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We reported a simple and green method to fabricate different palladium (0.8, 2.17, 7.65 wt.%) loaded

foam (Pd/GA/NF) as
electrooxidation of methanol and ethanol. L-ascorbic acid (vitamin C, VC) was used as a reducing agent
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graphene aerogel deposited on nickel binder-free direct electrodes for
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in the process under a mild temperature of 40 °C. The morphology, chemical composition, and
electrochemical performance of the prepared electrodes were characterized by optical microscopy,
SEM/EDX, TEM, XRD, XPS, XRF, and cyclic voltammetry (CV), respectively. The XPS results revealed
that both graphene oxide and Pd ions were reduced simultaneously by VC. The CV analysis revealed that
the 7.65 wt.% Pd/GA/NF electrode showed a maximum peak current density of 798.8 A g (forward to
backward peak current density ratio (I#/I,) of 3.11), and 874 A g (I/I, of 2.72) in methanol and ethanol
electrooxidation, respectively. The catalytic performance of the electrodes was enhanced with increasing
the Pd loading. The results indicated that the 7.65 wt.% Pd/GA/NF electrode exhibited a good
electrocatalytic activity and an outstanding stability in alcohol electrooxidation. The prolong CV scanning
study (over 1000 cycles) showed that the 7.65 wt.% Pd/GA/NF electrode achieved a better overall
performance and stability in ethanol oxidation compared to methanol oxidation. The proposed electrode
preparation method has a great potential for preparing various binder-free catalytic electrodes, which
would be beneficial to the development of fuel cell application.

maximizing the accessible surface areas for photocatalysis and
electrocatalysis.'* To date, metal loaded GA was prepared by
thermal reduction of metal ions and GO mixture through
hydrothermal reaction, followed by freeze drying of the as-

Introduction

Fuel cell is one of the most effective devices for energy
conversion with low pollution characteristics.' Direct methanol

fuel cell (DMFC) and direct ethanol fuel cell (DEFC) have been
widely investigated because of high energy conversion
efficiency, low operation temperature, low pollutant emission,
ease of storage, low cost, and ease of handling.” Pt and Pd are
the most commonly used catalysts in DMFC/DEFC due to their
strong electrocatalytic activity in oxidation of alcohol.'? ¢
However, the problems of high cost, low abundance and
catalytic poisoning by the carbon monoxide produced in
electrooxidation have severely restricted the practical usage of
Pt-based electrocatalyst. Alternatively, Pd has become the focus
of electrocatalyst for DMFC or DEFC as it is relatively low
cost, higher abundance, and more difficult to be poisoned by
the carbon monoxide generated in the electrooxidation of
alcohol.'3- %10

Recently, due to its unique electrical, mechanical, optical,
and thermal properties, reduced graphene oxide has become a
promising materials for different applications in various field
such as energy, catalysis, and sensing.” """ The abundant
functional groups on the surface of graphene oxide (GO)
provide many favorable sites for anchoring various metal
nanoparticles in graphene.'> Graphene aerogel (GA), the
presence of 3D cross-linked network of graphene nanosheets,
has become a new focus as it is an ideal prototype for
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prepared hydrogel.>* "% 202l However, hydrazine and harsh
conditions are commonly used in the reported methods, which
made it environmentally unfriendly.® ''*'>2%2! Very recently, a
green and friendly pathway of nanoparticle/graphene
composites, utilizing a mild reducing agent such as L-ascorbic
acid (vitamin C; VC) under low temperature condition, was
developed by some research groups.'!s 12224

Binder-free electrodes have been drawn a large attention
due to its convenience and no-binder feature in various
electrochemical applications, like lithium ion battery,
supercapacitor and electrocatalysis.”>?’ Although binder-free
graphene-based fuel cell electrodes were developed with
different methods, 2D graphene sheets were loaded on the
substrates.® *® Very recently, an one-step preparation of 3D GA
on small piece of porous nickel foam (NF) was reported, which
showed a huge potential application as binder-free electrodes
for supercapacitor.”>® However, to the best of our knowledge,
there is no report about a simple method to prepare palladium
loaded GA on nickel foam (Pd/GA/NF) as binder-free direct
electrodes for electrooxidation of methanol and ethanol.

In view of great potential applications of Pd/GA/NF
electrodes in electrocatalytic oxidation, herein, we reported a
simple and green method to prepare binder-free Pd/GA/NF
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electrodes with different Pd loadings for alcohol
electrooxidation. The Pd/GA/NF electrodes were formed
through the self-assembly aggregation of Pd/GA on NF during
the reduction of GO and Pd ions by non-toxic reducing agent
VC at 40 °C. The morphology, chemical composition, and
electrochemical performance of the prepared clectrodes were
characterized by optical microscopy, SEM/EDX, TEM, XRD,
XPS, XRF, and cyclic voltammetry (CV), respectively. The
results indicated that the 7.65 wt.% Pd/GA/NF electrode
exhibited a good electrocatalytic activity and an outstanding
stability in alcohol electrooxidation.

Experimental

Materials

The porous Ni foam (NF; 110 pore per inch; mass density
of 320 g m?% Artenano Company Limited, Hong Kong),
potassium hexachloropalladinate (IV) (K,PdCls, 99.9999%,
Sigma-Aldrich), methanol (MeOH, 99.9%, Sigma-Aldrich),
ethanol (EtOH, absolute, Sigma-Aldrich), vitamin C (VC; Hwa
Da Chemical), and potassium hydroxide (KOH, 85%, Sigma-
Aldrich) were used directly as received. All aqueous solutions
were prepared with Milli-Q water.

Preparation of Pd/GA/NF electrodes

The GO was prepared through the modified Hummer’s
method.?®> The Pd/GA deposited on the NF was prepared at a
low temperature 40 °C compared to the published work."
Briefly, 120 mg of freeze dried GO was dispersed in 20 ml DI
water for few minutes in order to produce 6 mg ml' GO
dispersion. Different amounts of K,PdCls (8, 16, and 80 mg)
were added to the GO dispersion and stirred constantly at room
temperature for 30 min in order to obtain the well mixed
PdCl¢*/GO mixture (with Pd*" ions of 1, 5, and 10 mM). The
cleaned porous NF strip (10 cm x 0.5 cm x 0.2 cm) was
immersed into the PdCl>/GO dispersion with ultrasonic
treatment for 20 min, followed by aging at room temperature
for 2 h. The PdCl¢Z/GO soaked NF was then transferred to a
bottle containing 0.5 g VC (143 mM, 20 ml) solution and left
stationary at 40 °C for 24 h in order to facilitate the formation of
Pd/graphene hydrogel on NF (Pd/GH/NF). The prepared
Pd/GH/NF electrodes were cleaned by soaking the strip in DI
water for 3 days in order to remove the residue VC and Pd**
ions. The cleaned Pd/GH/NF electrodes were freeze dried for
48 h at -80 °C under vacuum to produce the Pd/GA/NF
electrodes. The roles of GA are to (1) disperse Pd NPs on its
surface to prevent the NPs from agglomeration during
electrooxidation of methanol and ethanol, and (2) enhance the
conductivity of the electrodes in electrooxidation of methanol
and ethanol. Based on the XRF analysis, 0.8 wt.% Pd/GA/NF
electrode (0.8 wt.% Pd was loaded in the electrode) was
produced, which was prepared with 1 mM PdCls” ions in the
process. Similarly, 2.17 wt.% Pd/GA/NF, and 7.65 wt.%
Pd/GA/NF electrodes were produced, which were prepared
with 5 mM, and 10 mM PdCls> ions in the synthesis,
respectively. A GA/NF electrode was also prepared by the same
way without the addition of K,PdCl.

Characterization

The optical image of the electrodes was obtained by using
a stereo microscope (Olympus SZX12). The SEM/EDX
analysis of the electrodes was conducted using a SEM system
(JEOL-JSM5600). The TEM analysis was conducted through a

2 | J. Mater. Chem. A, 2012, 00, 1-3

TEM system (Philips CM20) operated at accelerating voltage of
20 kV. Pd NPs size was analyzed through the evaluation of a
set of randomly selected particles (80-150 NPs) of different
regions in the typical TEM images. The bulk elemental
composition of the electrodes was determined by an Eagle 111
X-Ray Fluorescence spectrometer (EDAX-Eagle III). The
surface elemental composition of the electrodes was determined
by X-ray photoelectron spectroscopy (XPS, Physical
Electronics PHI 5802). The Cls signal at 285 eV was utilized
for making appropriate charging effect corrections. The
accuracy of the absolute concentration for each element was
within £10%. Powder X-ray diffraction (XRD) patterns of the
GA and the Pd/GA samples (removed from each electrode)
were obtained using a powder diffractometer (Philips Xperts’)
equipped with a Cu-Ko radiation. Thus, Ni peak was not
observed in the XRD results. The accelerating voltage and
current used were 40kV and 20 mA, respectively. The
scanning range of 26 was set between 5 and 95°, with a step
size 0of 0.02° and 0.01° s™".

Electrochemical characterization of Pd/GA/NF electrodes

The electrochemical characterization of the electrodes was
performed by CHI660D electrochemical workstation with
conventional 3-electrode system.®® '™ 2°3% A three-electrode
cell system has been commonly used to evaluate the fuel cell
electrodes. Freeze dried Pd/GA/NF electrodes were used as a
working electrode without further treatment. A standard
calomel electrode (SCE: HgCl,/Hg), and a Pt wire were used as
a reference, and a counter electrodes, respectively. The
electrolytes were 1| M MeOH/1 M KOH and 1 M EtOH/1 M
KOH solutions for the DMFC and the DEFC measurements,
respectively. The scanning rate of the system was set at 0.05 V
s, and the scanning range was -0.845 to +0.355 V, and -0.845
to +0.955 V against SCE for DMFC and DEFC measurements,
respectively.* 7 The current density, J, was defined as the
normalized value of current with respect to Pd by dividing the
absolute current from the redox peak in CV scan by the
effective mass of Pd (0.4 mg) in the electrodes. The average
values of three sets of independent experiments (deviations
within £5%) were reported using three different batches of the
samples.

Results and discussions

Characterization of Pd/GA/NF electrodes

Fig. 1 shows the typical SEM images of NF and the 7.65
wt.% Pd/GA/NF electrode with its EDX spectrum. The NF is
composed of macroscopic 3D porous structure with layer cross-
linked grid structure (Fig. 1a).>'? In Figs. 1b-1c, Pd/GA was
deposited on the NF surface and partially filled into the NF
pores, which reflected that the PdCls>/GO dispersion was
covered on the NF surface during the aging step. Such result
was coherent to the digital images and stereo microscope
images of the sample (Fig. S1). In Fig. 1d, some particles were
observed on surface of GA, which was confirmed to be Pd
element by the EDX spectrum (Fig. 1e). The Ni peak observed
in the spectrum was due to the background signal from the NF.

According to the XRF results, different amounts of Pd
were loaded in the electrodes. The amount of Pd (wt.%) loaded
in the electrodes increased with increasing initial concentration
of PdCls> ions in synthesis. Figs. 2a-2¢ show the SEM images
of Pd/GA coated on different electrodes. More Pd NPs were
loaded on the surface of GA of the electrodes with increasing
initial concentration of PdCls® ions in the synthesis. TEM

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 SEM images of (a) NF, (b) 7.65 wt.% Pd/GA/NF
(95x, scale bar: 200 pm), (c) magnified image of red
circle area of (b) (190x, scale bar: 5 pm), (d) magnified
image of red circle area of (c) (5000x, scale bar: 2 pm),
and (e) EDX spectrum of 7.65 wt.% Pd/GA/NF.

A LN

Fig. 2 SEM images (scale bar: 5 pm) of (a) 0.8 wt.%
Pd/GA/NF, (b) 2.17 wt.% Pd/GA/NF, (c) 7.65 wt.%
Pd/GA/NF, and TEM images of (d) 0.8 wt.% Pd/GA/NF
(scale bar: 100 nm), (e) 2.17 wt.% Pd/GA/NF (scale bar:
200 nm), () 7.65 wt.%. Pd/GA/NF (scale bar: 200 nm).

images (Figs. 2d-2f and S2-S4) show that the size of Pd NPs
was increased from the range of 9-17 nm (in 0.8 wt.%
Pd/GA/NF) to the range of 46-200 nm (in 7.65 wt.%
Pd/GA/NF). The average size of Pd NPs was 34.1 nm (in 0.8
wt.% Pd/GA/NF), 164.3 nm (in 2.17 wt.% Pd/GA/NF), and
133.6 nm (in 7.65 wt.% Pd/GA/NF). The increase of size of Pd
NPs was due to higher nucleation rate of Pd ions in the
synthesis under higher concentration of PdCl¢* ions.**"**

Fig. 3 shows the XRD patterns of the GA and the Pd/GA
powders which were removed from the electrodes. The position
of Pd 26 peaks at 40°, 47°, 68°, 82° are assigned to the Pd (111),
Pd (200), Pd (220) and Pd (311), respectively.'" !* The results
indicate that Pd NPs have the f-c-c structure (JPCDS card No.
46-1043) with high crystallinity. The Pd (111) peak intensity
was increased with increasing Pd loading in the electrodes. The
result indicated that Pd ions were reduced to metallic Pd by VC
in the synthesis. No 20 diffraction peaks of Ni element are
observed in the XRD patterns.”® Moreover, carbon diffraction
peaks are observed at 11.85° and 26° of the Pd/GA powder
samples, corresponding to the presence of amorphous carbon in

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 XRD patterns of the GA and the Pd/GA powders
which were removed from the electrodes.

the GA. Comparing with the graphite oxide peak recorded at
10° in the GO, the interlayer distance between the graphene
nanosheets was reduced from 8.84 A in the GO to 7.46 A in the
GA, which was due to the existence of n-m stacking between
graphene sheets.*” The result indicated that GO was reduced to
GA in the synthesis.

Fig. 4a-4c shows the elemental composition of the 7.65
wt.% Pd/GA/NF electrode by XPS analysis. In Fig. 4a, Ni
remained in the form of metallic Ni or NiO in the electrode.
There was no Ni-C signal from both Cls and Ni 2p3/, spectra. In
Fig. 4b, the strong signals at 335.2 eV and 340.4 eV were
corresponded to Pd’, and the weak signals at 337.3 eV and
342.6 eV (shoulder peaks) were corresponded to Pd*".% 3637
The results indicated that Pd NPs were loaded in GA with
traces amount of Pd®" existed in the electrode. The traces
amount of Pd*" ions were expected to play a role in maintaining
a strong mechanical integrity of the GA structure, as suggested
by our previous work.*® In Fig. 4c, signals at 284.3, 286.1
(shoulder peak), 288.3 and 288.8 (shoulder peak) eV were
observed, which were assigned to C-C, -C-OH, -O-C-O-, and
O=C-OH groups, respectively.” The intensity of oxide
functional groups was strongly reduced after the synthesis by
comparing to the Cls spectrum of GO (Fig. 4d). The finding is
similar to the GA products obtained from other reducing agents
such as NaBH, and hydrazine.?> >>2¢

Electrochemical oxidation ability of Pd/GA/NF

Fig. 5a shows the CV curves of NF, GA/NF, and
Pd/GA/NF electrodes in the 25" cycle of methanol oxidation.
No redox peak was observed in NF, GA/NF, and the 0.8 wt.%
Pd/GA/NF electrodes. The 25" cycles were used due to the
shape of the CV curves of each electrode (from the 25™ to 50™
cycles) did not significantly changed, which allows for clear
comparison. The results indicated that Ni and GA were not
active in methanol oxidation. The results also indicated that 0.8
wt.% of Pd in the electrode was not high enough to initiate an
observable methanol oxidation. In forward scan, shifting of
anodic peaks from +0.24 V (2.17 wt.% Pd/GA/NF) to +0.18 V
(7.65 wt.% Pd/GA/NF) towards negative potential was
observed with increasing Pd loading in the electrodes. Based on
the SEM and TEM analyses (Figs. 2 and S2-S4), the
morphology of Pd NPs were similar in the electrodes. However,
the size and the coverage of Pd NPs on GA was increased in the
7.65 wt.% Pd/GA/NF. Shifting of anodic peak may be due to
better interaction between Pd NPs and methanol molecules in

J. Mater. Chem. A, 2012, 00, 1-3 | 3
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Fig. 4 XPS spectra of (a) Ni2p, (b) Pd3d, and (c) Cls in 7.65 wt.% Pd/GA/NF, and (d) Cls of GO.

the 7.65 wt.% Pd/GA/NF. It should be noted that the shift in the
oxidation wave is also dependent on the porosity of the aerogel
support and therefore the proportion of active Pd clusters that
are situated on the surface or within pores. Thus, the oxidation
wave may move due to the mass transport effects, which will be
investigated in our ongoing work. Fig. 5Sb showed that the onset
potential of the electrodes was also shifted to negative potential
from -0.38 V (2.17 wt.% Pd/GA/NF) to -0.50 V (7.65 wt.%
Pd/GA/NF), which indicated that the kinetics of electocatalytic
reactions was enhanced with increasing the Pd loading in the
electrodes.® The onset potential of the electrodes was estimated
from the intersection point of 2 tangents produced from the
turning point line and the baseline of the forward scan redox
peak in the CV curve.”* With the 2.17 wt% Pd/GA/NF
electrode, an anodic peak of J; value of 187.3 A g (at +0.24 V)
and a cathodic peak of J, value of 72.4 A g™ (at -0.21 V) were
observed, which were ascribed to methanol oxidation by Pd
NPs in the electrode, and reduction of PdO to Pd or removal of
incompletely oxidized carbon species formed on the surface of
Pd NPs in the forward scan, respectively.”’ The corresponding
peak current ratio (I¢I,) of 2.58 was calculated, which reflects
the tolerance of the electrode against the poisoning in
electrooxidation of methanol. Increasing Pd loading from 2.17
wt.% to 7.65 wt.% in the electrodes, the value of Jg, Jy,, and I/1,
was increased to 788 A g, 259.5 A g, and 3.03, respectively.
The results indicated that amount of Pd in the electrode
influenced the rate of methanol oxidation and the tolerance
ability of the electrode against the poisoning.

Fig. 5c shows the CV curves of NF, GA/NF, and
Pd/GA/NF electrodes in the 25™ cycle of ethanol oxidation. No
redox peak was observed in both NF and GA electrodes, which
reflected that Ni and GA was not active ingredient in ethanol
oxidation. An anodic peak (+0.08 V) was observed in the 0.8
wt.% Pd/GA/NF electrode. Increasing Pd loading in the

4 | J. Mater. Chem. A, 2012, 00, 1-3

electrodes, the anodic peak was shifted towards positive
potential from +0.08 V (0.8 wt.%) to +0.43 V (2.17 wt.%), and
further increased to +0.57 V (7.65 wt.%), as shown in Fig. Sc. It
was reported that shifting of anodic peak in ethanol
electrooxidation was related to the Pd NPs morphology under
the same scanning rate (0.05 V s™).** The morphology of Pd
NPs could reduce the energy barrier between Pd NPs and
ethanol molecules. However, similar morphology of Pd NPs
were observed in the PA/GA/NF electrodes (Figs. 2 and S2-S4).
The results indicated that the shift of anodic peak was due to
the increase of the particle size and the density of Pd NPs
loaded in the electrodes. The mass transport effect of the
electrodes may be another possible reason for such
phenomenon, which will be investigated in our going work. Fig.
5d shows that the onset potential was gradually shifted to more
negative region from -0.50 V (0.8 wt.%) to -0.62 V (2.17 wt.%),
and finally to -0.60 V (7.65 wt.%), which reflected that the
kinetics of ethanol oxidation was enhanced when Pd loading in
the electrodes was increased from 0.8 wt.% to 2.17 wt.%, and
then slightly reduced when Pd loading in the electrodes was
further increased to 7.65 wt.%. With the 0.8 wt.% Pd/GA/NF
electrode, J; value of 393.7 A g’1 (+0.08 V), and J, value of
157.3 A g (-0.36 V) were observed. Increasing Pd loading to
2.17 wt.% in the electrode, the J; and J, values were increased
to 914.7 A g (+0.38 V) and 464.5 A g' (-0.21 V), respectively,
which was due to higher Pd loading in the electrode. *'
However, the J; and J, values were reduced to 744.3 A g'l
(+0.57 V) and 343.8 A g (-0.18 V) when Pd loading was
further increased to 7.65 wt.%. It may be due to the
agglomeration of Pd NPs in the electrode.' Increasing the Pd
loading in the electrodes, the I¢/1,, ratio was first decreased from
2.58 (0.8 wt.% Pd/GA/NF) to 1.97 (2.17 wt.% Pd/GA/NF), then
was increased to 2.17 (7.65 wt.% Pd/GA/NF).

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 CV of NF, GA/NF, and the Pd/GA/NF electrodes in (a) 1 M MeOH/1 M KOH solution (-0.845 to +0.355 V), (b)
zoom portion (-0.845 to 0 V) of (a), (c) 1 M EtOH/1 M KOH solution (-0.845 to +0.955 V), and (d) zoom portion (-0.845
to -0.1 V) of (¢).

900

The electrocatalytic stability of the 2.17 wt.% Pd/GA/NF 800 [ e (a) 5-54
(as shown in Fig. S5) and the 7.65 wt.% Pd/GA/NF electrodes 700 [——Cvele &
(as shown in Fig. 6b) in ethanol oxidation was first evaluated in —_ :g)y/g:: ? 4 Cycle 1
1000 cycles. For the 2.17 wt.% Pd/GA/NF and the 7.65 wt.% g 600 [ ——cycte 25
Pd/GA/NF, J; were first remained unchanged in 25-100 cycles, o 500 ':252}2 2 1004
and then dropped dramatically to 20% of the maximum value < 400 |-—cyole 104
after 1000 cycles. In the 1000™ cycles, the IyI, ratio of 7.65 = 300 -:8532 o
wt.% Pd/GA/NF electrode (2.17) was higher than that of 2.17 200 f-I=——Cycle 1004 N\
wt.% Pd/GA/NF electrode (1.97). The results reflected that 7.65 100 /&{//
wt.% Pd/GA/NF electrode is relatively stable in a long ol
operation. In the following tests, 7.65 wt.% Pd/GA/NF ~100 L . . . . .
electrode was selected. -0.8 -06 -04 -02 00 02 04

Ni has been considered as an electrocatalyst for V vs SCE (V)
electrooxidation of alcohol.?’ To clarify the influence of Ni on 1000 I
oxidation of alcohols, CV scans of NF, GA/NF, and 7.65 wt.% Syole s
Pd/GA/NF electrodes in 1 M MeOH/1 M KOH (Fig. S6a) was 780 e s 5
performed in the range of -0.245 to +0.955 V (vs SCE) which = s |Cycle 1
was the active potential of Ni driven electrooxidation of @ 500 gL
methanol. In Figs. S6a and 5, no Ni catalyzed alcohol "o pahgsed p o
electrooxidation redox peaks were observed in the CV curves <C 250 =gk 55, /r
of the GA/NF and the 7.65 wt.% Pd/GA/NF electrodes. - = “
However, a weak Ni*'/Ni** redox peak (+0.2 V) in the reverse 0 | ™=\
scan of ethanol oxidation (Figs. 5c and S6¢) was observed \
compared with the CV curve of NF (Figs. S6b and S6d).%° The 250F,
results reflected that Pd was the major active species in alcohol .0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0
electrooxidation. V vs SCE (V)

Fig. 6a shows that the CV curves of 7.65 wt.% Pd/GA/NF .
electrode in methanol electrooxidation over 1000 cycles (total Fig. 6 CV of 7.65 wt% Pd/GA/NF in (a) 1 M
reaction time is 13 h and 20 min). The corresponding Jy, Jy, Iy/1, MeOH/1 M KOH solution (-0.845 to +0.355 V), and
ratio, and onset potential were summarized in Table S1 and Fig. (b) 1 M EtOH/1 M KOH solution (-0.845 to +0.955 V)
over 1000 scans.
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7. The J; of the anodic peak in forward scan was continuously
increased from the 1% cycle to 14™ cycle, then it was
significantly decreased up to the 1000 cycle (~60% of
reduction). The increase of J; in the 14™ cycle was due to the
activation of the electrode for methanol oxidation. Then, the
decrease of J; in the 14™to 1000™ cycles was resulted from the
deactivation of the electrode which may be due to the poisoning
by the intermediate species formed.’! The tolerance ability of
the electrode was reflected in Fig. 7b, which is similar to the
trend of variation of J. Fig. 7c shows the trend of variation of
the onset potential of the electrode. The onset potential was
shifted to a negative potential (-0.536 V) in the 29™ cycle, and
then stabilized at -0.496 V in the 1004™ cycle. The result
indicated that a maximum kinetics of methanol oxidation was
observed in the 29" cycle.

Fig. 6b shows that the CV curves of 7.65 wt.% Pd/GA/NF
electrode in ethanol electrooxidation over 1000 cycles (total
reaction time is 20 h and 36 min). The corresponding Jg, Jy,, I¢/1,
ratio, and onset potential were summarized in Table S2 and Fig.
7. The J; of the anodic peak in forward scan was continuously
increased from the 1*' cycle to the 280™ cycle, then was
stabilized up to the 530" cycle, and finally decreased up to the
1030™ cycle (~32% of reduction). The increase of J; in the 280™
cycle was due to the fully activation of the electrode for ethanol
oxidation. Then, the decrease of J; in the 530" to the 1030™
cycles was resulted from the deactivation of the electrode
which may be due to the poisoning of Pd catalyst.>' The
tolerance ability of the electrode was reflected in Fig. 7b, which
is similar to the trend of variation of J. Compared to methanol
oxidation, the results indicated that the electrode achieved a
strong tolerance towards poisoning in the first 530" cycles. Fig.
7c shows the trend of variation of the onset potential of the
electrode. The onset potential was shifted to a negative
potential (-0.636 V) in the 530" cycle, and then stabilized at -
0.616 V in the 1030™ cycle. The result indicated that the
kinetics of ethanol oxidation was maintained over the 1000™
cycle. Based on the results of Figs. 6 and 7, it indicated that the
7.65 wt.% Pd/GA/NF electrode performed better in ethanol
oxidation in terms of current density, tolerance ability, and
stability.

Table S3 compares the best values of peak current density,
and tolerance ability of the current electrodes with some
reported electrocatalysts. The peak current density of the 7.65
wt.% Pd/GA/NF electrode is approximately 1.5 times (MeOH)
and 6.1 times (EtOH) higher than the reported values in
literature.® ** The 141, ratio value recorded in this work was laid
between that of Pd/CNT (<1) and Pd-RGO (6.05) for methanol
oxidation,”** and Pd/Nafion-graphene/GCE (4.0) and Pd/C (0.7)
for ethanol oxidation.***** The findings indicated that the 7.65
wt.% Pd/GA/NF electrode processed satisfactory tolerance to
catalytic poisoning in methanol and ethanol electrooxidation.?
The enhanced electrocatalytic activity may benefit from
nanosized Pd NPs embedded in the 3D porous GA structure.
The 3D porous GA framework deposited on the NF surface can
enhance effective mass transfer of reactants to the active sites
for oxidation. Table 1 further compares the values of peak
current density and tolerance ability of the current electrodes at
the 1000™ cycle with some reported electrocatalysts. The results
indicated that the 7.65 wt.% Pd/GA/NF electrode outperformed
other Pd based electrocatalysts in a long operation.” *! ** The
results indicated that the Pd/GA/NF electrodes have high
tolerance against poisoning in methanol and ethanol oxidation.
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Table 1 Comparison of current density (Jp) in the anodic scan
and Iy/1,, ratio of some Pd based electrocatalyst for methanol and
ethanol oxidation.

Catalyst Jg J; I/, I/, Refere  Ref
(MeOH/  (EtOH/ (MeO (EtO nce
KOH) KOH) H) H) electro
de
Anodized 768 (A N/A 141 N/A RHE ¥
Pd g'  Pd)
(200"
cycle)
Pd/NF N/A 105.7 NA  NA MMO !
(mA
cm’!
(500"
cycle)
Pd/LDH-  N/A 1.93 NA  1.01 MMO °
NWs (mA
cm?)
(500"
cycle)
2.17 wt% 197.1 (A 300 (A 177 195 SCE Thi
Pd/GA/NF g' Pd) g' Pd) s
(1000 (1000 wo
cycle) cycle) rk
7.65 wt.% 316 (A 590.2 1.61 2.13 SCE Thi
Pd/GA/NF g' Pd) (A g s
(1004™  Pd) wo
cycle) (1030 rk
cycle)
Conclusions

We reported a simple and green method to fabricate different
palladium (0.8, 2.17, 7.65 wt.%) loaded graphene aerogel
deposited on nickel foam (Pd/GA/NF) as binder-free direct
electrodes for electrooxidation of methanol and ethanol. The
results indicated that the Pd/GA/NF electrodes exhibited a
satisfactory  performance in methanol and ethanol
electrooxidation in alkaline media. The amount of Pd in the
electrode influenced the rate of methanol/ethanol oxidation and
the tolerance ability of the electrode against the poisoning. The
7.65 wt.% Pd/GA/NF electrode exhibited a better performance
in ethanol oxidation. High electrocatalytic activity of the 7.65
wt.% Pd/GA/NF electrode was due to a higher loading of Pd
and a good dispersion of nanosized Pd NPs embedded in the 3D
porous GA deposited on the NF. The proposed electrode
preparation method has a great potential for preparing various
binder-free catalytic electrodes, which would be beneficial to
the development of fuel cell devices.
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