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ABSTRACT: A green method for synthesizing Pd nanoparticles/graphene composites from a choline chloride—oxalic acid deep
eutectic solvent (DES) without a reducing agent or a surfactant is reported. Deep eutectic solvents are usually composed of halide
salts and hydrogen-bond donors, and many are biocompatible and biodegradable. The merits of deep eutectic solvents include that
they serve as reducing agents and dispersants, and Pd nanoparticles are tightly anchored to graphene. The size and dispersion of Pd
particles are improved when supercritical carbon dioxide (scCO,) is used because it has gaslike diffusivity and near-zero surface
tension, which results in excellent wettability between the scCO, and the carbon surface. The prepared sc-Pd NPs/GR/SPCE shows
excellent activity toward glycerol oxidation compared to composites not fabricated by scCO, processes. This study demonstrates the
potential of using this scCO,-assisted protocol combined with deep eutectic solvents to further construct nanoparticles/graphene

composites.

B INTRODUCTION

Because of their fascinating size- and shape-dependent
properties, metal nanoparticles have attracted great interest
in the fields of catalysis and sensing for decades. Achieving
environmentally friendly and sustainable methods for prepar-
ing such nanomaterials is now a worldwide demand. In today’s
world, the environmental impact of solvents, reductants, and
stabilizing agents used in preparing nanoparticles needs to be
considered.

Most deep eutectic solvents (DESs) are mixtures composed
of quaternary ammonium salts and hydrogen-bond donors
(HBD) such as sugars, alcohols, and the amino acid, at specific
ratios. The mixture has a lower melting point than either of its
components. DESs have been used in synthesis, separation,
industry, and electrochemistry, becoming an alternative to
traditional ionic liquids. DESs offer many advantages over ionic
liquids, including biodegradability, biocompatibility, simpler
synthesis, and low cost.'”* DESs have been increasingly
applied for advancing the low-temperature synthesis, function-

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

alization, and application of nanomaterials. DESs have been
used to functionalize carbon and metal-based nanomaterials
and size- and shape-controlled synthesis of metal nanomateri-
als.”>”” Sun and co-workers reported that DESs are versatile
systems and can be used in the electrochemical shape-
controlled synthesis of high-index faceted nanocrystals,
including Pt concave THH enclosed by {910} facets and Au
TOH with a {311} facet. The adsorbed ions of DESs such as
choline cations, CI7, and urea served as regulators of surface
structure. Moreover, they also reported that the urea HBD
preferentially stabilizes the (100) faces of Pt seeds and blocks
the growth of the <100> axis.*”'" Only a few reports have
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Scheme 1. (a) Fabrication of (sc)-Pd NPs/GR-Modified Electrode and the Application of Glycerol Catalysis. (b) Instrumental

Setup of the Supercritical CO, System
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appeared regarding DESs as promising solvents, dispersants,
and shape-controlled agents in synthesizing various nanoma-
terials.”'"'* Liao and co-workers reported that star-shaped Au
NPs could be reduced by 1-ascorbic acid in a ChCl-urea DES.’
Oh et al.'” used a ChCl-malonic acid DES as the reaction
medium and a structure-directing reagent to synthesize highly
monodispersed gold microparticles. However, in both studies,
an additional reducing agent, such as ascorbic acid, was needed
to reduce the Au NPs. Chen et al. reported that the ChCl-
thiourea DES could act as a solvent, structure-controlling
reagent, and offered an in situ sulfur source to synthesize FeS
by the ionothermal method."" To date, only a limited number
of in-depth studies have appeared regarding DESs as reducing
agents for nanoparticle synthesis. Thus, ChCl-oxalic acid DES
was chosen as a solvent and a reducing agent to prepare the
nanomaterials in this study. Compared to a traditional organic
solvent, a supercritical fluid (SCF) is an attractive alternative
for nanoparticle synthesis because such solvents are usually
nontoxic, nonflammable, inexpensive, and easily separated.""*
The size and structures of nanoparticles can be readily
controlled by utilizing the unique properties associated with
such solvents in their supercritical state. When the substance
reaches the supercritical state, the properties such as density,
dielectric constant, and solubilizing capacity are drastically
changed. The properties of a substance in the supercritical
state can be adjusted through changes in temperature and
pressure. The system can be easily tuned to the optimal
setpoint for producing the desired nanoparticle features."
Supercritical carbon dioxide (scCO,) is the most commonly
used solvent because it is environmentally friendly, nonflam-
mable, chemically inert, and relatively inexpensive. Moreover,
many organometallic precursors with long alkyl chains that
cannot typically be utilized in supercritical water (scH,O) or
supercritical ethanol (scEtOH) can be solubilized in scCO,
because the scCO, has a similar density to the liquid carbon
dioxide, which retains equal solvation power.””lé_19 Pd
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nanomaterials have proven to be excellent catalysts in many
reactions, including organic coupling reactions, fuel cells,
hydrogen storage, and sensing. Owing to the wide range of
applications of this element, many techniques for the synthesis
of Pd nanostructures have been developed, including
deposition using a supercritical fluid. Some examples showing
the range of Pd nanomaterials prepared in scCO, have
appeared.'®™** To prepare versatile Pd nanomaterials, the size
of the Pd nanoparticles (NPs) is usually reduced, and they are
supported on various carbon materials.”**> Graphene (GR)
with excellent electrical conductivity and a high surface area
represents an excellent support material and, when used, it
improves the electronic properties of nanomaterials through
the strong interactions between the graphene and the Pd
nanoparticles.'®”" Therefore, Pd NPs/GR composites are
potential materials for use in electrochemical sensors and as
catalysts. Polyols such as ethylene glycol and glycerol have
several advantages over the traditional fuels (methanol,
ethanol, and formic acid) used for energy conversion in fuel
cells. These include lower prices, high theoretical energy
density, and less toxicity. However, only glycerol is a product
that is derived from biomass because it is a natural product that
is produced in the methanolysis of vegetable oils. These
characteristics make it an excellent candidate for use in fuel
cells. The use of glycerol in direct glycerol fuel cells has been
widely reported as a prospective energy source for many
applications.”*~

This work reports the successful synthesis of Pd NPs/GR
composites from a choline chloride—oxalic acid deep eutectic
solvent without needing a reducing agent or a surfactant. This
method takes advantage of DESs that simultaneously serve as
the reducing agent, a particle stabilizer, and the actual reaction
media. The size and the distribution of Pd NPs on graphene
are highly dependent on the SCF used for the synthesis. The
(sc-)Pd NPs/GR/SPCEs were used to electro-oxidize glycerol
in an alkaline solution for potential use in direct alcohol fuel
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Figure 1. TEM images (a, b, d, e) and SAED patterns(c, f) of Pd NPs/GR (a—c) and sc-Pd NPs/GR (d—f). Inset: size distribution histograms.

cell applications. The schematic illustration (sc-) Pd NPs/GR/
SPCE preparation process is shown in Scheme la.

B EXPERIMENTAL SECTION

Chemicals and Materials. Choline chloride (ChCl, Alfa
Aesar, >99%), oxalic acid (Alfa Aesar, 98%), palladium(II)
chloride (PdCl,, UniRegion Bio-Tech, 99.9%), potassium
hydroxide (KOH, Merck, 85%), glycerol (RD, ACS),
potassium hexacyanoferrate(I1I) (K;[Fe(CN)4], Showa Chem-
ical Co., Ltd, 98%), potassium chloride (KCl, Showa, 99%),
and multilayer graphene (Enerage, Inc, P-ML20) are used as
received. Deionized water (DI water) with a resistivity of 18.2
MQ was prepared using a Merck Water System, and this was
used in all experiments.

Preparation of the Pd nanoparticles/graphene composite:
The ChCl-oxalic acid deep eutectic solvent (DES) was
prepared from a mixture of ChCl and oxalic acid in a 1:2
molar ratio. The mixture was heated and stirred in a beaker at
90 °C for 24 h. Briefly, 20 g of ChCl-oxalic acid DES was
added to a 100 mL round-bottom flask, and then 0.015 g of
graphene and 0.086 g of PdCI, were injected into the round-
bottom flask in an oil bath and heated to 90 °C for 24 h under
magnetic stirring. The final product had a black color. The
products were collected by centrifugation (15000 rpm) and
washed with ethanol five times. Finally, the Pd nanoparticles/
graphene (Pd NPs/GR) composites were dispersed into
ethanol to produce a colloidal solution for further use.

Supercritical CO, Treatment of Pd NPs/GR. Pd NPs/
GR (15 mg) was placed in a 25 mL beaker and transferred into
a 10 mL stainless steel high-pressure cell (cell, Scheme 1b).
The system was first purged with CO, and maintained at S0
°C. After closing valve 4, the system was pressurized with 10.3
MPa of CO, for the supercritical CO, treatment step. After a §
min incubation, the system was depressurized by opening valve
4 to release CO,. The Pd nanoparticles/graphene composites
(sc-Pd NPs/GR) were collected and purified by centrifugation
at 12 500 rpm for 5 min and washed five times with ethanol.

Finally, the as-prepared sc-Pd NPs/GR was dispersed into
ethanol for further use.

Characterization. The morphology and the composition
of the (sc-) Pd NPs/GR were observed by transmission
electron microscopy (TEM) and high-resolution TEM. X-ray
diffraction (XRD) patterns were recorded with a Bruker D2
PHASER instrument with a Cu Ka radiation source; scanning
was conducted over 35—80° (26). An inductively coupled
plasma optical emission spectrometer (ICP-OES, Agilent 725)
was used to detect Pd. The surface compositions were
evaluated with an XPS photometer (Thermo, K-a) using a
Mg Ka radiation source (12 kV and 10 mA). The binding
energy scale was calibrated to 284.3 eV based on the
prominent C Is peak.

Electrochemical Measurement. All electrochemical
studies were conducted on a Metrohm Autolab PGSTAT
204 potentiostat/galvanostat controlled by NOVA software. A
standard three-electrode electrochemical setup was employed
in all experiments. A spiral Pt wire was used as the counter
electrode, and a Ag/AgCl electrode was used as the reference
electrode. A screen-printed carbon electrode (SPCE, 0.018
cm?, SE102, Zensor) was cleaned by treatment with deionized
(DI) water and then activated by cyclic voltammetry in a 0.1 M
phosphate buffer solution (pH 7) at room temperature for 10
cycles. For preparing the Pd NPs/GR/SPCE, 2.0 mg of Pd
NPs/GR powder was dispersed in 0.1 mL of ethanol by
ultrasonic agitation to give a homogeneous suspension. Finally,
1.0 uL of 20 mg mL™" suspension solution was drop-cast on
the activated SPCE surface and dried under an infrared lamp
(175 W) for 10 min. All cyclic voltammetry experiments for
the electro-oxidation of glycerol were operated at potentials
ranging from —0.6 to +0.6 V in both 1 M KOH and 1 M
glycerol/1 M KOH solutions. To evaluate the stability of the
material, chronoamperometry (CA) for glycerol oxidation was
measured at the —0.1 V (vs Ag/AgCl) for an hour for both (sc-
) Pd NPs/GR/SPCE in a 1 M glycerol/1 M KOH solution.
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ACS Omega 2022, 7, 19930—19938


https://pubs.acs.org/doi/10.1021/acsomega.2c01721?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01721?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01721?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01721?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
(a) 111 ®
(ii)
*graphene
(200)
3
2 (220)
.E' *
~r -
=
A\
1 1 n 1 1 "
40 50 60 70

80

(b)

Transmittance (%)

1720 1250

3400

L 1 Il Il 1

3500 3000 2500 2000 1500

1
Wavenumber (cm )

4000 1000

Intensity (a.u.)

0.0 L

-200 -100 =50

0 50 100

Zeta potential (mV)

Figure 2. (a) XRD pattern, (b) FT-IR spectra, and (c) {-potential of (i) Pd NPs/GR and (ii) sc-Pd NPs/GR composites obtained from oxalic acid

at 90 °C, and (iii) graphene.

B RESULTS AND DISCUSSION

The as-prepared Pd NPs/GR composites were characterized
by TEM, as illustrated in Figure 1. As shown in Figure la, the
Pd nanoparticles were anchored on the graphene after the
PdCl, had reacted with the multilayer graphene in the ChCl-
oxalic acid DES at 90 °C. Oxalic acid can act as both a solvent
and a reducing agent.'®*> The TEM images revealed that
several particles had become agglomerated. Pd particle growth
was due to the strong interactions between the Pd garticles and
oxygen functional groups on the graphene sheets.'® The size of
the Pd NPs was determined to be around 12.9 + 2.4 nm. The
high-resolution (HR)-TEM image (Figure 1b) indicates that
the Pd NP has a cubelike structure. The selected area electron
diffraction (SAED) pattern revealed that the Pd cube is
polycrystalline.

According to Subramaniam et al,”* Pd nanoparticles could
be readily and efficiently attached to the surface of graphene
sheets using scCO, because scCO, has no surface tension and
exhibits a high wetting ability. With the help of scCO,, metal
or metal oxide nanomaterials with a narrow particle size
distribution have been deposited on various carbon supports or
inorganic substrates.”* The density of scCO, is similar to the
liquid-like densities, and metal precursors could be dissolved in
scCO,.”° In addition, compared to other solvents in their
liquid form, the mass transfer rates of solute molecules in
scCO, are considerably faster because scCO, possesses a
higher penetration rate into porous nanomaterials. Zhao et al.
reported on the synthesis of well-dispersed wormlike Pd NPs
on pristine graphene (PG) sheets under supercritical CO,
conditions.*® They found that the scCO, had a better surface
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wettability for PG and facilitated the deposition of uniform-
sized metal Pd species on it, resulting in the generation of a
Pd/PG catalyst with an excellent electrical conductivity that
could be used in methanol fuel cells. To further understand the
effort of an scCO, treatment in our system, the as-prepared Pd
NPs/GR was treated with scCO, by introducing 10.3 MPa of
CO,, and the temperature of the resulting system was
maintained at 50 °C for 5 min. The formation of the
supercritical fluid-treated Pd NPs/GR (sc-Pd NPs/GR)
composite was observed by TEM, as shown in Figure 1d—e.
After the scCO, treatment, more uniform Pd nanoparticles
were dispersed on the surface graphene sheets. The structure
of the Pd particles changed to a round shape, and the particle
size also decreased to ca. 6.7 + 1.4 nm. SAED patterns (Figure
1f) indicated that the crystallinity of the material remained the
same after the supercritical fluid treatment.

The structure and crystal phase of Pd NPs/GR and sc-Pd
NPs/GR composites were characterized by the powder X-ray
diffractometer (XRD) to confirm the presence of crystalline Pd
nanoparticles in the composites. Figure 2a shows the XRD
patterns obtained at 26 = 40.1, 46.3, and 68.5, corresponding
to the (111), (200), and (220) diffraction of face-centered
cubic crystalline geometry of Pd nanoparticle (JCPDS file no.
01-071-3757). The diffraction peak at 26 = 54.5 is related to
graphene. These results indicate that the Pd(II) ions can be
reduced to form Pd NPs/GR composites by the ChCl-oxalic
acid DES because the selected hydrogen-bond donor is an
excellent reducing agent for nanoparticle synthesis.”” In the
composites, the prominent peaks were assigned to the peaks
for Pd nanoparticles. The mean crystallite sizes, D, were

https://doi.org/10.1021/acsomega.2c01721
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Figure 3. XPS spectra of (a, c) Pd NPs/GR and (b, d) sc-Pd NPs/GR composites obtained from oxalic acid at 90 °C: (a, b) Pd 3d and (¢, d) C 1s.

calculated using the Debye—Scherrer formula, D = K&/
(B cos ), where K is the Scherrer constant, 1 is the X-ray
wavelength, f# is the peak width at half-maximum, and 6 is the
Bragg diffraction angle. The peak at 20 = 40.1 indicates a
calculated crystallite size of 11.06 and 6.98 nm for Pd NPs/GR
and sc-Pd NPs/GR, respectively, consistent with the TEM
results. Additional structural information regarding the Pd
NPs/ GR and sc-Pd NPs/GR composites was obtained by
Fourier transform infrared (FT-IR) spectroscopy (Figure 2b).
The intense broad peak at approximately 3400 cm™' is
attributed to the O—H stretching vibration in the spectra. A
sharper peak at 1720 cm™' indicates the presence of a free
COOH group in the DES. The frequency at 1250 cm™ is
related to the C—O stretching frequency. It can be used to
recognize the free oxalic acid present in DES.”” These results
indicate that, even after the SCF treatment, the oxalic acid
remains on the Pd NPs. The {-potential provides essential
clues concerning the stabilization in the suspension of
nanoparticles. A {-potential distribution curve of graphene
solution (Figure 2c) had a mean value of —44.6 mV. The
negative surface charge on the graphene particles resulted from
the ionization of hydroxyl groups.”® The zeta potential of Pd
NPs/GR was at —=71.6 mV, which possessed a more negative
value due to the attachment of oxalic acid to the Pd
nanoparticles. The {-potential of sc-Pd NPs/GR is slightly
positively shifted to —67.2 mV because the functional group is
slightly reduced by SCF. These zeta potential values are known
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to be attributed to the stability of colloids because of the
electrostatic repulsion between them.”

The surface composition of the Pd NPs/GR and sc-Pd NPs/
GR composites was further characterized by X-ray photo-
electron spectroscopy (XPS). Two significant peaks at 335.0
and 340.3 eV in the Pd 3d spectrum of the composites (Figure
3a,b) were assigned to the binding energies of Pd 3d;/, and Pd
3d;,, respectively, suggesting the presence of metallic Pd. The
other two weak peaks at 337.0 and 342.4 eV are ascribed to the
presence of PdO.**™* The oxide layer could be due to the
surface oxidation of samples during the cleaning and
examination. C 1s spectra of the Pd NPs/GR and sc-Pd
NPs/GR composites are shown in Figure 3¢,d. The prominent
C 1s peak at 284.3 eV is contributed by C—C and the other
two weak peaks 285.6 and 290.2 eV, corresponding to the C—
O bond and the carboxylic group of oxalic acid, respectively.'®
There is no change in XPS data that indicates that the oxalic
acid still remains on the Pd NPs/GR composites after the SCF
treatment.

ICP-OES emission spectroscopy was used to determine the
Pd content in both (sc)-Pd NPs/GR composites. The Pd
loading was found to be 14.0 and 16.6 wt % for the Pd NPs/
GR and sc-Pd NPs/GR, respectively. The Pd content, as
measured by ICP-OES, is consistent with the presence of 15 wt
% Pd.

Electrochemical impedance spectroscopy (EIS) was used to
examine the kinetics of the electrode reaction and the
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Figure S. Electrochemical measurement of (i) Pd NPs/GR/SPCE and (ii) sc-Pd NPs/GR/SPCE. (a) CVs recorded in 1 M KOH with a scan rate
of 100 mV 57", (b) CVs recorded in a 1 M glycerol/1 M KOH solution with a scan rate of 50 mV s™', (c) chronoamperometric stability curves
measured at —0.1 Vin a 1 M glycerol/1 M KOH solution, (d) linear sweep voltammetry (LSV) curves in a 1 M glycerol/1 M KOH solution with a
scan rate of 10 mV s™', and (e) Tafel plots in a 1 M glycerol/1 M KOH solution.

interfacial process of Pd NPs/GR and sc-Pd NPs/GR
composites. The composites were drop-cast on an SPCE as a
modified electrode for use in further electrochemical measure-
ments. The Nyquist plots of the EIS include a semicircle, and
the diameter of the semicircle is proportional to the charge-
transfer resistance (R,). A smaller diameter indicated that the
catalyst had a lower charge-transfer resistance.

Figure 4a shows a Nyquist diagram of the as-prepared
modified electrode in a 5 mM Fe(CN),~/4/0.1 M KCl

solution. The relative equivalent circuit of these modified
electrodes is shown in Figure 4b. While the graphene/SPCE
electrode resulted in a sizable semicircle with a high charge-
transfer resistance (R, = 1850 ), a decrease in the size of the
semicircle and R, value was observed for the Pd NPs/GR/
SPCE (194 Q) and sc-Pd NPs/GR /SPCE (107 Q). This
indicates that the catalytic performance of the (sc-) Pd NPs/
GR/SPCE is excellent and is due to the rapid electron transfer
between the electrode surface and the analyte.
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The (sc-) Pd NPs/GR composites were evaluated for their
performance toward the electro-oxidation of glycerol as a
demonstration of the system. As-prepared Pd modified
electrodes were used for the cyclic voltammetry (CV)
measurement in 1 M KOH in the absence and presence of 1
M glycerol. Figure 5a shows the CVs for Pd NPs/GR/SPCE
and sc-Pd NPs/GR/SPCE in 1 M KOH. Because the Pd atoms
on the surface will be oxidized under the given potential, the
value for the electrochemically active surface area (ECSA)
could be estimated by integrating the reduction charge of the
Pd oxide using the reduction charge of 420 sC cm™. TE v
curves of Pd NPs/GR/SPCE and sc-Pd NPs/GR/SPCE show
an oxidation wave between +0.25 and +0.6 V that is related to
the surface oxidation of Pd. During the reverse scan, a
pronounced reduction peak at —0.2 V representing the surface
reduction of PdO appeared.*” The sc-Pd NPs/GR/SPCE
exhibited a much more intense reduction peak than Pd NPs/
GR/SPCE, thus revealing that the sc-Pd NPs/GR/SPCE has
the largest ECSA. The calculated ECSA values for both
modified electrodes were found to be 0.16 and 0.29 cm? for Pd
NPs/GR and sc-Pd NPs/GR, respectively. The higher ECSA
value of the sc-Pd NPs/GR/SPCE may be due to the highly
uniform dispersion of Pd nanoparticles on the graphene and
the decreased particle size, which was improved by SCF
treatment. A comparison between geometrical (0.018 cm?)
and ECSA was conducted to evaluate the effect of combining
the Pd NPs and graphene-modified electrodes. When Pd was
supported on graphene, the active surface area was increased
by 9-fold, and the supercritical fluid treatment improved the
distribution of NPs, which also increased the active surface
area by 16-fold.

The electrocatalytic performance was further evaluated in a
1 M glycerol/1 M KOH solution, as shown in Figure Sb.
Similar to the alcohol oxidation reaction on Pd-based
electrocatalysts in alkaline media, the electro-oxidation of
glycerol is characterized by the formation of two well-defined
anodic current peaks in the forward and reverse scans.”®***
The freshly chemisorbed species from glycerol adsorption are
oxidized in the forward scan. The reverse scan peak is primarily
associated with the further electro-oxidation of carbonaceous
species, which are not entirely oxidized in the forward
scan.”**" The appearance of another oxidation peak at a
more positive potential at —0.11 V is attributed to the
oxidation of the remaining adsorbed OH groups on the catalyst
surface and the oxidation of several glycerol products.”® The
CVs reveal that the sc-Pd NPs/GR/SPCE has the effect of
promoting glycerol oxidation, which shows a more negative
onset potential (—0.33 V) and a more significant oxidation
current density (42.6 mA cm_z) than the Pd NPs/GR/SPCE
(27.3 mA cm_z)‘ Moreover, the sc-Pd NPs/GR/SPCE shifts
the current drop toward higher potentials due to the slower
kinetics of the formation of the Pd surface oxide on the surface
that would delay the surface deactivation by oxide species
coverage.46 The stabilities and durability of the Pd NPs/GR/
SPCE and sc-Pd NPs/GR/SPCE were also evaluated using
chronoamperometry at a constant potential of —0.1 V. As
shown in Figure Sc, the current densities for all of the catalysts
decayed rapidly at the initial stage, implying the formation of
intermediate carbonaceous species and poisoning species that
were produced during the oxidation of glycerol. The current
then gradually deteriorated and eventually reached a pseudo-
steady state. As expected, the current density of the sc-Pd
NPs/GR/SPCE was higher than that for the Pd NPs/GR/

SPCE over the entire time range. The sc-Pd NPs/GR/SPCE
showed the best electrical conductivity, the highest catalytic
performance, and showed a higher stability toward GOR. The
Tafel slope is a fundamental kinetic parameter associated with
a reaction that occurs on the surface of an electrode in an
electrochemical reaction. Tafel plots were derived from the
linear sweep voltammetry (LSV) data and were used to
evaluate the reaction kinetics of electrodes. The LSV curves in
Figure 5d show that the sc-Pd NPs/GR/SPCE has the lowest
overpotential and highest current density. The catalytic activity
is presented in the form of a Tafel plot (Figure Se), where the
logarithm of the current density is plotted against the potential.
A lower Tafel slope indicates faster charge-transfer kinetics
during the oxidation of glycerol. The calculated Tafel slopes for
Pd NPs/GR/SPCE and sc-Pd NPs/GR/SPCE were found to
be 41.49 and 27.72 mV/decade, respectively. The slope of the
sc-Pd NPs/GR/SPCE possessed a low Tafel slope and
remained linear, even at higher current densities, indicating
that electron and mass transfer were very rapid during the
glycerol oxidation reaction.*’

B CONCLUSIONS

We describe a simple green chemistry approach for preparing
carbon-supported Pd electrocatalysts. Pd NPs/GR composites
were synthesized in a ChCl—oxalic acid DES by a simple route
without the need for any reducing agent or stabilizer. In this
process, the DES serves as a reducing agent, a dispersant, and
as a solvent during the synthesis process. After treatment with
supercritical CO, for S min, the TEM images indicate that
particle sizes and nanoparticle distribution of metal Pd can be
adjusted, resulting in the formation of Pd NPs with a narrower
particle size distribution on the GR substrate. Interestingly, the
sc-Pd NPs/GR/SPCE showed high catalytic activity and long-
term stability with respect to the electro-oxidation of glycerol.
This approach opens a new area for the synthesis of
nanoparticles that contain other metals and alloys using deep
eutectic solvents in combination with supercritical fluid
techniques.
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