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ABSTRACT: A unique synthesis was developed to immobilize Pd
nanoparticles on pristine graphene (PG) sheets via a facile
supercritical carbon dioxide route. Pristine graphene was obtained
by sonication-assisted exfoliation of graphite in an organic solvent.
Finely dispersed worm-like Pd nanoparticles are homogeneously
deposited on the hydrophobic graphene surfaces. The combination of
pristine graphene sheets and well-dispersed Pd nanoparticles
provided large electrochemically active surface areas (ECSA) for
both direct formic acid fuel cell (DFAFC) and methanol fuel cell
(DMEC). The ECSA values are more than twice as large as those of
reduced graphene oxide and carbon nanotube based counterparts or
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enhancements were also observed in the electrocatalytic activity and

stability measurements. The excellent electrochemical property of Pd/PG is attributable to the well-preserved graphene structure
that ensures electrical conductivity and stability of the composite. Its large surface area also allows for the deposition of small size
and high dispersion of the Pd nanoparticles. This straightforward synthesis offers a new pathway for developing highly active
electrocatalysts based on pristine graphene with fully optimized properties.

1. INTRODUCTION

Recently, direct methanol fuel cells (DMFCs) and direct formic
acid fuel cells (DFAFCs) have attracted appreciable attention
for their high efliciency of energy conversion, low operating
temperature, reduced pollutant emission, and easy manage-
ment.' > As is well known, platinum has been the primary
catalyst in both DMFC and DFAFC. However, with platinum
as an anode catalyst, the surface is usually heavily poisoned by
strong adsorption of CO intermediates, resulting in the
lowering of catalytic performance. The high cost of platinum
is also a drawback for commercial applications. In an effort to
reduce the cost and improve the activity of catalysts, attention
has been shifted to non-Pt materials. Recent results have
identified Pd as a suitable alternative for its higher abundance,
lower cost, and greater resistance to CO.*® Nevertheless, the
commercialization of the fuel cell technology is still hindered by
the low utilization efficiency and poor catalytic performance of
Pd.%”

The commonly used strategy to address these critical issues is
to disperse Pd nanostructures on the surface of the supporting
materials.® For an ideal substrate, it requires high inertness in
extreme conditions. A large surface area is also needed for fine
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dispersion of catalyst nanoparticles.” Furthermore, the support-
ing materials must be highly conductive and have low cost. In
order to achieve the requirements for high performance, the
interfaces between metal nanoparticles and the supports also
play a crucial role. Pd particles have been loaded on various
carbon substrates including carbon black (CB, e.g., Vulcan XC
72),'° carbon nanofibers (CNFs),"" and carbon nanotubes
(CNTs)'*"® to improve the activity and stability of the fuel
cells. Among carbon-based substrates, graphene exhibits a
unique 2-D honeycomb carbon structure with a large surface
area and high electrical conductivity.'¥'> These unique
structural and physical attributes ideally satisfy the requirements
for a stable catalyst structure. The combination of graphene
sheets and Pd nanoparticles has shown promising character-
istics for the next-generation electrocatalysts.'®"”

Currently, the methods of hybridizing graphene with metallic
Pd are dominated by those of using graphene oxide (G-O)
sheets as a raw material or precursor of graphene sheets.'®">*
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Abundant oxygen-containing functionalities on graphene oxide
allow for its full exfoliation in several solvents and provide
binding sites for the metallic nanoparticles. However, the
conductivity of graphene may suffer considerably by excessive
oxygen-containing functional groups due to disruption of the
sp”-hybridized carbon network. Previous studies have shown
that it is not likely to restore the intrinsic electronic
conductivity even by removal of the functional groups.”>**
The high density of graphene surface defects makes the hybrids
unstable under harsh electrocatalytic environment. Hence, the
development of novel Pd—graphene catalysts with low-density-
defect graphene such as pristine graphene is highly desirable for
property improvements.

Efficient immobilization of metallic nanoparticles onto
pristine graphene has proven difficult. Few studies have been
reported on the decoration of metallic nanoparticles on the
hydrophobic surfaces of pristine graphene. Stabilizers or
surfactants were utilized to enhance the compatibility of
graphene in solvents and stabilize metal nanoparticles on
graphene surface.>>*° Unfortunately, the surfactant molecules
may strongly absorb on the surface of metal nanopartilces and
greatly decrease the performance of the catalysts.”” We
previously investigated Pt- or Pt-based Ru alloy on thermally
reduced graphene via a supercritical route.”®** A high density
of defects was found on the graphene surfaces during thermal
expansion of GO, which served as nucleation sites for the metal
nanoparticles. However, these defects would adversely
influence the electrocatalytic properties.

Direct deposition of Pd nanoparticles on pristine graphene
was successfully achieved in this study by a modified
supercritical CO, route. The supercritical fluids exhibited a
gas-like diffusion rate and near-zero surface tension. Ultrafine
Pd metallic nanoparticles were directly deposited on pristine
graphene sheets under the assistance of the supercritical fluid.
H, was replaced with dimethyl amine borane as a reducing
agent, which greatly simplified experimental procedure. This
replacement also significantly lowered the synthesis temper-
ature (50 °C) for metal reduction.”**® The highly graphitized
surface was finely decorated by the Pd nanoparticles upon one-
pot supercritical treatment.

Besides pristine graphene, reduced graphene oxide (RGO),
carbon nanotubes (CNT), and carbon black (Vulcan XC-72)
were investigated as support materials in the development of Pd
catalysts for formic acid and methanol electro-oxidation. The
Pd/PG catalyst exhibits high electrical conductivity and
promoted activity and stability for formic acid and methanol
oxidation, far preceding Pd/RGO, Pd/CNT, and Pd/XC-72
hybrids.

2. EXPERIMENTAL SECTION

2.1. Materials. Multiwalled carbon nanotubes (CNTs) were
obtained from Shenzhen NTP. Co. Ltd. (Shenzhen, China) (with a
range of diameter 20—40 nm, length < 2 pum, purity > 99%, specific
BET surface area of 70—150 m*/g). Carbon black (Vulcan XC-72)
with a specific BET surface area of 250 m?/g was purchased from
Cabot. Natural Graphite flakes (purity 99.99%, particle size 40 ym)
were obtained from Qingdao Ruisheng Graphite Co. Ltd. Dimethyl
amineborane (DMAB) was purchased from Aldrich. Palladium(1I)
hexafluoroacetylacetonate was obtained from Alfa Aesar.

2.2. Preparation of Graphite Oxide (GO). Graphite oxide was
prepared from graphite using the modified Hummers method.>"**
Typically, 3.5 g of NaNO; and 5.0 g of graphite powder were put into
250 mL of concentrated H,SO, under magnetic stirring in an ice bath.
Afterward, 25 g of KMnO, was added over a period of 1 h, and the
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temperature of the mixture was kept below 15 °C. The mixture was
then stirred at 35 °C for 96 h. A 5 wt % amount of H,SO, aqueous
solution was added, and the temperature was maintained at 96 °C for
3 h. Afterward, the temperature was decreased to 60 °C, and a 30 wt %
H,0, solution (15 mL) was added to terminate the reaction, followed
by stirring for 2 h at 35 °C. The mixture was filtered and washed with
0.5 wt % H,0,/3 wt % H,SO, solution, S wt % HCI solution, and a
large amount of distilled water. Finally, the product was vacuum dried
at 50 °C for 72 h to obtain GO.

2.3. Synthesis of Pristine Graphene. A dispersion of pristine
graphene in NMP (150 mL) was prepared by ultrasonic tip-sonication
treatment of graphite flakes (1.0 g) at 150 W for 72 h* The
suspension was then subjected to centrifugation at 600 rpm for 3 h.
The top 70% of the dispersion was then collected, followed by filtering
through a nylon membrane and washing with methanol. The product
was vacuum dried at 60 °C to obtain pristine graphene film.

2.4. Synthesis of Catalysts. Pristine graphene (PG), reduced
graphene oxide (RGO), carbon nanotubes (CNT), or carbon black
powder (Vulcan XC-72, Cabot) were used as support materials for the
catalysts. Typically, pristine graphene (20 mg) was sonicated and
dispersed in a mixed solvent of NMP/methanol (6 mL, volume ratio =
2:1) for 1.5 h. Afterward, 25 mg of palladium(II) hexafluoroacetyla-
cetonate and 20 mg of dimethyl amine borane were added. The
suspension was put into an autoclave (25 mL). CO, was then charged
into the reactor and kept at a pressure of 18 MPa and 50 °C. The
system was magnetically stirred for S h before depressurized. Catalyst
product was collected, followed by sonication and washing several
times with methanol. The product sample was then dried in vacuum at
60 °C for 24 h. Similarly, carbon nanotubes and carbon black-based
composites were prepared under identical conditions. Initially, RGO-
supported Pd composites were produced under the same conditions
(50 °C) by using GO. Unfortunately, GO could not be sufficiently
reduced at low temperature, so that no remarkable electrocatalytic
activity was detected. We therefore increased the temperature to 180
°C to fully reduce graphite oxide. It is known that the dispersion state
of noble metal particles on RGO could not be affected at this
temperature).>*

2.5. Electrocatalytic Property Measurements. The electro-
chemical measurements (cyclic voltammogram and chronoamperom-
etry) were made using a three-electrode cell at 25 °C on a CHI660
Electrochemical Workstation. A Pt wire and Ag/AgCl were used as the
counter and reference electrodes, respectively. A glass carbon electrode
as working electrode was polished with Al,O; paste and washed
ultrasonically in Millipore water. The working electrode was cast with
N,N-dimethylformamide solution (10 L) containing catalyst (2.5 mg/
mL), followed by drying at room temperature. Afterward, the surface
of the catalyst layer was covered by 8 uL of 0.05 wt % Nafion solution.
Thus, a thin film formed to prevent catalyst from detaching. The
working electrode was dried for S h before tests. The electrochemical
stability and activity of the composites were measured in 0.5 M NaOH
with 1 M methanol and 0.5 M H,SO,, with 0.5 M HCOOH by CA and
CV tests. The electrolyte solutions were stirred constantly and purged
with nitrogen gas. All chemicals used were of analytical grade.

SI 1260 impedance/gain-phase analyzer was used to acquire the
impedance spectra (frequencies from 100 kHz to 0.01 Hz with
amplitude of S mV at 0.2 V vs Ag/AgCl). We used ZPlot and ZView
software to analyze the obtained impedance data.

2.6. Characterization. The composites were digested with a hot
mixure of HNO; and HCI (96 °C, 6 h), followed by being maintained
at room temperature overnight.35 Afterward, a HF solution was added.
The temperature was increased to 96 °C and maintained for 2 h. To
finally obtain metal contents of the composites, the resulting solutions
were measured by inductively coupled plasma spectroscopy/optical
emission spectroscopy (ICP/OES) (PerkinElmer, Optima 3300XL
with AS 9lautosampler).

XRD patterns were carried out using a D-MAX 2500/PC equipped
with Cu Ka radiation (4 = 0.15418 nm) and operated at 40 kV and
100 mA. XPS analyses were performed using a RBD upgraded PHI-
5000C ESCA system (PerkinElmer). The X-ray source was Al Ka
radiation with 1486.6 eV. RBD Augerscan 3.21 software (RBD
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Enterprises, USA) was used to perform the data analysis. Raman
spectroscopy was conducted on a Renishaw inVia Raman System
1000. The excitation source was Nd:YAG (532 nm). Scanning electron
microscopy (SEM) was performed on a JSM-7S00F scanning electron
microscope with an acceleration voltage of 5 keV. The morphologies
and structures of the composites were probed by TEM on a JEOL
2010 instrument which was equipped with an EDS spectrometer.

3. RESULTS AND DISCUSSION

Structural features of the prepared samples were studied by X-
ray diffraction (XRD). Figure 1 shows the XRD patterns of
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Figure 1. XRD patterns of PG, GO, Pd/PG, Pd/RGO, and Pd/CNT.

dried GO, PG, Pd/CNT, Pd/RGO, and Pd/PG composites. A
sharp diffraction peak at 26.5° for dried PG is assigned to the
(002) reflection of hexagonal graphite. A minor one at 54.7°
corresponds to the (004) plane reflection of crystallized
graphite. These data indicate the restacking of the PG sheets
upon drying. The graphene characteristic peak of the (002)
plane was found to considerably decrease in the Pd/PG
composite. This behavior is associated with the aggregation and
restacking of graphene sheets being effectively prevented by the
attached Pd nanoparticles. The other three peaks in the catalyst
at 39.8°, 46.3° and 67.6° are assigned to the facets (111),
(200), and (220) of the face-centered cubic (fcc) Pd lattices,
respectively (JCPDS no. 46-1043). This indicates the pure
crystalline nature of the Pd nanoparticles. Similar diffraction
peaks are found in Pd/CNT.

An intensive peak at 20 = 11.1° is found in the XRD peak of
GO, which arises from the (002) reflection. Upon introduction
of the oxygen-containing groups, the average interlayer spacin§
(0.80 nm) is larger than that of pristine graphite (0.34 nm).”
In contrast, the (002) peak disappears after the Pd/RGO
composite formed, and no striking peaks arising from graphene
aggregates are observed. The stacking of the reduced graphene
oxide was prevented by the metallic particles while GO was
reduced. The other peaks are assigned to metallic Pd.

SEM images (Figure S1, Supporting Information) of both
PG and reduced GO (prepared under the same conditions as
Pd/RGO) show a layered structure. Figure 2 displays the
typical transmission electron microscopy images of the Pd/PG,
Pd/RGO, Pd/CNT, and Pd/XC-72 composites. As shown in
Figure 2a and 2b, few-layer graphene sheets (very thin) were
produced in the preparation processes. The Pd particles in Pd/
PG have a unique worm-like shape (Figure 2a), though
spherical nanoparticles are occasionally found. These particles
are uniformly distributed on the graphene surface with an
average size (width) of 3.63 nm in the size range of 1.3—7.7 nm
(Figure S2a, Supporting Information). The corresponding
SAED pattern shows characteristic Pd diffraction circles (see
inset in Figure 2a). The high-quality crystalline feature of
graphene is also observed in the diffraction patterns.>’ In
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Figure 2. TEM images of Pd/PG with selected area electron
diffraction (SAED) pattern as an inset: (a) Pd/PG, (b) Pd/RGO,
(c) Pd/CNT, and (d) Pd/XC-72 composites.

contrast, larger and different shaped Pd nanoparticles are
randomly distributed on the RGO surface for the Pd/RGO
hybrid, as shown in Figure 2b. It is evident that the particle size
distribution (1.7—23.8 nm, Figure S2b, Supporting Informa-
tion) with an average particle size of 8.05 nm is much broader
than Pd/PG. Pd/CNT and Pd/XC-72 were prepared under the
same experimental conditions as Pd/PG. Spherical Pd nano-
particles are found on Pd/CNT (Figure 2c) and carbon black
(Figure 2d). Detailed analysis shows that the average particle
size for Pd/CNT and Pd/XC-72 is 743 and 5.04 nm in the
diameter range from 3.12 to 11.10 nm (Figure S2c, Supporting
Information) and from 2.8 to 9.1 nm (Figure S2d, Supporting
Information), respectively. High-resolution TEM images of
each sample are shown in Figure S3, Supporting Information.

The high-dispersive decoration of Pd nanoparticles on
pristine graphene sheets was successful in this study as a result
of the supercritical condition which ensured high surface
wettability of pristine graphene and effective transfer of the Pd
precursors.” Recent investigations showed that when nanosized
Pd particles are anchored on carbon surfaces, metal Pd species
tend to form stable 7 complexes with unsaturated C—C bonds
(C,). The C, bonds can act as efficient binding sites for the Pd
nanoparticles and play an important role in the generation of
Pd—C hybrids.*® This partly explains the unique worm-like
morphology that forms intensive contact with pristine graphene
in Pd/PG.

Given the significant functionalization in Pd/RGO, the
content of C, species should be much lower. In addition,
although plenty of oxygenated groups on RGO in Pd/RGO are
beneficial to the decoration of Pd nanoparticles, an uneven
distribution of excessive oxygen-containing groups is not ideal
for fine dispersion of the Pd nanoparticles. Furthermore, the
graphene conductivity is compromised by an excess of
oxygenated groups. The stability of the catalyst is also
decreased due to the lower graphitization degree of the carbon
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support. These factors would reduce the electrochemical
stability for carbon-supported metal catalysts.

The corresponding energy-dispersive X-ray (EDS) spectra
(Figure S4, Supporting Information) show the presence of Pd
in Pd/PG Pd/RGO, Pd/CNT, and Pd/XC-72. By inductively
coupled plasma (ICP) analysis, the exact content of Pd in the
composites is 23.86, 30.75 (higher than other composites
because of deoxygenating of GO), 23.01, and 25.39 wt % in
Pd/PG, Pd/RGO, Pd/CNT, and Pd/XC-72, respectively.

Raman spectroscopy is a widely used tool for the
characterization of carbonaceous materials for conjugated and
double carbon—carbon bonds leading to high Raman
intensities.> Figure 3 shows the Raman spectra of PG, Pd/
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Figure 3. Raman spectra of PG, GO, Pd/PG, Pd/RGO, and graphite.

PG, Pd/RGO, GO, and graphite. The peaks at about 1350,
1580, and 2700 cm™! correspond to the D band, G band, and
2D band of graphene, respectively.*’ The structural defect (sp
bonds) is responsible for the D band, while the doubly
degenerate E,, mode of graphite give rise to the G band, which
is associated with the coplanar vibration of sp* atoms in a 2-D
hexagonal lattice. The second-order zone boundary phonons
result in the 2D band which shifts depending on the number of
graphene layers.*' The I, to il ratio is small for PG (0.19),
indicating an almost perfectly ordered graphitic structure.*” As
compared to the neat graphene sample, the intensity ratios (Ip/
il = 0.22) for Pd/PG show minimal increases, an indication of
highly crystalline graphene structure which is critical for high
electrical conductivity. There is a 2D band at 2707 cm™" in Pd/
PG, a structural feature of the few-layer graphene structure in
the composites.*”*

Comparison of the Raman spectra of graphite and GO shows
that both D and G modes intensify and broaden after oxidation.
The 2D peak (2725 cm™") of graphite begins to change after
formation of GO (Figure 3). The G bands of Pd/RGO are also
found to broaden and upshift as compared to graphite (from
1583 cm™! for graphite to 1591 cm™' for Pd/RGO). The
presence of isolated double carbon bonds is responsible for this
behavior due to resonance at higher frequencies.** The D band
at 1346 cm™' is pronounced and associated with structural
imperfections originating from the decoration of the epoxide
and hydroxyl functional groups on the basal graphene plane.*
Complete removal of these defects is difficult even using strong
reducing reagents.%’47 The I /il ratio varies from 0.85 for GO
to 1.40 for Pd/RGO. This increase in D/G intensity ratio is
reasonable for reduction could lead to disruption of some
carbon—carbon double bonds and the size decrease of the
graphene network.*®*” The overtone (2D) band and
combination (D + G) band are also found in the Raman
spectrum of the Pd/RGO composite, which are related to the
local defects or disorder in the sp® phase.***
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Figure 4a, 4b, 4c, and 4d shows the C 1s XPS spectra of PG,
GO, Pd/PG, and Pd/RGO, respectively. As a result of GO
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Figure 4. C 1s XPS spectra of PG (a), GO (b), Pd/PG (c), and Pd/
RGO (d), and Pd 3d XPS spectrum of Pd/PG (e).

deoxygenation, a substantial decrease in intensity is found for
the —COOH (288.9 eV), —C—O—C— (287.7 eV), and —COH
(286.2 eV) functional groups in the C 1s spectrum of Pd/RGO
in comparison with the peaks of GO.*® We also note that the
intensities of the oxygenated groups on PG and Pd/PG are
much weaker than those on Pd/RGO, indicating a much
smaller fraction of oxygenated groups on the graphene sheets.
The functional groups on PG might be introduced during
purification of natural graphite in its industrial production. The
XPS patterns of Pd/PG show significant Pd 3d signals
corresponding to the binding energy of Pd (Figure 4e). The
relatively lower binding energy set of double peaks (335.6 and
340.9 eV) is due to metallic Pd(0). The double peaks (337.2
and 342.9 eV) can be attributed to the Pd(II) chemical state on
PdO or Pd(OH),.*" The Pd 3d spectrum of Pd/RGO is similar
to that of Pd/PG, as shown in Figure S5, Supporting
Information.

The electrochemically active surface areas (ECSA) of Pd
catalysts were estimated by a calculation of the hydrogen
desorption area from cyclic voltammograms (CVs) in 0.5 M
H,SO, and 0.5 M NaOH solutions. ECSA can provide valuable
information on the available active sites of catalysts. It also
accounts for the access of a conductive path available to transfer
electrons on the electrode surface. Figure Sa shows the CVs of
the Pd catalysts in a N,-saturated solution of 0.5 M H,SO, at
50 mV s™". In the hydrogen region, the H ions are reduced and
the hydrogen atoms are absorbed in the negative-going
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potential scan. In the reverse scan, desorption of the absorbed
atoms generates an anodic current. ECSA is estimated by
integrating the peak area under the curve that counts for the

amount of hydrogen desorbed (Table 1). We find that the

Table 1. Comparison of CV Results for Different Carbon-
Supported Samples

forward peak mass activity (mA/

ECSA(m?/g) current (mA/cm?) mg Pd)
electrode DFAFC DMFC DFAFC DMFC DFAFC DMEFC
Pd/PG 103.8 115.0 84.7 66.9 1045.7 823.4
Pd/RGO 45.5 53.9 44.2 37.6 526.1 447.3
Pd/CNT 28.6 30.8 40.3 30.9 450.7 3454
Pd/XC-72 16.8 12.9 109 7.7 121.9 85.9

ECSA value calculated for Pd/PG (103.8 mz/g, CV of PG in
0.5 M H,SO, solution is shown in Figure S6, Supporting
Information) is at least twice as high as that obtained for Pd/
RGO (45.5 m®/g), three times Pd/CNT (28.6 m*/g), and six
times Pd/XC-72 (16.8 m*/g). The ECSA of Pd/PG is also
higher than commercial E-TEK catalyst (21.0 m*/g),>* Pd/
RGO/polypyrrolehybrids (63.6 m?/g),>> Pd/graphene (72.7
m?/g),”* and those of state of the art Pt-based nanomaterials in
acid medium, such as Pt/low-defect graphene (63.0 m*/g),**
Pt/GO (16.9 m?/g),*® Pt/RGO (44.6 m*/g),>® and graphene-
based Pt-on-Pd bimetallic nanodendrite catalyst (81.6 m*/g),>
Pt/polyaniline (64.5 mz/g),13 Pt/CNT (334 mz/g),58 Pt/
CNT/ionic liquid (71.4 m?/ g),59 that is, the utilization of Pd in
Pd/PG is very high.

The electrocatalytic performance of the Pd catalysts was also
evaluated in alkaline medium. As displayed in in Figure 5b and
Table 1, Pd/PG shows a larger ECSA value (115.0 m?/g),**%!
at least twice that of Pd/RGO (53.9 m*/g) and Pd/CNT (30.8
m?/g), 8 times that of Pd/XC-72 (12.9 m?/g), far surpassing
recently reported Pd-based nanostructures such as Pd/
polypyrrole/RGO  (41.8 m?/g),"* Pd/MnO,/MWNT (35.6
m?/g),%> Pt—Pd/carbon hybrids (51.4 m?/g),"® and Pd/
Co0,0,/XC-72 (48.0 m*/g),** that is, Pd/PG also possesses
excellent electrocatalytic activity in alkaline media. These
remarkable enhancements are due to not only fine dispersibility
of the Pd nanoparticles on the large surface area 2D carbon
material but also well-preserved intrinsic electrical conductivity
of graphene in Pd/PG.

We tested the composites in electro-oxidation of formic acid
and methanol using cyclic voltammetry. Figure 6a depicts the
CVs of the electrodes coated with Pd/PG, Pd/RGO, Pd/CNT,
and Pd/XC-72, immersed in a 0.5 M HCOOH and 0.5 M
H,SO, mixed solution at 50 mV s~'. All curves show obvious
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Figure 6. CVs of Pd/PG, Pd/RGO, Pd/CNT, and Pd/XC-72 in (a)
0.5 M H,SO, with 0.5 M HCOOH and (b) 0.5 M NaOH with 1 M
methanol at 50 mV s,

oxidation peaks and a minor hump at 0.45—0.75 V between the
positive potential excursions, which are associated with direct
oxidation of formic acid and oxidation of Pd. During the
subsequent negative excursion, a broad oxidation peak appeared
due to stripping of the absorbed intermediates and regeneration
of the Pd surface. As can be seen in Table 1, the Pd/PG catalyst
exhibits a considerably high mass activity of 1045.7 mA mg™"
Pd as compared with those (526.1, 450.7, and 121.9 mA mg™"
Pd) of Pd/RGO, Pd/CNT, and Pd/XC-72 catalysts. In the
presence of 0.5 M NaOH and 1.0 M methanol, two methanol
oxidation peaks were clearly observed. In this case, the mass
activity (823.4 mA mg ™' Pd) of Pd/PG is 1.8, 2.4, and 9.6 times
that of Pd/RGO, Pd/CNT, and Pd/XC-72 (Figure 6b and
Table 1).

For comparison, some reported state-of-art Pd-based nano-
materials are listed in Table S1 and S2, Supporting Information.
These results confirm that the synergetic effects of particle
dispersion and the intrinsic structure of pristine graphene in the
hybrid are essential for promoting the formic acid and
methanol oxidation reactions.

It is well known that the stability of catalysts is important for
the application of fuel cells.” Chronoamperometric (CA)
measurement was used to test the durability of catalysts.
Figure 7a shows the CA curves of the Pd/PG, Pd/RGO, Pd/
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Figure 7. Current—time dependence measured by chronoamperom-
etry in (a) 0.5 M H,SO, with 0.5 M HCOOH at 0.15 V (vs Ag/AgCl)
and (b) 0.5 M NaOH with 1 M methanol at 0.2 V (vs Ag/AgCl) for
Pd/PG, Pd/RGO, Pd/CNT, and Pd/XC-72.

CNT, and Pd/XC-72 electrodes in 2 0.5 M H,SO, and 0.5 M
HCOOH solution at a constant potential of 0.15 V. The decay
of the current density was found for all catalysts because of the
formation of the intermediate carbonaceous species during the
formic acid oxidation reaction. The most rapid initial decay was
observed for the Vulcan XC-72-based Pd catalysts. For Pd/PG,
the decay rate is lower compared to other catalysts in the initial
period. During the entire process, the highest current density is
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found in Pd/PG, indicating its optimal performance and
stability for formic acid oxidation. The poor stability of the
RGO-based composite is due to particle aggregation and
uneven distribution on RGO, thus suffering from accumulation
of more absorbed surface carbonaceous intermediates. Another
possibility is associated with the dense defects on RGO. The
RGO-based composite corrodes easily under harsh chemical or
electrochemical oxidation conditions. For methanol oxidation,
the current decay rate (Figure 7b) exhibits a similar trend in the
order Pd/PG < Pd/RGO < Pd/CNT< Pd/XC-72, in line with
the CV results. Apart from fine dispersion of the Pd
nanoparticles, a few-layer graphene structure is also beneficial
to the enhanced stability of Pd/PG. The outmost graphene
layer may be easily corroded, but more graphene layers of Pd/
PG retain the graphitized base structure.

Electrochemical impedance spectra (EIS) were conducted to
assess the electric conductive performance of the composites.
Figure 8 shows the Nyquist plots of the Pd/PG, Pd/RGO, Pd/
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Figure 8. Nyquist plots of EIS for Pd/PG, Pd/RGO, Pd/CNT, and
Pd/XC-72 at 0.2 V (vs Ag/AgCl) in 0.5 M H,SO, with 0.5 M
HCOOH.

CNT, and Pd/XC-72 composites obtained in a solution of 0.5
M HCOOH and 0.5 M H,SO, at a potential of 0.2 V (vs Ag/
AgCl). A partially overlapped semicircle is found in the Nyquist
plots of the catalysts. The charge transfer resistance of catalysts
can be determined by the diameter of primary semicircle.
ZView software was used to fit the impedance data.®® The
charge transfer resistance (R.) values are 101.4, 173.9, 232.3,
and 251.3 Q for Pd/PG, Pd/RGO, Pd/CNT, and Pd/XC-72,
respectively. The charge transfer resistances of graphene-based
composites (Pd/PG and Pd/RGO) are considerably smaller
than that in Pd/CNT and Pd/XC-72, suggesting superior
electrical conductivity of graphene as an electrocatalyst material
in comparison with the traditional carbon-supporting substrate.
In addition, Pd/PG has a significantly lower R, value than Pd/
RGO. Thus, the highly crystalline nature of graphene is
essential for promoting the electron transport. The decrease in
the R value for the PG-based catalyst is indicative of decreased
reaction resistance of formic acid electro-oxidation and well
correlated to the improved catalytic activity.

4. CONCLUSIONS

We developed pristine graphene-supported Pd electrocatalysts
using a simple supercritical method. The supercritical carbon
dioxide was found to uniformly disperse the worm-like Pd
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nanoparticles that help debundle the graphene nanosheets The
resulting Pd/PG nanohybrid exhibits excellent electrocatalytic
activity and stability for both formic acid and methanol
oxidation reactions, far surpassing the Pd/RGO, Pd/CNT, and
Pd/XC-72 hybrids. The superior electrocatalytic property of
Pd/PG is attributed to the unique graphitic basal plane
structure of pristine graphene that offers large surfaces, high
electrical conductivity, and chemical stability. The unique
supercritical strategy is practically viable but not constrained to
loading of other nanosized metal particles or quantum dots on
pristine graphene for different engineering applications and
functionality.
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