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ABSTRACT: A well-dispersed PtCu alloy nanoparticles (NPs) on three-dimensional
nitrogen-doped graphene (PtCu/3D N-G) electrocatalyst has been successfully
synthesized by a conventional hydrothermal method combined with a high-efficiency
microwave-assisted polyol process. The morphology, composition, and structures are
well-characterized by scanning electron microscopy, transmission electron microscopy,
Raman spectroscopy, X-ray powder diffraction, and X-ray photoelectron spectroscopy.
Cyclic voltammograms illustrate that the as-prepared PtCu/3D N-G electrocatalyst
possesses the larger electrochemical active surface area, lower onset potential, higher
current density, and better tolerance to CO poisoning than PtCu NPs on reduced
graphene oxide and XC-72 carbon black in acid solution. In addition, long-time
chronoamperometry reveals that the PtCu/3D N-G catalyst exhibits excellent stability
even longer than 60 min toward acid methanol electrooxidation. The remarkably
enhanced performance is related to the combined effects of uniformly interconnected
three-dimensional porous graphene networks, nitrogen doping, modified Pt alloy NPs,
and strong binding force between Pt alloy NPs and 3D N-G structures.

KEYWORDS: direct methanol fuel cells, three-dimensional nitrogen-doped graphene, microwave-assisted synthesis,
PtCu alloy nanoparticles, methanol electrooxidation

■ INTRODUCTION

With the increasing demand for sustainable energy and severe
pollution of the environment, the development of human
society is facing serious challenges due to the rapid depletion of
traditional energy and industrial emissions. Hence, intensive
research have been conducted to explore nonpolluting and
renewable energy sources.1,2 The energy generated by direct
methanol fuel cells (DMFCs) has introduced extensive interests
because of their simple apparatus fabrication, high-efficiency
energy conversion, and environmentally friendly emissions
properties.3,4 Most of the researchers illustrated that noble
metal platinum (Pt) showed excellent electrocatalytic activity
for methanol oxidation below 80 °C.5 Nevertheless, the
scarceness and sluggish kinetics of Pt severely suppressed its
wide applications in acid DMFCs.6 Thus, designing Pt-based
catalysts with an efficient method is necessary to reduce the
amount of usage and improve the electrocatalytic activity of Pt,
such as PtRu, PtPd, PtCo, etc.7−9 Recently, PtCu alloy catalysts
have attracted particular attentions because the formed
bimetallic structures of Pt and Cu could favor the electronic
effect of downshifting the d-band center of Pt and suppress
formation of Pt oxides.10 Additionally, it is well-known that an
optimized catalyst support could both reduce the noble catalyst
consumption and enhance its electrocatalytic performance.11,12

Therefore, selecting an appropriate catalyst carrier and

optimizing a suitable synthetic method are crucial for obtaining
a high-performance fuel cell catalyst.
In recent years, fabricating 3D graphene materials has been a

hot research topic because the inherent 2D graphene
nanosheets endow them with excellent performance in various
aspects.13 As an efficient and controllable technique for the self-
assembly of reduced graphene oxide (rGO) nanosheets into 3D
porous graphene frameworks, the classical hydrothermal
method has attracted immense and persistent attention.14,15

Their unique hierarchical structures could not only prevent the
graphene nanosheets with serious restacking but also allow
multidimensional electron transport pathways and electrolytes
freely diffusing inside the network.16 The fabricated 3D porous
graphene has demonstrated broad application potentials in
supercapacitors,17 lithium-ion batteries,18 fuel cells,19 detectors,
and sensors.20,21 To further tailor the electronic properties and
manipulate the surface chemistry of 3D graphene, many
strategies including physical or chemical methods have been
applied to modify graphene materials intrinsically.22 The most
accepted method is introducing electron-rich nitrogen in the
graphene lattice to replace its carbon atoms.23 The introduced
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nitrogen could alter the crystalline and electronic structures of
the carbons and enhance their surface polarity, electron−donor
properties, electric conductivity, and chemical stability.24 In this
regard, most of the published 3D N-doped graphene showed a
better performance in oxygen reduction reaction,25 oxygen
evolution reaction,26 Li-ion batteries, etc.27 However, there are
still a small number of research articles related to noble metal
or its alloy on 3D N-doped graphene for methanol electro-
oxidation in acid solution.
In this work, 3D nitrogen-doped graphene (3D N-G)

networks are successfully prepared by an economical and
environmentally friendly one-step hydrothermal method. Well-
dispersed PtCu alloy NPs are fabricated on 3D N-G hydrogels
(PtCu/3D N-G) with a high-efficiency microwave-assisted
polyol process. The designed PtCu/3D N-G electrocatalyst
exhibits remarkably enhanced electrocatalytic performance and
high tolerance to CO poisoning toward the methanol
electrooxidation compared to those PtCu NPs on rGO and
XC-72 carbon black in acid solution. Moreover, the PtCu/3D
N-G electrocatalyst exhibits outstanding long-term stability in
0.5 M H2SO4 + 1.0 M CH3OH mixed solution.

■ EXPERIMENTAL SECTION
Preparation of Graphene Oxide (GO). GO was synthesized via a

modified Hummers method.28 Initially, graphite powder (0.1 g) was
mixed with 3 mL of H2SO4 (98%) in an ice/water bath under slow
stirring. Then, KMnO4 (0.3 g) was slowly added into the obtained
mixture solution and the temperature of the solution was maintained
below 20 °C under continuous stirring. After that, the mixture was
heated to 35 °C for 30 min, and after adding the distilled water (DI)
(5 mL), the solution was kept at the same condition for 2 h. Finally,
another 11 mL of DI water was slowly added, followed by 1 mL of
H2O2. The color of the suspension slowly turned into bright yellow
after the peroxide was added. The GO was then obtained after
centrifugation and purification with DI water for several times.
Preparation of 3D N-G Hydrogels and Aerogels. 3D N-G

hydrogels were synthesized by a conventional hydrothermal process, in
which 30 mg of GO, a certain amount of CuCl2·2H2O, and 9 g of
CO(NH2)2 were added in one step into DI water under mild
ultrasonication for ca. 30 min. The mixture solution was then poured
into a cleaned Teflon-lined stainless steel autoclave with no more than
80% of its capacity, heated to 180 °C at a heating rate of 6 °C min−1,
and maintained at this temperature for 12 h. A black gel-like cylinder
(3D N-G hydrogels) could be found in the autoclave after it was
naturally cool down to room temperature. The 3D N-G aerogels could
be obtained after the 3D N-G hydrogels were dialyzed in DI water for
3 days and freeze-dried at −50 °C for 12 h.
Synthesis of PtCu/3D N-G Electrocatalyst. The PtCu/3D N-G

electrocatalyst was prepared by a facile microwave-assisted process. In
detail, 16.0 mg of 3D N-G, 1.06 mL of H2PtCl6·6H2O (19.3 mM), 7.0
mg of CuCl2·2H2O, and 20.0 mg of glutamate were added into 20 mL
of ethylene glycol (EG) simultaneously. The pH value of the mixture
solution was adjusted to ca. 13 by dropping 8 wt % KOH/EG solution
after it was vigorously stirred for 12 h. The suspension was then sealed
in a beaker, placed into a microwave oven (Galanz, 800 W), and
treated by microwave irradiation for 200 s. The PtCu/3D N-G sample
was received after the suspension was centrifuged and rinsed several
times with copious DI water and subsequently freeze-dried in an oven
for 12 h. Similar procedures were also employed for preparation of
PtCu/rGO, PtCu/XC-72, and Pt/XC-72 samples.
Characterization. Scanning electron microscopy (SEM, Quanta

FEG 200, Holland) and transmission electron microscopy (TEM,
JEOL, JEM-2100F) were used to investigate the morphologies and
microstructures of the designed materials. Raman spectroscopy was
acquired from an inVia confocal Raman microscope (Renishaw,
England). X-ray powder diffraction (XRD) data was detected by a D/
Max 2500 V PC with Cu Kα radiation from Rigaku. The chemical

valencies of the samples were examined by X-ray photoelectron
spectroscopy (XPS, model: JPS-9010 TR Photoelectron Spectrometer,
Japan). Inductively coupled plasma analysis (ICP) was used to
determine the metal loading of the as-prepared catalyst with an
instrument model for IRIS Intrepid II XSP, and the nitrogen content
in the 3D graphene structures was analyzed by an elemental analyzer
(PE2400II).

Electrochemical Measurements. A CHI 660D electrochemical
workstation (CH Instrument, Inc.) was operated to measure all the
electrochemical data, and the widely adopted three-electrode device
was utilized in this work. The working electrode was prepared by a
catalyst ink modified glassy carbon electrode (GCE, ϕ = 3 mm).
Before dip-coating the catalyst, the GCE was initially polished with α-
Al2O3 powder with different particle sizes, followed by sonication in
C2H5OH, H2SO4, and DI-H2O for 5 min, successively. Then, a certain
amount of catalyst was dissolved into ethanol/H2O (v/v = 4:1)
mixture solution and then ultrasonicated for 30 min before the
suspension was dropped onto the polished GCE surface. In order to
avoid exfoliation of the catalyst, 5 uL of 0.5% Nafion solution (diluted
by ethanol/H2O) was then dropped onto the catalyst surface. A
calomel electrode with saturated KCl solution (SCE) and a Pt sheet (1
cm × 2 cm) were selected as the reference electrode and counter
electrode, respectively. All the present data were recorded in
electrochemical experiments with respect to the SCE reference
electrode.

Cyclic voltammetry (CV) curves with different cycles were first
conducted in N2-saturated H2SO4 solution with a scan rate of 50 mV
s−1 in the range of −0.2 to 1.0 V. The electrochemical active surface
area (EAS) was evaluated from the required hydrogen adsorption and
desorption charge of the repeated CV curves in N2-saturated H2SO4
solution. The electrocatalytic performances of the as-prepared
electrocatalysts for methanol electrooxidation were evaluated in a 0.5
M H2SO4 contained 1.0 M CH3OH solution (N2-saturated) with a
scan rate of 50 mV s−1 from the reproducible CV curves at ca. 12−15
cycles. Chronoamperometry measurements were then performed in
the N2-protected 0.5 M H2SO4 + 1.0 M CH3OH solution at a fixed
potential of 0.6 V for 60 min. The Pt loading of all catalysts was kept at
∼0.071 mg cm−2 on the electrode surface, and all the experiments
were carried out at room temperature (25 ± 1 °C).

■ RESULTS AND DISCUSSION
Synthesis and Characterization of PtCu/3D N-G.

Photos of GO before and after hydrothermal treatment are
shown in Figure 1a,b. As shown in Figure 1a, the precursor of
GO with a typical yellow solution was transformed into a black
gel-like cylinder (see Figure 1b) after hydrothermal treatment
at 180 °C for 12 h. According to the apparent changes in color

Figure 1. Photographs of (a) GO solution and (b) 3D N-G hydrogels.
SEM images of (c) 3D N-G aerogels and (d) PtCu/3D N-G. TEM (e)
and high-resolution TEM (f) images of PtCu/3D N-G.
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and structures, the reaction mechanism can be explained as
follows: initially, the partially reduced GO nanosheets are
coalesced or overlapped, and then the robust cross-links of 3D
graphene networks are formed with the help of a Cu2+ linker,
π−π stacking, van der Waals’ forces, and abundant hydrogen
bonding from water during the hydrothermal treatment
(Scheme 1).29 As shown in Figure 1c, the freeze-dried 3D N-

G aerogels exhibit well-defined and interconnected 3D network
microstructures, which could effectively prevent restacking of
graphene sheets, endue most of the graphene nanosheets
adequately contacted with the electrolyte, and provide open
channels for free transfer of electrolyte.30 The SEM (see Figure
1d) and TEM (see Figure 1e) images indicate that the well-
dispersed PtCu NPs almost cover all of the 3D N-G sheets with
a uniform size distribution for 5 ± 0.5 nm. The high-resolution
TEM image of PtCu NPs (see Figure 1f) displays clear lattice
fringes with fringe spacings of ca. 0.21 and 0.19 nm related to
the (111) and (200) interplanar distances of face-centered
cubic (fcc) PtCu alloy, respectively, which reveals the formation
of PtCu alloy.31 Inductively coupled plasma (ICP) is usually
used to measure metal loading on the catalyst support.
Generally, the targeted catalysts are calcined in air to remove
the combustible substrate, dissolved in aqua regia, and then
transferred into a volumetric flask for testing. In this
experiment, the results show that the Pt is 20.8% and Cu is
12.9% for PtCu/3D N-G, which is consistent with the
calculated theoretical results. Additionally, the elemental
analyzer is applied to analyze the amount of nitrogen content
in the 3D graphene structures, and the results indicate that the
nitrogen contents are 10.99% and 11.05% for 3D N-G and
PtCu/3D N-G, respectively.
Raman Spectra and XRD Crystal Structure Analysis.

Raman spectra of the different synthesized samples including
GO, rGO, and 3D N-G with and without supported PtCu NPs
are detailedly investigated in Figure 2A. There are two
characteristic peaks belonging to graphene, located at 1350
and 1594 cm−1, referring to the D-band and G-band,
respectively.32 It is well-known that the D-band induced by
the disordered structures of graphene corresponds to sp3

carbon atom vibrations and the G-band derived from the
domains of graphite is associated with vibrations of sp2 carbon
atoms.33 Commonly, the ratio of peak intensity of the D-band
versus the G-band (ID/IG) is selected as a ruler to measure the
degree of graphitization of carbon materials.11 From Figure 2A,
the ID/IG ratio of rGO (1.49) is apparently higher than that of
GO (1.15), indicating that the exfoliated GO is reduced to a
lower average size of sp2 domains for rGO.34 However, the 3D
N-G exhibits a lower ID/IG ratio (1.01) and wider D-band than
GO and rGO simultaneously. The lower ratio illustrates that
the generated 3D network structures could better maintain
larger sp2 domains after GO reduction, and the wider D-band
could be ascribed to the structural distortion caused by N-
doping and edge defects that originated from the 3D network

structures.35 After PtCu alloy particles deposition, a slight blue
shift could be observed on PtCu/3D N-G, which should be
derived from an interaction between the metal particles and the
support.36

Crystal structures of metal NPs and carbon substrate were
investigated by XRD. Figure 2B shows the XRD patterns of the
synthesized PtCu/3D N-G together with PtCu/rGO, PtCu/
XC-72, and Pt/XC-72 for comparison. It can be easily noted
that all the samples have similar XRD patterns, including
carbon (002) and face-centered cubic (fcc) crystal structure Pt
with (111), (200), (220), and (311) peaks.37 It should be
emphasized that the carbon (002) plane of 3D N-G has a
broader peak at ca. 25.2° than XC-72, indicating that a short-
range order is presented in the typical features of stacked layers
of N-doped graphene.38 Furthermore, there is no additional
peak at ca. 10.0° which belongs to GO, confirming the
recovered graphitic crystal structures during the hydrothermal
process.39 The most interesting features are observed that all
peak positions of the PtCu specimens are shifted to higher 2θ
degrees than the Pt/XC-72, demonstrating that the replaced Pt
atoms by smaller Cu atoms could cause a lattice shrinkage.40

The reduced lattice parameters could reduce the Pt interatomic
distance, and thus enable the tuning of the catalytic activity.41

What’s more, the typical diffraction peaks of Cu metal or its
oxide are not shown in all the XRD patterns, which suggests
that some of the PtCu alloys are formed or a partially
amorphous phase of Cu-oxides coexisted.42 As discussed above,
the PtCu alloy structure is indeed formed when heated by
microwave irradiation in a short time. The average particle size
of the formed PtCu alloy NPs is estimated by the Scherrer
equation43

Scheme 1. Schematic of the Formation of PtCu/3D N-G
Electrocatalyst

Figure 2. (A) Raman spectra of (a) PtCu/3D N-G, (b) 3D N-G, (c)
rGO, and (d) GO. (B) X-ray diffraction (XRD) patterns of the as-
prepared (a) PtCu/3D N-G, (b) PtCu/rGO, (c) PtCu/XC-72, and
(d) Pt/XC-72. The standard patterns of pure Pt and Cu are inserted
for comparison.
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λ β θ=D K / cos

where D is the calculated average diameter of the related
particles in nm, λ is the used wavelength of X-ray (0.154056
nm), K is the Scherrer constant (0.89), θ is the Bragg
diffraction angle, and β is the half height width of the peak with
radians as a unit. The selected diffraction peak of Pt(111)
reveals that the mean sizes of different catalysts are as follows:
PtCu/3D N-G (4.8 nm), PtCu/rGO (5.7 nm), PtCu/XC-72
(6.2 nm), and Pt/XC-72 (8.5 nm). The calculated particle size
of PtCu/3D N-G is consistent with the observed TEM result,
and the smaller particle size on the 3D N-G support is similar
to the metal NPs on the N-doped pyrolytic graphite.44

Chemical State Analysis by XPS Technique. XPS
measurements were employed to identify the states of the
elements in bulk material, and the typical results are shown in
Figure 3. As shown in Figure 3a, a sharp peak at about 284.4 eV
is assigned to the mixed CC/C−C bonds with sp2/sp3

hybrid carbon in the C 1s spectrum of GO, which is consistent
with the synthesized 3D N-G result. The other peaks at higher
binding energy correspond to C−O bond configurations with
different models including C−O (hydroxyls/epoxy, ∼286.6 eV)
and CO (ketone/carbonyl, ∼288.6 eV), respectively.45

However, a significant decrement in the intensity of the
carbon−oxygen peak (C−O at 286.6 eV) indicates that GO has

been efficiently reduced and the graphitic carbon network has
partially been restored in 3D N-G structures.14 The additional
binding energy at 285.5 eV could be ascribed to the N-sp2 C in
the N-doped 3D graphene structures.46

As shown in Figure 3b, the chemical states of nitrogen in the
hybrid catalyst are analyzed. The pyridinic-N (∼398.1 eV) and
pyrrolic-N (∼400.0 eV) could effectively contribute electron
density from their lone pair electrons to the π-conjugated
system in the 2D graphene layers.38 The binding energy at
401.1 eV is associated with nitrogen directly substituted sp2

hybridized carbon,23 and the peak position at 402.1 eV is
corresponding to the nitrogen oxides of pyridinic-nitrogen.47

The incorporated nitrogen inside graphite structures is the
quaternary-N species, and the occupied edge plane sites are the
pyridinic-N species carrying extra lone pair electrons. From the
high-resolution XPS spectrum of N 1s for PtCu/3D N-G, the
dominant pyridinic-N species could induce much stronger
interaction between the deposited metal NPs and the substrate,
thereby inhibiting the agglomeration of the metal NPs, and
efficiently improve the performance of the electrocatalyst.
The high-resolution XPS spectrum of Pt 4f was analyzed by

curve deconvolution fitting as shown in Figure 3c. The
contained metal Pt0 exhibits two stronger peaks with the
binding energies at 70.8 and 74.1 eV corresponding to Pt 4f7/2
and Pt 4f5/2, respectively. Meanwhile, the double peaks at 71.5

Figure 3. (a) High-resolution XPS spectra of C 1s orbital of GO and 3D N-G. (b) High-resolution XPS spectra of (b) N 1s, (c) Pt 4f, and (d) Cu 2p
orbitals of PtCu/3D N-G. Comparison of the subspectra of (e) Pt 4f and (f) Cu 2p orbitals from PtCu/3D N-G, PtCu/rGO, and Pt/XC-72,
respectively.
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eV (Pt 4f7/2) and 74.6 eV (Pt 4f5/2) are contributed to the Pt2+

species in the form of PtO or Pt(OH)2.
48 Especially, it should

be noted that two broad peaks at higher binding energies of
76.7 and 77.9 eV should be ascribed to Cu 3p3/2 and Cu 3P1/2,
respectively. Additionally, the chemical state of Cu 2p was also
probed and is shown in Figure 3d. The distinct twin peaks at
932.0 eV (Cu 2p3/2) and 951.8 eV (Cu 2p1/2) are observed,
relating to Cu0 in the synthesized PtCu/3D N-G.49 The
subsequent binding energies at 934.1 eV (Cu 2p3/2) and 954.1
eV (Cu 2p1/2) combined with two relative “satellite peaks” are
the characteristic features of Cu2+ species.42,50 Interestingly, the
high-resolution XPS spectrum of Pt 4f for PtCu/3D N-G
located at 70.8 eV (Pt 4f7/2) and 74.1 eV (Pt 4f5/2) shows about
0.2 and 0.9 eV negative shift compared to PtCu/rGO and Pt/
XC-72, respectively (see Figure 3e). The similar negative shift is
also observed on Cu 2p3/2 and Cu 2p1/2 of PtCu/3D N-G
compared to PtCu/rGO (see Figure 3f). As previously reported
in the literature, the downshift of the d-band center position of
Pt could promote the desorption of CO and oxygen from the
targeted catalysts surface, and thus favor high electrochemical
activity for methanol electrooxidation.51

Electrochemical Performance Analysis. The surface
electrochemical properties of the PtCu/3D N-G electrocatalyst
were initially studied by the CV method with different potential
cycles in the range of −0.2 to 1.0 V in N2-saturated 0.5 M
H2SO4 solution. As shown in Figure 4A, there is a clear peak
step in the forward scan at about 0.0 V in the first and second
cycles, and then it disappeared at the seventh cycle. It is
believed that the changes of the peak step originated from the
electrochemical dissolving of the undetectable or amorphous
Cu crystallites or their oxide. The peak potential at about 0.45
V in the forward scan could be ascribed to electrochemical

oxidation of the uncovered Cu atoms on the surface of the
PtCu alloy catalyst.52 At the potential higher than 0.6 V, the
surface Pt atoms from the PtCu alloy catalyst will be further
oxidized to Pt oxides/hydroxides.53 In the reverse scan, the
generated Pt oxides/hydroxides are reduced at about 0.5 V, and
the oxidized Cu atoms in the PtCu alloy are redeposited at
about 0.3 V.41 The overlapped seventh cycle and eighth cycle
indicates that the Pt atoms on the surface of PtCu/3D N-G are
rearranged and enriched with the dissolution of the Cu atoms
to an undetectable level.41 The hypothetical Pt shell structure
will be gradually formed with the conducted dealloying process
on the PtCu alloy surface. The resultant nearly pure Pt on the
catalyst surface is desirable for great improvement of the
electrocatalytic performance due to the geometric effect by the
expanding or compressing arrangement of surface Pt atoms.54

Strasser et al. have found that the d-band center and the lattice
strain of Pt from the dealloyed Pt-alloy catalyst could
significantly improve the electrocatalytic activity in fuel
cells.55 As shown in Figure 4B, the repeatedly dealloyed CV
curves of three PtCu alloys and pure Pt catalysts show the
characteristic peaks for hydrogen adsorption/desorption,
double layer range, and the redox peaks for the Cu and Pt
contained surface. The electrochemical active surface area
(EAS) values of each catalyst were estimated by the following
equation

= ×Q mEAS /(0.21 )H Pt

where mPt is the Pt loading (mg cm−2) on the working
electrode, QH (mC cm−2) is obtained by integrating the
corrected hydrogen adsorption/desorption region and then
divided by the used scan rate for different electrocatalysts, and
0.21 (mC cm−2) is the required charge to oxidize a monolayer
of hydrogen on a smooth Pt surface. As displayed in Figure 4B,
the calculated specific EAS values are 47.8 m2 g−1 for PtCu/3D
N-G, 39.5 m2 g−1 for PtCu/rGO, 30.2 m2 g−1 for PtCu/XC-72,
and 52.6 m2 g−1 for Pt/XC-72 electrocatalysts, respectively. The
lower EAS values for PtCu alloy electrocatalysts compared to Pt
catalyst are most likely owing to some formed aggregation in
the electrochemical process and/or surface coated by organic
species.56

The electrocatalytic activities of the PtCu/3D N-G, PtCu/
rGO, PtCu/XC-72, and Pt/XC-72 catalysts toward methanol
electrooxidation were investigated in N2-saturated acid solution
in the range of −0.2 to 1.0 V. As shown in Figure 5A, the onset
potential (Eonset) of the PtCu/3D N-G catalyst negatively shifts
about 100 mV than Pt NPs on XC-72 carbon black, indicating
that the PtCu/3D N-G catalyst is more kinetically effective.57

Interestingly, the PtCu/3D N-G catalyst also shows the lowest
forward peak potential (Ef) than others, implicating that the
methanol dehydrogenation and formation of OHads are
facilitated by the reaction kinetics.58 The forward peak current
density (jf) is assigned to the electrocatalytic oxidation of
CH3OH molecules on the catalysts modified electrode surface,
while the backward peak current density (jb) is ascribed to
electrooxidation of the accumulated carbonaceous species,
which are incompletely oxidized in the forward scan, such as
HCOO−, HCO−, and CO species.51 All the CV curves show
that the PtCu alloy-based electrocatalysts reveal much higher
forward peak current densities than Pt NPs on XC-72 carbon
black. It should be noted that the designed PtCu/3D N-G
catalyst displays the highest current density than others and ca.
4.5-fold higher than the Pt/XC-72 catalyst especially. These
surprising results suggest that the designed PtCu/3D N-G

Figure 4. (A) CV curves of PtCu/3D N-G electrocatalyst at different
potential cycles and (B) CV curves of (a) PtCu/3D N-G, (b) PtCu/
rGO, (c) PtCu/XC-72, and (d) Pt/XC-72 in 0.5 M H2SO4 solution
with a scan rate of 50 mV s−1. All the current densities in the curves
have been normalized by the loading mass of Pt.
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hybrid catalyst could efficiently adsorb and oxidize CH3OH
molecules in the forward scan.59 Additionally, the antipoisoning
ability of a designed electrocatalyst is described by the ratio of
jf/jb, which represents the catalyst tolerance to intermediate
carbonaceous species that were generated in the forward scan.60

The summarized results (see Table 1) illustrate that the

designed PtCu/3D N-G catalyst exhibits a higher jf/jb ratio than
the Pt/XC-72 electrocatalyst, which implies that the PtCu alloy
catalysts could better oxidize the CH3OH molecules to CO2
than only Pt NPs in the forward potential scan.61

The long-term durability of the designed electrocatalyst is
another crucial factor affecting its practical applications. Thus,
the electrocatalytic activity for methanol electrooxidation was
further examined by chronoamperometric measurements in N2-
saturated 0.5 M H2SO4 + 1.0 M CH3OH solution at 0.6 V for
60 min. As shown in Figure 5B, the current densities of all the
electrocatalysts decay rapidly in the initial period and then
reached almost steady states. The initial higher current densities
of the electrocatalysts are due to the initial high concentration
of CH3OH molecules on the electrocatalysts’ surface; after that,
the quick decay of the current densities is because of the
decreased concentration gradient and poisoning by the

accumulated intermediate species on the surface of the
electrocatalysts.62 It should be particularly pointed out that
the current density of the PtCu/3D N-G electrocatalyst is
significantly higher than that of all the compared electro-
catalysts during the whole time, and the final current density of
the PtCu/3D N-G (86.3 mA mg−1 Pt) is 1.98-, 3.99-, and
14.89-fold higher than that of the PtCu/rGO, PtCu/XC-72,
and Pt/XC-72, respectively. In a word, the PtCu/3D N-G
electrocatalyst exhibits a higher electrocatalytic activity and
better stability than other compared catalysts for methanol
electrooxidation.
The excellent electrocatalytic activity and long-term

durability for methanol electrooxidation on the PtCu/3D N-
G electrocatalyst could be summarized as follows: (a) 3D
interconnected graphene networks with open porous channels
are more favorable for the electron and CH3OH molecules
transport, resulting in a further improvement of the catalyst
utilization.19 (b) The incorporated nitrogen atoms in the 3D
graphene networks could alter the electron-donating character-
istics of the substrate, which, in turn, strengthens the binding
force between the metal NPs and the substrate. The enhanced
binding energy could lead to a better dispersion and induce a
smaller metal particle size distribution on the N-doped
graphene structures. (c) A compressive strain is produced in
the PtCu/3D N-G catalyst when some Pt is replaced by small
Cu atoms according to Vegard’s law based on XRD results. The
generated higher lattice strain could apparently lower the
bonding energy with the intermediate oxygenated adsorbates,
favor the removal of the incompletely oxidized carbonaceous
species, and thus stengthen the resistivity to the poisoning of
intermediates carbonaceous species.63 (d) The Pt d-band
center of the PtCu alloy is moderately shifted down compared
to the pure Pt catalyst with the XPS analysis, which suggests
that the designed PtCu alloy catalyst could reduce the
possibility of carbonaceous species adsorption. In the mean-
time, it will not decrease too much methanol chemisorption.64

(e) The adsorption properties of Pt atoms on the catalyst’s
surface have been changed by alloying with Cu. This results in
an intermetallic charge transfer and the interatomic distances
change for the surface atoms, which could further increase the
intrinsic activities of the PtCu/3D N-G electrocatalyst.65

■ CONCLUSION

In summary, we demonstrated a facile one-step approach for
the fabrication of 3D N-G hydrogels through a self-assembly
hydrothermal process. The PtCu alloy NPs were successfully
synthesized and deposited onto 3D N-G hydrogels by a high-
efficiency microwave-assisted process. The as-prepared PtCu/
3D N-G electrocatalyst exhibits an enhanced electrocatalytic
activity, a good durability, and a high tolerance to carbonaceous
poisoning for the CH3OH electrooxidation in acid solution
compared to PtCu/rGO, PtCu/XC-72, and Pt/XC-72 catalysts.
This enhanced electrocatalytic performance toward the
CH3OH electrooxidation could be credited to the combined
effects of uniform interconnected 3D porous graphene
networks, nitrogen doping, strong interaction between metal
NPs and 3D N-G, and the modified Pt alloy. The facile
synthesis and high performance of the PtCu/3D N-G
electrocatalyst suggest the possibility of replacing contemporary
electrocatalysts in fuel cells for practical applications.

Figure 5. (A) CV curves with a scan rate of 50 mV s−1 and (B)
chronoamperometric curves at 0.6 V of (a) PtCu/3D N-G, (b) PtCu/
rGO, (c) PtCu/XC-72, and (d) Pt/XC-72 electrocatalysts in 0.5 M
H2SO4 + 1.0 M CH3OH solution. Inset image of (B) is the last values
chronoamperometric curves of these four electrocatalysts.

Table 1. Characteristic Values for As-Prepared Various
Electrocatalysts

electrocatalysts Eonset (V) Ef (V) jf (mA mg−1 Pt) jf/jb

PtCu/3D N-G 0.38 0.67 741.2 1.75
PtCu/rGO 0.40 0.79 542.7 1.61
PtCu/XC-72 0.42 0.71 362.7 1.77
Pt/XC-72 0.48 0.68 166.5 0.95
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