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Anti-CO poisoning ability is significant in formic acid oxidation in the fuel cell technique. Herein, PdNi
alloy supported on N-doped graphene aerogel (PdNi/GA-N) was found to have catalytic ability toward
formic acid electrooxidation over a wide potential range because of the improved anti-CO poisoning abil-
ity. This catalyst was fabricated by simple freeze-drying of mixture solution of graphene aerogel,
polyvinylpyrrolidone, Pd?* and Ni?* and the subsequent thermal annealing reduction approach in the
N,/H; atmosphere. Pd-Ni alloy particles anchored over the folding N-doped graphene surface with a por-
Fuel cells ous hierarchical architecture structure in the 3D directions. It showed the catalytic performance of its
Formic acid oxidation reaction maximum mass activity of 836 mA mg ! in a broad potential range (0.2-0.6 V) for formic acid oxidation.
PdNi The CO stripping experiment demonstrated its largely improved anti-CO poisoning ability with the peak
potential of 0.67 V, approximately 60 and 40 mV less compared to those of Pd/GA-N and Pd/C samples.
The high anti-CO poisoning ability and strong electronic effect resulting from the interaction between the
3D GA-N support and the Pd-Ni alloy makes it a promising catalyst for application in direct formic acid
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1. Introduction

Direct formic acid fuel cells (DFAFCs) as an important member
of the proton exchange membrane fuel cells (PEMFC) family, have
received increasing attention recently [1-3]. In the core part of the
catalysts system, efficient catalysts for formic acid oxidation is very
important to transfer the chemical energy to electrical energy. Pd-
based catalysts are most commonly used because of the less poi-
soning problem during formic acid oxidation [4-6]. However, in
such catalysts, the accumulation of poisoning species through
long-term operation is unavoidable and can considerably decrease
their catalytic performance [7,8]. High-performance catalysts with
anti-poisoning ability are, therefore, urgently needed to advance
fuel cell technology.

For the effective application in fuel cells, the active Pd species in
the Pd-based catalyst must be uniformly dispersed over conductive
supports such as active carbon to facilitate active site exposure and
high stability [3,9]. The effect of several commercially available
carbon materials on Pd catalyst for formic acid electrooxidation
was studied, and it is found the carbon material is not only used
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as support but also involves the new active site formation resulting
from the interaction of the Pd and Carbon support [10]. The
increased conductivity and reduced charge transfer resistance are
thus correspondingly observed [11,12]. Graphene, an allotrope of
carbon, consists of a single layer of atoms arranged in a two-
dimensional honeycomb lattice with high chemical stability and
ultra-high thermal conductivity; hence, graphene is ideal as a sup-
port for advanced Pd-based catalysts [13,14]. Several efforts have
been undertaken to develop graphene-supported Pd catalysts for
formic acid oxidation, and the property could be further impacted
by heteroatom doping onto the carbon support or by oxophilic
component hybridization in the catalyst system. For example, the
electronic structures and chemical reactivity of N-doped graphene
can be tuned, thereby enhancing the interaction between the
active metal phase and graphene supports because of the easy
adsorption of hydroxide ions (OH™) on the N site [15,16]. PdCu
nanoparticles supported on the N-doped reduced graphene oxide
showed enhanced activity toward formic acid oxidation due to
the outstanding electron transfer capability and synergy between
PdCu metallic and N-rGO support [17]. While the easy agglomera-
tion and destruction of the pure graphene structure largely
reduced their stability in performance maintenance [15]. Graphene
aerogels (GAs), whose structure comprises 2D individual graphene
sheets self-assembled to form 3D layers, could overcome the
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above-mentioned easy agglomeration and destruction problems.
Thus, GAs are advantageous over pristine graphene, having the
2D structure, in terms of efficient ion and molecule transport and
diffusion and large surface area [18,19]; thus, they might be a suit-
able support for advanced Pd-based catalysts. Moreover, oxophilic-
ity is desirable in Pd-based catalysts because the easy generation of
oxygen-containing species prevents the accumulation of poisoning
intermediates [20,21]. The Pd-Ni alloy is an active phase for formic
acid oxidation because of its anti-poisoning ability, which is
improved by the oxophilicity of Ni [22,23]. Considering the above
potential benefits, nitrogen doped GAs supported Pd-Ni active
alloy would be a suitable platform for the formic acid oxidation.
Though there are quite lots of Pd-Ni catalysts that have been
reported in the traditional work, it is still not clear what will be
obtained by combining the nitrogen-doped GAs and PdNi alloys.

Inspired by the above results, herein, we attempted to develop a
catalyst that consisted of N-doped GAs (GA-N) and Pd-Ni nanoalloy
by a simple freeze-drying and the subsequent thermal annealing
reduction approach. The Polyvinylpyrrolidone (PVP) used as the
precursors was added to the mixture solution of GAs, Pd?*, Ni%*
and the freeze-dried solid material was thermally reduced in the
N,/H, atmosphere. The as-prepared catalyst was studied for cat-
alyzing formic acid oxidation. To our surprise and delight, though
it did not show remarkably high catalytic current density for for-
mic acid oxidation, an over wide potential activity (0.2-0.6 V) for
formic acid oxidation was observed, that is rarely seen in the liter-
ature. To the best of our knowledge, only the WO, ,-nanorod-
supported Pd catalyst was reported to have such catalytic activity
over a wide potential range [24,25], which was attributed to the
strong coupling effect between Pd and WO, 7. The catalytic activ-
ity for formic acid oxidation over a wide potential range also
demonstrated its high anti-poisoning ability, which is highly
appreciated in fuel cell technology. This catalytic ability might
come from the high anti-CO poisoning ability and a strong elec-
tronic effect because of the interaction between the 3D GA-N sup-
port and the Pd-Ni alloy, and the catalytic performance-boosting
will be necessary for the future study.

2. Results and discussion
2.1. Physical characterization

The synthetic procedure of Pd-Ni nanoparticles anchored on
GA-N was shown in the schematic diagram, which included the
freeze-dried solid material formation and the subsequent thermal
annealing reduction of the freeze-dried solid material at 500 °C in
H, atmosphere (Fig. 1a). This freeze-dried solid material included
GAs, Pd?*, Ni?*, and PVP; the final catalyst powder thus obtained
was denoted as PdNi/GA-N (see supporting information for
details). The catalytic performance of PdNi/GA-N for formic acid
oxidation was evaluated and compared to those of Pd/GA-N and
Pd/C catalysts (Pd loading of 20 wt%). The crystalline structures
of PdNi/GA-N, Pd/GA-N, and Pd/C were characterized by powder
X-ray diffraction (XRD) analysis. The typical face-centered cubic
(fcc) structure of Pd was observed for all samples in the XRD pat-
terns (Fig. 1b). In particular, the three peaks at 40.1°, 46.6°, and
68.1° in Pd/GA-N and Pd/C, are assigned to the (111), (200), and
(220) crystalline planes of Pd [26]. The main diffraction peaks of
PdNi/GA-N are shifted to the higher 20 values than those of the
Pd/GA catalyst, indicating lattice contraction owing to the forma-
tion of a Pd-Ni alloy (PDF: 65-9444) [27]. The (002) facet of the car-
bon support is indicated by a broad peak at ~ 25° for Pd/C and a
sharp peak at 26° for the PdNi/GA-N and Pd/GA-N catalysts.

Furthermore, the morphology of the PdNi/GA-N catalyst was
characterized by scanning electron microscopy (SEM) and trans-
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mission electron microscopy (TEM). A hierarchical architecture
structure with some pores in the graphene layer stacked in the
3D direction can be observed for PdNi/GA-N (Fig. 2a). Pd-Ni alloy
particles are visible in the folding graphene surface in a magnified
image (Fig. 2b). The interconnected 3D structure of PdNi/GA-N was
confirmed by TEM images (Fig. S1). The dispersion of Pd-Ni alloy
nanoparticles was clearly observed, and an average particle size
of 5.4 nm was found from the histogram of the particle size distri-
bution by counting 280 particles in a random TEM image (Fig. 2¢c
and inset). The small particle size might be attributed to the addi-
tion of PVP, which suppresses the agglomeration of particles [28].
An interplanar spacing of 0.218 nm was observed in the high-
resolution TEM image, which can be corresponded to the (111)
facet of the Pd-Ni alloy and a lattice fringe of 0.34 nm is visible
from the graphene layer (Fig. 2d). The selected area electron
diffraction (SAED) patterns clearly show the spots and rings
indexed to the planes of Pd-Ni (111) in Fig. 2e. The EDX spectrum
(Fig. 2f) confirms the presence of C, O, N, Ni, and Pd. The elemental
distribution is shown in the element mapping images. Nitrogen is
found uniformly doped into graphene, and several particles of Pd-
Ni alloy are found on the graphene surface through randomly
selected area of element mapping analysis (Fig. 2g-1).

2.2. Electrochemical measurements

The electrochemical behavior of PANi/GA-N, Pd/GA-N, and Pd/C
was compared in a solution of 0.5 mol L~! H,SO,4, and both poly-
crystalline Pd behaviors were observed with the hydrogen ad/des-
orption peaks and Pd oxide and reduction peaks and a flat double
layer range (Fig. S2). The formic acid oxidation reaction of these
catalysts was studied through cyclic voltammetry in 0.5 mol L™!
H,S0,4 and 0.5 mol L~' HCOOH (Fig. 3a). For formic acid oxidation,
Pd/GA-N and Pd/C catalysts exhibited cyclic voltammetry profiles
similar to those seen elsewhere [29,30]. Surprisingly, the profile
of PdNi/GA-N was considerably different from that of the two other
catalysts, with a high catalytic activity being observed over a wide
potential range from 0.2 to 0.6 V, in place of an oxidation peak.
Specifically, the mass activity in the anodic scan increases sharply
to a near-maximum value at ~ 0.20 V, which is maintained until
the scanning potential reaches 0.60 V, after which the current
drops sharply because of Pd oxidation [24]. Such a profile has only
been reported in a few studies [31]. For example, hybrid support of
HoO,/C supported Pd nanoparticles showed a high and stable cur-
rent after the peak current because of the diminished poisoning
effect from the oxidation intermediates. Such a catalytic activity
in a broad potential range was recently found on the Pd/WO, 7,
system, resulting from the coupling effect induced the expansion
of Pd lattice from 0.23 to 0.27 nm and decreased Pd surface elec-
tron density [24]. The catalytic activity for formic acid oxidation
is retained over a very wide potential range and it could be attrib-
uted to the high resistance of PdNi/GA-N to CO poisoning. More-
over, the activity of a catalyst can be evaluated on the basis of its
maximum mass activity. The PdNi/GA-N catalyst displays a high
peak mass activity of 836 mA mg~!, which is 1.12 and 1.55 times
higher than those of Pd/GA-N (746 mA mg~!) and Pd/C
(537 mA mg!), respectively. The mass activity of PdNi/GA-N is
similar to that of Pd/GA-N; however, these catalysts have distinct
profiles because of the compositional and electronic differences
between Pd-Ni and GA-N-supported Pd (vide infra). The mass
activity of PdNi/GA-N is also higher than or comparable to those
of most recently reported Pd-based catalysts, though it is also infe-
rior to some reports (Table S1), such as Pd;Ni;-NNs/RGO
(604.3 mA mg~') catalyst [22] and PdNiCu/C (792 mA mg~!) cata-
lyst [5]. While we admitted that the catalytic activity judged by the
maximum current was inferior to some of the advanced catalysts,
that is probably because of the N-precursors of PVP adsorbed on
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Fig. 1. (a) The synthetic procedure of PANi/GA-N catalyst. (b) XRD patterns of PdNi/GA-N, Pd/GA-N and Pd/C catalysts.
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Fig. 2. (a and b) SEM images of PdNi/GA-N with different resolution. (c) TEM image of PdANi/GA-N (inset: particle size distribution histogram). High-resolution TEM (d), SAED
(e) and EDX (f) of PANi/GA-N. (g) STEM and elemental mapping images of the PdNi/GA-N catalyst, (h) C, (i) N, (j) Ni, (k) Pd, and (1) O.

the graphene or Pd surface, which reduced the exposure of the
active site [32,33]. However, what we want to release is this cata-
lyst that can offer the catalytic activity of formic aid oxidation in a
wide potential range. To realize much higher catalytic perfor-
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mance, future attention might be directed into the new approach
for introducing the N elements. The stability of PdNi/GA-N, Pd/
GA-N and Pd/C was compared by chronoamperometric (CA) exper-
iments for 3600 s at a constant voltage of 0.1 V (Fig. 3b). The initial
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Fig. 3. (a) Cyclic voltammetry curves of PdNi/GA-N, Pd/GA-N and Pd/C catalysts at a scan rate of 50 mV-s~'. (b) Chronoamperometry curves of PdNi/GA-N, Pd/GA-N and Pd/C
catalysts. (c) The corresponding Tafel plots for PANi/GA-N, Pd/GA-N and Pd/C catalysts. (d) Nyquist plots of PdNi/GA-N, Pd/GA-N and Pd/C catalysts (inset of Fig. 3d:
equivalent circuit). Electrolyte: 0.5 mol L' H,5S04/0.5 mol L~! HCOOH solution; Pd loading: 0.08 mg cm™2.

mass activity of all catalysts decreased rapidly because of the
double-layer charge effect, and thereafter, the activity was stable
with time [34]. Specifically, the mass current density after 3600 s
test was 69.2, 47.4 and 22.8 mA mg~! for PdNi/GA-N, Pd/GA-N
and Pd/C, respectively. The value of PdNi/GA-N was as high as ca.
1.5 times for the pristine Pd/GA-N catalyst and 3.04 times of the
Pd/C catalyst, indicating its outstanding capability to maintain
the catalytic performance. To be specific, the activity loss during
CA was normalized to the initial value to evaluate the performance
decay rate. It was 76% for the PdNi/GA-N, much lower than those of
Pd/GA-N (84%) and Pd/C (96%). The high ability to maintain the cat-
alytic activity can be attributed to the high tolerance to the poison-
ing intermediates formed during the catalysis as discussed in the
following CO stripping measurement.

To better understand the formic oxidation process, the well-
accepted parallel mechanism for formic acid oxidation on the Pd
catalyst was shown below. It includes two separated mechanismes,
namely the formic acid is oxidized to CO, directly via the dehydro-
genation pathway and the deteriorated dehydrogenation pathway
where the poisoning intermediates species of CO is formed during
the catalytic process [7].

Dehydrogenation pathway:
HCOOH — H* +e~ +HCOO*
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HCOO* — CO, + H* +e~

Deteriorated dehydrogenation pathway:

HCOOH — H* +e~ +HCOO*

COOH* —» CO* + OH*

CO* + OH* - CO, + H" +e™.

The catalytic mechanism can be reflected by the Tafel slope
analysis. Here, the kinetic information for the electrooxidation of
formic acid was acquired by quasi-static measurement through
Tafel slope analysis. The Tafel slope of PdNi/GA-N was 63 mV
dec™!, while those of Pd/GA-N and Pd/C were 116 and 132 mV
dec™!, respectively (Fig. 3c). The different values indicate the dif-
ferent catalytic mechanism for the rate-determining step. To be
specific, the Tafel slope with a value of 60 mV dec™! indicates that
the dehydrogenation process is the rate-determining step during
CO, formation [35], while the value of 120 mV dec™! indicates
the first electron transfer in the breakage of C-H as the rate-
determining step [36,37]. The deviation from these typical values
was generally observed and they can be attributed to factors such
as solvent environment and the adsorption state of the electrocat-
alysts. Here, the Pd nanoparticles supported on the carbon or GA-N
exhibited the Tafel slope close to the 120 mV dec! resulting from
the difficulty in the C-H bond splitting in the deteriorated dehy-
drogenation, while the catalytic rate-determining step was
transformed to the direct CO, formation with the Tafel slope of
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60 mV dec™!, which is desired for the reaction. Anyway, the smal-
ler Tafel slope of PdNi/GA-N indicates a higher apparent electron
transfer in the dominated catalysis step. Electrochemical impe-
dance spectroscopy was conducted to study the charge transfer
resistance for formic acid oxidation at 0.1 V (Fig. 3d). The parame-
ters of uncompensated solution resistance (Rs) and charge transfer
resistance (Rcr) can be derived from the Nyquist plots with the
help of data fitting by an equivalent circuit (inset of Fig. 3d). In
the equivalent circuit, all physical components have a general
meaning [38]. Specifically, no electrochemical process is involved
for L of inductance from the external circuit, Rs and Rcr are for
the uncompensated solution resistance and charge transfer resis-
tance, and Ry stands for the contact resistance between the catalyst
and the electrode, and two solid-phase elements (CPE) repents the
double-layer capacitive property. The Rs value was ~ 6.8 Q for all
electrodes, indicating their good electrode configuration in the
same condition, while the lowest Rt value of 122 Q was obtained
for PdNi/GA-N, signifying its easiest and fastest charge transfer-
ability (Table S2).

The CV curves of PdNi/GA-N catalyst with different scan rates in
0.5 mol L~! H,504/0.5 mol L~! HCOOH solution was probed in
Fig. 4a. With the increase of the scan rate, the mass activity of
PdNi/GA-N catalyst was correspondingly increased and mean-
while, the catalytic activity over the wide potential was well main-
tained indicating the catalytic behavior was not influenced by the
mass transfer but the intrinsic character. The CV curves at different
scan rates for Pd/GA-N catalyst showed the conventional behaviors
where the peak current was increased by increasing the scan rate
(Fig. S3). The peak current (i,) vs. the square root of scan rates
(v) follows the equation of i, = 2.99 x 105n(an’)'? AC,.D§?v'?,
where the parameters have the general meaning in the supporting
information. The slope for the relationship of the peak current and
the scan rates is determined by the kinetics [39] (Fig. 4b), the larger
slope of 25.93 obtained for PdNi/GA-N catalyst indicated its much
faster electron-transfer ability in the rate-determining step than
that of the Pd/GA-N catalyst with the slope of 19.76.

The improvement of catalytic ability is typically investigated on
the basis of the electronic effect and the anti-poisoning ability dur-
ing catalysis. Herein, X-ray photoelectron spectroscopy (XPS) was
performed to examine the surface electronic state (Fig. 5a). The
binding energy for the spectra was calibrated by the main peak
of C 1s, referenced as 284.6 eV (Fig. S4a). The atomic contents of
Pd and Ni on the surface were found to be 1.23% and 1.46%, respec-
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tively, which is consistent with the nominal amounts (Table S3).
The presence of N-doped graphene was confirmed by the C 1s
and N 1s spectra corresponding to the C-N bond (Fig. S4a, b).
Specifically, the N 1s spectra could be ascribed to the pyridinic N,
pyrrolic N and graphitic N [40]. The Pd 3d spectrum could be sep-
arated into Pd 3ds;, and 3ds, bands, and each band could be
deconvoluted to Pd (0) and Pd (II) species [41]. Compared to Pd/
C, a positive shift of binding energy was found in both PdNi/GA-
N and Pd/GA-N, indicating a strong electronic interaction between
the active Pd species and the GA-N support. Meanwhile, a slightly
higher positive shift was found for PdNi/GA-N compared to that for
Pd/GA-N, which was consistent with the findings of previous
reports on the Pd-Ni alloy [42,43]. It was proposed that the
increase in the binding energy of Pd can be attributed to the higher
number of band vacancies in Ni than that in Pd, which facilitated
electron withdrawal from Pd. For all Pd spectra, metallic Pd domi-
nated the surface composition, which promoted molecular adsorp-
tion and dissociation during formic acid oxidation (Table S4). The
Ni 2p spectra have two bands corresponding to Ni 2p3, and Ni
2p12 (Fig. S4d), which can be attributed to metallic Ni (0), Ni (II),
and the satellite peaks. Ni (II) is active for oxygen-containing spe-
cies of Ni(OH), and promotes NiOOH formation [44], thereby facil-
itating the removal of CO,4 generated during formic acid oxidation
based on the ligand effect.

This anti-poisoning ability is an essential property of a high-
performance formic acid oxidation catalyst. Here, a CO-stripping
experiment was carried out to examine the anti-CO poisoning abil-
ity and to estimate the number of active sites by the electrochem-
ical active surface area (ECSA) (Fig. 5b). In the first scan, the
absence of hydrogen desorption peaks at the lower potential
region confirms the successful adsorption of CO on the catalytic
surface, and then the CO oxidation peaks are observed on all the
electrodes. The CO oxidation peak disappears in the subsequent
second CV scan meanwhile the hydrogen desorption peak recovers
indicating the complete oxidation removal of the adsorbed CO on
the surface of the catalyst [8]. The lower the oxidation potential,
the higher the CO,q oxidation ability and the higher the anti-
poisoning ability. Based on the onset and peak oxidation potentials
of CO (Table S5), PdNi/GA-N exhibited the highest anti-CO poison-
ing ability. Pd/GA-N and Pd/C have similar onset potentials and
peak potentials for CO oxidation, indicating similar catalytic mech-
anisms; while lower potentials for CO oxidation were observed for
PdNi/GA-N, indicating the oxophilicity of Ni because of which oxy-
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Fig. 4. (a) Cyclic voltammetry curves of PANi/GA-N catalyst at different scan rates. (b) The relationship between the peak current and the square root of scan rates of PdNi/GA-
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at the scan rate of 20 mV s~ .

gen species are offered for CO oxidation via the bi-functional cat-
alytic mechanism [45]. Specifically, the CO oxidation peak poten-
tial was 0.67 V for PdNi/GA-N, approximately 60 and 40 mV
lower than those of Pd/GA-N and Pd/C, respectively. When evalu-
ated by the onset potential of the CO oxidation, it was 50 mV
and 90 mV less than those of Pd/GA-N (0.65 V) and Pd/C (0.69 V)
catalysts. The ECSA of PdNi/GA-N, Pd/GA-N, and Pd/C was calcu-
lated to estimate the active sites, which were ~ 75, 68, and 56 m?
g1, respectively. The larger ESCA indicated good dispersion of
Pd-Ni and Pd nanoparticles over the GA-N support, thereby facili-
tating active site exposure as well as catalyst performance
improvement. Here it could be concluded that the PdNi/GA-N cat-
alyst exhibited largely improved anti-CO poisoning ability, which
was helpful for the high activity for formic acid oxidation over a
wide potential range.

3. Conclusion

In summary, we found that PdNi/GA-N prepared by a simple
freeze-drying and thermal annealing H, reduction approach exhib-
ited catalytic ability for formic acid oxidation over a wide potential
range. The Pd-Ni alloy particles were found anchoring over the
folding N-doped graphene surface with a porous hierarchical archi-
tecture structure. Specifically, it showed the catalytic performance
with its maximum mass activity of 836 mA mg~! in a broad poten-
tial range (0.2-0.6 V). PdNi/GA-N was also found to have improved
catalytic kinetics and appreciated catalytic mechanism for formic
acid oxidant. This unexpected catalytic behavior was rarely seen
in the literature which is worthy of further study. This catalyst
exhibited high anti-CO poisoning ability and a strong electronic
effect because of the interaction between the 3D GA-N support
and the Pd-Ni alloy. The over wide catalytic activity and anti-
poisoning ability make PdNi/GA-N a promising catalyst for formic
acid oxidation in fuel cell technology.
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