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Alcohol fuels oxidation plays a significant role in carbon sustainable cycling and high-performance cata-
lyst with a strong anti-poisoning effect is desired. Herein, Pt-Ni alloy supported on the N-doped graphene
aerogel synthesized by simple freeze-drying and annealing was demonstrated to have such catalytic abil-
ity for alcohol fuel oxidation. Pt-Ni alloy particles were found uniformly dispersed over the surface of 3D
N-doped graphene aerogel. High anti-poisoning ability for CO-like intermediates oxidation was demon-
strated by the CO-stripping experiment. The as-prepared catalyst was found to have outstanding catalytic

PtNi performance for methanol and ethanol oxidation with high catalytic activity, stability and catalytic ki-

Fuel cells reaction
Graphene aerogel
Anti-poisoning effect
CO-stripping

netics. Compared to the control samples, the improved catalytic ability could be due to the presence
of oxophilic Ni species and the support effect of 3D N-doped graphene aerogel that combined multi-
advantages of large surface area, facile mass transfer, and abundant defects.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The carbon-neutral fuels have received increasing attention due
to the environmental problems caused by fossil fuels consumma-
tion, and among the promising fuels, small molecular of C1 and
C2 alcohol fuels are very promising liquid fuels used in the direct
liquid fuel cells, that can be generated from the carbon dioxide re-
duction [1]. To realize the sustainable carbon cycle, liquid alcohol
fuel oxidation is a significant section, and highly efficient catalysts
are required to transfer the chemical energy to electricity via the
electrochemical process [2]. Currently, the noble metal-based cata-
lysts of Pt or Pd are still the most efficient electrocatalysts to cat-
alyze the complicated oxidation process of methanol and ethanol
fuels [3]. However, problems like the high cost, limited utilization
and their poisoning issue caused by strongly adsorbed intermedi-
ates (carbon monoxide) are still faced in the current scientific re-
search fields [4,5]. Therefore, much effort is required to increase
the Pt utilization with high catalytic activity and the anti-poisoning
ability for their application in the direct liquid fuel cells technique.

The current catalysts can be classified into the supported and
non-supported catalysts, and the supported catalysts in the form
of Pt-based active phase supported on the conductive carbon ma-
terials with a large surface area are commercially applied in the
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fuel cells technique [6,7]. This is because they have high active site
exposure, dispersion and catalytic stability but low cost. The Pt-
based active phase design should consider the bi-functional cat-
alytic mechanism and the electronic effect, which explained the
catalytic mechanism of alcohol fuel oxidation [8,9]. Alloying with
cheap oxophilic metals is considered to be an effective way for
the synthesis of high-performance electrocatalysts [10-12]. Based
on the above-mentioned principles, the electron cloud density of
Pt could be adjusted by adding other metals that can weaken
the strength of the CO-Pt bond, and meanwhile, hydroxyl groups
(OH,qs) groups offered by the adsorption sites of oxophilic metals
can promote the CO species oxidation [13-15]. Among them, PtNi
alloys exhibit enhanced electrocatalytic activity and high tolerance
toward CO poisoning in an acidic environment for alcohol fuel ox-
idation [16]. To increase the catalytic efficiency, the active phase
should be dispersed over the carbon support to enhance the in-
teraction between the reactants, catalyst and the electrolyte in the
three-phase interface [17].

The traditional conductive supports of Vulcan carbon, carbon
nanotube have been largely employed for commercial application.
Graphene that has excellent electrical and thermal conductivity,
high mechanical strength is also employed for the catalysis reac-
tion, while the thin two-dimensional sp2-hybridized carbon net-
work always results in the re-stacking and coalescing phenomenon,
thereby leading to the less accessible surface area as support ma-
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Fig. 1. XRD patterns of PtNi/GA-N, PtNi/GA and Pt/GA catalysts.

terials [18]. Graphene aerogels (GAs), assembled by the graphene
nanosheets, have the favorable properties of graphene with high
porosity and low density of aerogels. Therefore, they are suitable
as support of 3D catalysts system construction [19]. Moreover, the
catalytic property of graphene can be further increased by N dop-
ing due to the modified local electronic structure of the carbon
polarization [20]. Compared to the pristine graphene, the N-doped
graphene as noble catalyst support can offer more anchor sites for
active phase formation and increase the synergistic effects of ac-
tive phase and support for catalytic reactions [21,22]. For example,
Pt nanoparticles supported on N-doped graphene obtained by dif-
ferent approaches were demonstrated to have improved catalytic
activity in the electrochemical reactions for oxygen reduction and
methanol oxidation [23,24]. Therefore, developing nitrogen-doped
graphene aerogels as support is worth of try for catalytic perfor-
mance improvement.

Considering the above-mentioned multi-functions, herein, we
fabricated the 3-D N-doped graphene aerogel supported Pt-Ni alloy
(PtNi/GA-N) for alcohols fuels oxidation. The as-prepared catalysts
were characterized by a variety of physical characterization and
measured by a series of electrochemical measurements. By com-
paring to some control samples, PtNi/GA-N was found to have the
best catalytic performance for both methanol and ethanol oxida-
tion. The high performance, based on the current research, was
suggested to result from the multi-advantages integration of the
large surface area, facile mass transfer, and abundant defects de-
rived from N-doping and microporous structure.

To compare the catalytic performance and understand the syn-
ergism of multi-compositions in the system, the catalyst of Pt
nanoparticles supported over the GA (Pt/GA), PtNi nanoalloys sup-
ported over the GA (PtNi/GA), and PtNi nanoalloys supported over
the N doped graphene (PtNi/GA-N) were fabricated and evalu-
ated for the catalytic reactions. The crystal structure of the as-
obtained catalysts was probed by powder X-Ray diffraction (XRD).
The peak at 26° is observed for all the samples that could be as-
signed to (002) facet of the graphene support (Fig. 1). The charac-
teristic peaks of fcc structured Pt are observed on the Pt/GA sam-
ples, where 20 values of 39.66°, 46.16°, 67.37° are attributed to
the (111), (200) and (220) crystal planes (PDF#65-2868). While no
prominent peaks can be assignable to monometallic Pt or Ni in the
XRD patterns for PtNi/GA-N and PtNi/GA catalysts due to the for-
mation of PtNi alloy. Specifically, the 26 values of the diffraction
peaks for PtNi/GA-N and PtNi/GA catalysts are around 42.6°, 49.8°
and 73.3°, corresponding to the (111), (200) and (220) facets of
a face-centered cubic (fcc) lattice [25,26]. The 26 values of these
peaks sit between those of pure Pt and Ni, indicating the forma-
tion of the Pt-Ni alloy resulting from the shortened Pt-Pt bond by
incorporating the smaller Ni atoms into the Pt crystal lattice. More-
over, the crystal size calculated by the Scheer equation based on
the peak of 42.6° (111) is 3.9 nm for PtNi/GA-N catalyst, smaller
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Fig. 2. (a) SEM images of PtNi/GA-N catalyst. (b) TEM image of PtNi/GA-N catalyst.
(c) Particle size distribution histogram of PtNi/GA-N catalyst. High-resolution TEM
(d), SAED (e) and EDS (f) of PtNi/GA-N catalyst. (g) STEM and elemental mapping
images of the PtNi/GA-N catalyst, (h) C, (i) N, (j) Ni, (k) Pt.

than that of PtNi/GA and Pt/GA. The N-doped graphene aerogel can
offer more defects and anchoring sites for the PtNi alloy formation
compared to graphene aerogel alone, therefore, small particle size
was found due to the good dispersion and efficient anchoring sites
induced by N-doping. The small particle size could expose more
electrochemically active surface area and active sites, which is ben-
eficial to the following catalytic reactions.

The morphology of the PtNi/GA-N catalyst was further charac-
terized by scanning electron microscope (SEM) and transmission
electron microscope (TEM). The 3D graphene network is observed
in the SEM image for all the catalysts (Fig. 2a and Fig. S1 in Sup-
porting information for other samples). The Pt-Ni alloy particles
dispersed over the surface of the graphene aerogel can be seen
in the TEM image (Fig. 2b). The average particle size of 3.6 nm
is indicated in the particle size distribution histogram (Fig. 2c). In
the high-resolution TEM (HRTEM) image (Fig. 2d), a lattice spac-
ing of 0.226 nm can be ascribed to the (111) facet of Pt-Ni al-
loy and the lattice spacing of 0.34 nm is from the graphene layer.
The selected area electron diffraction (SAED) pattern shows a poly-
crystalline character with some evident spots and rings (Fig. 2e),
which can be indexed to the (111), (200) and (220) planes of PtNi
alloy. The energy-dispersive X-ray detector spectrum (EDS) shows
the presence of Pt, Ni, C, N and O elements (Fig. 2f), and the ra-
tio of Pt/Ni in the catalyst was measured to be 1. The elemental
distribution of Pt, Ni, C and N is shown in the element mapping
images (Figs. 2g-k). Specifically, nitrogen is found uniformly doped
into the graphene nanosheet, and several particles of Pt-Ni alloy
are found on the graphene surface.

The surface chemical state of PtNi/GA-N catalyst was probed by
X-ray photoelectron spectroscopy (XPS). The whole binding energy
was calibrated by the main peak of C 1s at 284.6 eV (Fig. S2 in
Supporting information) [27]. The structure of N-doped graphene
can be supported by the C-N bond in the C 1s and N 1s spec-
tra (Figs. S2 and S3 in Supporting information). Specifically, the N
1s spectrum could be ascribed to the pyridinic N, pyrrolic N and
graphitic N [28]. The high-resolution spectrum of Pt 4f has two
peaks of 4f;, and Pt 4fs;, and they can be deconvoluted into
metallic Pt and oxidized Pt (Pt2t) based on the chemical valence
[5,29,30]. The peaks at 71.3 eV and 74.6 eV are attributed to metal-
lic Pt, and those peaks at 72.3 eV and 75.6 eV can be assigned to
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Fig. 3. XPS spectra of (a) Pt 4f for PtNi/GA-N and a commercial Pt/C catalyst and (b) Ni 2p for PtNi/GA-N catalyst.
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Fig. 4. CO stripping voltammograms of PtNi/GA-N, PtNi/GA and Pt/GA catalysts in
0.5 mol/L H,SO4 solutions at a scan rate of 20 mV/s.

Pt?+ species in PtO and Pt(OH), (Table S1 in Supporting informa-
tion). Compared to the commercial Pt-C catalyst, those peaks shift
to the low binding energy direction by about 0.3 eV (Fig. 3a), in-
dicating an electron-enrich surface state of Pt. The strong adsorp-
tion of CO on Pt as CO-Pt will occupy the Pt active sites causing
the reduced catalytic performance due to active site poisoning. The
electrons enriched surface of Pt would induce the downshift of d-
band center, which would consequently weaken the adsorption of
CO and promote CO oxidation and desorption [31,32]. Thus, the in-
creased anti-CO poisoning was obtained. The high-resolution spec-
trum of Ni 2p has two components of 2p;;; and 2pyj,, and each
component can be deconvoluted into the metallic Ni, surface ox-
idized Ni2* and the accompanied satellite peak (Fig. 3b). Specif-
ically, the peaks of 8519 eV and 869.8 eV are for the metallic
Ni from the PtNi alloy; the peaks at 854.4 eV and 872.3 eV are
attributed to Ni%+ resulted from the surface oxidation, that con-
curred well with the reports elsewhere for the PtNi alloy [33].

As know that the adsorption of poisoning intermediates will
reduce the catalytic performance, and the anti-poisoning ability
is very significant to the high-performance catalyst [34,35]. Here,
the anti-poisoning ability can be probed via the CO-stripping tech-
nique by evaluating the onset and peak oxidation potential of ad-
sorbed CO (CO,q,). The lower the potentials for CO,q4, oxidation, the
higher the anti-poisoning ability. The PtNi/GA-N catalyst was found
to have the best performance compared to PtNi/GA and Pt/GA cat-
alysts (Fig. 4). To be specific, the peak potential for CO,4, oxidation
is 0.50 V, 0.53 V and 0.58 V for PtNi/GA-N, PtNi/GA and Pt/GA cat-
alyst, respectively. The potential was 30 mV and 80 mV lower than
that of PtNi/GA and Pt/GA catalysts, respectively. Similar cases were
observed for the onset potentials (Table S2 in Supporting informa-
tion). It can be seen that Pt/GA has the lowest CO-tolerance ability,
and the performance can be largely improved by forming PtNi al-
loy due to the oxophilic character of Ni; the N-doped GA support
could further increase the anti-poisoning ability as indicated by
30 mV potentials less due to the electronic structure modification
of carbon. The composite results thus make PtNi/GA-N have the

2689

best performance. Beside, the ECSA was calculated to be 83 m?/g
for PtNi/GA-N catalyst, which was the largest ECSA compared with
the PtNi/GA (71 m?/g) and Pt/GA (55 m2/g) catalysts. The higher
the ECSA, the more reactive sites available, and the higher the cat-
alytic activity. The improved poisoning-tolerance ability could be
due to the synergistic effect between the Pt-Ni alloy and the N-
doped graphene aerogel.

Following that, we evaluated the catalytic performance of these
catalysts for alcohol fuel oxidation. The electrochemical behavior
of PtNi/GA-N, PtNi/GA and Pt/GA catalysts was compared in the
background electrolyte of 0.5 mol/L H,SO4, and polycrystalline Pt
behaviors were observed for all the electrodes (Fig. S4 in Support-
ing information). When evaluated for methanol oxidation, the best
performance is found in the PtNi/GA-N catalyst judged by the peak
current density (Fig. 5a). Specifically, the peak current density is
measured to be 91.2 mA/cm?, about 2.1 times of PtNi/GA cata-
lyst (43.5 mA/cm?), 2.8 times of Pt/GA catalyst (32.8 mA/cm?) and
3.3 times of a commercial 20% Pt/C catalyst (27.3 mA/cm?2). More-
over, the smallest onset potential for methanol oxidation is also
observed on PtNi/GA-N catalyst, which is consistent with the trend
found for the ability of CO,4, oxidation. Mass activity and specific
activity were also calculated for the catalytic performance evalu-
ation (Fig. S5 in Supporting information). PtNi/GA-N catalyst still
shows the highest catalytic activity, and the maximum mass activ-
ity was calculated to be 1132.4 mA/mgp;, much higher than that
of PtNi/GA (543.82 mA/mgp;) and Pt/GA (406.19 mA/mgp:) cata-
lysts. The maximum specific activity is 1.36 mA/cm?2, about 1.77
times of the PtNi/GA catalyst and 1.84 times of the Pt/GA cat-
alyst. The catalyst performance is also much higher than some
graphene-supported Pt-based catalysts like Pt-graphene [36], 3D
Pt/RuO,/graphene [37] and graphene-based nitrogen-doped porous
carbon-PtZn [38]. The influence of the scan rate on the catalytic
performance of methanol oxidation was investigated (Fig. S6 in
Supporting information), and the peak current density is gradu-
ally increased accompanying the positive shift of the peak potential
with the increase of the scan rates. A diffusion process-controlled
reaction is indicated by the linear relationship of the peak current
vs. the square root of scan rate (Fig. 5b). The large slope value in-
dicates a faster electron transfer rate in the rate-determining step
[39], and correspondingly, PtNi/GA-N catalyst possesses the faster
catalytic kinetics. This result is also further supported by the ki-
netics analysis obtained from the Tafel slope (Fig. S7 in Supporting
information). The Tafel slope of PtNi/GA-N is 86 mV/dec, smaller
than that of PtNi/GA and Pt/GA catalyst, indicating a much faster
catalytic kinetics. Electrochemical impedance spectroscopy (EIS)
was probed to evaluate the charge transfer ability for methanol ox-
idation at 0.4 V (Fig. 5¢), and the diameter of the arc reflects the
charge transfer ability. The smallest diameter of arc is observed
on PtNi/GA-N catalyst indicating the lowest charge transfer resis-
tance (Rct). The specific value of Rt can be obtained by fitting the
Nyquist plot using a typical equivalent circuit (inset of Fig. 5c).
The uncompensated solution resistance for all the electrodes is ca.
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Fig. 5. (a) Cyclic voltammetry curves of PtNi/GA-N, PtNi/GA Pt/GA and commercial Pt/C (20 wt%) catalysts in 0.5 mol/L H,SO4/1 mol/L CH30H solution at a scan rate of
50 mV/s. (b) The plot of anodic peak current density vs. the square root of scan rate. (c) Nyquist plots of PtNi/GA-N, PtNi/GA and Pt/GA catalysts (inset for equivalent circuit).
(d) Chronoamperometry curves of PtNi/GA-N, PtNi/GA and Pt/GA catalysts in 0.5 mol/L H,SO4/1 mol/L CH30H solution.
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Fig. 6. (a) Cyclic voltammetry curves of PtNi/GA-N, PtNi/GA Pt/GA and commercial Pt/C (20 wt%) catalysts in 0.5 mol/L H,SO4/1 mol/L CH3CH,OH solution at a scan rate of
50 mV/s. (b) The plot of anodic peak current density vs. the square root of scan rate. (c) Nyquist plots of PtNi/GA-N, PtNi/GA and Pt/GA catalysts (inset for equivalent circuit).
(d) Chronoamperometry curves of PtNi/GA-N, PtNi/GA and Pt/GA catalysts in 0.5 mol/L H,SO4/1 mol/L CH;CH,0H solution.

6.8 €2, and the smallest R of 109 2 is found on the PtNi/GA-N cat-
alyst, indicating its largely improved catalytic kinetics (Table S4 in
Supporting information). The stability of the catalyst for methanol
oxidation was probed by a chronoamperometry (CA) test for two
hours at 0.5 V (Fig. 5d). The current density for all the catalysts is
reduced slowly with time. The final current density is 21.1 mA/cm?
for PtNi/GA-N catalyst, which is 1.5 and 2.8 times of PtNi/GA and
Pt/GA catalysts, respectively. The current retention rate after 2 h
for PtNi/GA-N catalyst is 64%, higher than that of PtNi/GA (61%)
and Pt/GA (58%). The high catalytic stability consistently supported
the high anti-CO poisoning ability. Thus, PtNi/GA-N catalysts have
high catalytic activity and stability for methanol oxidation.

The ethanol oxidation, an attractive fuel for proton exchange
membrane fuel cells, was also investigated and a similar trend
for the catalytic performance was obtained. As shown in the CV
measurements (Fig. 6a), the highest forward peak current den-
sity of about 66.8 mA/cm? is observed for PtNi/GA-N catalyst,
which is about 1.3, 1.9 and 2.4 times higher than that of PtNi/GA
(51.3 mA/cm?2), Pt/GA (35 mA/cm?2) and Pt/C (27.6 mA/cm?), re-
spectively. Moreover, PtNi/GA-N has a much lower onset potential
than that of PtNi/GA and Pt/GA catalyst, indicating the improved
kinetics for the electro-oxidation of ethanol. The highest catalytic
efficiency expressed by the mass activity and the specific activity
is still found on the PtNi/GA-N catalyst (Fig. S8 in Supporting in-
formation). Specifically, the mass activity and specific activity of
PtNi/GA-N catalyst are 832.7 mA/mgp; and 1 mA/cm?, respectively,
higher than that of PtNi/GA and Pt/GA catalysts.

The improved catalytic activity was also well supported by the
catalytic kinetics analysis. By analyzing the peak current density
versus the square root of scan rate, the linear relationship was
also obtained for this catalyst (Fig. 6b and Figs. S9a-c in Support-
ing information), and the largest slope value was obtained on the
PtNi/GA-N catalyst indicating its fastest catalytic kinetics. Mean-
while, Tafel slope and impedance analysis consistently supported
the improved catalytic kinetics. To be specific, the Tafel slope of
PtNi/GA-N is 81 (Fig. S10 in Supporting information), lower than
the reference samples, indicating the water dissociation as the
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rate-determining step [40]; The Ry is 1046 2 for the PtNi/GA-
N catalyst, that is the smallest value among the concerned cat-
alysts (Fig. 6¢c and Table S6 in Supporting information). The cat-
alytic stability for ethanol oxidation was also evaluated, and the fi-
nal current density of PtNi/GA-N catalyst is 19.6 mA/cm? after 2 h,
about 2.4 and 17.8 times of PtNi/GA and Pt/GA catalysts, respec-
tively (Fig. 6d). In other words, about 52% of the current is kept
for PtNi/GA-N catalyst, much higher than that of PtNi/GA (31%) and
Pt/GA (7%) catalysts. Thus, PtNi/GA-N catalyst possessed high anti-
CO poisoning ability during the catalytic process.

In summary, a three-dimensional N-doped graphene aerogel
supported Pt-Ni alloy was reported active for alcohol fuel of
methanol and ethanol oxidation resulting from multi-components
synergism. PtNi alloy nanoparticles with a small average parti-
cle size of 3.6 nm were found uniformly distributed over the 3D
N-doped graphene aerogel. The obtained catalysts showed much
higher anti-CO poisoning ability and catalytic performance for al-
cohol fuel oxidation compared to the control samples. Much higher
catalytic abilities in terms of catalytic stability, kinetic and charge
transfer capability were also observed for the PtNi/GA-N catalyst.
The high catalytic performance was attributed to the large accessi-
ble surface area and favorable mass transfer channel from GA sup-
port and the ultrafine PtNi alloy nanoparticles supported over their
surface. The combined advantages from the oxophilic Ni species
and the support effect of 3D N-doped graphene aerogel are thus
instructive for highly efficient catalyst design and fabrication.
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