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Abstract

Popcorn-like PtAu nanoparticles were fabricated by a facile and green one-pot
wet-chemical method, where H,PtCly; and HAuCly were simultaneously reduced by
glucosamine in alkaline media. The PtAu nanoparticles were further supported on
reduced graphene oxide by simple ultrasonication. The nanocomposites showed the
enhanced catalytic performances toward oxygen reduction reaction (ORR), dominated
by a four-electron pathway, in comparison with the Pt-rGO and commercial 10% Pt/C
catalysts. Meanwhile, the nanocomposites displayed the improved electrocatalytic
property and better stability for methanol oxidation over Pt-rGO and commercial Pt/C
catalysts.
Keywords: Reduced graphene oxide, popcorn-like PtAu nanoparticles, glucosamine,

oxygen reduction reaction, methanol
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1. Introduction
Bimetallic nanoparticles have attracted significant interest because of their porous and
open structures, large surface areas, and abundant active sites exposed on the
branched surfaces.'® Their formation process closely depends on slow nucleation and
fast growth, which could be precisely controlled by varying the experimental
conditions. Shi et al. fabricated Au-Pd alloy nanodendrites using ascorbic acid as a
reducing agent and found that dropwise adding the precursor solution is essential in
their work.” John et al. prepared the branched Pd nanostructures in a solution phase
reaction at room temperature, and noticed that control over the reaction kinetics was
feasible by varying the kinds of surfactants.®

Among the bimetallic nanoparticles, PtAu alloy nanostructures have been
extensively explored as excellent catalysts for a variety of reactions.”'? Their
promising applications prompt their morphology- and size-controlled synthesis.
However, only several good examples are found in the literature. For example, Han et
al. synthesized Au@Pt heteronanostructures with Pt rough shells as superior catalysts
in oxygen reduction reaction (ORR), using Au nanocubes and nanorods as
structure-directing seeds.”” Guo and coworkers developed a one-step route for
construction of Au@Pt core-shell nanodendrites at room temperature.'’ Kim’s group
synthesized PtAu alloy nanotubes with the improved electrocatalytic performance for
formic acid oxidation, using Ag nanowires as sacrificial templates.'

The PtAu nanocrystals have indeed demonstrated the better activity in the

. . 14-16 . . . .
catalytic reaction. However, their large-scale commercial applications are severely
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impeded by the high cost and easy agglomeration during repeat use.'’ Fortunately,
these problems can be easily overcome by the development of graphene science.'®
Specifically, graphene can be used as a suitable carbon support to load metal catalysts
including Pt,"” Pd,* PdAu,”! and PdAg,22 owing to its two dimensional nanostructure,
high electrical conductivity, extremely large specific surface area, and superior
chemical property.”

In this work, popcomn-like PtAu nanoparticles were efficiently formed with
glucosamine as a reducing agent in alkaline media and further loaded on reduced

graphene oxide (rGO) by ultrasonication. The electrocatalytic performance of the

as-prepared nanocomposites was examined for ORR and methanol oxidation.

2. Experimental section
2.1 Chemicals

Graphite powders (8000 meshes), chloroplatinic acid (H,PtClg), chlorauric acid
(HAuCly), glucosamine hydrochloride, polyvinylpyrrolidone (PVP), and commercial
10% Pt/C catalyst were purchased from Aladdin Industrial Corporation (Shanghai,
China). Other chemicals were of analytical grade and used without further purification.
All the aqueous solutions were prepared with twice-distilled water in the whole

experiments.

2.2 Preparation of reduced graphene oxide

In this work, graphene oxide (GO) was prepared from natural graphite powder
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via acid-oxidation based on a modified Hummers’ method.** The GO was dispersed in
water under ultrasonication, resulting in a yellow-brown aqueous suspension,
followed by the addition of freshly prepared NaBH, solution (10 mM) to obtain

reduced graphene oxide (rGO). After reduction, the color quickly changed to black.

2.3 Synthesis of the PtAu-rGO

For the typical experiment, 100 pL of rGO (1 mg mL™") and 400 pL PVP (0.25
wt%) were subsequently put into 2 mL water under stirring. Next, 51.8 pL of H,PtCle
(38.62 mM) and 82.4 puL of HAuCl, (24.28 mM) were simultaneously added into the
mixture under gentle agitation, followed by the ultrasonication for 30 min (the molar
ratio of the Pt/Au precursors is 1:1). Afterwards, 2.4 mL of glucosamine was put into
the mixed solution. The pH of the system was adjusted to 9 by dropwise addition of
the freshly prepared KOH (1.0 M) under vigorous stirring. The color turned black
brown within 3 min. The products were collected by centrifugation, and washed
thoroughly with ethanol and water, and dried in a vacuum at ambient temperature for
the following characterization. To obtain rGO supported PtAu nanocomposites, the
PtAu nanoparticles were mixed with 2 mL of the as-prepared rGO solution (1.0 mg
mL™") under ultrasonication. The final products were obtained by drying in a vacuum
at ambient temperature.

For comparison, either H,PtClg or HAuCly was used as a precursor in control
experiments, rGO-supported Pt or Au nanoparticles was prepared in a similar way,

denoted as Pt-rGO or Au-rGO, while other conditions were kept the same.
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2.3 Characterization

The morphology and chemical composition of the samples were determined by
JEM-2010 high resolution transmission electron microscopy (HR-TEM) coupled with
an energy-dispersive X-ray spectrometer (EDS, Oxford-INCA) at an acceleration
voltage of 200 kV. High angle annular dark-field scanning TEM (HAADF-STEM)
imaging and elemental mappings were recorded on a scanning transmission electron
microscope (STEM). The oxidation states were examined by a K-Alpha XPS
spectrometer (ThermoFisher, E. Grinstead, UK) with an Al Ko X-ray radiation
(1486.6 eV) for excitation. The crystal structures were checked by the powder X-ray
diffraction (XRD) pattern (Rigaku Dmax-2000 diffractometer) using Cu Ka radiation.
The UV-vis absorption spectra were recorded on a Lambda950 UV/Vis/NIR
spectrometer. Fourier transform infrared (FT-IR) analysis was conducted in the form
of KBr pellets with a Nicolet 670 FT-IR spectrometer. Raman experiments were
performed by a Renishaw Raman system model 1000 spectrometer equipped with a
CCD detector, performed with a He/Ne laser at a wavelength of 633 nm.
Thermogravimetric analysis (TGA) was carried out in air, using NETZSCH STA
449C thermogravimetric analyzer. The samples were heated from room temperature

to 900 °C at the heat rate of 10 K min .

2.4 Electrochemical measurements
All electrochemical experiments were performed on a CHI660b electrochemical

workstation (CH Instruments, Chenhua Co., Shanghai, China). A standard
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three-electrode system was used for all electrochemical experiments, which includes a
Pt wire as counter electrode, a saturated calomel electrode (SCE) as reference
electrode, and a bare modified glassy carbon electrode (GCE, 3 mm in diameter) or
rotating disk electrode (RDE, 4 mm in diameter) as working electrode. Moreover, the
RDE experiments were carried out on a PAR model 616 RDE. All the potentials here
were converted to the values with reference to the reversible hydrogen electrode
(RHE). The electrochemical measurements were carried out at room temperature.

For the construction of the modified electrodes, 2.3 mg of the sample was
dispersed into 1.0 mL of water to form a homogeneous suspension by ultrasonication
for 60 min. Then, 8 and 15 uL of the suspensions were dropped onto the GCE and
RDE and dried in air, respectively, followed by casting 6 pL. of Nafion (0.5 wt%) on
the electrode surfaces. The Nafion acted as an adhesive to tightly combine the
deposits with the electrode surfaces. The Pt-rGO and commercial Pt/C catalysts
modified electrodes were prepared under the same conditions.

The electrochemically active surface area (EASA) of a catalyst can be estimated
via CO-stripping voltammograms in 0.5 M H,SO4.?' The ORR polarization curves
were recorded using linear sweep voltammetry (LSV) in oxygen-saturated electrolyte
(0.1 M HCIO4) with a sweep rate of 10 mV s ' at different rotation speeds ranging
from 100 to 2500 rpm. Furthermore, the Pt loading is 0.026 mg cm™ for the
PtAu-rGO, 0.048 mg cm* for the Pt-rGO, and 0.032 mg cm > for the commercial
Pt/C catalysts modified RDE, respectively. The catalytic activity and stability tests

were carried out by cyclic voltammetry and chronoamperometry in 1.0 M KOH,
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respectively, using methanol oxidation as a model system. And the durability of the
PtAu-rGO is further examined in Nj-purged 0.5 M H,SO4 by applying 400 cyclic

potential sweeps at a scan rate of 50 mV s .

3. Results and discussion

Morphologies of the standard sample were examined by low- (Figure 1A) and
medium- (Figure 1B) magnification TEM images. The products contain plenty of
well-defined popcomn-like PtAu nanoparticles with an average diameter of 35.3 nm
(inset in Figure 1B), which are uniformly anchored on the surface of the rGO
nanosheets. Besides, the polycrystalline nature of the PtAu particles is demonstrated
by the SAED pattern (inset in Figure 1A). Moreover, each nanoparticle is indeed three
dimensionally interconnected porous structures with rough surface, composing tens of
much smaller grains as building units with the average diameter of around 5 nm.

Figure 1C shows the HAADF-STEM elemental mapping images of one single
nanoparticle, revealing the formation of Pt-Au alloy in the nanostructures. The
corresponding elemental line scanning analysis (Figure 1D) illustrates that Au is more
abundant than Pt at the inner region, probably owing to the higher reduction potential
of AuCly (0.930 V vs. RHE) than that of PtCls>~ (0.726 V vs. RHE). The formation
mechanism of the PtAu alloy is assumed to be initiated by the predominant nucleation
of Au, followed by co-reduction of residual AuCly~ and PtCls* ions on the surface of
the Au-enriched seeds.” Additionally, the Pt atoms located in the center and edge are

relatively abundant than those located in the other regions (Figure 1D). It might be
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ascribed to the specific popcorn-like nanostructures.

In order to further investigate the detail structure information of the PtAu
nanoparticles, high resolution TEM (HRTEM) images were presented (Figure 2). The
d-spacing values of the lattice fringes determined from the marked regions are 0.230
and 0.200 nm, corresponding to the (111) and (200) planes of the face-centered cubic
(fcc) PtAu alloy, respectively.” Moreover, their (111) d-spacing value is located
between individual Pt (0.227 nm, JCPDS 04-0802) and Au (0.236 nm, JCPDS
04-0784). The TEM image of the commercial 10% Pt/C catalysts (Figure S1A,
Supporting Information) displays that many small Pt particles are evenly distributed
on the carbon, with the average diameter of ca. 5.6 nm. The corresponding XRD
pattern (Figure S1B, Supporting Information) also demonstrate the Pt/C structure, in
which the diffraction peaks at 39.82°, 46.17°, 67.67°, 81.37°, 86.09°, and 26.31° are
assigned to the (111), (200), (220), (311), and (222) planes of the fcc Pt and C (002)
plane.”® Only using H,PtCls (Figure S2A, Supporting Information) or H,AuCl,
(Figure S2B, Supporting Information) as precursors, smaller Pt nanoparticles or
network-like Au nanowires are poorly dispersed on the rGO surfaces, rather than the
popcorn-like nanostructures. Meanwhile, the absence of PVP yields heavily
aggregated popcorn-like PtAu nanoparticles (Figure S3, Supporting Information),
revealing the key role of PVP in the formation of the well-dispersed PtAu
nanoparticles.

The oxidation states of the PtAu-rGO were analyzed by XPS analysis (Figure 3).

The XPS survey spectrum is dominated by the signals of Pt, Au, C, N, and O elements
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(Figure 3A). The binding energies of 73.83 and 70.64 eV correspond to the Pt 4fs,
and Pt 4f;, (Figure 3B), which can be divided into two pairs of peaks at around 74.38
and 70.80, 75.53, and 72.55 eV, indicating the presence of metallic Pt and
PtO/Pt(OH),.?° From their peak intensity, we can conclude that Pt’ is the predominant
specie. Similarly, the binding energies of 87.08 and 83.43 eV in the high-resolution
XPS region (Figure 3C) are attributed to the Au 4fs,; and Au 4f;,,, respectively. These
peaks are similar to those of metallic Au, confirming the zerovalent state of Au”’
Additionally, the binding energy of 285.0 eV is corresponding to the C 1s (Figure 3D),
which is fitted into four peaks at 284.58, 285.23, 286.24, and 288.08 eV, assigning to
C—C (sp?), C-0, C=0, and O—C=0 groups, respectively.'” Particularly, the epoxy
and hydroxyl groups are obviously decreased, compared with the GO sample,*®
revealing effective reduction of the GO to rGO. The XPS measurements demonstrate
the formation of the PtAu-rGO in the present synthesis.

The XRD pattern indicates the formation of the PtAu-rGO (Figure 4A, curve a),
where the representative diffraction peaks at 39.07°, 45.06°, 65.51°, and 78.69° are
matched well with the (111), (200), (220), and (311) planes of the fcc PtAu alloy.”’
For comparison, XRD spectra of individual Au (curve b) and Pt (curve c)
nanoparticles are offered. Notably, the (111) diffraction peak of the PtAu
nanoparticles coincidently locates between single Au and Pt, which is in good
agreement with the HRTEM data, further confirming the PtAu alloy feature. Besides,
the lattice parameter of the PtAu nanoparticles is ca. 0.39927 nm, which lies between

the bulk Pt (JCPDS-04-0802, a = 0.39030 nm) and Au (JCPDS-04-0784, a = 0.40494



Journal of Materials Chemistry A

nm), suggesting the incorporation of Pt and Au atoms to form PtAu alloy. The
composition of the alloy would be estimated from Vegard's law,
a=a%(1-X)+a)(X), where X is the mole fraction of component B, and a’ and
a, are the lattice parameters of individual A and B, respectively.”” The calculated
molar ratio of Pt/Au is 38.7:61.3 in the binary alloy.

The line broadening of the (220) diffraction peak is used to calculate the average
crystallite size based on Scherrer’s equation, L = (0.9 X) / (512 cos0), where A is the
wavelength of the X-ray (1.5406 A), 0 is the angle at the position of the peak
maximum, and S, is the width of the diffraction peak at half height in radians.>"> ¥
The metal crystallite size was calculated to be 4.5, 3.8, and 3.9 nm for the PtAu-rGO,
Pt-rGO, and Au-rGO, respectively. The crystallite size calculated from the XRD test
is consistent with the PtAu nanoparticles (~5 nm) obtained from the HRTEM
experiments. This phenomenon is similar to those reported in the literature.”” In
addition, the peak at 21.6° is originated from the (002) planes of hexagonal structure
of graphene, unlike the GO (curve d) with a peak located at 10.0° corresponding to
the oxygenated functional groups.”® These observations indicate the effective
reduction of GO to rGO by NaBH4.19

Figure 4B shows the UV-vis spectra of the PtAu-rGO (curve a), Pt-rGO (curve b),
Au-rGO (curve ¢), GO (curve d), and rGO (curve e). There is a strong peak at 230 nm
for the GO sample, corresponding to the m—n* transition of aromatic C—C bonds.

Meanwhile, a smaller shoulder peak is emerged at 301 nm, which can be ascribed to

the n—7* transition of the C=0 bonds.*® However, the absorption peak at 230 nm red

10
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shifts to 260 nm for the PtAu-rGO, Pt-rGO, and Au-rGO, which is similar to that of
the rGO, indicating the formation of rGO in the present synthesis. For the Au-rGO,
the pronounced absorption peak at 530 nm corresponds to the surface plasmon
resonance of Au,”’ which is much higher than that of the PtAu-rGO, but different
from that of the Pt-rGO. These results demonstrate the emergence of Pt-Au alloy in
the PtAu-rGO nanocomposites.

Figure 4C displays the FT-IR spectra of the PtAu-rGO (curve a), Pt-rGO (curve
b), and GO (curve c). For the GO sample, the characteristic stretching peaks of C—OH
(1040 cm ™), C—O (1230 cm ™), O—H (1400 cm "), and C=0 (1730 cm ') groups  are
clearly observed, demonstrating that graphite was effectively oxidized to GO under
the standard conditions.”® After reduction by NaBH,, most of the peaks from the
oxygen-containing groups decreased obviously, indicating the GO was significantly
deoxygenated and the rGO was formed accordingly.”

Raman spectroscopy is usually applied to monitor the structural changes in
graphene-based materials. Raman spectra of the PtAu-rGO (curve a), Pt-rGO (curve
b), and GO (curve c) are displayed (Figure 4D). In each case, the two distinguished
characteristic peaks at 1340 and 1596 cm correspond to the D band correlated with
the 4, breathing mode of the disordered graphite structures and G band related with
the doubly degenerate £, of graphite.*” Using the D/G peak area ratio (Ip/lg, 0.82) in
the GO sample as a reference, the Ip/Ig ratios are increased to 1.83 for the PtAu-rGO
and 1.82 for the Pt-rGO, respectively. These results manifest the formation of smaller

in-plane sp2 domains after the reduction of GO and again confirm the formation of the

11
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rGO."

The weight loss of the sample is simultaneously examined by TGA/DSC (Figure
5). The PtAu-rGO (curve a) exhibits a small weight loss below 100 °C, corresponding
to the escaped water molecules absorbed between the rGO nanosheets. And the steady
weight loss from 200 to 400 °C is assigned to the destruction of oxygenated
functional groups remained in the rGO.*" After a significant drop in mass at around
410 °C, the carbon skeleton of the rGO is completely combusted to CO or CO,.* In
contrast, the GO shows a dramatic mass loss accompanied by an exothermic DSC
peak at 200 °C, which is much higher than those of the PtAu-rGO (curve a) and
Pt-rGO (curve b), revealing the decrease of the oxygen-containing functional groups
in the rGO. Additionally, the metal loading is 78% for the PtAu-rGO (evaluated from
the residual mass), which is larger than the Pt-rGO with a value of 32.6%.

Glucosamine is used here as a reducing agent and a structure-directing agent. The
formation mechanism can be inferred as follows: both PtCl627 and AuCly ions firstly
bind to the amino group of glucosamine, resulting in the formation of
amino-AuCly /PtClg> complexes.*” Simultaneously, the adsorbed PtClg> and AuCly
ions are reduced to Pt and Au atoms immediately by the aldehyde group of
glucosamine. Meanwhile, to stabilize the newly generated PtAu nanocrystals, the
released glucosamine would selectively adsorbed on the (110)/(100) crystal planes as
the surface energies increase in the order of (111) < (100) << (110).** Such behaviors
would block the crystal growth along the (110)/(100) directions and promote the

anisotropic growth on the (111) directions, causing the predominant orientation of the

12
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(111) planes, as displayed in the XRD pattern.

Furthermore, the higher reduction potential of AuCly (0.930 V vs. RHE) than that
of PtClg> (0.726 V vs. RHE) leads to the relatively abundant Au atoms in the inner of
the PtAu nanoparticles. In addition, the existence of PVP is essential to the formation
of uniform PtAu nanoparticles, which is served as a stabilizing agent to efficiently
prevent the PtAu nanoparticles from aggregation. ***

For Pt-based catalysts, CO is a major poisoning intermediate in alcohol oxidation
process, and thereby CO stripping serves as a model probe to evaluate their CO
tolerance. Figure 6 provides the CO stripping voltammograms of the PtAu-rGO
(Figure 6A), Pt-rGO (Figure 6B), and commercial Pt/C catalysts modified electrodes
(Figure 6C). It is clear that the hydrogen desorption peaks are completely suppressed
from 0.1 to 0.2 V (vs. RHE) in the first positive-going scan, owing to the saturated
coverage of CO on the active sites.*® With the oxidation removal of the adsorbed
CO-like intermediates, the hydrogen desorption peaks recovered in the second scan. A
broad current peak located between 0.8 and 1.2 V is ascribed to the CO oxidation.
Obviously, the onset potential (0.703 V) for the PtAu-rGO is relatively negative,
compared with those of the Pt-rGO (0.768 V) and commercial Pt/C (0.721 V)
catalysts, suggesting a better CO oxidation activity of the PtAu-rGO.

Besides, the electrochemically active surface area (EASA) is calculated from the
CO stripping Voltammograms,47 which is about 75.27 m* g_1 for the PtAu-rGO. This

value is higher than those of the Pt-rGO (17.94 m* g ') and commercial Pt/C (7.23 m?

g_l) catalysts. The negative shift of the onset potential and the larger EASA are

13
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attributed to the special structures of the PtAu-rGO nanocomposites.

The ORR measurements were performed in Oj-saturated 0.1 M HCIO4 at a
rotation rate of 1600 rpm. Figure 7A shows the polarization curves of the PtAu-rGO
(curve a), Pt-rGO (curve b), and commercial Pt/C (curve c) catalysts modified
electrodes. In each case, the diffusion-limiting currents are obtained below 0.30 V,
whereas a mixed kinetic-diffusion controlled region appears from 0.40 to 0.85 V.
Clearly, the PtAu-rGO exhibits a more positive onset potential (0.83 V), compared
with those of the Pt-rGO (0.75 V) and commercial Pt/C (0.77 V) catalysts. The
half-wave potentials of the PtAu-rGO, Pt-rGO, and commercial Pt/C catalysts are
0.74, 0.57, and 0.54 V, respectively. These results mean that the higher
electrocatalytic activity of the PtAu-rGO, compared with the Pt-rGO and commercial
Pt/C catalysts.

The kinetic current density (i, ) represents the intrinsic activity of catalysts, which
is a better indicator of the performance of a catalyst.*® The kinetic current density is
analyzed on the basis of the Koutecky-Levich equation.*” To further compare the
ORR activity, the kinetic currents are normalized with respect to both the EASA and
the loading amount of Pt.

As shown in Figure 7B, the PtAu-rGO shows a specific activity of 0.40 mA
cmp[2 at 0.6 V (vs. RHE), which is 2.5 and 1.1 times larger than those of the Pt-rGO
(0.16 mA cmpfz) and commercial Pt/C (0.35 mA cmpt_z) catalysts, respectively.
Besides, the mass activity of the PtAu-rGO is 0.30 mA pgp; ', which is nearly 10.7

and 20.0 times higher than those of the Pt-rGO (0.028 mA ugpt_l) and commercial

14
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Pt/C (0.015 mA ugpt_l) catalysts, respectively. Moreover, the activity of the
PtAu-rGO (0.40 mA cmp°) is also higher, compared with those of the Pt-Pd alloy

nanoflowers (0.38 mA cmpfz),50 Au-PtCu core-shell nanoparticles (0.26 mA cmpfz),51

and Pt;Ni nanopolyhedra (0.11 mA pgp, ').>

More detailed investigations on the ORR features have been performed by
altering the rotation speed of the modified RDE. Figure 8A profiles a group of the
polarization curves at different rotation rates, which are normalized by the
geometrical area of the electrodes. Figure 8B provides the corresponding
Koutecky-Levich plot obtained from the inverse current density (j ') as a function of

the inverse of the square root of the rotation rate (o "

) at 0.6 V. The good linearity
and parallelism of the plot usually indicate the first-order kinetics with respect to
molecular oxygen.53 The electron transfer number can be calculated from the
Koutecky-Levich equation:
i,=Bxa'"’ (1)
B=0.62xnxFxAxD**xV™"°xC,, )
here, n is the number of transferred electrons in the reaction, F is the Faraday constant
(96485 C mol ™), 4 is the geometrical area (0.1256 cm?), D is the oxygen diffusivity
(1.93x10%ecm®s™), Vis the kinematic viscosity of the electrolyte (1.009x10cm’s™),
andC o, is the oxygen solubility (1.26 x10molL").”"->* By applying these parameters
to the equation (2), B =0.015n#n. From the slope of the Koutecky-Levich plot, the n is

calculated to be 3.92 for the PtAu-rGO, implying the reduction of O, to H,O via the

four-electron pathway.>
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In order to investigate the electrocatalytic performance of the PtAu-rGO for
methanol oxidation, the cyclic voltammograms of the PtAu-rGO (curve a, Pt loading:
0.046 mg cm ), Pt-rGO (curve b, Pt loading: 0.085 mg cm ), and commercial Pt/C
(curve c, Pt loading: 0. 042 mg cm?) catalysts were recorded in 1.0 M KOH
containing 1 M methanol (Figure 9A). In all cases, there are two anodic peaks
observed in the forward and reverse scans, which correspond to methanol oxidation
and incompletely oxidized carbonaceous species.

Specifically, the onset anodic potential for methanol oxidation is —0.21 V for the
PtAu-rGO (curve a), which is more negative than the Pt-rGO (curve b, —0.17 V) and
commercial Pt/C (curve ¢, —0.19 V) catalysts. The negative shift of the onset potential
indicates significant enhancement in the kinetics of methanol oxidation reaction.

Methanol oxidation is characterized by well-separated anodic peaks in the
forward and reverse scans. The magnitude of the forward anodic peak current density
() is proportional to the reaction activity. The current density of the PtAu-rGO (curve
a)is 28.95 mA cm 2, which is almost 4.6 and 34.1 folds higher than the Pt-rGO (curve
b, 6.36 mA c¢m*) and commercial Pt/C (curve ¢, 0.85 mA cm °) catalysts, respectively.
Meanwhile, nearly no CO poisoning peak is detected in the case of the PtAu-rGO.
And the ratio of the jr to the reverse oxidation peak current density (j;) of the
PtAu-rGO (j¢/j;) is 29.25, which is much higher than the Pt-RGO (18.68) and
commercial Pt/C (10.15) catalysts, indicating that the PtAu-rGO suffers little from
poisoning and deactivation. These data further confirm the improved electrocatalytic

performances of the PtAu-rGO, as demonstrated in Table S1 (Supporting Information)

16
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and Figure 9B. More impressively, it is found that the activity of the PtAu-rGO is
higher than those of the Pt-based nanostructures such as Pt nanoflowers/rGO (133.43
mA mgp'),”® mesoporous PtRu alloy (85 mA mg'),”’ Pt-Pd nanoflowers (0.3 mA
cmpfz),50 and Ag@Pt core-shell nanoparticles (150 mA mgpfl).58 It is ascribed to a
large number of active sites available for the PtAu-rGO, as supported by the larger
EASA from the CO stripping measurements.

The stability of the PtAu-rGO (curve a), Pt-RGO (curve b), and commercial Pt/C
(curve c) catalysts modified electrodes was examined by chronoamperometry in 1.0
M KOH containing 1.0 M methanol. The anodic current density of each catalyst
initially exhibits a rapid decay because of the formation of intermediate species during
methanol oxidation (Figure 10). Moreover, the PtAu-rGO shows a higher initial
current and much slower current decay, compared with those of the Pt-rGO and
commercial Pt/C catalysts. At the end of the 6000 s, the oxidation current on the
PtAu-rGO is still the highest, further revealing relatively better tolerance to the
CO-like intermediates and higher catalytic property of the PtAu-rGO.

The durability of the PtAu-rGO was further verified by cyclic voltammetry in
N-purged 0.5 M H,SOy4, where the EASA (determined from the hydrogen adsorption
region) is almost kept constant with a small loss of 1.2% within 400 cycles (Figure
11). The improved electrocatalytic ability, strong tolerance, and better stability of the
PtAu-rGO are attributed to three factors. (i) The popcorn-like structures contribute
larger EASA. And the abundant atomic steps, edges, and corner atoms in the PtAu

59-61

branches would act as highly active sites for methanol oxidation. (i) Better

17
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dispersion of the PtAu nanoparticles on the rGO nanosheets that enlarges surface area
and facilitates electron transport. (iii) The higher electronegativity of Au (2.54)
relative to Pt (2.28). The electron transfer from Au to adjacent Pt causes an increase
of the 5d vacancies in Pt and facilitates methanol adsorption on the active sites of Pt,

which are favorable for methanol oxidation.

4. Conclusion

A facile and mild method was developed for fabrication of the PtAu-rGO with
high quality in alkaline media, using glucosamine as a reducing agent. The as-formed
PtAu nanoparticles showed well-defined popcorn-like alloy structures and well
dispersion, which exhibited the improved electrocatalytic property and a predominant
four-electron pathway based on the Koutecky-Levich plot in ORR, compared with the
Pt-rGO and commercial Pt/C catalysts. Besides, the PtAu-rGO displayed the
improved catalytic activity and stability for methanol oxidation. The as-developed
method provides a promising pathway for the design of highly -efficient

electrocatalysts in ORR and methanol oxidation.
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Captions

Figure 1. TEM images of the PtAu-rGO(A, B), HAADF-STEM-EDS mapping
images of a PtAu nanodendrite (C), and the HAADF-STEM image and
cross-sectional compositional line profiles (D). Insets show the corresponding SEAD

pattern in image (A) and the size distribution in image (B).

Figure 2. HRTEM images of the PtAu-rGO (A, B).

Figure 3. Survey (A), and high-resolution Pt 4fs, and Pt 4f;, (B), Au 4f5;, and Au

417/, (C), and C 1s (D) XPS spectra of the PtAu-rGO.

Figure 4. XRD patterns (A) of the PtAu-rGO (curve a), Au (curve b), Pt (curve c),
and GO (curve d). UV-vis absorption spectra (B) of the PtAu-rGO (curve a), Pt-rGO
(curve b), Au-rGO (curve c¢), GO (curve d), and rGO (curve e). FT-IR (C) and (D)

Raman spectra of the PtAu-rGO (curve a), Pt-rGO (curve b), and GO (curve c).

Figure 5. (A) TGA curves of the PtAu-rGO (curve a), Pt-rGO (curve b), and GO
(curve c). The corresponding DSC curves of the PtAu-rGO (curve a’), Pt-rGO (curve

b'), and GO (curve c¢').

Figure 6. CO-stripping voltammograms of the PtAu-rGO (A), Pt-rGO (B), and

commercial Pt/C (C) catalysts in 0.5 M H,SO4 at a scan rate of 50 mV s
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Figure 7. (A) ORR polarization curves of the PtAu-rGO (curve a), Pt-rGO (curve b),
and commercial Pt/C (curve c) catalysts modified electrodes in Oj-saturated 0.1 M
HCIO4 with the rotation rate of 1600 rpm and a scan rate of 10 mV s'. (B) The

corresponding specific and mass kinetic current densities at 0.6 V.

Figure 8. (A) The polarization curves of ORR of the PtAu-rGO modified electrodes
in Oy-saturated 0.1 M HCIOy at different rotation rates. Scan rate: 10 mV s L (B) The

corresponding Koutecky-Levich plot at 0.6 V.

Figure 9. (A) The cyclic voltammograms of the PtAu-rGO (curve a), Pt-RGO (curve
b), and commercial Pt/C (curve c) catalysts modified electrodes in 1.0 M KOH
containing 1.0 M methanol. (B) The corresponding current densities and mass

activities.

Figure 10. The chronoamperometric curves of the PtAu-rGO (curve a), Pt-RGO
(curve a), and commercial Pt/C (curve c) catalysts modified electrodes in 1.0 M KOH
containing 1.0 M methanol by applying a potential of —0.1 V (vs. RHE). Inset shows
the high-magnification chronoamperometric curves of the Pt-rGO (curve b) and

commercial Pt/C catalysts (curve c).

Figure 11. The cyclic voltammograms curves of the PtAu-rGO modified electrode

before and after 400 cycles in Nj-saturated 0.5 M H,SO4.
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Figure 4
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Figure 9
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Graphic Abstract

a: PtAu-rGO

or 30F b: Ptrco
o ~ c: Pt/C
5k ‘E20}

3]
:
= €10}
-3} a: PtAu-rGO | ==,
b: Pt-rGO
4 c: PtiC 0
02 04 06 08 1.0 06 -03 00 03 0.6
E/V vs. RHE E/V vs. RHE

Popcorn-like PtAu nanoparticles were fabricated using glucosamine as a
reducing agent and further supported on rGO by ultrasonication. The as-prepared
nanocomposites showed the enhanced electrocatalytic performance for ORR and

methanol oxidation.



