effective support for the electrodeposition of Pt microspherical 

particles. The nucleation studies of Pt particles on the RGO film show that the RGO film is 

advantageous for rapid Pt nucleation and thus results in a rapid growth process of Pt compared to a 

bare GCE. The electrocatalytic abilities of the Pt catalysts toward methanol oxidation were 

investigated by cyclic voltammetry, chronoamperometry and Tafel plot, including electrochemical 

surface area, peak current density, the turnover number and Tafel slope. It is found that the 

Pt/RGO/GCE electrode has higher catalytic activity and better stability than the Pt/GCE electrode 

under the same conditions, which indicates that the increased electrocatalytic activity is attributed to 

the synergistic effect of graphene and Pt particles. The kinetic characterization of Pt/RGO/GCE for 

methanol electro-oxidation is further discussed. 

 

 

Keywords: Pulsed electrodeposition; Graphene; Pt microspherical particle; Nucleation; Methanol 

electro-oxidation 

 

1. INTRODUCTION 

Direct methanol fuel cells (DMFCs) have been considered excellent candidates for the next 

generation of portable power sources because of their advantages such as high energy density and 

efficiency, low weight, applications to portable systems, fast recharge-time and use of an easy-

handling liquid fuel [1,2]. Up to date, platinum based catalysts have been extensively studied; 
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however, a major problem is the poisoning of catalyst surfaces by carbon monoxide, leading to 

inhibition and the consequent need to regenerate or replace the catalyst [3-6]. To deal with this 

problem, the development of new CO-tolerant electrocatalysts for methanol oxidation is principally 

based on carbon-support design such as black carbon, nanofibers, mesoporous carbon [7]. Yet, the 

pristine surface of glassy carbon (GC) and carbon nanoparticles are relatively inert and difficult to 

support Pt particle dispersion homogeneously [8,9], which usually leads to the agglomeration of 

nanoparticles and affects the catalytic efficiency of Pt particles for methanol electro-oxidation. 

Graphene, as a new kind of two-dimensional carbon material with a single (or a few) atomic 

layer, has been found as a promising candidate for catalyst support in DMFCs due to their unique 

properties such as the high surface area (theoretical value of 2620 m
2
/g), high conductivity and unique 

graphitized basal plane structure [10,11]. In particular, graphene-supported Pt-based catalysts are 

expected to open a novel and insightful way to exploit the applications of DMFCs. For example, 

platinum–ruthenium nanoparticles were dispersed on graphene nanosheets by a hydrothermal method 

[12]. Our group [13,14] has reported a chemical reduction method to synthesize Pt/graphene 

composites and PtPdAu alloys on graphene. However, such preparation techniques have intrinsic 

drawbacks like involving toxic chemical and the incompatibility of the thermal reduction process [15].  

Recently, electrodeposition is arising an effective and controllable alternative technique to 

synthesize metal nanoparticles supported on graphene for the promising applications of electrocatalysis 

[16-18] and sensors [19,20]. The technique is surfactant-free and cost-effective and allows to tune the 

size and composition of particles by changing electrolyte composition and applied potential. The size, 

distribution and morphology of metal particles are extremely dependent on the nucleation mode, where 

the size and morphology have a particularly remarkable effect on the intrinsic properties of particles. 

Therefore, it becomes necessary to study in detail the nucleation mode of metal electrodeposition on 

graphene, which is important in the fundamental research. 

Moreover, electrochemical method is also one promising green strategy for graphene synthesis, 

especially when Luo group [21] has reported one-step electrochemical process to directly deposit 

reduced graphene oxide (RGO) film on electrodes from graphene oxide (GO) dispersions by means of 

cyclic voltammetry (CV). Nonetheless, CV is one of potential cycling methods; its potentials are 

controlled at different scanning rate over time with a triangle waveform. Pulsed electrodeposition 

through a potentiostatic or galvanostatic technique is easier to control the size and composition of the 

deposits simply by varying experimental parameters such as on/off time and peak current density or 

peak potential [22].  

In this work, we firstly develop one-step synthesis route of RGO films on glass carbon 

electrode (GCE) by using pulsed electrodeposition, which is based on the work of Luo group [21]. The 

synthesized RGO film is characterized with Raman spectroscopy and X-ray photoelectron 

spectroscopy (XPS) analysis. The electrode interfaces of the RGO film are characterized with 

[Fe(CN)6
3-/4-

] as the electrochemical probe. Then, Pt particles with microspherical structures have been 

electrodeposited on RGO by using constant potential electrolysis at E = -0.25 V. The nucleation mode 

of the Pt particles on RGO is investigated with CV, chronocoulometry, chronoamperometry and SEM, 

as compared with the deposition behaviors of Pt particles on bare GCE. Finally, the catalytic activity 

and stability of the Pt/RGO/GCE electrode (forming from Pt particles electrodeposited on RGO/GCE 
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electrode) for the oxidation of methanol are evaluated by using CV, chronoamperometry and Tafel 

plot. And its kinetic characterization is further studied. 

 

 

 

2. EXPERIMENTAL 

2.1 Electrodeposition of RGO film 

GO was synthesized from natural expandable graphite by the Hummers method. The as-

prepared GO colloid solution was diluted to a concentration of 1.0 mg ml
-1

 with 0.067 M pH 9.18 

phosphate buffer solution (PBS) and then used for the following electrodeposition process. 

Prior to electrodeposition, GCE was in turn polished with 0.3 and 0.05 μM alumina powders, 

and then sequentially sonicated in double-distilled water and anhydrous ethanol. The electrodeposition 

of RGO was performed under pulsed electrodeposition technique with 1000 cycles in the GO colloid 

solution under N2 bubbling, as shown in Fig. 1A. The obtained RGO film was named as RGO/GCE. 

For comparison, GO film on GCE was obtained using chronoamperommetrical method at 0.6 V for 

2000 s (Fig. 1B); the GO film on GCE was named as GO/GCE. 

 

  
 

Figure 1. (A) Pulsed electrodeposition mode for the deposition of RGO on GCE. (B) Constant 

potential mode for the deposition of GO on GCE. 

 

The electrochemical experiments were carried out on a CHI 660B electrochemical station 

(Shanghai China) with a three-electrode system, in which the Pt foil and saturated calomel electrode 

(SCE) acted as the counter and reference electrodes, respectively. The electrode interfaces of 

RGO/GCE and GO/GCE were characterized with CV and electrochemical impedence spectroscopy 

(EIS) in the probing electrolyte of 5.0 mM K4Fe(CN)6/ K3Fe(CN)6 and 0.1 M KCl. 

 

2.2 Electrochemical deposition of Pt particles on RGO/GCE 

The electrochemical deposition of Pt particles on RGO/GCE or bare GCE was performed in the 

plating electrolyte of 3 mM H2PtCl6 and 0.5 M H2SO4 using constant potential electrolysis at E = -0.25 
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V for 600 s, naming as Pt/RGO/GCE. For comparison, Pt particles were deposited on bare GCE in the 

same manner, naming as Pt/GCE. 

CV, chronocoulometry and chronoamperometry were used to analyze electrochemical platinum 

deposition. In CV, the potential was scanned from 1.2 to −0.2 V at 20 mV s
-1

. About 

chronocoulometry parameters, the potential was from 0.5 to 0 V and pulse width was 10 s. Current-

time transient for Pt electrodposition was recorded at E = -0.25 V. The solution was also the mixture of 

3 mM H2PtCl6 and 0.5 M H2SO4. 

 

2.3 Methanol electro-oxidation  

The electrocatalytic activity and stability of the Pt/RGO/GCE (600 s Pt deposition) for the 

oxidation of methanol were evaluated in 2 M CH3OH and 0.5 M H2SO4 by means of CV, 

chronoamperometry and Tafel plot. And the catalytic activity of Pt/GCE (600 s Pt deposition) toward 

methanol electro-oxidation was evaluated under the same conditions. 

 

2.4 Characterization 

The morphologies of the samples were characterized with a field emission scanning electron 

microscope (FE-SEM, JSM-6701F, JEOL Inc., Japan). Transmission electron microscopy (TEM, 

JEM-1230) operating at 200 kV was applied to characterize the morphology of GO. The composition 

of the samples was tested by XPS (PHI-5702, Physical Electronics, USA; monochromated Al-Kα 

irradiation, with the binding energy of Au4f at 84.8 eV as reference). Raman spectroscopy (Renishaw 

Microscope, Lab RAMHR800; laser excitation at 532 nm) was used to characterize the obtained RGO 

film and GO film. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Pulsed electrodeposition of RGO film on GCE  

GO colloids exhibit negative charges through negative electrostatic repulsion originating from 

ionization of carboxylic acid and phenolic hydroxyl groups on the GO sheets, thus resulting in a good 

dispersion in water [23]. So, as applying a positive potential, GO sheets could be deposited on the 

electrode. According to the previous work [21], the as-deposited GO sheets can be electrochemically 

reduced at E = -1.1 V/SCE. Herein, we use pulsed potential deposition method to achieve the 

electrodeposition of RGO films because pulsed potential deposition is a higher efficiency compared to 

CV, in which 0.6 V/SCE is used to deposit GO sheets on GCE, followed by applying -1.2 V/SCE to 

electrochemically reduce the as-deposited GO sheets to RGO sheets (Fig. 1A). To obtain the GO film, 

constant potential electrolysis (positive potential) mode is used (Fig. 1B). 

TEM, SEM, Raman and XPS techniques were used to characterize the as-prepared GO/GCE 

and RGO/GCE film. Fig. 2A reveals that the graphite oxide was entirely exfoliated as individual GO 
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sheets with transparent and ripple-like paper morphology. The surface morphology of the RGO film 

obtained by pulsed electrodeposition was characterized by SEM. As shown in Fig. 2B, the surface of 

the film exhibites a wrinkled texture associating with the presence of flexible and ultrathin graphene 

sheets. Raman spectroscopy is a conventional and powerful technique for the identification and 

characterization of graphene layers [24-27]. Fig. 2C gives the Raman spectra of GO/GCE and 

RGO/GCE. The D band and G band located at 1352 and 1585 cm
-1

 (respectively) in the Raman 

spectrum of GO/GCE. Similarly, RGO/GCE also contained D band and G band (at 1352 and 1590 cm
-

1
, respectively), which is in good agreement with the report of Ferrari et al. [26]. The intensity ratio of 

the D to G bond (ID/IG) is generally accepted that the ID/IG reflects the defect density of carbonaceous 

materials. For RGO/GCE, the ID/IG value was calculated as 1.55, while the value decreased to 1.02 for 

GO/GCE. The increased ID/IG value may be attributed to the lower defect concentration in RGO than 

in GO [27].  

 

  

 
 

Figure 2. (A) TEM image of GO colloid and (B) SEM image of RGO electrodeposited on GCE. (C) 

Raman spectra of GO/GCE and RGO/GCE. 

 

The XPS spectrum can be used to observe the inner structure of C for carbon-based materials. 

The high-resolution of C1s XPS spectra for GO and RGO are shown in Figs. 3A and 3B, which 

presents different functional groups corresponding to carbon atoms: C-C/C=C (sp
2
/sp

3
 hybridized 

carbon atoms in aromatic rings, 284.7 eV), C-O (286.8 eV) and C=O (carbonyl, 288.2 eV) [28]. The 

spectrum of RGO shows a significant reduction of oxygen-containing groups compared to the GO, 
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indicating graphene has been converted from GO by removing the surface functional groups via 

electrochemical reduction. 

 

 
 

Figure 3. C1s XPS spectra of GO (A) and RGO (B) films electrodeposited on GCE. 

 

Furthermore, the electrochemical properties of GO/GCE, RGO/GCE and bare GCE were tested 

by CV and EIS exploiting the solution-based redox probe [Fe(CN)6]
3-/4-

, as shown in Fig. 4. And the 

corresponding parameters are displayed in Table 1, including peak potential difference (ΔEP), 

oxidation peak current (Ip
Ox

) and charge transfer resistance (Rct). In the CV (Fig. 4A), sigmoidal cyclic 

voltammetric curves with a pair of redox peaks were obtained. When GO was deposited onto the GCE 

surface (curve a), the ΔEP value dramatically increased (560 vs. 277 mV) while the Ip
Ox

 decreased 

(0.92 vs. 0.94 mA cm
-2

) as compared with the bare GCE (curve c). ΔEP is inversely proportional to the 

electron transfer rate, so the results suggest that the GO film acts as an insulating layer, resulting in the 

interfacial electron transfer difficult due to their disrupted sp
2
 bonding networks.  

 

  
 

Figure 4. Cyclic voltammograms (A) and electrochemical impedence spectroscopy (EIS) (B) of 

GO/GCE (curve a), RGO/GCE (curve b) and GCE (curve c) in the probing electrolyte of 5.0 

mM K4Fe(CN)6/ K3Fe(CN)6 and 0.1 M KCl. In CV, scan rate was 50 mV s
-1

. 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

2128 

Contrarily, at the RGO modified GCE (curve b), the ΔEP value was reduced to 109 mV, 

implying that RGO accelerated electron transfer between the probe and the electrode, which is 

attributed to the fact that RGO has a graphitic network of sp
2
 bonds and thus the electrical conductivity 

of the RGO sheets is significantly improved [29]. These results were further confirmed by the EIS 

measurements. In the EIS (Fig. 4B), the semicircle portion observed at high frequencies corresponds to 

the electron transfer limiting process. The Rct value dramatically increased for GO modified on GCE 

(curve a), while the value decreased distinctively for RGO deposited on GCE (curve b), compared with 

bare GCE ( curve c). 

 

Table 1. The electrochemical parameters from Fig. 4. 

 

 ΔEp, mV Ip
Ox

, mA cm
-2 

Rct, Ω 

GCE 277 0.94 90 

GO/GCE 560 0.92 1502 

RGCO/GCE 109 1.42 24 

 

3.2 Electrochemical studies of Pt electrodeposition on RGO/GCE 

The comparison of platinum electrochemical growth process on between RGO/GCE and bare 

GCE was investigated by CV, chronocoulometry and chronoamperometry. Fig. 5 illustrates the first 

cyclovoltammetric scans for a solution of 3 mM H2PtCl6 and 0.5 M H2SO4 at RGO/GCE and bare 

GCE. The first scan contains a characteristic “nucleation loop”, which arises from the greater 

overpotential required for nucleation onto the electrode compared to deposition of metal onto metal 

[30]. Regardless of the RGO/GCE electrode or bare GCE electrode, a reduction peak of Pt and the 

oxidation peak of deposited Pt can be seen and the peak at − 0.14 V is related to the reduction of 

hydrogen ions to hydrogen adatoms [31].  

 

 

 
 

Figure 5. Cyclic voltammograms for Pt electrodeposition on GCE (a) and RGO/GCE (b) in 0.5 M 

H2SO4 solution containing 3 mM H2PtCl6 at a scan rate of 20 mV s
-1

.  
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However, it is found that the rate of heterogeneous electron transfer to the [PtCl6]
2-

 ions in 

solution is affected by the presence of RGO. The platinum reduction peak potential shifts in a positive 

potential direction about 40 mV, indicating that nucleation on the RGO/GCE electrode is 

thermodynamically easier than on the bare GCE interface. 

Chronocoulometry is another electrochemical technique to evaluate the electrodeposition 

behaviors [32]. Fig. 6A shows the chronocoulograms of Pt electrodeposition on GCE (a) and 

RGO/GCE (b) in 0.5 M H2SO4 solution containing 3 mM H2PtCl6, and the corresponding Q versus t
1/2 

plots are displayed in Fig. 6B. The diffusion coefficient D can be measured according to Cottrell 

equation [33]: 

 
1/21/21/2

0 tπD2nFAcQ                                                 (1) 

 

Here, c0 = 3 mM, A = 0.196 cm
2
 and n = 4. The slope of the plots is used to calculate the 

 value. The calculated diffusion coefficient (D) for Pt electrodeposition at the RGO/GCE 

electrode is as high as 1.9 times that at bare GCE electrode (5.9×10
-5

 vs. 3.1×10
-5

 cm
2
 s

-1
). These 

results suggest that nucleation on the RGO/GCE surface is thermodynamically favored compared with 

that on the bare ITO surface and most likely reflect a reduction in the activation energy of surface 

diffusion of adions (Eadi) at the modified surface. 

 

  
Figure 6. (A) Chronocoulograms of Pt electrodeposition on GCE (a) and RGO/GCE (b) in 0.5 M 

H2SO4 solution containing 3 mM H2PtCl6. (B) Plots of Q versus t
1/2

. 

 

The applied electrodeposition potential of Pt (-0.25 V/SCE) is more negative than the platinum 

reduction peak potential (~0.1 V). Therefore, 2-dimensional (2D) deposition of Pt onto the substrates 

of RGO/GCE or GCE can be ruled out and the high overpotential results in a shift from progressive 3D 

diffusion limited nucleation and growth to instantaneous 3D diffusion limited nucleation and growth 

[34,35]. The non-dimensional plots of (i/imax)
2
 vs. t/tmax are widely used for the determination of the 

nucleation and growth type by comparing theoretical values and experimental results. imax and tmax 

represent the maximum peak current of the recorded i-t transient and the corresponding time, 

respectively. Fig. 7 shows the [(i/imax)
2
 vs. t/tmax] plots for electrodeposition from 3 mM H2PtCl6 

solution in 0.5 M H2SO4 to GCE (curve a): imax = 1.56 mA cm
-2

, tmax = 1.3 s; and RGO/GCE (curve b): 
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imax = 2.94 mA cm
-2

, tmax = 0.4 s. Equations. 2 and 3 express the cases of instantaneous and progressive 

nucleation as proposed by Sharifker and Hills [36]: 

 

2

max

max2

max

)}
t

t
1.2564exp({1

t

t
1.9542)

i

i
( 

                      (2)
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t

t
2.3367(exp[{1

t

t
1.2254)

i

i
( 

                   (3) 

 

 
 

Figure 7. (i
2 

/ i
2

max) vs. (t / tmax) plots for chronoamperometic deposition of Pt particles from3 mM 

H2PtCl6 in 0.5 M H2SO4 at E = -0.25 V/SCE on GCE (a) and RGO/GCE (b); theoretical curves 

for instantaneous (dashed line, curve c) and progressive nucleation (dotted line, curve d). 

 

It is clearly seen from Fig. 7 that both electrochemical reduction processes of Pt(IV) on the bare 

GCE and RGO/GCE electrodes undergo between an instantaneous nucleation process and a 

progressive nucleation process. Nonetheless, the electrodeposition process of Pt on RGO/GCE is more 

close to the progressive nucleation process, while the case for Pt deposition on bare GCE is inverse, 

i.e., it is relatively close to the instantaneous nucleation process. For instantaneous nucleation, the 

nuclei number rapidly reaches a value that is constant. In the case of progressive nucleation, new 

nuclei are formed continuously. Therefore, this indicates that the RGO film is advantageous for rapid 

Pt nucleation and results in rapid growth process of Pt. 

As discussed above from the measurements of CV, chronocoulometry and chronoamperometry, 

the addition the RGO film is favorable to accelerate the formation of Pt nuclei. This may be attributed 

to the two reasons: one is that graphene sheet has a large specific surface area and exhibits a unique of 

2D structure, which is advantageous to deposition of Pt particles [37]; the other is that the RGO/GCE 

has a relatively more rapid charge transfer rate and a lower charge transfer resistance Rct, being 24 vs. 

90 Ω for RGO/GCE and GCE, respectively, so the GCE electrode is kinetically rather sluggish. 
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3.3 SEM characterization of Pt particles 

Fig. 8 shows the SEM images of Pt particles electrodeposited on bare GCE (A and B) and 

RGO/GCE (C and D) for 600 s under constant potential electrolysis at −0.25 V/SCE. It is clearly 

observed that the RGO film affects the morphology and size of the electrodeposited Pt particles. On 

the RGO film, the Pt particles integrate uniformly on the RGO surface, and they exhibit a spherical 

shape with a diameter of ca. 1.2 μm. Each microsphere is built up by numerous small Pt nanorods with 

average diameter of ~30 nm and the length of ~90 nm (Fig. 8D). However, as Pt particles were 

electrodeposited on the bare GCE under the same conditions, Pt particles are formed as flowerlike 

particles, which are built up with numerous small Pt nanoparticles, and these small nanoparticles are 

interconnected with one another to form larger architectures (Fig. 8B). Also, the diameter of the 

flowerlike particles on GCE is only about 150~300 nm. 

 

 
 

Figure 8. SEM images of the Pt particles electrodeposited on bare GCE surface (A and B) and on the 

surface of RGO/GCE (C, D) under the constant potential of -0.25 V for 600 s in 0.5 M H2SO4 

solution containing 3 mM H2PtCl6. 

 

As we know, the electrodeposition process involves two processes: diffusion process, the mass 

transfer of metal ions from the bulk solution through the diffusive layer towards the electrode surface, 

and activation process, the reduction reaction on the electrode [38]. According to our previous analysis 

for electroless deposition of Pt particles with microspherical and flowerlike structures on silicon [39], 

the shape control of the crystals can be achieved by manipulating the growth kinetics. From the 

electrochemical results, the diffusion coefficient (D) for Pt electrodeposition at the RGO/GCE 
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electrode is larger than that at bare GCE electrode, which promotes the burst of initial homogeneous 

nucleation. Therefore, these Pt nuclei aggregate fast together and finally form microspherical 

structures. By contrast, the speed of Pt homogeneous nucleation on bare GCE is much slower; only a 

few nuclei can aggregate together, so the formed Pt particles exhibit a flowerlike structure and have a 

smaller diameter.  

 

 
 

Figure 9. Pt4f XPS spectrum of Pt/RGO/GCE. 

 

To further verify the Pt composition of the microspheres, an XPS experiment was performed, 

and the result is shown in Fig. 9. We can observe that two XPS bands located at 71.1 and 74.4 eV, 

corresponding to the Pt 4f7/2 and Pt 4f5/2 signal, respectively, which demonstrates the formation of 

Pt(0) state. 

 

3.4 Comparison of Methanol electro-oxidation at Pt/RGO/GCE and Pt/GCE 

The electrochemically active surface area (SEl) provides important information regarding the 

number of electrochemically active sites per gram of the catalyst, and also is a key parameter to 

compare different electrocatalytic supports. Fig. 10A shows the cyclic voltammograms for Pt/GCE 

(curve a) and Pt/RGO/GCE (curve b) in 0.5 M H2SO4 solution. As expected for Pt catalysts, the typical 

hydrogen adsorption/desorption peaks as well as the monolayer oxide (PtOx) reduction peaks in the 

cathodic sweep are observed. The currents in the adsorption–desorption region for the electrocatlysts 

are in the sequence of Pt/RGO/GCE > Pt/GCE. The SEl values are determined by the charge 

concerning H
+
 adsorption, QH, according to the following equation [40]:  

 

loadingPtQ

Q
S

ref

H
El


                                           (4) 
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According to our calculation, Pt/RGO/GCE has much higher SEl value (43.95 m
2 

g
-1

) than 

Pt/GCE (11.76 m
2 
g

-1
).  

The electrocatalytic activity of Pt/RGO/GCE for methanol oxidation was evaluated by cyclic 

voltammetry in 2 M CH3OH and 0.5 M H2SO4 electrolyte, and the Pt/GCE composite electrode was 

also tested under the same conditions for comparison. As shown in Fig. 10B, both CV curves show a 

similar methanol oxidation current peak in the forward scan and an oxidation peak in the backward 

scan corresponding to the removal of the residual carbonaceous species formed in the forward scan. 

Herein, from qualitative analysis to compare the Pt/GCE electrode, three aspects are evident. The data 

are listed in Table 2. First, a larger enhancement in peak current density is observed at the 

Pt/RGO/GCE electrode. The forward peak current density (If) is 20.44 mA cm
-2

 for the Pt/RGO/GCE, 

which is 2.67 times as large as that for Pt/GCE (7.65 mA cm
-2

). Similarly, the backward peak current 

density (Ib) of Pt/RGO/GCE at the onset potential is also about 2.6 times as large as that of Pt/GCE 

(15.41 versus 5.92 mA cm
-2

). Second, the peak potential for methanol oxidation at the RGO/GCE 

electrode shifts to a little more negative value (about 10 mV). Third, the ratio of the forward anodic 

peak current (If) to the backward anodic peak current (Ib) can be used to evaluate the catalyst tolerance 

to the intermediate carbonaceous species accumulated on electrode surface [41].  

 

  

 
 

Figure 10. Cyclic voltammograms in 0.5 M H2SO4 solution in the absence (A) or presence (B) of 2 M 

CH3OH with the scan rate of 50 mV s
-1

. (C) shows the chronoamperograms at 0.70 V for 

methanol electro-oxidation of 2 M CH3OH in 0.5 M H2SO4. Curves a and b represent the 

electrodes of Pt/GCE and Pt/RGO/GCE, respectively. 
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The higher If/Ib value indicates higher tolerance to intermediate carbon species, which means 

that methanol can be oxidized to carbon dioxide much more efficiently [42,43]. In this work, the ratios 

of If/Ib are calculated as 1.33 and 1.29 for Pt/RGO/GCE and Pt/GCE electrodes, respectively. 

Obviously, Pt/RGO/GCE has less carbonaceous accumulation and thus is much more tolerant toward 

CO poisoning.  

Methanol electro-oxidation at Pt catalysts forms CO and other intermediate carbonaceous 

species, which hinder further oxidation of methanol and cause the surface poison of Pt catalysts. 

Hence, the anti-poisoning properties need to be further proved by chronoamperometry. Fig. 10C shows 

the corresponding i-t curves for methanol oxidation at 0.70 V. It is noticeable that the current decays 

associated with the poisoning of the intermediate species followed in the order of Pt/RGO/GCE > 

Pt/GCE. Pt/RGO/GCE presents a current density of 1.27 mA cm
-2

 after 2000 s whereas Pt/GCE only 

has a current density of 0.12 mA cm
-2

.  

To further compare the electrocatalytic efficiency and stability for methanol oxidation at 

between Pt/RGO/GCE and Pt/GCE, the turnover number (TON) is introduced. The TON is defined as 

the number of methanol molecules that react per catalyst surface site, which directly reflects the 

steady-state current density for methanol oxidation. After 2000 s electrocatalysis (Fig. 10C), the 

current density was considered to be the steady-state current density. For the steady-state current 

density, the TON is calculated using the following equation: 

 
23

15

molecules i 6.02 10
TON ( )

site nF 1.3 10

 


                               (5)
 

 

where i is the steady-state current density after 2000 s scanning, n is the number of electrons 

produced by oxidation of 1 mol methanol (n = 6), F is the Faraday constant, and the density of the 

topmost atoms of an ideal Pt (100) surface is about 1.3×10
15 

cm
-2

. The calculated TONs are to be 1.014 

s
-1

 and 0.093 s
-1

 for the electrodes of Pt/RGO/GCE and Pt/GCE, respectively (Table 2). This implies 

that the Pt/RGO/GCE electrode is available to electro-catalyze the oxidation of more methanols for the 

same time with the same number of sites than the Pt/GCE electrode. 

 

  
Figure 11. Tafel plots (A) and the extracted anode polarization curves (B) of Pt/GCE (curve a) and 

Pt/RGO/GCE (curve b) in 0.5 M H2SO4 + 2 M CH3OH solution. Scan rate: 0.5 mV s
-1

. In (b), 

the dashed lines were the linear fitting lines. 
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  Various studies on methanol electro-oxidation have shown that the kinetic parameters like 

Tafel slope, exchange current (j0) and equilibrium potential (E0) are possibly determined by Tafel plots 

[14]. Fig. 11A compares the Tafel plots of the electrodes of Pt/RGO/GCE and Pt/GCE in 0.5 M H2SO4 

+ 2 M CH3OH aqueous solution. The Tafel plots were recorded from 0 to 1.0 V with a scan rate of 0.5 

mV s
-1

 and the Tafel parameters are listed in Table 2. According to the Butler-Volmer expression for 

an oxidation process [33]: 

 

logj
βnF

2.303RT
logj

βnF

2.303RT
η 0 

                              (6) 

 

 

where j is the electrode current; j0 is the exchange current which is calculated according to the 

Tafel extrapolation method; n is number of electrons involved in the electrode reaction; β is the anodic 

transfer coefficient; η is overpotential and  is Tafel slope. Tafel plot is derived from the 

polarization curves to obtain the Tafel slope. Fig. 11B gives the extracted anode polarization curves 

from Fig. 11A, the potentials being from 0.3 to 0.45 V. It can be seen in Table 2 that the j0 and Tafel 

slope for the Pt/RGO/GCE electrode are smaller than those for the Pt/GCE electrode under the same 

conditions, and the E0 value also shifts negatively. According to Equation 5, we can conclude that the 

lower the values of Tafel slope and j0, the smaller η and the higher the reaction activity. Thus, the 

Pt/RGO/GCE electrode has higher catalytic activity for methanol electro-oxidation, which is well 

consistent with the above analysis. 

These electrochemical results of methanol electro-oxidation imply the dispersed Pt particles 

and the RGO film might have synergistic electrocatalytic effect on methanol oxidation [18,44]. So, it 

can be concluded that RGO is more suitable than GCE as a catalytic support. 

 

Table 2. Comparison of electrochemical parameters for methanol electro-oxidation at Pt/GCE and 

Pt/RGO/GCE. 

 

 QH 

(mC cm
-2

) 

SEI 

(m
2
 g

-1
) 

Ep 

(V) 

If 

(mA cm
-2

) 

Ib 

(mA cm
-2

) 

If/Ib TON 

(s
-1

) 

E0 

(V) 

j0 

(mA cm
-2

) 

Tafel slope 

(mV dec
-1

) 

Pt/GCE 2.47 11.76 0.717 7.65 5.92 1.29 0.093 0.279 3.23×10
-6

 124 

Pt/RGO/GC

E 

9.23 43.95 0.706 20.44 15.41 1.33 1.014 0.237 1.93×10
-6 

95 

 

3.5 Kinetic investigation of methanol electro-oxidation at Pt/RGO/GCE electrode 

The kinetics of methanol electro-oxidation at the Pt/RGO/GCE electrode was further studied. 

Fig. 12A shows the CV curves for the oxidation of methanol in the solution of 2 M CH3OH and 0.5 M 

H2SO4 at different scan rate based on the Pt/RGO/GCE electrode. The relationship between the 

forward peak current density (ip) and square root of scan rate (ν) is presented in Fig. 12B, and a linear 
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relationship is observed. It can be inferred that the oxidation of methanol may be controlled by a 

diffusion process. Additionally, the forward peak potential EP increased with the scan rate (ν), another 

linear relationship between EP and log (ν) is obtained as shown in Fig. 12C, which suggests that the 

oxidation of methanol on the electrode is irreversible electrode process. 

For an irreversible charge transfer electrode process, the slope of EP vs. log (ν) can be 

described as the following equation: 

 

nF

RTE
K P

 2

3.2

)log(







                                        (7)

 

 

  

 
 

Figure 12. (A) CV curves of 2 M CH3OH in 0.5 M H2SO4 at Pt/RGO/GCE (Scan rate 20, 40, 50, 60, 

80, 120, 150, 200, 250 mV s
-1

 from inner to outer). (B) ip and ν
1/2

 plot and (C) Ep and log (ν) 

plot. 

 

Herein, α stands for the electron transfer coefficient, characterizing the effect of 

electrochemical potential on the activation energy of an electrochemical reaction. The obtained slope 

of EP vs. log (ν) of is 67.8 mV. nα is calculated as 0.44. According to the reference [45], n equals to 

1.3. For 1< n < 2, the chemisorbed poison is essentially linearly and bridge-bonded CO species [46]. 

Hence, α can be calculated as 0.34. Additionally, the relationship of between ip and ν
1/2

 can be written 

as:  
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1/21/21/21/23/23

p νACD)((RT)nF100.4958i n 

                     (8)
 

 

where D is diffusion coefficient. D= 1.5×10
-8

 m
2
/s at 293K can be calculated from the plot of jp 

vs. ν
1/2

 for the oxidation peak, which is much higher than the reported values [47,48]. As mentioned 

above, methanol oxidation is controlled by a diffusion process, thus the higher D value means a 

beneficial effect on the kinetics of methanol oxidation. 

 

 

 

4. CONCLUSIONS 

We have developed one-step electrochemical deposition route on the basis of the work of Luo 

group, to prepare RGO films on GCE by using pulsed electrodeposition. The RGO film is 

characterized with SEM, Raman, XPS and the electrochemical analysis. The Pt nucleation studies 

demonstrate that the RGO film is favorable to electrodeposition of Pt microspherical particles with 

rapid Pt nucleation compared with bare GCE, which may be attributed that the RGO film has the large 

specific surface area with a unique of 2D structure and a relatively more rapid charge transfer rate and 

a lower charge transfer resistance. Meanwhile, the Pt/RGO/GCE electrode exhibits superior 

electrocatalytic activity and improved stability for methanol oxidation than the Pt/GCE electrode, by 

means of systematical electrochemical methods. The results are possible due to the synergistic effect of 

graphene and the Pt microspherical particles. Moreover, the kinetic characterization of Pt/RGO/GCE 

for methanol electro-oxidation has been also tested. In view of graphene as an effective and promising 

support material for noble metal loading which have applications in various areas such as 

electrocatalysis, electroanalysis and sensors, the systematical investigation of the nucleation 

mechanism of metal electrodeposition on graphene becomes extremely important in the fundamental 

research involving the nanoparticle size distribution and crystal structure, which affects the application 

performances of the nanostructured materials. 
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