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Cyclic voltammetry (CV) was used to fabricate carbon supported Pt-Cu alloy (Pt-Cu/C) for oxygen 

reduction reaction (ORR) at ambient temperature. A flowerlike structure of Pt-Cu nanoparticles were 

analyzed by scanning electron microscopy and X-ray photoelectron spectroscopy was used to confirm 

the surface chemical composition and metallic state. And, electrochemical measurements such as CV, 

rotating disk electrode, rotating ring-disk and electrochemical impedance spectroscopy were applied to 

obtain the kinetic constants and the reaction mechanisms of the ORR. Compared with Pt/C, Cu/C, Pt-

Cu/C exhibits the highest efficient catalytic activity for ORR, as evidenced by the highest current 

densities of the polarization curves, lowest onset oxidation potential and charge transfer impedance. 

The average electron transfer number and hydrogen peroxide calculated from RRDE are about 3.87 

and 6.71%, respectively. These results show that the synthesized Pt-Cu/C has excellent electrocatalytic 

activity and the ORR is a four-electron dominant reduction pathway. 
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1. INTRODUCTION  

Global problems related with the lack of sustainable and renewable energy sources as well as 

environmental pollution caused by fossil fuels are increasingly serious, fuel cells have long been 

considered to be a prospective solution to address these problems because of its ability to generate 

electricity from fuels such as hydrogen [1]. Oxygen reduction reaction (ORR) plays a key role in many 

reactions, such as electrocatalysis, electrochemical energy conversion/storage and metal corrosion, 

especially fuel cells [2-6]. Many organic and inorganic materials adhered on the electrode surface have 
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been fabricated as ORR catalysts, especially Pt nanoparticles [7]. Pt nanoparticles have long been 

considered as the most popular and the best efficient catalysts for the ORR and are still commonly 

applied in fuel cells [8-9]. Compared with other commercial catalysts, Pt based catalysts have low 

overpotential and high current density in a certain degree. Many forms of Pt have been prepared, such 

as highly ordered Pt nanotube arrays [10-12], mesoporous Pt [13], three-dimensional dendritic Pt 

nanostructures [14], Ptn clusters [15]. However, Pt catalysts possess many other drawbacks, such as 

susceptibility to fuel crossover from the anode, low resistance to CO and methanol, and poor stability 

under electrochemical conditions [16]. In addition, the high cost and scarcity of Pt have been 

considered as the obstacles to apply for commercial fuel cells [17]. Hence, in view of activity and 

durability, great efforts such as reducing Pt loading or preparing nonoble metal even metal-free species 

have been made to research the advanced ORR catalysts to substitute the commercial Pt/C catalyst 

[18]. Alloying has been tended to be a promising approach to produce advanced catalytic materials 

[19]. Previous work have demonstrated that the bimetallic Pt-M catalysts where M represents a noble 

metal such as Ag, Ru, Au and Pd [20-21], or a transition metal such as Co, Ni, Cr, Mn, Zn, Fe, Cu [22-

30] is not only reducing the content of Pt, but also enhancing the resistance of CO and methanol. Long 

et al. have successfully investigated the morphology, kinetics mechanism and catalytic activity of Pt-

Pd alloy using a modified polyol method [31]. Zhu et al. synthesized a new class of 20 nmĬ2 nm 

ternary alloy FePtM (M=Cu, Ni) nanorods (NRs) which exhibited great improved ORR activity and 

durability by thermal decomposition [32]. These reports showed that modification is essential to 

reduce the content of Pt and improve the performance of the catalysts. 

Nanoparticles synthesized as electrocatalyst by various methods, for example, wet chemical 

methods [33], need to be attached to a conductive support material and get connected to a charge 

collector which requires additional process steps fabricating the electrode [34, 35]. While, CV is a 

facile electrodeposition to adhere nanoparticles on a conductive substrate within only one step. CV has 

been an efficient method for synthesizing metal nanoparticles. Darko et al. have synthesized copper 

nanoparticles successfully by CV [36]. Arne et al. have designed highly porous platinum-based 

electrodes based on alternation of co-deposition and dealloying by CV for applying to glucose fuel 

cells [37]. Electrodeposition of Sn-Ag-Cu by CV and chronoamperometry was compared by Zhang et 

al [38]. 

Here, we reported the preparation of Pt-Cu nanoparticles supported on carbon (Pt-Cu/C) in situ 

CV method. Both physical morphologic characterization and electrochemical techniques were applied 

in our experiments. Scanning electron microscopy (SEM) was used to study the morphology of the 

nanoparticles. X-ray photoelectron spectroscopy (XPS) was performed to confirm the surface chemical 

composition and the metallic state. Electrochemical measurements of CV, rotating disk electrode 

(RDE), rotating ring disk electrode (RRDE) and electrochemical impedance spectroscopy (EIS) were 

used to study the electrocatalytic activity of the catalysts for ORR. The kinetics parameters of the ORR 

pathways were analyzed based on the obtained data which measured in various potential regions. 

Our study highlights an efficient and simple method to synthesis a high performance 

electrocatalyst. This method may provide a new approach to synthesis the bimetallic Pt-M 

nanocatalyst, which could be expected to have applications in oxygen reduction reactions. 
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2. EXPERIMENTAL  

2.1. Reagents and materials 

Vulcan XC-72 carbon (Cabot, BET surface area of 235 m
2 

g
-1

), isopropanol (Aladdin, AR), 

nafion solution (Aldrich, 5 wt%), HClO4 (Aladdin, AR, 70.0-72.0%), NaH2PO4 (J&K, AR), Na2HPO4 

(J&K, AR), CuSO4 (J&K, AR), H2PtCl6Ŀ6H2O (Aladdin, AR), K3[Fe(CN)6] (J&K, AR), 

K4[Fe(CN)6]Ŀ6H2O (J&K, AR), KCl (J&K, AR), KOH (J&K, AR) were used as received without any 

further purification. Pure grade O2 or N2 was used for saturating the solutions which were prepared 

with ultrapure water. The typical suspension of carbon was achieved as follows: 1.6 mg of the carbon 

blacks, 177 ÕL of isopropanol, 570 ÕL of ultra-pure water and 3 ÕL of nafion solution (Aldrich, 5 

wt%) were mixed by ultrasonic in an ultrasonic bath (KQ-600KDE, 600 W) for 30 minutes. 

 

2.2. Electrode preparations 

The glassy carbon electrode was well polished with alumina suspension (0.3 Õm), then rinsed 

thoroughly with ethanol and water in an ultrasonic bath to remove any alumina residues to get a mirror 

plane. And then, 8.5 ÕL of ink suspension was quantitatively transferred to a glassy carbon electrode 

and left to dry at room temperature, the obtained electrode was designated to C electrode. The C 

electrode was immersed in a mixed aqueous solution of 1 mM of CuSO4 and 1 mM H2PtCl6, and cyclic 

voltammetry was conducted for 20 cycles in the range from -0.8 to 0.5 V vs. Ag/AgCl at a scan rate of 

100 mV s
-1

 to fabricate the Pt-Cu/C electrode. The platinum modified electrode (Pt/C electrode) and 

copper modified electrode (Cu/C electrode) were obtained by using the same way as fabricating the Pt-

Cu/C electrode without adding CuSO4 or H2PtCl6.  

 

2.3. Physical characterizations and electrochemical testing 

A field-emission scanning electron microscopy (SEM, Hitachi, S-4800) with an accelerating 

voltage of 3 kV was used to observe the morphology of the samples. The surface chemical 

composition of the Pt-Cu/C and metallic state was recorded on Thermal Scientific ESCALAB 250Xi 

X-ray photoelectron spectroscopy with a monochromatic Al KŬ (1486.6 eV) X-ray source and samples 

were measured under an ultrahigh vacuum (<10
-9 

mbar). The high resolution survey scans were 

performed at a pass energy of 30 eV with a step size of 0.1 eV and all binding energies were calibrated 

using the C 1s carbon peak (284.6 eV). The XPS curves were fitted with a mixed Gaussian/Lorentzian 

fitting using the XPS peak fit 4.1 software, and a baseline fitting was conducted with a polynomial 

multi-point fitting carried out with the same software. 

A conventional three-electrode system was performed to characterize the electrocatalytic 

activities of the samples in a 0.1 M KOH aqueous solution. The working electrode was a glassy carbon 

electrode (5 mm diameter, 0.196 cm
2
). A Platinum foil and Ag/AgCl/sat. KCl electrode (0.197 

V+0.0591ĬpH vs. RHE at 25 ÁC) were served as the counter and reference electrode, respectively. 

Before each measurement, the solution was originally purged with high-purity N2 or O2 for about 30 
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minutes and the gas was allowed to flow above the solution. Before electrochemical characterization, 

20 cycles of potential cycling from -0.8 to 0.5 V at a scan rate of 100 mV s
-1 

were applied to activate 

the working electrode. Electrochemical measurements including CV, RDE, RRDE and EIS were 

carried out by an Autolab potentiostat/galvanostat (PGSTAT302N) with rotation control (AFMSRCE, 

Pine Instruments). 

 

3. RESULTS AND DISCUSSION 

3.1 Physical characterizations 

 
 

Figure 1. a, b, c, d Typical SEM images of C, Cu/C, Pt/C and Pt-Cu/C, respectively.  

 

The nanoparticles of Cu, Pt and Pt-Cu alloy were electrochemically deposited on the surface of 

the carbon modified electrode by CV. Figure1 a-d show the typical SEM images of C, Cu, Pt, and Pt-

Cu nanostructures. The SEM images reveal that the nanoparticles were firmly attached to the carbon 

surface with numerous internal pores. The deposited Cu nanoparticles have a cubic structure with the 
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size of about 70-110 nm (b2). When the reaction was carried out in the presence of H2PtCl6, the 

resulted Pt-Cu nanoparticles have a þowerlike structure with a size of about 50-70 nm (d2). When the 

reaction occurs in the presence of only H2PtCl6, the prepared Pt nanoparticles also have a þowerlike 

shape with an average size of 30-50 nm (c2), a little smaller than that of Pt-Cu. It may be the case that 

the Pt nanoparticle grows outside the Cu nucleations to form the Pt-Cu alloy. Moreover, This porous 

structure of the Pt-Cu/C catalyst may facilitate the movement of oxygen into and out of the catalyst 

during the reduction reaction of oxygen, which plays the most key role on its electrocatalytic activity 

for ORR. 

XPS was used to confirm the surface chemical composition of the Pt-Cu/C and metallic state. 

Distinct Pt 4f and Cu 2p peaks were displayed in Fig. 2, indicating the successfully incorporation of Pt 

and Cu. The 4f7/2 and 4f5/2 doublets of pure Pt sample locate at 70.9 and 74.2 eV were reported in 

previous studies [39]. However, as shown in Fig. 2a, there is a small increase in Pt binding energies as 

the 4f7/2 and 4f5/2 doublets of Pt locate at 71.6 and 75.4 eV, respectively, which has also been observed 

in Pt-Bi and Pt-Pb reported previously [40, 41]. The increase in the binding energies of Pt indicates the 

presence of a certain degree of interactions of copper with the Pt surface. Deconvolution of the Cu 2p 

region shows the presence of two pairs of doublets in Fig. 2b. The most intense doublet with binding 

energies of 932 eV (Cu 2p3/2) and 952 eV (Cu 2p1/2) is assigned to metallic Cu. Peaks at 932.4 eV (Cu 

2p3/2) and 952.5 eV (Cu 2p1/2) could be attributed to Cu (I). Cu is predominant in metallic state of Pt-

Cu/C. It may facilitate the increase of Pt nanoparticle size, because the presence of Cu may weaken the 

interaction between Pt and support, leading to a lower resistance to surface migration of Pt particles 

[42]. These results are highly consistent with above SEM observations (Fig. 1). 

 

 
 

Figure 2. a, b XPS spectrum of Pt 4f, Cu 2p, respectively. 

 

3.2 Electrochemical measurements 

Characteristic CV was firstly applied to evaluate the electrocatalytic behaviors of Pt-Cu/C 

catalyst in O2-saturated 0.1 M HClO4, KOH, phosphate buffer solution (PBS, pH=7.06), with the aim 

to select the optimal electrolyte. As it is displayed in Fig. 3a, b, c, an obvious ORR peak corresponding 

to reduction of oxygen can be observed in each case, in KOH solution, Pt-Cu/C exhibits the highest 

ORR peak potential of 0.76 V, which is positive than that tested in PBS (0.6 V) and HClO4 (0.62 V), 
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so, 0.1 M KOH aqueous solution is more preferred. Technique of Linear sweep voltammetry (LSV) 

was also used to confirm the CV result, as shown in Fig. 3e, d, f. Both the onset ORR potential and 

limiting current density characterized in 0.1 M KOH is the highest compared with those obtained from 

0.1 M PBS and HClO4, the data was clearly dedicated in Table 1. As a result, 0.1 M KOH aqueous 

solution was chosen as the optimal media to study the electrochemical activity of Pt-Cu/C since the 

minor positive shift in ORR potential, the onset ORR potential and the enhancement in current density 

toward ORR.  

 

 
 

Figure 3. a, b, c CV of Pt-Cu/C in O2-saturated 0.1 M KOH, PBS, HClO4 at a scan rate of 100 mV s
-1

. 

e, d, f ORR polarization curves of Pt-Cu/C in O2-saturated 0.1 M KOH, PBS, HClO4 with a 

scan rate of 10 mV s
-1 

at 1600 rpm. 

 

Table 1. Comparison of electrochemical data for Pt-Cu/C electrode in 0.1 M KOH, PBS, HClO4 

solution. 

 

 EORR  (V vs. RHE) Eonset  (V vs. RHE)  I limiting (mA/cm
2
) 

KOH 0.764  0.864 -5.56 

PBS 0.6 0.77  -5.05 

HClO4   0.6161 0.8261  -4.48 

 

CV is also a traditional method to characterize the catalytic activity of catalysts with the ORR 

peak potential where the maximum oxygen reduction current occurs. The higher the ORR peak 

potential, the higher the catalytic activity. CV of Pt-Cu/C, Pt/C, Cu/C and C were carried out in N2 and 

O2 saturated 0.1 M KOH aqueous solution from 0.37 to 1.17 V vs. RHE. As shown in Fig. 4, 

Compared to the CV in the N2-saturated KOH solution, the CV in the O2-saturated solution exhibits 
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much larger anodic and cathodic current densities in each case. Which indicates that the as-synthesized 

catalysts display sensitive responses for the electrochemical behavior of O2. It could also be found that 

the ORR peak potential varies greatly with immobilizing different metal nanoparticles indicating 

variable catalytic activities. An obvious ORR peak at around 0.76 V attributed to oxygen reduction of 

Pt-Cu/C can be observed, which shifts more positive than that of Pt/C (0.61 V), Cu/C (0.58 V) and C 

(0.56 V), as shown in Table 2. Furthermore, Pt-Cu/C exhibits the highest peak current density, 

indicating the Pt-Cu/C possesses the best electrocatalytic activity. According to the above phenomena, 

it is convincing that Pt-Cu/C is a good electrocatalyst, not only the content of Pt was reduced, but also 

the electrocatalytic activity was enhanced greatly. 

 

 
 

Figure 4. CV of Pt-Cu/C, Pt-C, Cu/C and C in O2-saturated 0.1 M KOH at a scan rate of 100 mV s
-1 

from 0.37 to 1.17 V. 

 

Table 2. Comparison of electrochemical data for different electrodes. 

 

 Epeak (V vs. 

RHE) 

Eonset  I limiting 

(mA/cm
2
) 

Average n (K-

L)  

Average n 

(RRDE) 

Average 

%H2O2 

Ref. 

Pt-Cu/C 0.76 0.86 -5.56 3.93 3.87 6.27  

Pt/C  0.61 0.78 -4.34 2.97 2.82 59.24  

Cu/C   0.58 0.74 -3.26 2.43 2.47 76.83  

C 0.56 0.66 -2.42 1.93 - -  

Pt-Cu/PPy - 0.75 3.5 - - - [47] 

PdNi3/C 0.85 0.995 5.2 - - - [48] 

Pt-

Pd/PPVK 

0.55 - - - - - [49] 
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Figure 5. a ORR polarization curves with a scan rate of 10 mV s
-1 

and a rotation rate of 1600rpm for 

Pt-Cu/C, Pt-C, Cu/C and C in O2-saturated 0.1 M KOH solution.  

 

RDE measurement was applied to investigate the electrochemical properties of the catalysts, 

linear sweep curves of Pt-Cu/C, Pt/C, and Cu/C with a rotational rate of 1600 rpm in O2-saturated 0.1 

M KOH aqueous solution at a scan rate of 10 mV s
-1 

were shown in Fig. 5. A diffusion-limiting current 

region and the mixed kinetic-diffusion current region can be clearly observed from the polarization 

curves of the catalysts. For the Pt-Cu/C catalyst, the diffusion-limiting current region is under 0.54 V 

and the mixed kinetic-diffusion current region is between 0.54 V to 0.86 V. The Pt-Cu/C catalyst has 

the highest value of 5.56 mA cm
-2

 in limiting current density, which was followed by Pt/C (4.34 mA 

cm
-2

), Cu/C (3.26 mA cm
-2

) and C (2.42 mA cm
-2

). And, in terms of the onset ORR potential, Pt-Cu/C 

(0.86 V vs. RHE) shifts more positive compared with that of Pt/C (0.78 V), Cu/C (0.74 V) and C (0.66 

V) as shown in Table 2. The above results indicate that the Pt-Cu/C exhibits the best ORR 

electrocatalytic activities. Whatôs more, the ORR polarization curves of these four catalysts were 

undertaken with various rotation rates and be used to give a deep insight into the electron transfer 

kinetics mechanisms, the data are shown in Fig. 6. As expected, the onset ORR potential of each 

catalyst is kept almost constant with all rotation rates and the current densities increased with the 

increasing of rotation speeds, which can be attributed to the more rapid oxygen diffusion on the 

electrode surface. The corresponding ORR performance in the diffusion and kinetically limited regions 

can be evaluated by Koutecky-Levich (K-L) plots which were generally used to calculate the electron 

number (n). The K-L equation was shown as below [43]: 

2/1

11111

diff wBJJJJ kk

+=+=               (1) 

in which 

6/1

3/262.0 00

h

DFCn
B=                    (2) 

where Jk is the kinetic current density and Jdiff the diffusion-limiting current density, ɤ is the 

angular velocity of the disk, n is the overall number of electrons transferred, F is the Faraday constant 
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(F=96485 C mol
-1

), D0 is the diffusion coefficient of O2 in the electrolyte (in acidic media D0=1.4Ĭ10
-5
 

cm
2
 s

-1
, for pH=7-13 D0=1.9Ĭ10

-5
 cm

2
 s

-1
), C0 is the O2 concentration in the electrolyte (for acidic 

media CO2=1.1Ĭ10
-3 

mol L
-1

, for pH=7-13 CO2=1.2Ĭ10
-3 

mol L
-1

), and ɖ is the viscosity of the 

electrolyte (1.00Ĭ10
-2

 cm
2
 s

-1
) [44]. 

 

 
 

Figure 6. a, b, c, d RRDE polarization curves of Pt-Cu/C, Pt/C, Cu/C and C with various rotation rates 

in O2-saturated 0.1 M KOH solution at scan rate of 10 mV s
-1

. 

 

ORR occurs either a direct four-electron reduction pathway where O2 is reduced to H2O or a 

two-electron reduction pathway where it is reduced to hydrogen peroxide (H2O2). In fuel cell 

processes, the four-electron direct pathway is more preferred and favorable [45]. 

As shown in Fig 7, the K-L plots show a good linearity between J
-1

 and ɤ
-1/2

 at various applied 

potentials, indicating the electron transfer for ORR is almost the same at various potentials [46]. And, 

the average electron transfer numbers are 3.93, 2.97, 2.46 and 1.93 for Pt-Cu/C, Pt/C, Cu/C and C, 

respectively, which was shown in Table 2. These results indicate the different ORR mechanisms 

among four catalysts. More specifically, Pt-Cu/C adopts a four-electron reaction pathway, while Pt/C 

and Cu/C takes a coexisting pathway involving both the two-electron and four-electron transfers, pure 

carbon black employs a two-electron reduction pathway. Moreover, Compared with the results of other 

research group [47, 48, 49] shown in Table 2, our results are may not so comparable and satisfactory, 

while the method of catalyst preparation was optimized to be more easier, and the electrocatalyst also 

are high efficient. In this sense, cyclic voltammetry for synthesizing Pt-Cu/C catalyst is adoptable. To 

further verify the results obtained from the K-L plots, RRDE technique was applied to evaluate the 

yield of H2O2 produced at the disk electrode and calculate the electron transfer number. RRDE 

polarization curves of Pt-Cu/C, Pt/C and Cu/C with various rotation rates were displayed in Fig. 8. 
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Figure 7. a, b, c, d K-L plots of Pt-Cu/C, Pt/C, Cu/C and C and the corresponding electron transfer 

number at various potentials. 

 

In which, the lower part stands for the current-potential produced at the disk electrode when the 

O2 was reduced, the upper part displays the current of ring electrode which was setted at 0.6 V to 

detect the formation of H2O2. The electron transfer number (n) and hydrogen peroxide yield (%H2O2) 

can be obtained from the following equations [50]:  

( )Nii

i
n

rd

d

/

4

+
=                (3) 

( )Nii

Ni
OH

rd

r

/

/200
% 22

+
=             (4) 

Where ir and id are ring and disk currents, respectively, N is the ring collection efficiency that 

was tended to be 0.37 according to the instruction book. 

 

 
 

Figure 8. a, b, c RRDE polarization curves of Pt-Cu/C, Pt/C and Cu/C electrodes. Medium: O2-

saturated 0.1 M KOH aqueous solution, scan rate: 10 mV s
-1

; ring potential: 0.6 V, and rotation 

rate: 400-1600rpm.   
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The H2O2 production and the electron numbers for Pt-Cu/C, Pt/C and Cu/C catalysts were 

shown in Fig.9, as seen from it, Pt-Cu/C has the lowest average H2O2 production of 6.71% which is 

much smaller than those of Pt/C (59.23%) and Cu/C (76.63%). Furthermore, the inverse order was 

occurred in the average electron transfer number, the average n for Pt-Cu/C is about 3.87, while the 

average n for Pt/C and Cu/C are 2.82 and 2.47 (Table 2), respectively. In addition, Fig. 10 displays the 

decreasing %H2O2 with the increasing rotation rate, which is in line with the more rapid oxygen 

diffusion on the electrode surface during the RRDE measurement. In a word, all the results of RRDE 

are highly consistent with the results obtained from CV and ORR measurements mentioned above and 

the excellent electrocatalytic activity of Pt-Cu/C may be attributed to special structure of Pt-Cu alloy. 

 

 
 

Figure 9. a, b The yield of H2O2 and the electron transfer number of Pt-Cu/C, Pt/C and Cu/C 

calculated from RRDE curves. 

 

 
 

Figure 10. a, b, c The yield of H2O2 of Pt-Cu/C, Pt/C and Cu/C produced at disk electrode with the 

rotation from 400 rpm to 1600 rpm in 0.1 M KOH aqueous solution at scan rate of 10 mV s
-1

. 

 

The conductivity of the catalysts were tested by EIS which was performed in 0.1 M KCl 

solution containing 1.0 mM K3Fe(CN)6 and 1.0 mM K4Fe(CN)6 at 1.2 V in a frequency range of 0.1-

100000 Hz. As clearly shown in Fig. 11, in spite of the similar shape of the impedance diagrams, there 

is an obvious difference between the diameters of the four semi-circles. That is, the diameters of the 

semicircles vary greatly with depositing different kinds of nanoparticles and the diameter of the 


