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Platinum-nanoparticle-based catalysts are fascinating and widely used in fuel cells. This study is an 

attempt to develop low-cost and high performance of carbon supported Ru-Pt nanoparticles (NPs) for 

direct methanol fuel cells (DMFCs). We have synthesized RuPt/C, Ru@Pt/C, RuPt/MWCNT, and 

Ru@Pt/MWCNT nanomaterials by a facile two-step reduction method. X-ray diffraction (XRD) shows 

the f.c.c. Pt and h.c.p. Ru phases and the NPs are under a slight compressed strains. The synthesized 

NPs obtained small mean sizes (dmean ≤ 3.9 nm) and narrow size distributions (1 – 9 nm). STEM-EDS 

line scan profiles reveal that architecture of Ru@Pt NPs composes of Ru-core and Pt-rich–Ru alloy 

shell, while that of RuPt alloy NPs exhibits random arrangement of Ru and Pt atoms. The 

Ru@Pt/MWCNT possessed the highest methanol oxidation activity with current density (Jf) of 182.4 

mA.cm
-2

 and the lowest electron transfer resistance (Ret) of 606 Ω as compared with the other samples. 

The outstanding performance of Ru@Pt/MWCNT could be attributed to the high Pt dispersion, the 

strong synergetic effect of the Ru@Pt NPs (i.e. improving CO poisoning tolerance and enhancing the 

intrinsic activity of Pt), and the high porosity and electrical conductivity of MWCNT support.  
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1. INTRODUCTION 

Direct methanol fuel cells (DMFCs) that use liquid methanol as a fuel to generate electricity are 

possible power sources for broad applications in both electric vehicles and portable electronics [1–3]. 

DMFCs offers many advantages such as low operation temperature (below 100°C), operational safety, 

superior specific energy and durability [3,4]. However, it remains obstacles to develop DMFCs for 

commercial products and applications, primarily due to the poor kinetics of methanol oxidation 

reactions in the anode [5]. In DMFCs, platinum (Pt) or Pt-based alloy NPs are generally used as an 

anode catalyst for the methanol oxidation reaction (MOR) [6–15]. Although Pt is an excellent catalyst 

for DMFCs, it is expensive and easy to be poisoned by carbon monoxide (CO). CO, a reaction 

intermediate produced during methanol oxidation, adsorbed on Pt active sites can be oxidized by OHads 

formed on neighbouring Pt site by the following equation [10,16]: 

COads + OHads  → CO2 + H
+
 + e

-
              (1) 

 An approach to improve CO tolerance and thereby enhance methanol oxidation activity is 

development of bimetallic heterogeneous catalysts [13–21]. It is because the presence of second metal 

provides –OH groups that oxidize the CO adsorbed at the neighbouring Pt sites and thus improve CO 

tolerance [10,22]. Recently, the preferential CO oxidation were discovered in hydrogen feeds on 

Ru@Pt NPs as compared with that of Ru–Pt nano-alloys [17] and of Pt shells with other metal core 

[22]. These findings suggest that the particle architecture is a critical factor to promote CO tolerance of 

Pt surface for enhancing methanol oxidation activity. An efficient way to achieve better utilization of 

Pt-based NPs is to disperse them onto a suitable supporting material, and thus the support it is another 

important factor for MOR. The support should need to have a high surface area and strong affinity, a 

high electrical conductivity, and an excellent chemical stability [7]. Therefore, it is essential to 

optimize simultaneously both the architecture of catalyst NPs and the support for achieving high-

performance electrocatalytic oxidation of methanol.    

  In order to gain insight into the influences of the bimetallic nanoparticle architectures and the 

support on methanol oxidation activity, this work studied on several kinds of carbon–supported Ru–Pt 

NPs, namely RuPt/C, Ru@Pt/C, RuPt/MWCNT, and Ru@Pt/MWCNT. These fuel cell catalysts were 

selected as the studying materials because of their excellent properties for DMFCs [6–15,23–28]. A 

facile two-step reduction method was employed to synthesize either RuPt alloy or Ru@Pt core-shell 

NPs loading on Vulcan carbon (C) or multiwalled carbon nanotube (MWCNT) supports. The 

structural, morphological, compositional and electrochemical properties of the samples are studied and 

reported in detailed. This study will shed light on material selectivity, the influence factors and 

mechanisms for high electrocatalytic activity toward methanol oxidation.  
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2. EXPERIMENTAL DETAILS 

The Ru@Pt/C and Ru@Pt/MWCNT samples with 20 wt.% Ru@Pt NPs and atomic ratio Pt:Ru 

= 1:1 were synthesized by using a two-step reduction method. For synthesis Ru@Pt/C samples, a 

mixture of 70 mg carbon black (Vulcan XC-72), 30 mL ethylene glycol (EG), and 10 mL sulfuric acid 

(H2SO4) was prepared in an ultrasonic bath for 15 minutes. Then, the mixture was stirred at 170°C for 

30 minutes. The Ru precursor (RuCl3.xH2O solution) was prepared by mixing 16 mg RuCl3.xH2O with 

5 mL deionized (DI) water in an ultrasonic bath for 15 min. Next, the Ru precursor was slowly 

dropped into the above mixture at room temperature. A solution of 200 mg NaBH4 and 10 mL DI 

water was sprinkled into the mixture. The pH was adjusted to 12 by using NaOH 10 M solution. The 

mixture was stirred at room temperature for 8 hours. Afterwards, the mixture was added with a Pt 

precursor of H2PtCl6.6H2O which was prepared by mixing of 30 mg H2PtCl6.6H2O with 5 mL DI 

water. Next, the mixture was kept for reaction at room temperature for 8 hours. Finally, the Ru@Pt/C 

product was collected by filtration, washed thoroughly with deionized water, and dried at 100°C under 

vacuum overnight. For synthesis Ru@Pt/MWCNT, a similar synthesis procedure was applied, in 

which the MWCNT powder was used instead of the carbon black. The RuPt/C and RuPt/MWCNT 

samples were synthesized by co-reduction method, whose procedure was similar with the 

aforementioned procedure. Unlike the Ru@Pt core-shell nanoparticle synthesis, to obtain RuPt alloy 

NPs, the Ru and Pt precursors were added into the prepared mixture at the same time.  

The crystalline orientations of the nanomaterials were studied via X-ray diffraction (XRD) with 

a 2θ-θ scan using Bruker D8 and Cu Kα (1.5406 Å) radiation. Structural characterization at atomic 

scale was performed in a JEOL JEM-ARM200F high-resolution scanning transmission electron 

microscope (HRTEM) and scanning transmission electron microscope (STEM) in high-angle annular 

dark field (HAADF) imaging modes, operated at 200 kV. Energy-dispersive spectrometry (EDS) line 

scans were carried out to study the elemental distribution of the NPs. Surface morphology of the 

samples were examined using field-emission scanning electron microscopy (SEM, JEOL JSM-6500) 

through plane-view images. The chemical stoichiometry of RuPt/MWCNT and Ru@Pt/MWCNT 

samples were characterized using X-ray photoelectron spectroscopy (XPS; ThermoVG 350) with the 

X-ray source (Mg Kα 1253.6 eV, 300 W). The binding energies obtained in the XPS analysis were 

standardized using C1s at 284.6 eV. XPS curve fitting was performed using the freeware XPSPEAK 

4.1 with the Shirley background subtraction, and assuming a Gaussian–Lorentzian peak shape. To 

study the electrochemical behaviors of the samples, cyclic voltammetry (CV) curves were recorded 

using an Autolab system with a scan rate of 50 mV.s
-1 

and a conventional three-electrode test cell. The 

electrolyte was a solution of 1.0 M H2SO4 and 2.0 M CH3OH. The working electrode was made by 4 

mg catalyst powder coated on a 1.0 cm
2
 carbon paper. Electrochemical impedance spectroscopy (EIS) 

measurements were performed with an alternating current of ± 10 mV in the frequency range of 1 Hz – 

100 kHz at a potential of 0.8 V.   

 

3. RESULTS AND DISCUSSION  

Figure 1(a) shows the XRD patterns of RuPt/C, Ru@Pt/C, RuPt/MWCNT, and 

Ru@Pt/MWCNT. It shows several diffraction peaks which could be indexed to the (111), (200), (220) 
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and (311) planes of a typical face-centered-cubic (f.c.c) lattice structure of platinum. The Ru and Pt 

components were extracted and analyzed by fitting the XRD spectra in 2θ range of 35 – 51°, as shown 

in Figure 1(b). The arrows indicate the positions of Pt (111) and Ru (200) peaks. As compared with 

Ru–Pt alloy and bulk Pt, the Pt (111) and Ru (200) peaks of the Ru@Pt core-shell structures are 

noticeably shifted to higher 2θ and lower 2θ, respectively. These anomalies indicate that Ru core has a 

compressed lattice and Pt shell possesses tensile strain, which may be attributed to incomplete lattice 

formation and strains associated with the two-dimensional structure at Pt shells [17]. This abnormally 

XRD result is consistent with that of the Ru@Pt NPs in Ref. [17]. In addition, the inset in Figure 1(a) 

presents the a- and c-lattice constants of the samples and those of the database values. The a-lattice 

constant of the samples is slightly smaller than that of pure Pt at 3.923 Å (JCPDS 04-0802); 

meanwhile, the c-lattice constant is slightly higher than the Ru database value of 4.282 Å (JCPDS 06-

0663), indicating the NPs in this study are under a slight compressed strains.  

 

 
 

Figure 1. (a) XRD patterns of RuPt/C, Ru@Pt/C, RuPt/MWCNT, and Ru@Pt/MWCNT. Black 

vertical lines represent the f.c.c. Pt phase (JCPDS file 04-0802), and red vertical lines represent 

the h.c.p. Ru phase (JCPDS file 06-0663). (b) The fitting of the XRD spectra in the 2θ range of 

35 – 51°, which reveals the Pt and Ru peaks. Inset in (a) presents the calculated lattice 

parameters of the four samples. 

 

Figure 2 shows the typical HRTEM images of RuPt/C, Ru@Pt/C, RuPt/MWCNT, and 

Ru@Pt/MWCNT samples. The RuPt and Ru@Pt NPs are uniform dispersion and strong bonding with 

the carbon supports. As shown in the insets of Figures 2(a,c,d), the NPs exhibit the lattice fringes with 

d-spacing of approximately 0.21 nm and 0.23 nm, corresponding to the (002) planes of Ru and the 

(111) planes of Pt, respectively. The core-shell and alloy bimetallic architectures of the NPs are 

confirmed by STEM-EDS line scan spectra recorded from multiple single particles (Figures 2e and 2f). 

The EDS line scan profiles of a typical Ru@Pt nanoparticle show a bimodal Pt distribution that 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

10191 

reaches a maximum at the edge of the particle (i.e. the shell), whereas the Ru line shows maximum Ru 

concentration at the center of the particle (Figure 2e). This elemental profile reveals a core-shell 

architecture for Ru@Pt particles that composes of Ru core and the Pt-rich–Ru alloy shell. In contrast, 

for RuPt alloy NPs, both Ru and Pt line scan profiles are single Gaussian distributions across the 

particle, indicating the random arrangement of Ru and Pt atoms in the bulk and on the surface of RuPt 

NPs (Figure 2f). Based on the STEM-EDS results, graphical representations of Ru@Pt and RuPt NP 

architectures are shown schematically in the insets of Figures 2(e) and 2(f).  

 

 
 

Figure 2. TEM images: (a) RuPt/C, (b) Ru@Pt/C, (c) RuPt/MWCNT, and (d) Ru@Pt/MWCNT. Insets 

in (a,c,d) show HRTEM images of a typical particle of the corresponding samples at the arrow 

positions. Representative STEM-EDS line spectra of (e) a ~4.5 nm Ru@Pt core-shell NP and 

(f) a ~7.3 nm RuPt alloy NP. The dash lines are guides to the eye. The schematic models show 

the architectures of Ru@Pt NP (the inset in (e)) and RuPt NP (the inset in (f)).    

 

Figure 3 shows the structure–morphology of the samples to visualize the porosity and 

distribution of particles on the carbon supports [C (left) vs. MWCNT (right)]. MWCNT offers higher 

porosity and better particle dispersion – distribution than those of C support. In fact, C support shows 

tightly staking amongst C sheets (or agglomeration) to form as a dense material, which can limit both 

the particle dispersion and the specific electrochemical active area. 
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Figure 3. SEM and TEM images of the samples in this study. 

 

The particle size distributions of the samples are presented in Figure 4(a–d). It exhibits narrow 

distributions and small mean values (dmean). Particularly, the distribution ranges and dmean values are 2 

– 9 nm (dmean = 3.9 nm) for RuPt/C, 1 – 8 nm (dmean = 3.4 nm) for Ru@Pt/C, 1 – 7 nm (dmean = 2.6 nm) 

for RuPt/MWCNT, and 2 – 7 nm (dmean = 3.5 nm) for Ru@Pt/MWCNT. By considering both dmean 

values and the upper tails of NP distributions, MWCNT support with higher porosity likely hinders the 

growth of the electrocatalyst NPs. This observation is consistent with the result in ref. [14], in which 

the mesoporous carbon support was found to restrict the crystal growth of Pt–Ru particles. The 

nanoparticle sizes in this study are comparable with the NP sizes of 4.1 – 4.4 nm in ref. [17] and 3.1 – 

3.3 nm in ref. [5].   



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

10193 

 
 

Figure 4. Particle size distributions of (a) RuPt/C, (b) Ru@Pt/C, (c) RuPt/MWCNT, and (d) 

Ru@Pt/MWCNT. Histograms are made by counting 100 particles from multiple HRTEM 

images taken in different sample regions. The solid lines are the log-normal fitting. 

 

 
Figure 5. (a) Wide-scan XPS spectra of RuPt/MWCNT and Ru@Pt/MWCNT samples. High-

resolution XPS spectra of (b) Pt 4f and (c) Ru 3p of the RuPt/MWCNT, (d) Pt 4f and (e) Ru 3p 

of the Ru@Pt/MWCNT.  The black solid lines are the experimental load and the other solid 

lines are the fitting curves. 

 

We performed XPS experiments on RuPt/MWCNT and Ru@Pt/MWCNT to study the surface 

properties and chemical states of the samples (Figure 5). The full-range scans in Figure 5(a) shows the 

major C, O, Pt and Ru peaks. In addition, as compared to the binding energies of pure Ru 3p5/2 (163.1 

eV) and Pt 4f7/2 (71.52 eV) reported in ref. [13], the Ru 3p5/2 and Pt 4f7/2 of RuPt/MWCNT and 

Ru@Pt/MWCNT shifted positively and negatively by 0.8 – 1.0 eV and 0.1 – 0.3 eV, respectively. This 

indicates the occurrence of charge transfer from Ru to Pt (a large electronegativity metal) for forming 
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the RuPt alloy or Ru@Pt core-shell NPs. This XPS result is consistent with that of reported in the 

earlier work [13].  

Figure 6 shows the cyclic voltammograms (CV) of RuPt/C, Ru@Pt/C, RuPt/MWCNT, and 

Ru@Pt/MWCNT in 1.0 M H2SO4 and 2.0 M CH3OH aqueous solution. The highest current densisty 

values of forward and reverse scans (Jf and Jr) and Jf/Jr ratio are reported in Table 1. The Jf values are 

24.60, 64.48, 63.32, and 182.4 mA.cm
-2 

for RuPt/C, Ru@Pt/C, RuPt/MWCNT, and Ru@Pt/MWCNT, 

respectively. In addition, the Jr values are 6.397 mA.cm
-2 

for RuPt/C, 7.257 mA.cm
-2 

for Ru@Pt/C, and 

54.99 mA.cm
-2 

for Ru@Pt/MWCNT. Noticeably, the Jr peak of RuPt/MWCNT cannot be observed 

clearly from the CV curve (Figure 6c). The anodic peak in the reverse scan can link to the removal of 

the incomplete oxidized carbonaceous species, such as CO, HCOO¯, HCO¯, accumulated on the 

catalyst surface during the forward anodic scan [29,30]. In methanol oxidation reaction, CO is a 

critical intermediate that cause a lower fuel cell potential and energy conversion efficiency. 

Consequently, the Jf/Jr ratio can be used to describe the catalyst tolerance to carbonaceous species  

accumulation [31]. The larger Jf/Jr value regards as the better CO resistant catalyst. As summarized in 

Table 1, the Ru@Pt/C sample exhibited the highest Jf/Jr value of 8.89, suggesting it achieved the best 

carbonaceous species tolerance ability amongst the samples.  

 

 
 

Figure 6. CV curves of electrocatalytic samples: (a) RuPt/C, (b) Ru@Pt/C, (c) RuPt/MWCNT, and (d) 

Ru@Pt/MWCNT, measured in 1.0 M H2SO4 + 2.0 M CH3OH solution with a scan rate of 50 

mV.s
-1

.  
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For the support effect, the Jf of MWCNT support is always higher than that of the C support 

(see Figure 6 and Table 1). It can be explained that MWCNT support has higher porosity and better 

dispersion–distribution of the particles than the C support, as shown in Figures 2 and 3. Therefore, the 

MWCNT support offers higher methanol oxidation activity than C one, and this result is consistent 

with previous reports in the literature [15]. Regardless the supports (C or MWCNT), the core-shell NPs 

(i.e. Ru core and Pt-rich–Ru alloy shell, Fig. 2e inset) presents higher activity for MOR than that of 

RuPt alloy NPs (Figure 6). This result is in good agreement with those reported in refs. [17,20], in 

which the core-shell particles exhibited higher activities for preferential oxidation of CO in hydrogen 

than those of the alloys for both PtRu and PtRh bimetallic systems. For referencing, Table 2 

summarizes the mean size of nanoparticles, measuring condition, and catalyst performance of some 

RuPt-based catalysts in the literature. Since the measuring condition affects the values of current 

density, it is hard to make a reliability comparison. Nevertheless, it can be found that a relatively high 

current density (i.e. 54.99 mAcm
-2

) is achieved for the Ru@Pt/MWCNT in this study. 

 

Table 1. Electrochemical parameters of the nanomaterials in this study. 

 

Sample  Jf (mA.cm
-2

)  Jr (mA.cm
-2

)  Jf/Jr  Ret (Ω) 

RuPt/C  24.60 6.397 3.85  9052 

Ru@Pt/C  64.48 7.257 8.89  3667 

RuPt/MWCNT  63.32 - - 4891 

Ru@Pt/MWCNT  182.4 54.99 3.32  606 

 

Table 2. Mean particle size, measuring condition, and catalyst performance of some relevant RuPt-

based catalysts in the literature. 

 

Catalyst 

Mean metal 

particle 

size (nm) 

Catalyst performance 
Reference 

Measurement condition Current density 

PtRu (1: 1)/C  3.1 - - [5] 

PtRu (1:1)/MWCNT  3.2 - - [5] 

PtRu (4:6)  4.4 - - [17] 

Ru@Pt (4:6) 4.1 - - [17] 

PtRu (1: 1)/CNTs  - 
20 mV. s

-1
, 1 M 

CH3OH + 0.5 M H2SO4  

34 mA.cm
-2 

(loading 4 mg.cm
-2

) 
[15] 

PtRu (1: 1)/C  

 
- 

20 mV. s
-1

, 1 M 

CH3OH + 0.5 M H2SO4
 

23 mA.cm
-2 

(loading 4 mg.cm
-2

)
 [15] 

RuPt (1: 1)/C  - 
10 mV. s

-1
, 0.5 M  

2 M CH3OH + H2SO4 
620 µA/µg Pt [10] 

Ru@Pt (4: 6)/C  - 
10 mV. s

-1
, 0.5 M  

2 M CH3OH + H2SO4  
680 µA/µg Pt [10] 

 

Several synergistic effects could attribute to the aforementioned result (core-shell vs. alloy). 

First, Ru@Pt core-shell structure has better preferential oxidation of CO in hydrogen than that of RuPt 

alloy [17,20], leading to the better CO tolerance for Ru@Pt than RuPt. For the present structure of Ru-
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core and Pt-rich–Ru alloy shell, Ru atoms provide –OH groups at lower potential to facilitate the 

oxidation of CO and poisonous intermediates adsorbed onto Pt atoms [10,16]. Second, the intrinsic 

activity of Pt can be enhanced because of the charge transfer from Ru to Pt, as suggested by the above 

XPS results and by Chen et al. [13]. Finally, in bimetallic systems, the electronic structures of the 

surface metals can be altered greatly by the changes in architectural configurations that facilitate 

alternate reaction mechanisms relative to pure Pt [20,21,32–34]. Briefly, thanks to combining the 

positive effects of both the nanoparticle architecture and the support factors, the Ru@Pt/MWCNT 

achieves the best electrocatalytic activity toward methanol oxidation.  

Figure 7 shows the Nyquist plot (negative imaginary vs. real component of the total complex 

impedance Z) for all the samples at a potential of 0.8 V (vs. Ag/AgCl). Although the Nyquist curves of 

the samples do not show full semicircles, it is still clear to see that Ru@Pt/MWCNT exhibit the 

smallest semicircle (or the smallest resistance) as compared with the other samples. For quantitative 

analysis the EIS data, we employed the Randles equivalent circuit model [35], which used to fit plots 

with one semi-circle [36] and Pt-C-based materials [37]. The circuit included the electron transfer 

resistance (Ret), solution resistance (Rs) and double layer capacity (Cdl) of the samples (see the inset in 

Fig. 7). The circular fits with the Randles circuit yield Ret values of 606, 3667, 4891, and 9052 Ω for 

Ru@Pt/MWCNT, Ru@Pt/C, RuPt/MWCNT, and RuPt/C, respectively. Reasonably, the lower Ret is 

coincident with the higher current density at 0.8 V (Fig. 6). Both CV and EIS results demonstrate that 

Ru@Pt/MWCNT possesses the superior electrocatalytic activity (with the smallest Ret) over the other 

material systems toward methanol oxidation.          

 
 

Figure 7. Nyquist plots of the EIS for RuPt/C, Ru@Pt/C, RuPt/MWCNT, Ru@Pt/MWCNT in a 

solution of 1.0 M H2SO4 containing 2.0 M CH3OH, in a frequency range from 1 Hz to 100 

kHz. The inset shows the Randles equivalent circuit that used to fit the EIS data. 

 

 

 

4. CONCLUSION  

We report the synthesis and characterization of RuPt alloy- and Ru@Pt core-shell- NPs on C 

and MWCNT supports for high-performance methanol oxidation. XRD and TEM results confirm the 

obtained RuPt and Ru@Pt NPs with averaged sizes below 4 nm. The Ru@Pt core–alloy shell NPs and 
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conventional RuPt alloy NPs were successfully synthesized, as indicated by STEM-EDS results. The Jf 

(Ret) values of RuPt/C, Ru@Pt/C, RuPt/MWCNT, and Ru@Pt/MWCNT are 24.60 mA.cm
-2

 (9052 Ω), 

64.48 mA.cm
2
 (3667 Ω), 63.32 mA.cm

-2
 (4891 Ω), and 182.4 mA.cm

-2
 (606 Ω), respectively. The best 

methanol oxidation activity of Ru@Pt/MWCNT could be attributed to the high Pt dispersion, the 

enhancements of CO tolerance and the intrinsic activity of Pt, and the high porosity and electrical 

conductivity of MWCNT support.  
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