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Direct ethanol fuel cells have great potential for practical power applications due to their easy operation,
high energy density, and low toxicity. However, the slow and incomplete ethanol electrooxidation (EEO)
reaction is a major drawback that hinders the development of this type of fuel cell. Here, we report
a facile approach for the preparation of highly active, low cost and stable electrocatalysts based on
palladium (Pd) nanoparticles and black phosphorus/palladium (BP/Pd) nanohybrids supported on
a carbon aerogel (CA). The nanocomposites show remarkable catalytic performance and stability as
anode electrocatalysts for EEO in an alkaline medium. A mass peak current density of 8376 mA mgpq " is
attained for EEO on the BP/Pd/CA catalyst, which is 11.4 times higher than that of the commercial Pd/C
catalyst. To gain deep insight into the structure—property relationship associated with superior
electroactivity, the catalysts are well characterized in terms of morphology, surface chemistry, and

catalytic activity. It is found that the BP-doped CA support provides high catalyst dispersibility, protection
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Accepted 21st October 2022 against leaching, and modification of the electronic and catalytic properties of Pd, while the catalyst

modifies CA into a more open and conductive structure. This synergistic interaction between the

DOI: 10.1039/d2ra05452¢ support and the catalyst improves the transport of active species and electrons at the electrode/
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1. Introduction

Fossil fuel combustion is the main contributor to greenhouse
gases that drive global warming. The search for clean, sustain-
able, and ecological energy sources has become a global, yet
challenging, demand in recent years. Fuel cells are devices that
convert chemical energy into electrical energy in a clean
manner. If the supplied fuel is hydrogen, electricity, heat, and
water are the only products.”* Among different types of fuel
cells, liquid fuel cells (LFCs) have considerable advantages in
terms of easy handling, low operating temperatures, and the
availability of a wide range of liquid fuels such as ethanol,
methanol and formic acid.*® The ease of producing ethanol
from the fermentation of biomass makes its use as a fuel in
LFCs an attractive choice. Despite these appealing features, the
realization of efficient, cost-effective ethanol LFCs is still
hampered by some issues such as the slow and inefficient
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electrolyte interface, leading to rapid EEO reaction kinetics.

ethanol electrooxidation (EEO) reaction, the poisoning of the
catalysts by the intermediate species especially in acidic media,
and the high cost of the catalysts, of which platinum (Pt) is the
most famous.** Palladium (Pd) based catalysts have become
competitive with the Pt ones due to their relatively low cost and
high resistance to poisoning species such as carbon monoxide
(CO).>'*1* In addition, Pd electrocatalysts have shown high
catalytic activities for EEO in the less corrosive alkaline
media,>? which can be attributed to the formation of ethoxy
intermediates rather than CO-like species.”

The electrocatalytic performance of Pd can be further
enhanced by modifying its electronic and/or morphological
properties. It has been found that combining Pd with other
transition metals*>** or two-dimensional (2D) materials*>*® can
modulate the electronic structure of Pd, boosting its electro-
chemical activities. Owing to the accumulation characteristics
of naked Pd nanoparticles (NPs), different catalyst support
materials such as carbon nanomaterials, conductive polymers,
and metal oxides have been utilized to achieve uniform Pd
particle dispersion, size control and thus enhanced catalytic
properties. For example, hollow nitrogen-doped graphene
frameworks'” and polypyrrole-carbon composite* were used as
Pd support materials, and the results demonstrated that effi-
cient Pd catalyst NPs with an average size of about 5.5 nm could
be well dispersed on the surface of the support material.
However, many of these support materials are morphologically
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flat where the incorporated catalyst tends to dissolute in the
electrolyte and gets separated from the support. Moreover, the
poor conductivity of some support materials (e.g., metal oxides)
limits their use in high-performance electrocatalysis.

Carbon gels, in both of their forms; xerogels (CXs) and aer-
ogels (CAs), have attracted extensive interest as electrode
materials for wide-ranging applications such as catalysis,'®*
fuel cells**** and energy storage.”>** The appeal of carbon gels
stems from their low mass density, high surface area, large
mesopore volume, high electrical and thermal conductivities,
and inexpensive preparation methods.*»*® More specifically,
CAs can be readily prepared from resorcinol and formaldehyde
monomers by the sol-gel method in the presence of a catalyst.
Functionalized metal doped CAs can also be obtained by adding
a soluble metal salt to the resorcinol/formaldehyde mixture or
by post-synthesis modifications. The doped metal is typically
trapped and chelated within the gel matrix with high tolerance
against leakage. As a result, carbon aerogel-supported catalysts
have shown great promise in many liquid-phase catalytic
applications.

Herein, highly efficient anodic Pd catalysts supported on CA
are prepared and tested for EEO in an alkaline medium. The Pd/
CA catalyst exhibits high EEO performance which can be
ascribed to different factors: (1) high electroactive area owing to
the better dispersion of Pd NPs; (2) enhanced electrolyte pene-
tration through the porous structure of the CA support; and (3)
improved catalyst stability and durability. The EEO reaction is
further boosted by doping the Pd/CA catalyst with back phos-
phorus (BP); a layered 2D material with high electronic mobility
in which each phosphorus atom covalently bonded to three
adjacent phosphorus atoms in a puckered honeycomb struc-
ture.”® It has been shown that the Pd/BP interaction can trigger
a Pd-P coordination bond of a covalent nature.?” The electron
transfer from BP to Pd increases the Pd charge density and
upshifts its d-band center, promoting the catalytic performance
of the hybrid BP/Pd/CA catalyst.

2. Materials and methods

2.1. Materials

Analytical grade resorcinol, formaldehyde, palladium(u) chlo-
ride (PdCl,), cobalt acetate (Co(Ac),-6H,0), ethylene glycol,
urea, N,N-dimethylformamide (DMF), Nafion solution (5 wt%),
isopropanol, potassium hydroxide (KOH), and ethanol
(C,HsOH) were purchased from Sigma-Aldrich. The black
phosphorus (BP) single crystal was supplied by HQ Graphene.

2.2. Carbon aerogel (CA) synthesis

CA samples were synthesized by a polymerization reaction
between resorcinol and formaldehyde with a molar ratio of 1: 2.
Cobalt acetate was used as a polymerization catalyst and water
as a solvent. The molar ratio between resorcinol and water was
adjusted to be 1:23, and the cobalt (Co) content was calculated
to be 1 wt% of the final carbon structure. All the reactants were
mixed using a magnetic stirrer, filled into glass molds, and
heated at 40 °C for a day and then at 80 °C for five days. The
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resulting organic gels were placed in acetone for three days for
solvent exchange, and then super-critically dried to afford their
corresponding organic aerogels. The CA samples were obtained
by carbonizing the organic aerogels at 900 °C for two hours
under nitrogen (N,) atmosphere.

2.3. Preparation of palladium doped carbon aerogel (Pd/CA)

Pd/CA was prepared through a solvothermal process, following
a previous protocol®* with little modification. Explicitly, a solu-
tion containing 120 mg of CA dispersed in 40 ml DMF, was
added to a solution containing 1.2 mmole of PdCl, dissolved in
30 ml of HCI (0.1 M) and ethylene glycol with a volumetric ratio
of 1:2. The mixture was sonicated and transferred into 100 ml
Teflon lined stainless steel autoclave, and thereafter the sol-
vothermal process was carried out at 180 °C for 12 hours. After
cooling to room temperature, the product was collected with
centrifugation and washed several times with absolute ethanol
then dried at 60 °C for another 12 hours.

2.4. Preparation of black phosphorus/palladium doped
carbon aerogel (BP/Pd/CA)

The same preparation method of Pd/CA was followed in
preparing BP/Pd/CA, except for the addition of BP. BP nano-
sheets were prepared by ball-milling the BP single crystal under
an argon (Ar) atmosphere for 24 hours at 250 rpm. The molar
ratio between Pd and BP was adjusted to be 2: 1.

2.5. Physicochemical characterization

Surface area and porosity analysis was performed by N,
adsorption/desorption at 77 K using surface area analyzer
(TriStar II 3020, Micromeritics, USA). The samples were first
outgassed under Ar gas flow for 3 hours at 110 °C and then the
isotherm was recorded over a relative pressure range (P/P,) from
0.01 to 0.99 and back. The specific surface area (Sggr) was
determined using the Brunauer-Emmett-Teller (BET) equation.
The pore volume versus diameter distribution was evaluated by
analyzing the desorption branch of the isotherms using the
Barrett-Joyner-Halenda (BJH) method. Powder X-ray diffraction
(PXRD) patterns of the samples were recorded on a Bruker D8
Focus Powder X-ray diffractometer using Cu Ko radiation (40
kv, 40 mA) at room temperature. The zeta potential measure-
ments were performed using a Zetasizer Nano ZS (Malvern
Instruments, United Kingdom) with a particle size range from
0.3 nm to 10 pm. The powder sample was dispersed in ethanol,
and each measurement was repeated three times. The final zeta
potential vs. pH curves were averaged from the three
measurements.

Scanning electron microscopy (SEM) was performed using
a JEOL system (JEOL JSM-6701F SEM, USA) installed with a field-
emission gun and a specimen stage with three motorized axes.
The SEM accelerating voltage was adjustable from 0.5 to 30 kv.
High Resolution Transmission Electron Microscopy (HRTEM)
was performed using a JEOL JEM-3011 system installed with
a LaB6 emitter and a Gatan Orius SC200 CCD camera. The TEM
system operated at an accelerating voltage of 300 kV. The system
was also equipped with an Oxford Instruments X-Max 80T

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Energy Dispersive Spectrometer (EDS) for elemental analysis. X-
ray Photoemission Spectroscopy (XPS) was performed with
a SPECS XR-50 X-ray Mg Ka (1253.7 eV) source with a pass
energy of 30 eV and a spot size of 5 mm.

2.6. Electrode preparation and electrochemical techniques

5 mg of CA, Pd/CA or BP/Pd/CA was dispersed in 400 pL of
isopropanol and 30 pL Nafion solution (5 wt%). The suspension
was sonicated for 10 minutes at room temperature to form
a homogeneous ink, and then 10 pL of the ink was deposited
onto the active area of a glassy carbon electrode (3 mm in
diameter) served as the working electrode. The electrochemical
measurements were carried out in a three-electrode system with
a potentiostat (VMP, BioLogic Science Instruments) in which
silver/silver chloride (Ag/AgCl) and platinum (Pt) electrodes
acted as reference and counter electrodes, respectively. 1.0 M
KOH was used as the electrolyte and all experiments were
carried out at room temperature. Electrochemical impedance
spectroscopy (EIS) was performed by applying a sinusoidal AC
excitation signal of 10 mV to the working electrode in the 100
kHz to 1 mHz frequency range. The EIS data is fitted to
a mathematical model (i.e., an equivalent electrical circuit) for
interpretation and analysis. The impedance components are
calculated as the complex ratio between the applied potential
sinewave and the response current. The chronoamperometric
analysis was conducted at —1 V for 1 hour in 1.0 M KOH + 0.5 M
C,H;O0H electrolyte.

3. Results and discussion

3.1. Materials characterization

The textural properties of the CA, Pd/CA and BP/Pd/CA samples
are analyzed by N, physisorption at 77 K. Fig. 1a shows the N,
adsorption/desorption isotherms of the samples. The isotherms
are of type IV, which is characteristic of mesoporous materials
with monolayer-multilayer adsorption at low P/P, and capillary
condensation at high P/P,. The capillary condensation transi-
tion of the isotherms occurs at relatively low P/P, values, indi-
cating that the pore size lies in the upper micropore-lower
mesopore size range. The wide hysteresis loops of the isotherms
can be classified as type H2, reflecting a complex pore system
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with an ill-defined shape and wide pore size distribution. The
sharpness of the capillary condensation steep rise recorded for
the Pd and Pd/BP doped samples is attributed to a narrower
pore size distribution and higher uniformity, relative to CA. The
textural parameters deduced from the isotherms using the BET
equation and the BJH method are listed in Table S1.f The BET
surface areas (Sggr) of Pd/CA and BP/Pd/CA are lower than that
of CA due to the pore filling effect caused by the introduction of
the dopants.

Despite their lower Sggr values, the amount of liquid N,
condensate within the pores of Pd/CA and BP/Pd/CA in the high
relative pressure range is higher than that of CA, implying more
developed mesoporous carbon structures in these modified
samples. The well-developed mesoporosity of the carbon
matrices upon Pd and Pd/BP doping is also confirmed by their
larger mesopore volumes and sizes when compared with pris-
tine CA, as shown in Fig. 1b. It is worth mentioning that several
studies®=* have established a clear correlation between the
extent of mesoporosity in a material system and the adsorption
capacity on its surface. For example, Bjelopavlic et al*
demonstrated that the adsorption capacity of activated carbon
for natural organic matter (NOM) significantly increased when
the mesoporosity of activated carbon was developed into a more
open structure. In our work, the largest pore volume/average
pore diameter is registered for BP/Pd/CA, revealing that the
sample has the most open porous structure. From a structural
point of view, this denotes that the BP doping of the Pd/CA
catalyst increases the number of adsorption sites for ethanol
and suggests a higher EEO efficiency.

XRD patterns of the samples are shown in Fig. 1c. The
patterns show a broad peak at 260 = 26°, which corresponds to
the (002) diffraction peak of graphite. The average distance
between the (002) planes (i.e., dooz)-spacing) is found to be
larger than that of an ideal graphite crystal, indicating that the
samples have an amorphous carbon structure with a low degree
of graphitization.*” It should be emphasized that the CA
graphitic structures are mainly present around the Co particles
that are used as a catalyst for the preparation of carbon aero-
gels.”® The presence of Co NPs in the aerogel matrix is
confirmed by a peak at 44.22° assigned to the (111) peak of
metallic cobalt.’® The diffractogram of the Pd/CA sample
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Fig. 1
of the synthesized samples.
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(a) N adsorption/desorption isotherms, (b) Barrett—Joyner—Halanda (BJH) pore size distribution, and (c) X-ray diffraction (XRD) patterns
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displays two additional peaks at 39.9° and 46.4° which can be
indexed to the (111) and (200) crystallographic planes of fcc-Pd,
respectively. In addition to the graphite and Pd peaks, the BP/
Pd/CA sample shows peaks at 34.9°, 36.5°, 39.5°, 41.3° and
42.5°, which can be related to the (040), (111), (041), (002) and
(131) planes of BP, respectively. This demonstrates that the
crystalline structure of BP is preserved after ball-milling. The
slight shift of the Pd peaks towards higher 26 values in the BP/
Pd/CA sample suggests lattice contraction upon doping with BP.
The lattice contraction is likely due to the formation of Pd-P
bonds (confirmed by XPS) as well as size effects.”” The decreased
intensity of the (002) graphite peak in the cases of Pd/CA and
BP/Pd/CA is attributed to turbostratic carbon with disordered
graphitic planes, corroborating the textural observations that
more developed porous structures are formed after the Pd and
BP/Pd doping.*® The absence of the Co peak in Pd/CA and BP/
Pd/CA could be ascribed to the formation of Co solid solu-
tions with the dopants as well as graphitic shielding after the
solvothermal process. The mean particle size (dxrp) of the metal
NPs in the different samples was estimated using Scherrer's
equation; the results are summarized in Table S2.1 The dxgrp
values of Pd NPs in Pd/CA and BP/Pd/CA are found to be
17.5 nm and 19.2 nm, respectively, giving an indication that
carbon aerogel is an excellent support material for pristine and
alloyed Pd NPs.

The exterior and interior surface morphologies of the
samples are investigated using SEM and TEM, respectively.
Fig. 2a-c shows typical SEM images of the three different
samples. It is noticeable that the introduction of Pd and Pd/BP
leads to less compact aggregates with slightly larger gel particles
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(i.e. larger pores between them) (Fig. 2b and c), consistent with
the textural data. The amorphous carbon structure of CA is
clearly observed by TEM (Fig. 2d-f), together with a small frac-
tion of graphitic clusters. The TEM images also reveal that the
Pd NPs (Fig. 2e) are round and uniformly dispersed in the
carbon matrix with a narrow particle size distribution. The
intimate linkage between the dopants and the CA support
makes the Pd/CA and BP/Pd/CA catalysts excellent candidates
for liquid phase electrocatalytic applications due to their low
leaching tendency. Fig. S17 represents the EDS spectrum and
elemental mapping for the BP/Pd/CA catalyst. Uniform and
homogeneous elemental (C, N, O, Pd and P) distribution is
registered throughout the entire structure. In the case of BP/Pd/
CA, the HRTEM imaging (Fig. 2f) reveals some relatively large
dark regions, probably due to the presence of thick BP nano-
sheets. Moreover, the high-resolution TEM images of BP/Pd/CA
at different magnifications (Fig. S2t) reveal that the catalyst
nanoparticles have diameters in the range of 3.89 nm to
19.3 nm.

The chemical states of the near-surface part of the samples
are determined using XPS (Fig. 3). The XPS spectra of the pris-
tine and doped CA samples show broad, asymmetric C;5 peaks
that tail toward high binding energies as depicted in Fig. 3a-c.
The peak asymmetry is due to the presence of several oxygen
groups in the aerogels that contribute to the carbon XPS
spectra. The C,5 peak can be fitted by five component peaks
assigned to aromatic and aliphatic carbon C-C (sp®) or carbon
bonded to hydrogen at 284.8 eV (red), C-O at 286.1 eV (green),
carbonyl C=0 at 288.5 eV, carboxyl O-C=0 at 290.2 eV, and C
m-1v* shake-up satellite or ester group at 292.3 eV.**** As shown

Fig. 2 STM (a—c) and TEM (d—f) images of the different samples. (a and d) CA. (b and e) Pd/CA. (c and f) BP/Pd/CA. Scale bars: 100 nm.
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spectrum of BP/Pd/CA (e) and P 2p core-level XPS spectrum of BP/Pd/CA (f).

in Fig. 3b and c, the relative intensity of the C-O peak increases
whereas those of the double-bond functional groups decrease,
indicating that the original CA structure is partially reduced
during the solvothermal process. A comparison of the C-C
peaks shows that the Pd/CA and BP/Pd/CA samples possess
a high crystalline carbon content in the amorphous carbon
matrix in comparison to CA, as reflected in their narrower C-C
peaks (refer to the FWHM values in Table S27).

This further confirms that the dopants serve as catalysts for
promoting the formation of graphitic structures during the
solvothermal process, which is in agreement with the XRD and
TEM data. The catalytic graphitization of the carbon gel boosts
its electrical conductivity and thus, enhances its performance in
electrochemical and electro-catalytic processes. The Pd 3d core-
level XPS spectra of Pd/CA and BP/Pd/CA are composed of two-
component peaks at 335.9 eV and 341.2 eV (Fig. 3d and e). The
peak at 335.9 eV accounts for Pd 3ds,, while the peak at
341.2 eV accounts for Pd 3d;.,.*® Our Pd 3ds,, peak position is
slightly higher than that of elemental Pd (334.87 eV) yet lower
than that of PbO (336.7 eV), which suggests that the Pd NPs are
partially oxidized. The P 2p core-level spectrum of BP/Pd/CA
shows two peaks at 129.1 eV and 131.1 eV which can be
assigned to P 2pz, and P 2p;, of elemental phosphorus,
respectively.’” The high binding energy peaks (>135 eV) are
attributed to phosphorus oxides.* It has been reported that BP
oxidizes in ambient conditions, forming several phosphorus
oxide species, P,O,(OH),, including native stable oxides such as
P,05.* The oxidized phosphorus species in BP/Pd/CA could be

© 2022 The Author(s). Published by the Royal Society of Chemistry

due to air oxidation and/or interaction between elemental
phosphorus and the gel's oxygen-containing groups. In addi-
tion, components at intermediate binding energy values
(around 134 eV) are also present. These peaks provide evidence
for the presence of phosphorus in different chemical environ-
ments and are likely due to P-Pd and P-C bonds.””** The XPS
results confirm that BP is well incorporated into the CA support
through various chemical bonds such as P-C, P-Pd, P-OH, P=
O, P-O-P, etc.

3.2. Electrochemical performance

The background electrochemical performance of CA, Pd/CA,
and BP/Pd/CA is tested in a 1.0 M KOH electrolyte at room
temperature using a three-electrode configuration. Fig. S37
depicts the cyclic voltammograms (CVs) of pristine and doped
carbon aerogels between —0.8 and 0.3 V (vs. Ag/AgCl) at scan
rates (current loadings) from 5 to 60 mV s~ '. The CV curves
show rectangle-like shapes, indicating good capacitive behavior
of the electrode materials. No apparent redox peaks are detected
for the CA support, as shown in Fig. S3a.t In contrast, the
reduction peaks of Pd oxide are observed in the reverse scan at
0.34 V and 0.38 V for Pd/CA and BP/Pd/CA, respectively (Fig. S3b
and ct).** The positive shift of the Pd oxide reduction peak of
BP/Pd/CA indicates that the reduction of Pd oxide is enhanced
by the charge transfer between BP/CA and Pd. In addition, the
charge associated with the Pd oxide reduction of BP/Pd/CA is
slightly higher than that of Pd/CA. This feature suggests that the
presence of black phosphorus increases the electrochemically

RSC Adv, 2022, 12, 31225-31234 | 31229
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active surface area of the Pd/CA catalyst and therefore enhances
its electrochemical activity.**

3.3. Electrooxidation of ethanol

The catalytic performance of CA, Pd/CA, and BP/Pd/CA as anode
catalysts for EEO is examined in 1.0 M KOH/0.5 M C,HsOH
electrolyte at a scan rate of 60 mV s ' (Fig. 4). The electro-
oxidation of ethanol on the catalyst surface exhibits two oxida-
tion peaks; the first is at 0.026 V for Pd/CA or at 0.06 V for BP/Pd/
CA on the forward scan under anodic conditions and the second
isat —0.30 V for Pd/CA or at —0.34 V for BP/Pd/CA on the reverse
scan under cathodic conditions. The anodic peak is attributed
to the oxidation of the freshly chemisorbed ethanol species on
the doped electrode while the cathodic peak is associated with
the adsorption and oxidation of the intermediate carbonaceous
species that are not completely oxidized in the forward scan. On
the forward scan, the onset potential of ethanol oxidation is
around —0.60 V for both Pd/CA and BP/Pd/CA. The current
densities at the anodic peaks of CA, Pd/CA and BP/Pd/CA are
0.7, 27.7 and 35.9 mA cm >, respectively (Fig. 4a-c). To better
compare the electrochemical performance of our catalysts with
the results of previous studies, we normalized the current
density by the total amount of Pd (0.125 mg) loaded on the
catalyst to obtain the catalytic mass activity (Fig. 4d). The mass
peak current densities are 6520 mA mgpy~ ' for Pd/CA and 8376
mA mgpq  for BP/Pd/CA. These extremely high peak current
density values surpass those of previously reported Pd- and Pt-
based catalysts (Table 1). Furthermore, the BP/Pd nanohybrids
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on carbon aerogel support catalytically outperform Pd NPs on
BP and BP/graphene supports.”** By further increasing the
positive anode potential, the Pd oxide formation takes place and
inhibits EEO, resulting in a drop in the faradaic current. On the
reverse scan, the EEO reaction is inactive until the reduction of
Pd oxides that reactivates the process and, as a consequence,
the cathodic peaks around —0.30 are observed.

The ratio of the forward oxidation peak current density (If) to
the backward oxidation peak current density (I,), Iplp, is an
important indicator of the catalyst tolerance to poisoning by the
reaction intermediates. A higher Iy/I}, value implies more effi-
cient oxidation of ethanol and less accumulation of carbona-
ceous oxidative intermediates on the catalyst. As listed in Table
2, the Iyl ratio of the Pd/CA catalyst is 2.0, remarkably higher
than those of commercial Pd/C catalyst (Ir], = 0.54) and other
nanocomposites.”” The anti-poisoning effect is further
enhanced by the addition of BP (I/I;, ~ 3.1). The results affirm
that the Pd/CA and BP/Pd/CA catalysts have both high catalytic
activity for alcohol electrooxidation and high tolerance to
poisoning species.

The catalytic current densities of BP/Pd/CA at different scan
rates ranging from 5 to 60 mV s~ " are represented in Fig. 5a. The
forward and backward oxidation peak potentials (E;) shift
towards more positive values with a rising scan rate, with
a linear correlation between E, and the natural logarithm of
scan rate (Inv). This suggests that the electrooxidation of
ethanol is an irreversible process in which the reaction products
diffuse away from the active sites of the electrode. The

Pd/ICA
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Fig. 4 Room-temperature cyclic voltammograms (red curves) of (a) CA, (b) Pd/CA, and (c) BP/Pd/CAin 1.0 M KOH + 0.5 M C,HsOH solution at
ascan rate of 60 mV s~*. The background electrochemical performance (black curves) of the samples in 1.0 M KOH is also shown for comparison.

(d) The mass current densities of the samples.
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Table 1 Comparison of different Pd- and Pt-based catalysts used in EEO

Mass peak current density (mA

Catalyst mgpq ) Solution conditions Ref.

BP/Pd/CA 8376 1.0 M KOH + 0.5 M This
C,H;0H work

Pd/CA 6520 1.0 M KOH + 0.5 M This
C,H;0H work

Pd/ATN-BP-30% 5023.8 1.0 M NaOH + 1.0 M 15
C,H;0H

Pd-Ni-P nanocatalysts (PdoNis3P;17) 4950 1.0 M NaOH + 1.0 M 13
C,H;0H

NiAuPt nanoparticles/rGO (NizoAuz3Pt,,-NGs) 4938 0.5 M NaOH + 1.0 M 44
C,H;0H

PdNi hollow nanospheres aerogels (Pdg;Ni,; HNS) 3630 1.0 M NaOH + 1.0 M 45
C,H;0H

Pd;,Cu,; aerogel 3472 1.0 M KOH + 1.0 M 46
C,Hs0H

Pd/B,N-codoped graphene nanoribbons (BN-GNRs) 2156 1.0 M NaOH + 1.0 M 47
C,H;0H

PdCo nanotube arrays (NTAs) supported on carbon fibre cloth (CFC) (PdCo 1500 1.0 MKOH + 1.0 M 48

NTAs/CFC) C,H;OH

Pd nanoparticles/CoP nanosheets attached to the cloth of carbon fibres 1413 1.0 MKOH + 1.0 M 49

(Pd@CoP NSs/CFC) C,H;0H

Commercial Pd/C 730.7 1.0 MNaOH + 1.0 M 15
C,HsOH

Table 2 The forward peak current density (J), the ratio of the forward
peak current density to the backward peak current density (/¢/1y,), zeta-
potential values, and ESR values of the samples®

J Zeta-potential
Sample (mA ecm™?) Iy, (mv) ESR (Q)
CA 0.7 1.6 —-6.9 3.58
Pd/CA 27.6 2.0 —4.1 1.47
BP/Pd/CA 35.9 3.1 —0.8 0.49
a] = If.

relationship between the anodic peak current density and the
square root of the scan rate for BP/Pd/CA is shown in Fig. 5b.
The increase in the peak current density is linearly proportional
to the square root of the scan rate, which indicates that the EEO
process is a diffusion-controlled process.

The reaction mechanism of EEO has pH-dependent complex
pathways that involve several reactive intermediates. The EEO
on Pd-based electrocatalysts in alkaline media is proposed to
occur according to the following reactions:**>*

CH3CH20H +30H < CH;COadS + 3H20 +e (1)

OH & OH,y + ¢ )
CH3COadS + C)I‘IadS - (31‘13(:(:)(:)1‘12“1S (3)
CH;COOH,4, + OH™ — CH;COO~ + H,O (4)

The third stage is the slowest step during EEO and is re-
ported as the rate-determining step. Moreover, CH;COO™ may
be oxidized at higher potentials to CO,.** The high catalytic

© 2022 The Author(s). Published by the Royal Society of Chemistry

activities of Pd/CA and BP/Pd/CA are attributed to the syner-
gistic interaction between the support and catalyst. The Pd and
Pd-BP catalysts modify CA into a more open and conductive
structure, while the 3D network structure of CA uniformly
distributes the Pd NPs and BP/Pd nanohybrids and protects
them from leaching. It has been demonstrated that the catalytic
performance of Pd has a strong dependence on its surface
structure with the highest catalytic activity achieved for Pd {111}
facets.” As evidenced by the XRD analysis, our facile prepara-
tion method produces Pd NPs with mainly (111) surface
arrangement, which is ideal for EEO. The electrocatalytic reac-
tivity and charge density of the Pd NPs are further improved
through BP doping.”® This in turn leads to fast dissociative
adsorption of alcohol on the Pd surface (eqn (1)) and high
coverage of the adsorbed acyl and hydroxyl species (eqn (3)).
To further characterize the interfacial behavior of the
electrode/electrolyte interface, we performed EIS measure-
ments. EIS measures the impedance of an electrochemical
system in dependence of an applied AC potentials frequency.
Fig. 5c displays the Nyquist impedance spectra of ethanol
oxidation on the CA, Pd/CA and BP/Pd/CA electrodes, in which
the imaginary impedance component (Z”(Q)) is plotted against
the real impedance component (Z(Q)) at each excitation
frequency. The catalysts exhibit a semicircle in the high
frequency region, a diagonal line (Warburg impedance) at
middle frequencies, and an approximate vertical line at low
frequencies. The semicircle corresponds to the faradaic charge-
transfer resistance at the electrode/electrolyte interface.***” We
noticed that the charge-transfer resistance (i.e., the diameter of
the semicircle) of EEO decreases in the following order: CA > Pd/
CA > BP/Pd/CA, demonstrating the enhanced charge-transfer
kinetics of the BP/Pd/CA catalyst, in good agreement with the

RSC Adv, 2022, 12, 31225-31234 | 31231
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(a) Cyclic voltammograms of BP/Pd/CA in 1.0 M KOH + 0.5 M C,HsOH solution at various scan rates. (b) Plot of anodic current density

versus the square root of the scan rate for BP/Pd/CA. (c) Nyquist plots obtained from EIS for CA (black), Pd/CA (red), and BP/Pd/CA (blue) in 1.0 M
KOH + 0.5 M C,HsOH solution with a potential of 10 mV. (d) Chronoamperograms of the Pd/CA and BP/Pd/CA catalysts in 1.0 M KOH + 0.5 M

C,HsOH solution at —1 V.

voltammetric results. The length of the Warburg-type lines is
the shortest for BP/Pd/CA, which indicates high ion diffusion
efficiency for ion transport. In addition, the straight line of BP/
Pd/CA in the low-frequency region is the steepest. This reveals
that BP/Pd/CA has the best capacitive behavior.

The intersection of the capacitive line with the Z' axis indi-
cates the equivalent series resistance (ESR) of the electrode,
defined as the sum of the resistances of the electrode, the
electrolyte, and the interface. The lowest ESR value (0.49 Q) is
attained for BP/Pd/CA (Table 2), manifesting the superior EEO
performance of the BP/Pd/CA catalyst. Table 2 also shows the
zeta-potential values of the three electro-catalysts. The effective
electric charge on the CA surface is about —6.9 mV which drops
to —0.8 mV for BP/Pd/CA. The lower zeta-potential value of BP/
Pd/CA is an inductive of higher electrode activity towards
ethanol oxidation. The stability of the electrocatalysts for EEO is
further investigated by performing chronoamperometry
measurements at a constant potential of —1 V for 3600 seconds.
The chronoamperic responses of Pd/CA and BP/Pd/CA are
shown in Fig. 5d. The EEO current density drops quickly in the
initial period and then reaches a pseudo-steady state. The initial
current decay is due to the formation of some Pd oxides/
hydroxides and strongly adsorbed intermediates on the
surface of reactive sites. The quasi-steady current densities of
the catalysts are quite stable and attest to high electrode dura-
bility and long-term stability. As expected, the initial and final

31232 | RSC Adv, 2022, 12, 31225-31234

current densities of BP/Pd/CA are higher than those of Pd/CA.
BP/Pd/CA retains 92% of its initial activity, while Pd/CA
preserves 88% of its initial activity. In addition, the initial
current of BP/Pd/CA declines more slowly than that of Pd/CA
which signifies that BP/Pd/CA has superior electrochemical
catalytic stability for the oxidation of alcohols.

4. Conclusions

In summary, we have utilized carbon aerogel prepared by the
sol-gel method as a support material for palladium nano-
catalysts. The CA support influences the catalyst dispersion,
size, and morphology, resulting in improved catalyst stability
and reactivity. The catalyst increases the graphitic character and
pore volume of the support, facilitating electron transportation
and electrolyte penetration. The hybrid system, therefore,
shows remarkable catalytic activity as an anode electrocatalyst
for EEO in an alkaline medium. The electroactivity of the cata-
lyst is further enhanced by BP doping. BP modifies the elec-
tronic properties of the Pd catalyst, increasing the adsorption
strength of ethanol and reactive intermediates onto the catalyst
surface. Our work suggests that electrode materials that
combine carbon gels and electroactive metals enable high
catalytic performance with potential applications in catalysis
and fuel cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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