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ABSTRACT: Direct alcohol fuel cells represent a promising green and
sustainable route for chemical to electrical energy conversion; however,
designing highly efficient electrocatalysts for the electro-oxidation of C2+
alcohol molecules is an ongoing challenge. Herein, we report a
convenient room-temperature reduction method to fabricate a series of
Pt−Au alloy catalysts with controllably tailored alloying degrees and
particle diameters (4.6−7.9 nm) for enhancing the electro-oxidation
capability toward C2+ alcohols. Benefiting from the strong electron
interactions between Pt and Au, the electronic state and size of the alloy
nanoparticles can be effectively optimized, alleviating the CO poisoning
and aggregation problem of the catalytic species. As a result, the Pt45Au55
alloy nanoparticles grown in situ on carbon nanotubes (Pt45Au55/CNTs)
show an enhanced C−C bond cleavage ability, as confirmed by a
quantitative analysis of the final C2 oxidation products as well as by comparing the oxidation activity in different C1−C3 alcohols and
other high-energy-density molecules. The Pt45Au55/CNTs catalyst exhibits excellent catalytic activity (1746 mA·mgPt

−1), high CO
tolerance, and good stability for the ethanol oxidation reaction (EOR) in an acidic medium. Moreover, the Pt38Au62/CNTs catalyst
displays dramatically enhanced ethanol oxidation activity (13 993 mA·mgPt+Au

−1) in an alkaline medium. The proposed rational
design of Pt−Au alloy catalysts with controllable alloying degrees and particle sizes provides a feasible strategy for boosting the
overall performance of Pt-based electrocatalysts for the direct C2+ alcohol fuel cells.

■ INTRODUCTION

Over the past years, direct alcohol fuel cells have been
increasingly studied as an alternative power source to address
increasing global energy and environmental problems, due to
their higher energy density, low toxicity, safe storability, and
renewability of alcohol molecules, especially ethanol.1,2 To
date, platinum-based electrocatalysts are still the most active
materials for the ethanol oxidation reaction (EOR) compared
with Pt-free catalysts under acidic conditions.3 However,
monometallic Pt surfaces are easily adsorbed by CO-like
poisoning intermediates (COads), thereby impeding the
EOR.4,5 It is generally considered that the EOR follows a
dual-path reaction process in acidic medium via the C1 and C2
pathways. For instance, the complete ethanol oxidation to
CO2, producing 12 electrons through the splitting of the C−C
bond (C1 pathway), is significantly suppressed, whereas the
incomplete oxidation of ethanol prevails during the EOR,
generating CH3COOH and CH3CHO (C2 pathway).

1,6−8 In
other words, the complete electro-oxidation of C2+ alcohol
molecules to CO2 requires a thorough cleavage of C−C bonds,
which is still a challenge even for pure Pt catalysts. Therefore,
improving the C−C bond cleavage capability and CO
tolerance of Pt-based catalysts is a promising route to boost

the electrocatalytic performances for the electro-oxidation of
C2+ alcohols.
It has been reported that CO molecules can donate their 5σ-

orbital electrons to the unoccupied d-orbitals of Pt to form σ
bonds.9−16 When Pt is enriched with excessive negative
charges, it will feed electrons back to the antibonding 2π*
orbitals of adsorbed CO to form feedback π bonds. After that,
a σ−π bond with strong adsorption is formed between COads
and the Pt active site. Therefore, pure Pt-based catalysts are
prone to CO poisoning during alcohol electro-oxidation
processes. Notably, Pt−M alloy catalysts (M = Cu,12 Ru,5

Sn,15 Rh,1 Bi,16 and so on) can adjust the outer electronic
structure of Pt and shift the d-band center of Pt down, thereby
weakening the feedback π bond between Pt and CO; this shift
is beneficial for regaining the Pt active sites by the electronic
effect.9,11 Additionally, the incorporated non-platinum metal is
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conducive to the activation and dissociation of H2O molecules
to obtain abundant OHads species at a low overpotential, which
can effectively remove COads adsorbed on the Pt surface
through electro-oxidation, thereby alleviating the CO-poison-
ing effect during alcohol electro-oxidation. This phenomenon
is usually explained as the Watanabe−Motoo bifunctional
mechanism.17,18 Furthermore, recent works have revealed that
the introduction of oxophilic metals (such as Ru and Sn) into
Pt nanostructures can significantly enhance the capability to
induce C−C bond cleavage with significant C1 pathway
selectivity for the EOR,1,15 and thereby conducive to the
complete oxidation of ethanol to CO2. Therefore, we suggest
that Pt-based nanocatalysts with rationally designed alloy
phases could be further explored as promising electrocatalysts
for C2+ alcohol electro-oxidation.
To date, Pt-based alloy catalysts including Pt−Sn,15 Pt−Rh,1

Pt−Fe,19 Pt−Bi,16 and Pt−Ni20 have been reported for
improved EOR catalytic activity and stability. Nevertheless, it
is noteworthy that the non-platinum metal loss of a Pt−M
alloy during the EOR in acidic operating environments leads to
decreased durability, which is still an urgent challenge.21

Among the non-platinum metals, Au has not only perfect
stability in an acidic medium but also particular effects on Pt
owing to its higher electronegativity than Pt.14,22,23 Con-
sequently, we propose that Pt−Au alloy catalysts with unique
electronic and catalytic properties are promising for the
application in direct alcohol fuel cells. Unfortunately, at
present, most synthesis methods for Pt−Au nanostructures
involve harsh conditions, complicated operations, and the
addition of toxic surfactants.14,22,24−26 Moreover, in most
cases, these Pt−Au alloy catalysts have a core−shell structure
with a low degree of alloying, and their diameters are usually
tens of nanometers.26−28 Generally, the particle size of the
catalyst has better to be controlled at 6−10 nm, which can
maximize the surface utilization of the Pt-based catalyst and
also prevent the catalyst from being easily agglomerated and
from undergoing Ostwald ripening.29−31 On the other hand,
the support materials can significantly affect the electrocatalytic
performance. In comparison with common carbon black
supports, nanocarbon materials, particularly carbon nanotubes
(CNTs), have been regarded as promising support materials
for catalysts due to their excellent conductivity and uniform
dispersibility for catalyst nanoparticles (NPs).23 The unique
one-dimensional nanostructure and conductive network of
CNTs can facilitate the dispersion and stabilization of the
loaded catalyst through strong d−π interactions between the
CNTs and catalyst NPs.23,32−34 Therefore, it is imperative to
develop a simple and mild method for the controllable
preparation of a CNT-supported Pt−Au electrocatalyst with a
high Pt alloying degree and an optimal electronic structure to
boost the C2+ alcohol electro-oxidation.
Herein, we report the synthesis of Pt−Au NPs with tailored

alloying degrees and adjustable particle diameters (4.6−7.9
nm) in situ grown on CNTs by a facile room-temperature
reduction method as high-performance catalysts for C2+
alcohol electro-oxidation. The alloying degree and particle
size of Pt−Au NPs were adjusted by adding different amounts
of a metal precursor solution. Detailed experimental studies
indicate that the introduction of Au into Pt nanostructures can
essentially improve the electrocatalytic capability of C−C bond
cleavage, which is beneficial to the increase in catalytic activity
in acidic and basic media. The constructed Pt45Au55/CNTs
catalyst with an optimal Pt alloying degree and diameter (6.3

nm) can essentially alleviate the CO poisoning of the catalyst
and enhance the interaction between the catalytic active
species and the support surface. Taking into account the
aforementioned advantages, the Pt−Au catalyst exhibits
excellent catalytic performance for the C2+ alcohol electro-
oxidation.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Hexachloroplatinic acid (H2PtCl6·

6H2O, 99.95%), chloroauric acid (HAuCl4·4H2O), and sodium
borohydride (NaBH4, ≥97.0%) were received from the First Regent
Co. Ltd. (Shanghai, China). Ethanol (≥99.5%), H2SO4 (≥95.0%),
sodium citrate (C6H5Na3O7·2H2O, AR), and potassium hydroxide
(KOH, AR) were all supplied by Chuandong Chemical Reagent
Company (Chengdu, China). Nafion solution (5 wt %) was derived
from DuPont China Holding Co., Ltd. Multiwalled CNTs were
obtained from Cabot Co., Ltd. The commercial Pt/C catalyst (Pt/C-
JM, 20 wt % Pt) was obtained from Johnson Matthey Company.
Dimethylsulfoxide (DMSO, 99.95%) was purchased from Alfa Aesar.
Deuteroxide (D2O, 99.9%) was obtained from Sigma-Aldrich.

Synthesis of Pt56Au44/CNTs, Pt50Au50/CNTs, Pt45Au55/CNTs,
Pt42Au58/CNTs, and Pt38Au62/CNTs Electrocatalysts. Pt−Au
alloy NPs with different Pt/Au mass ratios supported on multiwalled
carbon nanotubes were synthesized by a simple co-reduction process
of sodium borohydride and sodium citrate at room temperature. For
the synthesis of Pt45Au55/CNTs, 20 mg of CNTs was dispersed into
20 mL of deionized water through ultrasonication for approximately 1
h to form a uniform CNT suspension. Then, 10 mg of NaBH4 was
dissolved into 4 mL of H2O with ultrasonication for approximately 10
min to form a NaBH4 solution. Subsequently, 30 mg of C6H5Na3O7·
2H2O was added into 5 mL of H2O, followed by adding 0.298 mL of
deionized water solution of 38.62 mM H2PtCl6·6H2O and 0.236 mL
of ethylene glycol solution of 58.82 mM HAuCl4·4H2O under
ultrasonication for approximately 10 min to form a homogeneous
mixture. Finally, the mixture was transferred dropwise into the above
CNT suspension. After stirring for 30 min, the NaBH4 solution was
added dropwise to the suspension, followed by magnetic stirring for
24 h at room temperature. The resultant products were collected via
filtration and washed with ethanol and H2O. The synthesis processes
for other Pt−Au/CNTs samples with different Pt/Au mass ratios
(Pt56Au44/CNTs, Pt50Au50/CNTs, Pt42Au58/CNTs, and Pt38Au62/
CNTs) were the same as that of Pt45Au55/CNTs by adjusting the
amounts of added metal precursor solutions, and the total metal
loading was 20 wt %. As two control samples, Au/CNTs and Pt/
CNTs were prepared by the same method without the addition of
H2PtCl6·6H2O−water solution and HAuCl4·4H2O−ethylene glycol
solution, respectively, and the theoretical loading content of the metal
was 20 wt %.

Material Characterization. The accurate Pt and Au loadings of
all samples (Table S1) were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) (Optima 5300DV)
by dissolving the as-prepared catalysts in a mixture of concentrated
hydrochloric and nitric acids (VHCl/VHNO3

= 3:1). X-ray diffraction
(XRD) analysis was performed on a powder X-ray diffractometer
(Bruker D8 Advance) with a Cu Kα radiation source (λ = 1.5406 Å)
at a scanning rate of 8° min−1. Scanning electron microscopy (SEM)
(FEI Nova NanoSEM 450) and transmission electron microscopy
(TEM) (JEM-2100) were utilized for the surface morphology and
structural characterization. Scanning TEM and elemental mapping
images were detected using an SEM (Hitachi SU9000) equipped with
an Oxford Ultim Extreme apparatus. The surface element
compositions and valence states of all samples were analyzed using
an X-ray photoelectron spectrometer (XPS) (PHI-5000 Versa Probe)
equipped with a monochromatic Al Ka radiation source.

Electrochemical Analysis. All electrochemical measurements of
catalysts were conducted on a standard three-electrode system with a
CHI-760E electrochemical station. A Pt disk (1 × 1 cm2) and a
saturated calomel electrode (SCE, Hg/Hg2Cl2) were used as the
counter and reference electrodes, respectively. A glassy carbon (GC)
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electrode with a diameter of 4 mm was utilized as the working
electrode. For working electrode preparation, 2 mg of catalyst was
dispersed into a mixture containing 500 μL of C2H5OH, 500 μL of
H2O, and 50 μL of a 5 wt % Nafion solution and sonicated for
approximately 30 min to form a homogeneous catalyst ink. After that,
5 μL of the catalyst ink was loaded onto the GC surface and dried
naturally. All electrolyte solutions were saturated with N2 (≥99.999%)
before any electrochemical measurement. All electrochemical
potentials were reported with respect to the SCE.
Quantitative Analysis of Liquid Products. For liquid product

quantification, the catalyst was pipetted onto a carbon paper electrode
(1 × 1 cm2) with an areal loading of 1.0 mg·cm−2. After the
chronoamperometric measurement at 0.7 V in a 0.5 M H2SO4 + 1.0
M C2H5OH solution for 7200 s, the electrolyte was collected for
quantitative analysis by 1H NMR (Bruker AV-600). Briefly, 600 μL of
the electrolyte was uniformly mixed with 100 μL of D2O and 100 μL
of 10 μg·mL−1 DMSO as an internal standard. The one-dimensional
1H spectrum was obtained with necessary suppression of water peaks
by a water presaturation method. The concentration of CH3COOH
was determined by the standard curve using various concentrations
(2, 4, 8, and 12 μg·mL−1) of acetate and the internal standard (10 μg·
mL−1 DMSO). The linear relationship between the known acetate
concentration and the relative area (vs 10 μg·mL−1 DMSO) was made
into a standard curve, as shown in Figure S1. The Faradaic efficiency
(FE) of products can be calculated by the following equation: FE = m
× n × F/Q, where m is the required electron number for generating
one product molecule, n is the total amount of the liquid products (in
moles), F is the Faraday constant, and Q is the total charge.

■ RESULTS AND DISCUSSION
As illustrated in Figure 1a, Pt−Au alloy NPs with different Pt/
Au mass ratios decorated on CNTs were synthesized by a
convenient co-reduction process of sodium borohydride and
sodium citrate at room temperature. Figure 1b shows typical
X-ray diffraction (XRD) patterns of the Pt/CNTs, Pt56Au44/
CNTs, Pt50Au50/CNTs, Pt45Au55/CNTs, Pt42Au58/CNTs,
Pt38Au62/CNTs, and Au/CNTs catalysts. The broad XRD

peaks of all samples at approximately 25° are indexed to the
(002) crystalline plane of the CNT support.35 As shown in
Figure 1c, the diffraction peaks of Pt56Au44/CNTs, Pt50Au50/
CNTs, Pt45Au55/CNTs, Pt42Au58/CNTs, and Pt38Au62/CNTs
located at approximately 39.8° are indexed to the (111) plane
of alloy NPs, which are situated between those of Pt/CNTs
and Au/CNTs, indicating that Au is incorporated into the Pt
nanostructure to form an alloy phase.24,36 Moreover, with the
increase in the amount of added HAuCl4·4H2O, the (111)
plane diffraction peak positions gradually shift from the
monometallic Pt phase toward the Au phase, illustrating that
the Au fractions in the Pt−Au alloy nanostructure increase.
This analysis result is consistent with the ICP-OES test results
(Table S1). More importantly, as shown in Figure 1b, the
peaks associated with the (222) plane of Au for Pt56Au44/
CNTs and Pt50Au50/CNTs at 81.72° are not observed,
demonstrating that Au exists as a Pt−Au alloy without a
separate Au phase. However, as the amount of added HAuCl4·
4H2O increases, the peak corresponding to the (222) plane of
Au for the Pt45Au55/CNTs, Pt42Au58/CNTs, and Pt38Au62/
CNTs hybrids is observed, indicating the presence of some
excess Au phase and confirming that Pt exists entirely in the
form of a Pt−Au alloy phase. This phenomenon illustrates that
the alloying degree of Pt−Au NPs can be controllably adjusted
by adding different amounts of the metal precursor solution.
The surface morphology of as-prepared samples was first

characterized by field-emission scanning electron microscopy
(SEM) (Figures S2 and S3). It is observed that the CNTs with
a tubular structure and a diameter of approximately 20 nm are
intertwined with each other to form a loose network structure.
This structure is beneficial for accelerating the mass transfer
process during alcohol electro-oxidation processes compared
with the conventional carbon black as a catalyst support.
Figures S2 and S3 show that the metal nanoparticles are

Figure 1. (a) Schematic illustration for the formation process of Pt−Au alloy NPs supported on CNTs. (b) XRD patterns of the Au/CNTs,
Pt38Au62/CNTs, Pt42Au58/CNTs, Pt45Au55/CNTs, Pt50Au50/CNTs, Pt56Au44/CNTs, and Pt/CNTs catalysts. (c) Magnified XRD profiles of all
samples in the 2θ angle range between 36 and 42°.
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Figure 2. (a) TEM image of the Pt45Au55/CNTs catalyst. The inset in (a) shows the corresponding particle size distribution histograms. (b)
HRTEM image, (c) SAED pattern, (d) scanning TEM, and (e−g) EDS elemental mapping images of the Pt45Au55/CNTs catalyst.

Figure 3. (a) Survey XPS profiles of the Au/CNTs, Pt45Au55/CNTs, and Pt/CNTs samples. (b) Pt 4f XPS spectra of the Pt38Au62/CNTs,
Pt42Au58/CNTs, Pt45Au55/CNTs, Pt50Au50/CNTs, Pt56Au44/CNTs, and Pt/CNTs samples. (c) Au 4f XPS spectra of the Au/CNTs, Pt38Au62/
CNTs, Pt42Au58/CNTs, Pt45Au55/CNTs, Pt50Au50/CNTs, and Pt56Au44/CNTs samples. (d) CO stripping voltammograms of the Pt45Au55/CNTs,
Pt/CNTs, and Pt/C-JM catalysts in a 0.5 M H2SO4 solution at a scan rate of 50 mV·s−1.
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uniformly deposited on the surface of CNTs without obvious
agglomeration. Moreover, the compositions were further
analyzed by the elemental mapping of energy-dispersive X-
ray spectroscopy (EDS), as shown in Figure S2c−f. It can be
clearly seen that the Pt and Au components of Pt45Au55/CNTs
are evenly distributed over the carbon support surface.
The microstructure of Pt−Au alloy NPs was then

characterized by field-emission transmission electron micros-
copy (TEM). As shown in Figure 2a, Pt45Au55 NPs were
uniformly distributed over the whole surface of CNTs, and the
average particle distribution (the inset in Figure 2a) was
centered at approximately 6.3 nm. In addition, the TEM
images of the Pt/CNTs, Pt56Au44/CNTs, Pt50Au50/CNTs,
Pt42Au58/CNTs, Pt38Au62/CNTs, and Au/CNTs catalysts are
presented in Figure S4. It can be clearly observed that the
particle size of Pt−Au alloy NPs gradually increases as the
amount of added Au increases. The average particle sizes of
Pt−Au alloy NPs are in the range of 4.6−7.9 nm (Figure S4),
which are between the diameters of pristine Pt NPs (4.1 nm)
and Au NPs (12 nm). This result further confirms that the
particle size of Pt−Au alloy catalysts can be easily regulated by
adjusting the amount of the added HAuCl4·4H2O precursor
(Figure 7a). The high-resolution TEM (HRTEM) images (the
inset in Figures 2b and S5a) of Pt45Au55/CNTs show a lattice
spacing of 0.2334 nm that can be indexed to the Pt−Au(111)
plane, which is slightly larger than the lattice spacing of the Pt/
CNTs catalyst (0.2230 nm, Figure S5b). This result further

confirms that the Au phase is incorporated into the Pt
nanostructures for the Pt45Au55/CNT catalyst, which is in
agreement with the XRD analysis results. On the other hand,
the selective area electron diffraction (SAED) pattern of
Pt45Au55/CNTs (Figure 2c) exhibits several bright rings, which
are assigned to the (111), (200), (220), and (311) planes of
the Pt−Au alloy nanostructures, respectively. Furthermore, the
elemental distribution was also probed by scanning TEM and
EDS mapping (Figure 2d−g), confirming that Pt and Au
species were uniformly distributed over the Pt−Au alloy NPs
loaded on the CNTs. These results demonstrated that a Pt−Au
alloy nanostructure was synthesized rather than a simple core−
shell structure or a mixture of Pt and Au NPs via the mild and
convenient room-temperature reduction method.
The elemental compositions and valence states of all

samples were analyzed by X-ray photoelectron spectroscopy
(XPS). The binding energies (BE) of all peaks were calibrated
to the C 1s peak at 284.6 eV.35 The survey spectra of the
samples are shown in Figures 3a and S6, and the signal peaks
of C 1s, Pt 4f, and Au 4f bands can be clearly observed. Figure
S6 shows that as the amount of added Au precursor increases,
the intensity of Pt 4f XPS spectra gradually decreases, while the
intensity of Au 4f XPS spectra for Pt−Au alloy samples
gradually increases. This phenomenon indicates that as the
amount of added Au precursor increases, the atomic content of
Pt in the Pt−Au alloy NPs gradually decreases, while the
atomic content of Au increases. Figure S7 shows the

Figure 4. (a) CV curves of the Au/CNTs, Pt38Au62/CNTs, Pt42Au58/CNTs, Pt45Au55/CNTs, Pt50Au50/CNTs, Pt56Au44/CNTs, Pt/CNTs, and Pt/
C-JM samples in a 0.5 M H2SO4 solution at a scan rate of 50 mV·s−1. (b) Mass activity and (c) specific activity of these samples toward the EOR in
a 0.5 M H2SO4 + 1.0 M C2H5OH solution. (d) Comparisons of the mass activity and specific activity of these samples in a 0.5 M H2SO4 + 1.0 M
C2H5OH solution. (e) Nyquist plots of these samples in a 0.5 M H2SO4 + 1.0 M C2H5OH solution at 0.7 V. (f) CV curves of these catalysts in a
1.0 M KOH + 1.0 M C2H5OH solution at a scan rate of 50 mV·s−1.
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normalized high-resolution Pt 4f XPS spectra of the Pt/CNTs,
Pt56Au44/CNTs, Pt50Au50/CNTs, Pt45Au55/CNTs, Pt42Au58/
CNTs, and Pt38Au62/CNTs samples, and the characteristic
peaks could be fitted into two pairs of doublets associated with
Pt0 and Pt2+.37−39 The relative ratios of Pt0 and Pt2+ species are
calculated by the integral areas of deconvoluted XPS peaks, as
compared in Table S2. Similarly, the normalized high-
resolution Au 4f XPS spectra (Figure S8) of the Au/CNTs,
Pt56Au44/CNTs, Pt50Au50/CNTs, Pt45Au55/CNTs, Pt42Au58/
CNTs, and Pt38Au62/CNTs samples are decomposed into two
pairs of doublets, which are assigned to Au0 and Au3+,
respectively,40 and the relative ratios of Au0 and Au3+ species
are presented in Table S3. Furthermore, the Pt 4f BE of the
Pt56Au44/CNTs, Pt50Au50/CNTs, Pt45Au55/CNTs, Pt42Au58/
CNTs, and Pt38Au62/CNTs samples show blue shifts in
comparison with that of the Pt/CNTs sample (Figure 3b). In
contrast, the Au 4f BE of the Pt56Au44/CNTs, Pt50Au50/CNTs,
Pt45Au55/CNTs, Pt42Au58/CNTs, and Pt38Au62/CNTs samples
show red shifts compared with that of the Au/CNTs sample
(Figure 3c). These results confirm the electron transfer from
Pt to Au.22 The strong electron interactions between Pt and
Au can effectively modify the electronic state and the
physical−chemical properties of the Pt−Au alloy NPs.
Additionally, previous studies10,11 have reported that the blue
shift of Pt 4f BE can lead to a decrease in the affinity between
COads and the Pt surface, owing to the weakening of the
feedback π bonds between the active metals and toxic
intermediates. As a result, the Pt−Au alloy catalysts possess
excellent CO resistance. To identify the anti-CO poisoning
ability of the Pt−Au alloy catalysts, CO-stripping experiments
were carried out in a N2-saturated 0.5 M H2SO4 solution. As
shown in Figures 3d and S9a, the onset potentials and peak
potentials of the Pt56Au44/CNTs (0.547 and 0.596 V),
Pt50Au50/CNTs (0.510 and 0.582 V), Pt45Au55/CNTs (0.528
and 0.591 V), Pt42Au58/CNTs (0.549 and 0.607 V), and
Pt38Au62/CNTs (0.541 and 0.586 V) catalysts for CO
oxidation are more negative than those of Pt/CNTs (0.563
and 0.617 V) and commercial Pt/C catalysts (Pt/C-JM, with
20 wt % Pt, Johnson Matthey Corp.) (0.570 and 0.645 V),
respectively. These analysis results demonstrate that Au
incorporated into Pt nanostructures can greatly improve the
ability of the catalyst to resist CO poisoning, thus beneficial for
refreshing the active sites on the alloy surface during the
alcohol electro-oxidation processes.17,21

The electrochemical behavior of all samples was investigated
via cyclic voltammetry (CV) tests in a 0.5 M H2SO4 solution.
As shown in Figure 4a, all CV curves show the characteristic
peaks of hydrogen adsorption and desorption between −0.2
and 0.1 V. Specifically, two hydrogen desorption peaks at
approximately −0.15 and −0.08 V are associated with the
catalytic effects of the Pt(111) and (100) planes, respec-
tively.38 It is clearly observed that the intensity of the hydrogen
desorption peaks of Pt56Au44/CNTs, Pt50Au50/CNTs,
Pt45Au55/CNTs, Pt42Au58/CNTs, and Pt38Au62/CNTs at
approximately −0.15 V gradually decreases relative to that of
Pt/CNTs and Pt/C-JM (Figure 4a). This phenomenon is
ascribed to the decrease of the Pt atomic content that reduces
the amount of hydrogen adsorption sites. Moreover, the
electrochemical surface area (ECSA) of all samples is evaluated
according to the following equation:37 ECSA = S/(m × qH ×
V), where S is the integral area of the hydrogen desorption
region after deducting the double layer, m is the mass of Pt on
the glassy carbon electrode, V is the scan speed, and qH (210

μC·cm−2) is the charge required for desorbing the monolayer
of adsorbed hydrogen per square centimeter of the Pt surface.
As summarized in Table S4, the calculated ECSA values of the
Pt−Au alloy catalysts are lower than that of Pt/CNTs because
Au has no contribution to hydrogen absorption and desorption
(Figure 4a).
The catalytic activities of all catalysts for the EOR were

investigated in a 0.5 M H2SO4 + 1.0 M C2H5OH electrolyte, as
shown in Figure 4b,c. It is clearly observed that Au/CNTs
shows no catalytic activity for the EOR in acidic medium;
however, the introduction of Au into the Pt nanostructure
significantly promotes the catalytic activity of the Pt−Au alloy
(Figure 4b). It is generally accepted that the If/Ib ratios (where
If is the forward current density and Ib is the backward current
density) reflect the anti-CO poisoning ability of the catalysts.1

The higher If/Ib value indicates higher CO tolerance. As shown
in Figure S9b, the If/Ib ratios of Pt56Au44/CNTs (0.95),
Pt50Au50/CNTs (0.98), Pt45Au55/CNTs (1.02), Pt42Au58/
CNTs (1.03), and Pt38Au62/CNTs (1.38) are higher than
those of Pt/C-H (0.75) and Pt/C-JM (0.68), confirming that
the introduction of Au into Pt nanostructures can effectively
improve the CO tolerance; this result is in line with that of the
CO-stripping experiments. Figure 4d shows that the mass ratio
of Pt/Au affects the catalytic activity of the Pt−Au alloy
catalyst for EOR, and an optimal ratio of Pt/Au was found to
be 45:55 (Pt45Au55/CNTs). The excellent catalytic perform-
ance of the Pt45Au55/CNTs catalyst compared with other Pt−
Au alloy catalysts may be due to the optimal Pt alloy degree
and the strong electronic interaction between Pt and Au.
Specifically, XRD analysis results shows that as the atomic
content of Au increases to a certain amount such as Pt45Au55/
CNTs, Pt42Au58/CNTs, and Pt38Au62/CNTs, excess Au phases
will separate out (Figure 1b). Although the Au incorporated
into the Pt nanostructure is beneficial for enhancing the
catalytic performance, excessive separate Au phases such as
Pt42Au58/CNTs and Pt38Au62/CNTs will cover the active sites
of Pt owing to the Au phase showing no catalytic activity for
the EOR in acidic medium. Moreover, Figure 3b shows that
the Pt 4f binding energy blue shifts for Pt45Au55/CNTs are
more than those of the other Pt−Au alloy samples, which
indicates that there is strong electronic interaction between Pt
and Au atoms on the Pt45Au55/CNTs catalyst. The strong
electronic interaction between Pt and Au weakens the feedback
π bond between Pt and CO, which is beneficial for regaining
the Pt active sites during the EOR and increasing the catalytic
efficiency.9,11 Therefore, Pt45Au55/CNTs exhibits the highest
catalytic activity for the EOR compared with other Pt−Au
alloy samples (Figure 4b,c). Additionally, the mass activity of
Pt45Au55/CNTs (1746 mA·mgPt

−1) is approximately 7- and
3.2-fold better than those of Pt/C-H (251 mA·mgPt

−1) and Pt/
C-JM (546 mA·mgPt

−1), respectively. The specific activity of all
samples was also calculated as the current density normalized
to the ECSA of each catalyst (Figure 4c). The specific activity
of Pt45Au55/CNTs is 3.12 mA·cmPt

−2, which is almost 8.9- and
2.6-fold higher than those of Pt/C-H (0.35 mA·cmPt

−2) and
Pt/C-JM (1.20 mA·cmPt

−2), respectively. Table S5 shows that
the mass activity of Pt45Au55/CNTs for the EOR in acidic
media is very competitive among other recently reported Pt-
based catalysts. To obtain more insights into the reasons for
the excellent catalytic activity of the Pt45Au55/CNTs catalyst in
acidic medium, electrochemical impedance spectroscopy (EIS)
measurements of all catalysts were carried out (Figure 4e). It is
universally recognized that the diameter of the semicircle in the
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Nyquist curve is proportional to the charge-transfer resistance
(Rct), which has an approximately inverse relationship with the
catalytic activity.37 The smaller the diameter of the semicircle,
the lower the Rct and the higher the catalytic activity. The
diameter of the semicircle for the Pt45Au55/CNTs catalyst is
smaller than those of other samples, demonstrating the
excellent ethanol electro-oxidation activity of Pt45Au55/CNTs
in acidic medium. This phenomenon is in accordance with the
above EOR test results in 0.5 M H2SO4 + 1.0 M C2H5OH.
Interestingly, the Rct of Pt/CNTs is also lower than that of Pt/
C-JM, which could be ascribed to the highly conductive CNT
network that enables easy electrolyte infiltration and facilitates
the mass transfer process during the EOR.
In addition, the catalytic activities of all samples for the EOR

were also evaluated in an alkaline medium (1.0 M KOH + 1.0
M C2H5OH solution) (Figure 4f). Considering that the Au/
CNTs sample also shows a weak catalytic activity (421 mA·
mgAu

−1) for the EOR in alkaline medium (Figure S10), the
mass activity of each catalyst is calculated as the peak current
density in the forward sweeps normalized to the sum of the
loading weights of Pt and Au. Excellent mass activities are
achieved by the Pt−Au alloy catalysts, including Pt45Au55/
CNTs (7772 mA·mgPt+Au

−1), Pt42Au58/CNTs (13 993 mA·
mgPt+Au

−1), and Pt38Au62/CNTs (10 855 mA·mgPt+Au
−1). The

mass activity of Pt42Au58/CNTs (13 993 mA·mgPt+Au
−1) is

approximately 33, 14, and 6 times as large as those of Au/
CNTs (421 mA·mgAu

−1), Pt/CNTs (1020 mA·mgPt
−1), and

Pt/C-JM (2258 mA·mgPt
−1), respectively. Figure S11 shows

that the as-measured mass activities of Pt45Au55/CNTs,
Pt42Au58/CNTs, and Pt38Au62/CNTs are superior to other
recently reported Pt-,41,42 Pd-,43−48 and Rh-49based catalysts in
alkaline media.
To understand the reason for the superior catalytic

performance of Pt45Au55/CNTs for EOR, the activation
energies (Ea) of the Pt45Au55/CNTs, Pt/CNTs, and Pt/C-
JM catalysts were calculated by Arrhenius plots measured in
0.5 M H2SO4 + 1.0 M C2H5OH.

1,15 As shown in Figure S12,
the Ea value of Pt45Au55/CNTs at 0.7 V vs SCE is 50.10 kJ·
mol−1, which is higher than those of Pt/CNTs (37.29 kJ·
mol−1) and Pt/C (37.29 kJ·mol−1). This phenomenon occurs
because Au has no catalytic activity for the oxidative
dehydrogenation of ethanol in acidic medium; hence, the
formation of the Pt−Au alloy decreases the number of effective
collisions between ethanol molecules and the Pt surface.
Moreover, compared to the great performance improvement of
the Pt−Au alloy NPs toward C2+ alcohol electro-oxidation, the
electrocatalytic capability of Pt−Au alloy NPs for boosting the
cleavage of B−H, N−H, C−H, and N−B bonds of other
typical high-energy-density fuel molecules in alkaline medium,
including NaBH4, NH3·H2O, CH3·NH2, and NH3·BH3, is not

Figure 5. (a) 1H NMR spectra of the electrolyte before electrocatalysis and after 7200 s of a chronoamperometric measurement at 0.7 V for the
Pt45Au55/CNTs, Pt/CNTs, and Pt/C-JM samples. (b) Faradaic efficiencies of the C2 pathways for the Pt45Au55/CNTs, Pt/CNTs, and Pt/C-JM
samples. (c−e) CV curves of the Au/CNTs, Pt38Au62/CNTs, Pt42Au58/CNTs, Pt45Au55/CNTs, Pt50Au50/CNTs, Pt56Au44/CNTs, Pt/CNTs, and
Pt/C-JM samples in (c) 0.5 M H2SO4 + 1.0 M CH3OH, (d) 0.5 M H2SO4 + 1.0 M CH2OHCH2OH, and (e) 0.5 M H2SO4 + 1.0 M
CH2OHCH2OHCH2OH. (f) Comparisons of the mass activity of the Pt45Au55/CNTs, Pt/CNTs, and Pt/C-JM catalysts toward the methanol
oxidation reaction (MOR), ethylene glycol oxidation reaction (EGOR), and glycerol oxidation reaction (GOR).
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very significant (Figure S13). To further reveal the reasons for
the excellent electrocatalytic performance of Pt45Au55/CNTs,
the ethanol electro-oxidation products of the Pt45Au55/CNTs,
Pt/CNTs, and Pt/C-JM catalysts were analyzed by nuclear
magnetic resonance (NMR). The main C2 products were
found to be only acetate without acetaldehyde (Figure 5a).
The faraday efficiency (FE) of CH3COOH for the above three
samples was calculated accordingly. Specifically, the FE (Figure
5b) of the C2 pathway for Pt45Au55/CNTs is 32.74%, which is
clearly less than those of Pt/CNTs (72.33%) and Pt/C-JM
(90.32%), demonstrating that the incorporation of Au into Pt
nanostructures can effectively improve the ability to catalyze
the cleavage of C−C bonds during the EOR, thereby
facilitating the complete oxidation of ethanol to carbon
dioxide.
To confirm this hypothesis, the catalytic activities of all

samples toward other C1−C3 alcohol molecules, including the
methanol oxidation reaction (MOR, C1 alcohol oxidation),
ethylene glycol oxidation (EGOR, C2 alcohol oxidation), and
glycerol oxidation reaction (GOR, C3 alcohol oxidation), were
also investigated by CV tests (Figure 5c−e). Figure 5f shows
that the mass activity of Pt45Au55/CNTs for MOR (607 mA·
mgPt

−1) is 1.2- and 1.8-fold greater than those of Pt/CNTs
(494 mA·mgPt

−1) and Pt/C-JM (335 mA·mgPt
−1), respectively.

In the case of EGOR, the catalytic activity of Pt45Au55/CNTs
(922 mA·mgPt

−1) is 2.5- and 2.8-fold higher than those of Pt/
CNTs (366 mA·mgPt

−1) and Pt/C-JM (333 mA·mgPt
−1),

respectively. More importantly, the mass activity of Pt45Au55/
CNTs for GOR (393 mA·mgPt

−1) is 4.6- and 4.7-fold better

than those of Pt/CNTs (85.73 mA·mgPt
−1) and Pt/C-JM

(84.36 mA·mgPt
−1), respectively. As expected, for the

methanol, ethanol, ethylene glycol, and glycerol electro-
oxidation reactions, when the number of C−C bonds in the
alcohol molecules increases, the alcohol oxidation activity of
Pt45Au55/CNTs is multiplied compared with that of pure Pt-
based catalysts, such as Pt/CNTs and Pt/C-JM. This evidence
further confirms that the formation of the Pt−Au alloy phase is
conducive to the oxidative fracture of the C−C bonds in C2+
alcohol molecules, which is beneficial to the complete
oxidation of ethanol to CO2. This phenomenon is analogous
to the previous reports that the incorporation of non-Pt metals
(such as Rh and Sn) in Pt nanostructures is beneficial for
adsorbing β-C, and the neighboring Pt can adsorb the α-C of
C2H5OH;

1,15 consequently, the Pt-based alloy phase can
facilitate C−C bond cleavage for the EOR. It can be deduced
that the introduction of Au into Pt nanostructures is also
helpful for the adsorption of β-C; hence, the Pt−Au alloy
catalysts significantly enhance the capability for C−C bond
cleavage during C2+ alcohol electro-oxidation processes.
The durability of all catalysts for the EOR was evaluated by

chronoamperometric measurements at 0.6 V for 3600 s in a 0.5
M H2SO4 + 1.0 M C2H5OH solution (Figure 6a). The retained
mass activities of all samples after the chronoamperometric test
are shown in Figure 6b. It is clearly seen that the Pt56Au44/
CNTs (140 mA·mgPt

−1), Pt50Au50/CNTs (142 mA·mgPt
−1),

Pt45Au55/CNTs (251 mA·mgPt
−1), Pt42Au58/CNTs (210 mA·

mgPt
−1), and Pt38Au62/CNTs (120 mA·mgPt

−1) catalysts
maintain higher mass activity in comparison with the Pt/

Figure 6. (a) Chronoamperometric curves of the samples in a 0.5 M H2SO4 + 1.0 M C2H5OH solution. (b) Retained mass activities of the samples
after 3600 s of the chronoamperometric test at 0.6 V. (c−e) CV curves of the (c) Pt45Au55/CNTs, (d) Pt/CNTs, and (e) Pt/C-JM catalysts before
and after 1000 cycles at a scan rate of 100 mV·s−1 in a 0.5 M H2SO4 + 1.0 M C2H5OH solution. (f) Comparison of the retained mass activities and
relative activity ratios of Pt45Au55/CNTs, Pt/CNTs, and Pt/C-JM after the 1000-cycle ADT.
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CNTs (73.4 mA·mgPt
−1) and Pt/C-JM (25.4 mA·mgPt

−1)
catalysts. This result suggests that the introduction of Au into
Pt nanostructures is capable of reducing the poisoning effect
and improving the catalytic durability during the EOR.
Additionally, the stabilities of the Pt45Au55/CNTs, Pt/CNTs,
and Pt/C-JM catalysts were investigated by a 1000-cycle
accelerated durability test (ADT) (Figure 6c−e). Obviously, as
shown in Figure 6f, the Pt45Au55/CNTs catalyst exhibits a
higher retained catalytic activity (800 mA·mgPt

−1) and relative
activity ratio (64%) than those of Pt/CNTs (152 mA·mgPt

−1,
42%) and Pt/C-JM (39 mA·mgPt

−1, 7%) catalysts, which
further confirms the better durability of the Pt45Au55/CNTs
catalyst.
To further reveal the reasons for the better stability of the

Pt45Au55/CNTs catalyst during the EOR, the morphology and
structure of Pt45Au55/CNTs and Pt/CNTs after the 1000-cycle
ADT were investigated via TEM. As shown in Figure S14a,b,
the density and particle size of Pt45Au55 NPs loaded on the
CNTs after the stability test exhibit no obvious changes in
comparison with those of the Pt45Au55/CNTs catalyst before
the test (Figure 2a). However, for the Pt/CNTs catalyst
(Figure S14c,d), serious aggregation of Pt NPs and the
increase of particle size can be clearly observed after the 1000-
cycle ADT by comparing with the TEM images (Figure S4a)
of Pt/CNTs before the ADT. This suggests that one of the
possible reasons for the performance degradation of Pt/CNTs
is the aggregation of Pt NPs owing to the higher surface energy
of Pt NPs than the Pt−Au alloy NPs. Notably, the stability of
Pt/CNTs is still better than that of Pt/C-JM, probably because
the dispersibility of Pt NPs on CNT support is better than that
in carbon black, and the network structure of conductive
CNTs accelerates the charge and mass transfer. This result is
consistent with the previous studies that the electronic
structure of graphitic carbon supports can largely facilitate
strong d−π interactions between metal NPs and the support
material.23,32 This strong interaction leads to better dispersion
and stabilization of metal NPs on the CNT surface.
The rationally designed Pt−Au/CNTs catalysts are expected

to be promising highly efficient electrocatalysts for the C2+
alcohol electro-oxidation, as summarized by the following
merits. First, the optimized electronic structure and particle
size (Figure 7a) can not only maximize the surface utilization
but also prevent the catalyst from undergoing Ostwald ripening
and being easily agglomerated during the alcohol electro-
oxidation processes. Meanwhile, the d−π interaction between
the Pt−Au alloy NPs and CNTs leads to better dispersion and
stabilization of alloy NPs. Second, as shown in Figure 7b, the
strong electron interactions between Pt and Au can effectively
modify the electronic state of the catalyst surface. Specifically,
the electron transfer from Pt to Au greatly weakens the
feedback π bonds between the COads and active metals, and
thus can decrease the affinity between COads and the alloy
surface, consequently possessing excellent CO resistance
capability.10,11 Third, the introduction of Au into the Pt
nanostructure is conducive to enhancing the decomposition of
H2O to produce abundant −OH species, which can quickly
oxidize/remove the toxic intermediates and then re-expose the
active sites on the alloy surface during the C2+ alcohol electro-
oxidation processes.39,50,51 This phenomenon could be
explained as a modified Watanabe−Motoo bifunctional
mechanism with EOR as an example.

+ → − + ++ −Au H O Au OH H e2 (1)

+ +

→ − + ++ −

2Pt C H OH H O

2 Pt (CO) 8 H 8e
2 5 2

ads (2)

− + − → + + +2Au OH Pt (CO) 2Au Pt H O COads 2 2
(3)

As a result, the Pt−Au alloy NPs loaded on CNTs exhibit
significant performance improvement for complete electro-
oxidation of alcohols to CO2 by promoting the breakage of C−
C bonds in C2+ alcohol molecules. Moreover, it is suggested
that direct C2+ alcohol fuel cells can combine with low-cost
and large-scale energy storage devices to provide green,
sustainable, and reliable hybrid power supplies.52,53

■ CONCLUSIONS
In summary, we demonstrate the synthesis of a variety of Pt−
Au alloy NPs with regulated alloying degrees and tailored
electronic structures that were in situ grown on CNTs by a
simple and mild room-temperature reduction method. The
electronic state and particle size of the Pt−Au alloy NPs were
optimized to alleviate the aggregation problem and the
occurrence of Ostwald ripening. In-depth material character-
ization and electrochemical analyses revealed that the
incorporation of Au into the Pt nanostructure could essentially
improve the electrocatalytic capability for C−C bond cleavage

Figure 7. (a) Variations in alloying degree and particle size of the Pt,
Pt−Au alloy, and Au NPs formed on CNTs by adjusting the amount
of the added HAuCl4·4H2O precursor solution. (b) Schematic
reaction mechanism of C2+ alcohol electro-oxidation processes on
Pt−Au alloy catalysts.
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during the C2+ alcohol electro-oxidation processes and enhance
the tolerance against CO poisoning. Detailed comparisons of
the oxidation activity in different C1−C3 alcohols and the
quantitative analysis of final C2 oxidation products confirm the
excellent C−C bond cleavage capability of the Pt−Au alloy/
CNTs catalysts, especially the Pt45Au55/CNTs sample. This
work suggests that the rational design of the Pt alloy phase and
support material is a promising route to develop advanced
electrocatalysts toward high-efficiency direct alcohol fuel cells.
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