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Abstract: AuPt nanoparticles clusters (NPCs) were electrodeposited on multiwalled carbon nanotubes
(MWCNTs). The as-prepared AuPt NPCs@MWCNTs nanocomposites exhibited considerably
enhanced electrocatalytic activity than Pt NPs@MWCNTs for methanol oxidation in acid medium.
In comparison with Pt NPs@MWCNTs, a remarkable resistance to CO poisoning and a higher If/Ib
value (the ratio of the forward scan oxidation peak current (If) and reverse scan oxidation peak current
(Ib)) was achieved by AuPt NPCs@MWCNTs electrocatalyst, which is attributable to the unique NPCs
nanostructure with enlarged electrochemical active surface areas. These results demonstrated the
potential of AuPt NPCs@MWCNTs, which can be considered as an efficient electrocatalyst for
methanol oxidation in direct methanol fuel cells.

Keywords: AuPt nanoparticles clusters; MWCNTs; nanocomposites; electrocatalytic activity;
methanol oxidation

1. Introduction

Methanol oxidation [1–11] is considered to be one of the environmental-friendly and sustainable
source of energy, in which the methanol is supplied directly to the electrode where it is converted to
carbon dioxide. In principle, methanol oxidation can directly convert the chemical energy of methanol
into electrical energy, and the reaction products are mainly water and carbon dioxide. Recently,
methanol oxidation has attracted great attention due to its simple structure, low energy consumption,
high energy density, and limited cost [12,13].

Efficient electrocatalysts for methanol oxidation can improve the energy output efficiency
and overall performance of the device as well as accelerate the electrode reaction and suppresses
side reactions [14–16]. Because of its higher catalytic activity towards methanol oxidation and
excellent corrosion resistance [17–22], Pt and its alloys with transition metals are the most effective
electrocatalysts in terms of methanol oxidation. However, the large-scale applications of methanol
oxidation have been considerably restricted by the high cost and low abundance of Pt and other
noble-metal based electrocatalysts, and unsolved problems, such as Pt poisoning. Previous works [23]
have indicated potential solutions to the current bottlenecks by enhancing dispersion of the
nanostructured Pt on a suitable carrier and combining other metals with Pt by forming bimetallic or
multi-metal electrocatalysts, respectively.
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In recent years, the research of methanol oxidation as an electrocatalyst carrier for designing
low-temperature fuel cells has attracted broad attention [24,25]. According to previous publications,
the multiwalled carbon nanotubes (MWCNTs) have good conductivity, a higher specific surface
area, a tunable surface function, and other unique physical and chemical properties. In fact,
MWCNTs-supported electrocatalysts have demonstrated excellent electrocatalytic performance
in comparison with carbon black in terms of methanol oxidation. Therefore, the networks of
MWCNTs were employed as the carrier for loading and dispersing metal NPs’ catalyst [26–29],
which demonstrates improved electrocatalytic performance [30]. Haruta et al. [31–33] revealed
that Au NPs have good catalytic activity for the electro-oxidation of carbon monoxide. Because
of the interaction between a second metal and Pt, the electrocatalytic activities could be further
promoted [34–39]. Recently, it was reported that Au-Pt catalyst could be synthesized by a convenient
co-impregnation method. Furthermore, the synthesis of AuPt-based nanomaterials on MWCNTs is
still deserving of further investigation into the performance of the methanol oxidation reaction. Taking
advantage of the electrochemical technique, simple operation and high product purity can be achieved.
In this work, we performed the electrochemical deposition method to prepare AuPt nanoparticles
clusters on MWCNTs (NPCs@MWCNTs). Compared to Pt NPs@MWCNTs, we found that the AuPt
NPCs@MWCNTs exhibited higher activity, which is promising as a candidate in enhancing the
electrocatalytic activity toward methanol oxidation.

2. Results and Discussion

2.1. Materials Characterization

The morphology of AuPt NPCs on the surface of MWCNTs was investigated by scanning
electron microscopy (SEM) characterization. Figure 1 shows SEM images of bare MWCNTs and AuPt
NPCs@MWCNTs, which confirms the formation of AuPt NPCs@MWCNTs. The SEM characterizations
reveal the as-received SEM image of MWCNTs with a smooth surface. Furthermore, the amount and
size of AuPt NPCs can be tuned by increasing different electrodeposition times. As shown in Figure 1b,
the size of AuPt NPs prepared by 1 minute electrodeposition was found to be a few nanometers, which
dispersed on the surface of MWCNTs and formed 10 nm AuPt NPCs@MWCNTs nanocomposite.
As the electrodeposition time was increased to 5 min, more AuPt NPs were found to form AuPt
NPCs nanostructures with a size of 30–40 nm (see Figure 1c). When electrodeposition time was
increased from 5 min to 10 min, we found that the formed AuPt NPCs further accumulated on the
MWCNTs’ surface. The size of as-synthesized AuPt NPCs was approximately 100 nm, which can
be seen in Figure 1d. It can be observed that a large amount of aggregated AuPt NPCs coated the
MWCNTs’ surface.

Transmission electron microscopy (TEM) characterization was employed to investigate AuPt
NPCs@MWCNTs. AuPt NPCs were found to disperse on the MWCNTs’ surfaces by electrochemical
deposition as described in the experimental section. The corresponding morphologies of the AuPt
NPCs are shown in Figure 2a,b, respectively. Figure 2a shows the AuPt NPCs with a size of 10 nm
anchored to MWCNTs, indicating the formation of AuPt NPCs@MWCNTs as a stable nanocomposite.
As the electrodeposition time was increased to 5 min, more details can be found in Figure 2b,
which unveil that the AuPt NPCs is about 30 nm–40 nm in size and serve as a self-assembly building
block for NPCs. It should be pointed out that AuPt NPs with a largely exposed surface offers an
additional advantage for electrocatalytic activities.
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(a) 1 min and (b) 5 min.

Compared with the AuPt NPCs@MWCNTs nanocomposite, we performed the same technique
to synthesize Pt NPs@MWCNTs. The typical SEM image of Pt NPs@MWCNTs is shown in Figure 3.
The surface of MWCNTs is mostly covered by dispersed Pt NPs, which indicates that the addition of
Au facilitates the formation of the AuPt NPCs.
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Figure 4a presents the X-ray diffraction (XRD) pattern of the as-prepared AuPt NPCs@MWCNTs.
As shown in Figure 4a, the Au (111), (200), (220), (311), (222) and Pt (111), (200), (220), (311), (222) peaks
provide evidence that crystalline AuPt NPs formed on the surface of MWCNTs. The diffraction peaks
at 2θ = 38.9◦, 45.2◦, 65.9◦, and 79.4◦ are consistent with the face-centered cubic (fcc) structure of Au
(38.3◦, 44.4◦, 64.6◦, and 77.5◦) and Pt (39.8◦, 46.2◦, 67.4◦, and 81.3◦), respectively. The position of four
characteristic signals can be indexed to the Au and Pt fcc crystal structure compared with the standard
JCPDS card (No. 4-783). Based on our experimental results, the diffraction peaks of oxides of Au
and Pt were not observed. It can be concluded that AuPt NPCs were prepared by forming bimetallic
nanocomposite rather than the mixture of Au NPs@MWCNTs and Pt NPs@MWCNTs [40,41].
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The X-ray photoelectron spectroscopy (XPS) analyses of AuPt NPCs@MWCNTs were conducted
as well, which are shown in Figure 4b–d. Figure 4b shows the XPS image of C1s, the binding energy
for C1s peak was 284.6 eV corresponding to the C–C energy of the carbon nanotubes [42]. There was
no oxygen peak in C1s’ region, indicating no oxygen bond forming outside of MWCNTs [43]. Figure 4c
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shows the XPS spectrum of Pt 4f, the peak of Pt 4f7/2 and Pt 4f5/2 was found at 71.4 and 74.8 eV. The XPS
characterizations gave no signal of Pt2+ and Pt4+ (around 73.8 eV and 74.6 eV), which supported that
alloyed Pt NPs were at a zero valence state. In addition, Figure 4d shows the XPS spectrum of Au 4f,
which exhibits the typical peaks of Au 4f7/2 and Au 4f5/2 were found at 84.2 and 87.9 eV. According to
previous reports [44], the binding energy of the Au component in AuPt NPs are zero valence as well.
In comparison with Pt NPs@MWCNTs (Pt 4f7/2: 71.9 eV and Pt 4f5/2: 74.5 eV), the Pt 4f7/2 and 4f5/2
peaks of AuPt NPCs slightly shifted, which reveals the electron structure of Pt was changed due to the
existence of the Au component.

2.2. Electrochemical Characterization and Activity

To explore the relationship of between morphology and electrocatalytic activity of AuPt
NPCs@MWCNTs for methanol oxidation, the cyclic voltammograms of as-prepared samples were
measured in the solution of 0.1 M Na2SO4 containing 2.0 M CH3OH. As shown in Figure 5a, the current
of methanol oxidation increases first and then decreases, which will be discussed in detail below.
Because of the electrodeposition time of 1 min, only some AuPt NPs or a small amount of AuPt
NPCs was deposited on the surface of MWCNTs and formed a nanocomposite. More importantly,
the formation of AuPt NPCs efficiently increased the active center of Pt with an electrodeposition
time of 5 min, which further facilitated the methanol oxidation reaction. However, the current of
methanol oxidation decreased by further increasing the electrodeposition time to 10 min, which
resulted from the accumulation of AuPt NPCs on the MWCNTs’ surface. Indeed, the overgrowth
of AuPt NPCs led to the reduction of the active sites of the electrocatalyst for methanol oxidation.
Figure 5b presents the cyclic voltammograms of AuPt NPCs@MWCNTs and Pt NPs@MWCNTs in
the 0.1 M H2SO4 solution with an electrodesiposition time of 5 min. Both of AuPt NPCs@MWCNTs
and Pt NPs@MWCNTs have two pairs of hydrogen adsorption-desorption peaks between −0.25 and
0 V, which indicates both had electrocatalytic activity to hydrogen oxidation reduction. Compared
to Pt NPs@MWCNTs, AuPt NPCs@MWCNTs demonstrate a larger hydrogen adsorption-desorption,
reduction of oxygen, and oxidation peak current. Our result indicates that the addition of Au enhances
the activity of Pt-based electrocatalysts and increases the utilization of Pt atoms on the nanocomposite
surface. As discussed in SEM and TEM characterization, the AuPt NPCs on the surface of MWCNTs
were composed of small NPs, which largely increase the electrochemical active surface areas (ECSAs).
Based on the cyclic voltammograms of hydrogen desorption at the electrode surface (the first reduction
peak corresponding to the reoxidation peak), the calculated ECSAs [45] of AuPt NPCs@MWCNTs
was 72.23 m2/g, while ECSAs of Pt NPs@MWCNTs was only 7.76 m2/g. It can be concluded that the
enhanced performance of methanol oxidation is attributed to the improved ECSAs, which resulted
from the optimized nanostructure design.



Catalysts 2018, 8, 669 6 of 10

Catalysts 2018, 8, x FOR PEER REVIEW  5 of 9 

 

 

Figure 5. (a) Cyclic voltammograms of AuPt NPCs@MWCNTs nanocomposite synthesized at 

different electrodeposition times: (a) 1 min, (b) 5 min, (c) 10 min in 2.0 M CH3OH and 0.1 M Na2SO4 

solution. Scanning rate: 100 mV·s-1; (b) cyclic voltammograms of (a) AuPt NPCs@MWCNTs and (b) 

Pt NPs@MWCNTs in 0.1 M H2SO4 solution. Scanning rate is 100 mV·s-1. 

To explore the relationship of between morphology and electrocatalytic activity of AuPt 

NPCs@MWCNTs for methanol oxidation, the cyclic voltammograms of as-prepared samples were 

measured in the solution of 0.1 M Na2SO4 containing 2.0 M CH3OH. As shown in Figure 5a, the 

current of methanol oxidation increases first and then decreases, which will be discussed in detail 

below. Because of the electrodeposition time of 1 min, only some AuPt NPs or a small amount of 

AuPt NPCs was deposited on the surface of MWCNTs and formed a nanocomposite. More 

importantly, the formation of AuPt NPCs efficiently increased the active center of Pt with an 

electrodeposition time of 5 min, which further facilitated the methanol oxidation reaction. However, 

the current of methanol oxidation decreased by further increasing the electrodeposition time to 10 

min, which resulted from the accumulation of AuPt NPCs on the MWCNTs’ surface. Indeed, the 

overgrowth of AuPt NPCs led to the reduction of the active sites of the electrocatalyst for methanol 

oxidation. Figure 5b presents the cyclic voltammograms of AuPt NPCs@MWCNTs and Pt 

NPs@MWCNTs in the 0.1 M H2SO4 solution with an electrodesiposition time of 5 min. Both of AuPt 

NPCs@MWCNTs and Pt NPs@MWCNTs have two pairs of hydrogen adsorption-desorption peaks 

between −0.25 and 0 V, which indicates both had electrocatalytic activity to hydrogen oxidation 

reduction. Compared to Pt NPs@MWCNTs, AuPt NPCs@MWCNTs demonstrate a larger hydrogen 

adsorption-desorption, reduction of oxygen, and oxidation peak current. Our result indicates that 

the addition of Au enhances the activity of Pt-based electrocatalysts and increases the utilization of 

Pt atoms on the nanocomposite surface. As discussed in SEM and TEM characterization, the AuPt 

NPCs on the surface of MWCNTs were composed of small NPs, which largely increase the 

electrochemical active surface areas (ECSAs). Based on the cyclic voltammograms of hydrogen 

desorption at the electrode surface (the first reduction peak corresponding to the reoxidation peak), 

the calculated ECSAs [45] of AuPt NPCs@MWCNTs was 72.23 m2/g, while ECSAs of Pt 

NPs@MWCNTs was only 7.76 m2/g. It can be concluded that the enhanced performance of 

methanol oxidation is attributed to the improved ECSAs, which resulted from the optimized 

nanostructure design. 

 

 

Figure 5. (a) Cyclic voltammograms of AuPt NPCs@MWCNTs nanocomposite synthesized at different
electrodeposition times: (a) 1 min, (b) 5 min, (c) 10 min in 2.0 M CH3OH and 0.1 M Na2SO4 solution.
Scanning rate: 100 mV·s−1; (b) cyclic voltammograms of (a) AuPt NPCs@MWCNTs and (b) Pt
NPs@MWCNTs in 0.1 M H2SO4 solution. Scanning rate is 100 mV·s−1.

Furthermore, the electrocatalytic performance of as-prepared AuPt NPCs@MWCNTs and Pt
NPs@MWCNTs with the same electrodeposition time (5 min) were investigated in the acid condition
(0.1 M H2SO4 solution containing 2.0 M CH3OH). Both had electrocatalytic activity to the methanol
oxidation reaction, a forward oxidation peak and a reverse oxidation peak can be clearly observed
in the range of the 0 V to 1.0 V potential window (see Figure 6a). It should be mentioned that the
dissociative adsorption of methanol produces a series of intermediate products, including bonded
carbon monoxide, which poison the electrocatalyst Pt (existing in the form of Pt-CO). As the scanning
potential increased, these intermediates were oxidized to generate CO2, which were removed from
the electrocatalyst surface. The corresponding cyclic voltammograms show a forward oxidation
peak, which was employed to evaluate the performance of the electrocatalyst. In the reverse scan,
there was methanol dissociative adsorption again at the previously mentioned active sites and a series
of intermediate products. Therefore, the relevant reaction on the cyclic voltammogram was related
to the peak in the reverse scan. It can be seen that the oxidation peak current in the forward scan of
AuPt NPCs@MWCNTs was much higher than the current of Pt NPs@MWCNTs due to the addition
of the Au component. The ratio of the forward scan oxidation peak current (If) and reverse scan
oxidation peak current (Ib) can be employed to evaluate the endurance of carbonaceous intermediates’
accumulation [46]. It is known that a higher If/Ib value indicates a better CO electrooxidation ability.
Based on our experimental results, the If/Ib of AuPt NPCs@MWCNTs (2.4) was higher than the Pt
NPs@MWCNTs (1.7). It illustrates that the most carbonaceous intermediate products were oxidized to
CO2 with the help of the Au component. The stability of AuPt NPCs@MWCNTs and Pt NPs@MWCNTs
was tested in the same conditions. In Figure 6b, it can be found that the forward scanning peak
currents decrease over the repeated test cycles, which can be explained as the intermediate products
accumulating on the surface of electrocatalysts in a long period of continuous scanning. After 50 cycles,
the above-mentioned two samples were placed in deionized water for 24 h and then taken out for
repetition of the methanol oxidation reaction. The maximum value of the AuPt NPCs@MWCNTs and
Pt NPs@MWCNTs forward scanning oxidation peaks were 81.3% and 31.7%, respectively. It can be
interpreted that most of the carbonaceous intermediate products in the forward oxidation scanning
were oxidized to CO2 in the case of the AuPt NPCs@MWCNTs sample, which confirmed that the
combination of Au and Pt can improve the Pt-based catalyst poisoned by the intermediates.
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Figure 6. (a) Cyclic voltammograms of (a) AuPt NPCs@MWCNTs, and (b) Pt NPs@MWCNTs in the
mixed solution of 2 M CH3OH and 0.1 M H2SO4. Scanning rate is 100mV·s−1; (b) cycle stability of
(a) AuPt NPCs@MWCNTs, (b) Pt NPs@MWCNTs electrodes in 0.1 M H2SO4 solution containing 2 M
CH3OH.

3. Materials and Methods

3.1. Materials

MWCNTs were purchased from Shenzhen Nanotech. Port. Co., Ltd (Shenzhen, China) and
further purified prior for use by stirring in concentrated nitric acid for 12 h. Toluene (C6H5CH3) (Park
Co. Dublin, Ireland) was dried with Na and refluxed for 6 h before distillation and then stored in
the presence of Na. Other reagents included deionized H2O, K2SO4 (analytical reagent (AR), Nacalai
Tesque, Inc. Kyoto, Japan), K2PtCl4 (99.9% Pt, General Research Institute for Nonferrous Metals, Beijing,
China), H2SO4 (AR, BeiHua, Inc., Beijing, China), ethanol (CH3CH2OH) (AR, Chemical Reagent, Inc.
Tianjin, China), and CH3OH (anhydrous AR BeiHua, Inc., Beijing, China).

3.2. AuPt NPCs@MWCNTs Electrode Preparation

The conductive indium tin oxides (ITO) was cleaned in acetone and absolute alcohol solution
for 15 min, respectively, before use, and finally dried in ambient conditions. 1 mg MWCNTs was
dispersed in 10 mL toluene under ultrasound for 30 min, which formed 0.1 mg·mL−1 suspensions.
The MWCNTs-modified ITO electrodes (MWCNTs/ITO) were prepared by dipping 10 µL suspension
on ITO electrodes and then were dried at room temperature. In this work, the electrochemical
experiments were conducted in a three-electrode system. The working electrode was MWCNTs/ITO,
a platinum wire (Pt) was used as a counter electrode, and a silver/silver chloride (Ag/AgCl) electrode
was used as the reference electrode. The electrolyte was a mixed solution of 1 mM K2PtCl6 and
1mM HAuCl4, and electrodepositing was performed under an overpotential of −0.3 V. Before the
electrodeposition, MWCNTs/ITO electrodes were stored in a mixed solution of K2PtCl6 and HAuCl4
for 12 h.

3.3. Pt NPs@MWCNTs Electrode Preparation

The Pt NPs@MWCNTs samples were prepared also by using the three-electrode system as well.
The working electrode was MWCNTs/ITO, and a platinum wire and Ag/AgCl electrode was used as
the counter electrode and the reference electrode, respectively. The electrolyte was 0.1 mM K2PtCl6
solution and electrodepositing processes were carried out under an overpotential of −0.6 V.

3.4. Measurements

Morphologies of the as-synthesized AuPt NPCs@MWCNTs and Pt NPs@MWCNTs
nanocomposites were measured by SEM (Hitachi S4800, Tokyo, Japan) and TEM (JEOL2011, Tokyo,
Japan) measurements. Power XRD measurement was performed on a Shimadzu XRD-6000 (Kyoto,
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Japan) using Cu Kα radiation (1.5406 Å) of 40 kV and 20 mA. For the XPS analysis, a VG Scientific
ESCALab220i-XL electron spectrometer (East Grinstead, UK) was used to confirm the valence state of
the elements, which used Al Kα (1486.6 eV) as X-ray and a C1s peak (284.8 eV) as the internal reference.
The base pressure was approximately 3 × 10−9 mbar.

All The electrochemical experiments reported here were carried out at CHI705A (CH Instruments,
Shanghai, China) electrochemical workstation. In the electrochemical measurement of methanol
oxidation, a three-electrode system was employed, with AuPt NPCs@MWCNTs or Pt NPs@MWCNTs
as the working electrode, Ag/AgCl as the reference electrode, and a platinum wire as the counter
electrode. All the experiments reported here were carried out at ambient temperature.

4. Conclusions

AuPt NPCs@MWCNTs with a high electrochemical active surface area were successfully prepared
by electrochemical methods. The introduction of the Au component effectively prevented the
catalysts from carbonaceous intermediate poisoning. The AuPt NPCs@MWCNTs nanocomposite
significantly improved the forward oxidation peak current of the methanol oxidation reaction in
the application of direct methanol fuel cells. The ratio of the forward oxidation peak current and
reverse oxidation peak current (If/Ib = 2.4) was much higher than the Pt NPs@MWCNTs sample
(If/Ib = 1.7). The synthetic strategy of AuPt NPCs@MWCNTs directly facilitated other platinum-based
nanocomposites, which have great potential as photocatalysts and electrocatalysts.
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