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Three-dimensional catalyst systems from
expanded graphite and metal nanoparticles for

electrocatalytic oxidation of liquid fuels
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Cheap and high-performance electrocatalysts are required for fuel cells. Herein, we present the appli-

cation of three-dimensional (3D) catalyst systems for electrocatalytic oxidation of formic acid and

methanol. These systems consist of cost-effective boron-doped expanded graphite (B-EG) as the support

and palladium nanoparticles (NPs) or platinum/palladium bimetal NPs as the catalysts. The characteriz-

ation of these 3D catalyst systems using scanning electron microscopy, transmission electron microscopy,

energy-dispersive X-ray, and electrochemical techniques reveals that stable and efficient electrocatalytic
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Introduction

Development of fuel cells has led to many breakthroughs in
the fields of civil and military applications (e.g., transportation,
aviation/aerospace, underwater submersible, portable power
supply, electric vehicles, wireless communication, and decen-
tralized power stations)."” Taking a direct methanol fuel cell
(DMFC) as an example, this device converts directly chemical
energy into electrical one.’” Valued by governments and entre-
preneurs all over the world, such a clean energy conversion
system has been recognized as a promising device to solve the
problem of energy crisis. Some applications of DMFCs in auto-
mobiles,’ power stations,” and portable power sources® are
already commercially available. On the other hand, several chal-
lenges do exist for fuel cells. The most serious problems for high-
performance fuel cells actually come from the catalyst, the core
component of fuel cells. Platinum (Pt) is by far the most widely
used anodic catalyst. Unfortunately, this noble metal is too
expensive, rare, and easily poisoned by carbon monoxide during
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methanol oxidation, achieved in a 3D catalyst system of B-EG and PdPt bimetal NPs (with a mass ratio of
1:1), is due to its big surface area, high conductivity, and an enhanced amount of exposed active sites
from bimetal NPs. This price-reduced, stable, and efficient 3D catalyst system is thus promising to be
employed for a large scale production of industrial direct methanol fuel cells.

the catalysis processes.” Therefore, catalysts with high catalytic
performance but low price are highly demanded for fuel cells.

To obtain these high-performance catalysts for fuel cells,
different strategies have been proposed, such as (i) to alter the
compositions of the catalysts via totally replacing Pt with other
non-noble metals or even with metal-free catalysts," (ii) to
tune the electronic structures of the catalysts through introdu-
cing other metals to form Pt based bimetal catalysts,"" (iii) to
vary the structures of the catalysts by employing their ultra-
small and fine nanoparticles (NPs), nanosheets, etc., and (iv)
to form three-dimensional (3D) catalyst systems through utiliz-
ing 3D supports and well-defined nanocatalysts (e.g., NPs,
nanosheets, etc.). For example, the replacement of Pt catalyst
with palladium (Pd) has been extensively studied. This is
because the price of Pd metal is much lower than that of Pt
metal. In alkaline media the electrocatalytic oxidation activity
of Pd catalysts towards liquid fuels is also outstanding,'®
mainly because Pd is more likely to adsorb OH™ in alkaline
solutions, enhancing the oxidation reaction power of alcohols.
As for tuning the electronic structures of Pt catalysts through
the formation of Pt based bimetal catalysts, metals such as Ru,
Ay, Sn, Ni, Pd, and Co have been used. These metals modify
the electron configuration (electron effect) of Pt via electron
action, promote water dissociation, and reduce the adsorption
capacity of carbon intermediates. Desorption of carbon inter-
mediates from these bimetal catalysts is then much acceler-
ated (or anti-toxic performance is much improved), leading to
an enhanced electrocatalytic oxidation activity of Pt based

This journal is © The Royal Society of Chemistry 2019
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bimetal catalysts."**® As for the individual use of approaches
(iii) and (iv), it has led to enhanced surface areas and improved
stability of the catalysts as well as increased amounts of active
sites, resulting in accelerated electron transfer rates between
the catalysts and reactants, eventually high electrocatalytic per-
formance. However, relatively few studies focused on the com-
bination of four strategies together to synthesize high-perform-
ance catalysts for the electrocatalytic oxidation of liquid fuels.

Herein, we combine the above-mentioned four approaches
to synthesize 3D catalyst systems and further apply them to
realize the high-performance electrocatalytic oxidation of
liquid fuels. Such 3D catalyst systems are composed of cost-
effective expanded graphite (EG) or boron-doped graphite
(B-EG) as the 3D support and well-defined Pd NPs as the cata-
lysts. The choice of EG or B-EG is due to their wide availability
and more importantly their excellent properties, including
high electrical conductivity, 3D structure, large specific surface
area, and good flexibility. The electrical conductivity of B-EG is
actually even higher than that of EG. Moreover, the catalytic
activity of B-EG towards methanol oxidation will feature better
than that of EG since boron-doping of EG improves the degree
of graphitization and oxidation resistance of carbon materials,
leading to the introduction of defect sites or hetero-atomic
functional groups. Such inexpensive 3D catalyst systems are
thus expected to possess large surface areas, provide more
active sites, and feature fast electron transfer rates for the oxi-
dation of liquid fuels."* To find out the effect of Pt atoms on
the catalytic activity of these 3D catalyst systems, PdPt bimetal
catalyst systems are synthesized by replacing Pd atoms partially
with Pt atoms. The electrocatalytic oxidation of methanol and
formic acid is conducted in these 3D catalyst systems. Prior to
their catalytic tests, these 3D catalyst systems are characterized
using scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), energy-dispersive X-ray (EDX), and
electrochemical techniques. To clarify the oxidation efficien-
cies of methanol in these 3D catalyst systems, the electro-
catalytic peak current in the forward scan is utilized as the
physical parameter. Experimental conditions that affect their
oxidation efficiencies are varied, including the concentration
of alkaline solutions, the mass ratio of Pd NPs to B-EG and
that of Pt NPs to Pd NPs. The stability or durability of these 3D
catalyst systems for electrocatalytic methanol oxidation is also
evaluated.

Experimental
Instruments

SEM images were recorded on a JEOL-JSM-7100F microscope
(JEOL, Japan) where the related energy-dispersive X-ray (EDX)
spectra were also recorded. A JREOL-TEM-2100 microscope was
employed to take TEM images (JEOL, Japan). The XRD spectra
were obtained on a Bruker D8 diffractometer (Hannover,
Germany) with Cu Ka radiation (40 kV, 40 mA) and a Ni filter.
Electrochemical measurements were performed on a CHI 660E
electrochemical workstation (Shanghai Chenhua Apparatus
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Corporation, Shanghai, China) at room temperature. A conven-
tional three-electrode system was employed, consisting of
either a glassy carbon electrode (GCE, 3.0 mm in diameter) or
a modified GCE as the working electrode, a saturated calomel
reference electrode (SCE), and a platinum wire as the counter
electrode. To prepare the modified GCEs, 7.0 pL of 4.0 mg ml™*
suspension was cast dropwise onto a polished and clean GCE
surface, followed by a drying process under an infrared lamp
in air.

Procedures of synthetic materials

Preparation of B-EG. EG was obtained by the chemical oxi-
dation of natural graphite flakes under a microwave power of
700 W for 30 s in a mixture of concentrated nitric acid/acetic
anhydride and chlorate that acted as the oxidant reagent and
intercalator, respectively. The obtained EG powder was then
added into 0.5 M boric acid (H;BO;) aqueous solution. The
mixture was stirred using a magnetic bar for 1 h. After being
filtered, the resultant solution was treated at 80 °C for 24 h. A
further thermal treatment of the suspension was applied at
1000 °C for 2 h under an argon atmosphere. The obtained pro-
ducts were copiously washed with water and further dried in a
vacuum at room temperature for 24 h, leading to the pro-
duction of B-EG.

Synthesis of 3D catalyst systems. A B-EG suspension was
first prepared by dispersing 9 mg of B-EG into 25 mL of water.
To form a homogeneous suspension, a sonication time of 10 h
was applied. Then, 6.04 mL of 10 mM H,PdCl, solution was
added into the suspension of B-EG. After the mixture was
stirred for 0.5 h, 2 mL of 50 mM NaBH, solution was added
and a reaction time of 12 h was applied. The obtained solution
was subsequently centrifuged, washed, and filtered. The pre-
cipitate was finally dried in an oven at 70 °C. This one was
marked as Pd-NP(30%)/B-EG. Other Pd-NP/EGs including Pd-
NP(20%)/B-EG and Pd-NP(40%)/B-EG were prepared using the
same method but different volumes of 10 mM H,PdCl, solu-
tion. To prepare PdPt-NP/B-EG, a similar approach was
applied. However, the solutions of 1.5 mL of 10 mM H,PdCl,
and 0.49 mL of 10 mM H,PtClg, instead of 6.04 mL of 10 mM
H,PdCl, solution, were added into the suspension of B-EG.
Other identified conditions and procedures were applied. The
obtained product was marked as PdPt-NP(1: 1)/B-EG. The pro-
ducts of PdPt-NP(1 : 3)/B-EG and PdPt-NP(3: 1)/B-EG were pre-
pared through altering the volumes of used H,PtCls. These
products were dispersed in water and their suspensions with a
concentration of 4.0 mg ml~" were utilized to form modified
GCEs.

Results and discussion

Characterization of 3D catalyst systems

These 3D catalyst systems consist of EG or B-EG as the 3D
support and Pd or PdPt bimetal NPs as the catalysts. Fig. 1A
shows the SEM image of B-EG, revealing more folds and a
lamellar structure. Its TEM image (Fig. 1A1) further shows that
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Fig. 1 SEM images of EG (A) and B-EG (Al). TEM images of B-EG before
(A2) and after being decorated with Pd (B) and PdPt (C) NPs. Plots (D)
and (E) are the EDX spectra of Pd/B-EG and PdPt-NP/B-EG catalysts,
respectively.

it actually consists of many thin layers that are stacked to form
a porous and 3D structure. Different from smooth EG plates
(Fig. 1A2), such a porous and 3D B-EG is thus expected to have
a large specific surface area that is useful to load the catalysts
of Pd or PdPt NPs. The TEM images of B-EG after further dec-
oration with Pd and PdPt NPs are shown in Fig. 1B and C,
respectively. More and bigger metal clusters are seen when
PdPt NPs are loaded. To observe the morphology and crystalli-
nity clearly, high-resolution TEM images of more than 100
nanoparticles have been recorded. The diameter of Pd NPs has
been averaged to be about 4.1 + 0.1 nm and the lattice fringe
of these Pd NPs is 0.206 nm. For PdPt NPs, their size is
smaller and is only about 2.1 + 0.1 nm. Their lattice fringe is
0.262 nm. In the EDX spectrum for the clusters of Pd-NP/B-EG
(Fig. 1D), the signals of Pd and C elements are clearly seen.
The signals of Cu element are from the substrate used for EDX
measurements. In the case of PdPt-NP/B-EG (Fig. 1E), the
signals for Pt element are seen, besides these signals for Pd
and C elements. From the integrated areas of two elements in
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this spectrum, the calculated mass ratio of Pd element to Pt
one shown in Fig. 1(E) is approximately equal to 1: 1.

The electrochemical interfacial properties of these 3D cata-
lyst systems were studied after being coated on a GCE. A redox
couple of Fe(CN)s>~*~ was employed as the probe. Fig. 2A
shows the obtained cyclic voltammograms on a GCE before
and after being coated with Pd-NP/EG catalysts or by different
Pd-NP/B-EG catalysts. On all electrodes, a pair of well-defined
redox waves is seen, obviously originating from the redox reac-
tion of Fe(CN)s*>~ + e~ « Fe(CN)e*". Compared with those of
peak currents obtained on a GCE, the magnitudes of redox
peak currents on modified electrodes are much enhanced. The
highest peak current (206.4 pA) is found on a Pd-NP(30%)/
B-EG/CGE, bigger than that on a GCE (119 pA), an EG/GCE
(127 pA), a Pd-NP(30%)/EG/CGE (142 pA), a Pd-NP(20%)/B-EG/
CGE (160 pA), and a Pd-NP(40%)/B-EG/CGE (197 pA).
Therefore, the conductivity difference of EG from B-EG as well
as the varied amount of Pd NPs determine the magnitudes of
the peak currents. In other words, B-EG and a percentage of
30% Pd NPs appear the best to form such 3D catalyst systems.

Moreover, the peak currents on all electrodes are pro-
portional to the square roots of scan rates, indicating
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Fig. 2 (A) Cyclic voltammograms and (B) Nyquist plots of 5 mM [Fe
(CN)6]*’*~in 0.1 M KCl on a GCE (a), a EG/GCE (b), a Pd-NP(30%)/EG/
GCE (c), a Pd-NP(20%)/B-EG/GCE (d), a Pd-NP(40%)/B-EG/GCE (e), and
a Pd-NP(30%)/B-EG/GCE (f). In (A), the scan rate is 100 mV s~ Plots in
(B) were recorded at open circuit potentials.
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diffusion-controlled electrode processes. According to the
Randles-Sevcik equation, the calculated active surface area is
0.107, 0.114, 0.128, 0.142, 0.186, and 0.177 cm?” for a GCE, a
EG/GCE, a Pd-NP(30%)/EG/GCE, a Pd-NP(20%)/B-EG/GCE, a
Pd-NP(40%)/B-EG/GCE, and a Pd-NP(30%)/B-EG/GCE, respect-
ively. A Pd-NP(30%)/B-EG/GCE exhibits the biggest surface area
among these electrodes, suggesting that more Pd atoms are
exposed to the solution. Therefore, its catalytic ability towards
liquid fuels is expected to be higher than other electrodes.

The interfacial properties of these electrodes were further
analysed using electrochemical impedance spectroscopy. The
recorded Nyquist plots are shown in Fig. 2B. The linear phases
in the low frequency ranges correlate with the diffusion pro-
cesses, while the semicircles at high frequency ranges corres-
pond to the electron transfer limited processes. Judged from
the diameters of these semi-circles, the introduction of EG,
Pd-NP/EG or Pd-NP/B-EG catalysts reduces the electron transfer
resistances (R.) of these interfaces. The value of R follows the
order of GCE (390 Q) > EG/GCE (216 Q) > Pd-NP/EG/GCE
(133 Q) > Pd-NP(20%)/B-EG/GCE (107 ) > Pd-NP(40%)/B-EG/GCE
(39 Q) > PA-NP(30%)/B-EG/GCE (52 Q). The reduction of R, on
the modified GCEs in comparison with that on a GCE results
from the addition of highly conductive graphite and in some
cases active centres from Pd NPs. Then the electrode surface
areas are enlarged and more reactive sites are provided. Such
an order demonstrates the fastest electron transfer process of
Fe(CN)g>~ + e~ < Fe(CN)s*™ on a Pd-NP(30%)/B-EG/GCE. A Pd-
NP(30%)/B-EG/GCE is the best among these investigated elec-
trode systems. It thus has been further utilized to investigate
the electrocatalytic oxidation of formic acid and methanol.

These properties were also examined when PdPt bimetal
catalysts were applied to modify GCEs. Related cyclic voltam-
mograms and Nyquist plots were recorded under the identified
conditions as shown in Fig. 2. Fig. 3 compares the values of
peak currents estimated from their cyclic voltammograms and
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Fig. 3 Variation of the oxidation peak currents and R, of 5 mM
[Fe(CN)g]*#~ in 0.1 M KCl on a GCE, a Pd-NP(30%)/B-EG/GCE, a Pt
NP(30%)/B-EG/GCE, a PdPt-NP(1: 3)/B-EG/GCE, a PdPt-NP(3:1)/B-EG/
GCE, and a PdPt-NP(1: 1)/B-EG/GCE.
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R.: obtained from their Nyquist plots. For a GCE, the peak
current and R, are 119 pA and 389 Q, respectively. They are
changed to 158 pA and 90 Q, 162 pA and 60 Q, 167 pA and
40 Q, 168 pA and 42 Q, 170 pA and 40 Q when a Pd-NP(30%)/
B-EG/GCE, a Pt-NP(30%)/B-EG/GCE, a PdPt-NP(1: 3)/B-EG/
GCE, a PdPt-NP(3:1)/B-EG/GCE, and a PdPt-NP(1:1)/B-EG/
GCE is employed, respectively. The increase of the magnitudes
of redox currents and the reduction of R. are found once
single Pt NPs, Pd NPs, or PdPt bimetal NPs are introduced.
The catalyst systems using bimetal PdPt NPs are superior to
those only using single Pd or Pt NPs. However, in the catalyst
systems using PdPt bimetal NPs with different mass ratios, the
obtained peak currents and the values of R are quite close to
each other, probably due to the fast faradaic process of
Fe(CN)s’~ + e~ < Fe(CN)s'™ on these surfaces. To reduce the
cost during the preparation of these catalyst systems, a PdPt-
NP(1:1)/B-EG/GCE was utilized and compared during catalytic
tests.

Performance of 3D catalyst systems

To find out the best catalyst system for the electrocatalytic oxi-
dation of liquid fuels, several series of experiments were con-
ducted. The electrocatalytic oxidation performance of formic
acid was first investigated on 3D catalyst systems that only
have the catalysts of Pd NPs. Then, electrocatalytic methanol
oxidation was conducted in 3D catalyst systems based on PdPt
bimetal NPs.

Fig. 4 shows the cyclic voltammograms of formic acid on
3D catalyst systems that consist of varied amounts of Pd NPs
and EG or B-EG. Similar electrocatalytic oxidation behaviour of
formic acid is seen in four catalyst systems, where two oxi-
dation peaks are clearly observed in the forward potential
scans. The first oxidation peak comes from the direct oxi-
dation of formic acid (dehydrogenation). The second and rela-
tively stable oxidation peak originates from indirect oxidation
of formic acid (dehydration)."* The peak current of the first
oxidation peak is significantly higher than that of the second
one, indicating that the electrocatalytic oxidation of formic
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Fig. 4 Cyclic voltammograms of 0.05 M HCOOH in 1.5 M KOH at a
scan rate of 100 mV s on a Pd-NP(30%)/EG/GCE (a), a Pd-NP(20%)/
B-EG/GCE (b), a Pd-NP(40%)/B-EG/GCE (c), and a Pd-NP(30%)/B-EG/
GCE (d).
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acid in these catalyst systems is mainly controlled by the direct
oxidation of formic acid. In alkaline media, the reaction steps
of the electrocatalytic oxidation of formic acid in these 3D cata-
lyst systems probably occurs in the following manner:'”

HCOOH + OH~ — HCOO™ + H,0 (1)

Pd + OH™ — Pd-OHugs + €~ (2)

2Pd + HCOO™ — Pd-Hags + Pd (COO ™), 4 (3)
Pd(COO )4 +20H — CO3>” +Pd+H,0+e (4)
Pd-OH,gs + Pd-Hags — 2Pd + H,O (5)
HCOOH + 40H — CO3;%~ + 3H,0 + 2e (6)

Moreover, the loading mass ratio of Pd NPs to B-EG has an
obvious influence on the catalytic oxidation peak current
(Fig. 4b, ¢ and d). The obtained peak current on a Pd-NP
(30%)/B-EG/GCE is as high as 1037 pA (Fig. 4d), ten times
higher than that on a Pd-NP(30%)/EG/GCE (Fig. 4a).
Furthermore, the initial peak potential for the electrocatalytic
oxidation of formic acid shifts to —0.47 V on a Pd-NP(30%)/
B-EG/GCE (Fig. 4d), the most negative value in comparison
with that obtained on other catalyst systems. These results
confirm that B-EG based catalyst systems are more favourable
for the electrocatalytic oxidation of formic acid. A Pd-NP(30%)/
B-EG catalyst system exhibits the best performance for the
electrocatalytic oxidation of formic acid. This probably results
from a high conductivity of B-EG and an enhanced amount of
catalytic activity sites (namely exposed Pd atoms) on the
surface of 3D B-EG.

Prior to the stability test of these 3D catalyst systems
(shown in Fig. 4), the experimental conditions that influenced
their performance towards the electrocatalytic oxidation of
formic acid were optimized, covering the concentration of
KOH solution, the concentration of the used Pd-NP(30%)/B-EG
suspension, and the volume of the dropped suspension.
During optimal experiments, the electrocatalytic oxidation of
0.05 M formic acid was studied on the Pd-NP (30%)/B-EG/
GCEs under varied conditions. For example, an increase of
Cxomn from 0.5, 1.0, 1.5, 2.0, to 2.5 M led to a negative shift of
the oxidation peak potential of formic acid in the forward
scan. The biggest oxidation peak current was obtained in a
KOH solution with a concentration of 1.5 M. This is because
the concentration of KOH (Ckoy) changes the ionization status
of formic acid as well as the amount of OH™ adsorbed on the
catalyst surface. With respect to the concentration of the Pd-
NP(30%)/B-EG suspension, it was altered from 1 to 6 mg ml™".
The obtained oxidation peak current of formic acid in the
forward scan was the highest when the concentration of the
Pd-NP(30%)/B-EG suspension was 4 mg ml™". As for the volume
of the Pd-NP(30%)/B-EG suspension cast onto a CCE, the oxi-
dation peak current of formic acid in the forward scan increased
once the volume was up to 7 pL and then started to descend
when the volume was further increased. Consequently, a Pd-NP
(30%)/B-EG suspension with a concentration of 4 mg ml™* and a
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volume of 7 pL was employed to fabricate the Pd-NP(30%)/B-EG/
GCEs for the investigation of the electrocatalytic oxidation of
formic acid dissolved in 1.5 M KOH solution.

The long-term stability and toxicity resistance of these 3D
catalyst systems towards the electrocatalytic oxidation of
formic acid were tested. The current-time curves recorded at
—0.45 V for 2500 s are shown in Fig. 5. The polarization cur-
rents on all catalyst systems decrease rapidly at the beginning
of the timing, mainly due to the surface charging effect. The
decay tendency of currents in the following time zone is fully
different for different catalyst systems. For the system of Pd-NP
(30%)/EG (Fig. 5a), the current touches zero very quickly. In
contrast, when the systems of Pd-NP/B-EG catalyst systems
(Fig. 5b, ¢ and d) are utilized, the decay of the currents is
much slow. In the measured time range, no zero current is
seen, indicating their long-term stability towards the electro-
catalytic oxidation of formic acid. In the Pd-NP(30%)/B-EG
catalytic system, the highest current and the slowest current-
decay rate are seen. The noise seen on the Pd-NP(30%)/B-EG
catalyst indicates a fast oxidation process. In conclusion, the
Pd-NP(30%)/B-EG catalyst system displays much higher cata-
Iytic ability and longer stability towards the electrocatalytic oxi-
dation of formic acid.

Together with the best catalyst system (namely a
Pd-NP(30%)/B-EG/GCE) for the electrocatalytic oxidation of formic
acid, electrocatalytic methanol oxidation was then examined
using a 3D catalyst system based on PdPt bimetal catalysts and
EG or B-EG. Before these measurements, the applied experi-
ment conditions were optimized. Taking a PAPt-NP(1 : 1)/B-EG/
GCE as an example, the optimal experimental conditions for
electrocatalytic methanol oxidation were: a suspension of
4 mg ml™" PAPt-NP(1 : 1)/B-EG, a volume of 5uL PdPt-NP(1:1)/
B-EG suspension, and a 1.5 M KOH solution. The cyclic vol-
tammograms for electrocatalytic methanol oxidation in these
3D catalyst systems are shown in Fig. 6. Two typical anodic
waves are noticed on all catalyst systems. The oxidation peak
with the peak potential at —0.20 V in the forward scan results
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Fig. 5 Current—time curves recorded at a constant potential of —0.45 V
for the catalytic oxidation of 0.05 M HCOOH in 1.5 M KOH on a Pd-NP
(30%)/EG/GCE (a), a Pd-NP(20%)/B-EG/GCE (b), a Pd-NP(40%)/B-EG/
GCE (c), and a Pd-NP(30%)/B-EG/GCE (d).
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Fig. 6 Cyclic voltammograms of 0.05 M methanol in 1.5 M KOH at a
scan rate of 100 mV s™* on a Pd-NP(30%)/B-EG/GCE (a), a Pt-NP(30%)/
B-EG/GCE (b), a PdPt-NP(1:3)/B-EG/GCE (c), a PdPt-NP(3:1)/B-EG/
GCE (d), and a PdPt-NP(1:1)/B-EG/GCE (e).

from the direct oxidation of methanol, while the second one
with the peak potential at —0.39 V in the reverse scan orig-
inates from the oxidation of the incomplete oxidation products
formed during the forward scan.'® In alkaline media, the reac-
tion of electrocatalytic methanol oxidation in this PdPt-NP
(1:1)/B-EG catalyst system probably involves the following
steps: '

CH30H + Pt — Pt-COyuqs + H" (7)
Pd + OH — Pd-(OH),4 + €~ (8)

Pt-CO,qs + Pd-(OH), 4, — PtPd + CO, + H + e~ (9)

ads

CO, + 20H™ — CO3*™ +H,0 (10)

The oxidation peak potentials in all the catalyst systems are
very close while the oxidation peak currents varied signifi-
cantly. The highest oxidation peak currents are seen on a PdPt-
NP(1:1)/B-EG/GCE for both oxidation reactions. Such currents
were bigger and more stable for 2500 s than those obtained in
other systems, as confirmed from the same measurements
shown in Fig. 5. Therefore, a PdPt-NP(1:1)/B-EG catalyst
system displays better catalytic ability and more durability
towards electrocatalytic methanol oxidation.

Conclusions

In summary, three-dimensional catalyst systems towards stable
and efficient electrocatalytic oxidation of formic acid and
methanol have been synthesized using cheap expanded graph-
ite as the three-dimensional support and cost-effective palla-
dium nanoparticles as the catalysts. The use of boron-doped
expanded graphite and palladium/platinum bimetal nano-
particles further improves the catalytic performance of these
three-dimensional catalyst systems towards the electrocatalytic
oxidation of liquid fuels. Further studies with respect to the
details of the active sites of bimetal nanoparticles and the

This journal is © The Royal Society of Chemistry 2019
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adsorption behaviour (e.g., site, amount, energy, etc.) of inter-
mediates during the electrocatalytic oxidation of liquid fuels
on these three-dimensional catalyst systems need to be carried
out. Their further applications for the electrocatalytic oxi-
dation of other liquid fuels are worth exploring. Higher and
better catalytic ability of single palladium and/or palladium/
platinum bimetal nanoparticles loaded on expanded graphite
or boron-doped expanded graphite towards the electrocatalytic
oxidation of methanol and other liquid fuels is expected. To
conclude, this work offers a simple and cost-effective approach
to synthesize stable and efficient electrocatalysts at large scales
for the industrial production of direct methanol fuel cells.
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