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Abstract

To improve the performance of the system, it is of great importance to develop efficient catalysts for ethanol (EtOH) electro-
oxidation. Pd/B electrocatalyst was synthesized using a sonochemical method. Structural and electrochemical properties of
the prepared nanomaterial were investigated using electrochemical and physical techniques such as Raman spectroscopy,
electrochemical impedance spectroscopy (EIS), x-ray diffraction (XRD), zetersizer, Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HR-TEM) and energy-
dispersive x-ray spectroscopy (EDS) and cyclic voltammetry (CV). FTIR confirmed all the functional groups of carbon black,
Pd/C, borophene, and Pd/B, and the crystallinity was investigated using XRD. EIS showed that Pd/B has a faster charge
transfer and, through investigation using CV, Pd/B showed a more negative onset potential and higher current (—0.76 V vs.
AglAgClL; 0.07 mA) than Pd/C (—0.65 V vs. AglAgCl; 0.05 mA), indicating a more catalytic behavior and tolerance of Pd/B.
The active sites could be attributed to the addition of borophene. During the anodic sweeping direction of Pd/B electro-
catalyst, it was observed that the ratio of backward peak current (/,4) to forward peak current (/,), (Ipya/ltwq) 0f ina2 M
of NaOH+2 M of EtOH is almost equal to (/,,/Is,q) 1 which shows excellent tolerance of Pd/B to poisoning by ethanol
intermediate species. The electron transfer rate (K,) values for Pd/B at 0.1 M, 0.5 M, 1 M, 1.5 M, and 2 M were estimated to
be4.50 x 107757, 1.08 x 107257, 428 x 107571, 5.25 x 107 57" and 9.35 X 10""* s™". At2 M there is a faster electron
transfer than at other concentrations which is also evidenced by the obtained diffusion values (D) of the system which were
found to be 2.92 x 1077 cm? s, 472 x 10 ecm? s, 4.82 X 108 em*s™!, 1.22 x 107" em*s™!, and 9.12 x 107 cm* s\
The electrochemically active surface area (ECSA) is strongly related to intrinsic activity, Pd/B (1.85 cm*mg x 107> cm?/
mg) denotes the highest Pd-O stripping charge than Pd/C (1.13 cm*mg X 107 cm?*/mg).
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Introduction

Many electrocatalysts have been researched for their poten-
tial catalytic properties. The platinum group metals (PGMs),
which include palladium and platinum, are mostly utilized as
catalysts and are well known for their remarkable qualities,
including high activity and selectivity."> According to Q.
Li,? metals like Pt and Pd are the most durable and effective
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catalysts in acidic electrolytes, with an exchange current of
approximately 10> mA/cm?. According to Ghumnan et al.,*
Pt demonstrates favorable ethanol oxidizing properties, par-
ticularly in an acid media. Palladium (Pd) can be employed
as an alternative electrocatalyst since it has characteristics
that are similar to those of Pt.!> In alkaline media, palla-
dium (Pd) is a more potent electrochemical oxidation reac-
tion (EOR) catalyst. The broad commercial usage of these
materials has been constrained by high cost. To reduce the
cost of the PGMs as catalysts, carbon material can be used as
a support.>” Carbon materials have been widely researched
as electrode materials due to their outstanding physical, and
chemical characteristics. Carbon materials have received a
lot of attention in recent years due to their availability, phys-
icochemical features, processability, and inexpensive cost.®”
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Carbon materials have unique properties that make them
attractive materials for use in a wide range of electrochemi-
cal applications, including metal refining, electrocatalysis,
and fuel cells.!®!! Additionally, to help reduce catalyst poi-
soning and the difficulty of breaking the C-C chain in ethanol
molecules, which results in poor cell performance function-
ing, carbon materials are used as a gas diffusion layer, elec-
trocatalyst support, and oxygen reduction reaction (ORR)
electrocatalyst.'>!*> When used as a support material for nan-
oparticles (like Pt), carbon material plays a fundamental role
in providing good electrical conductivity with a large sur-
face area, corrosion stability under oxidising conditions, and
bringing catalyst particles close to the reactants via the pore
structure.'*!> An electrode with sufficient porosity, good
electrical conductivity, and high surface area is desired in
order to promote good reactant and high stability in the fuel
cell environment.'®!” However, amorphous carbonaceous
materials, when utilized as an electrocatalyst support, exhibit
increased oxidation rates at high potentials over time. These
drawbacks have prompted extensive research into enhanc-
ing amorphous carbon material properties and discovering
substitute carbon-based materials for carbon black.!®2° In
this work, borophene (B) nanosheets were used as alter-
native support material because of their two-dimensional
structure and composition involving boron atoms arranged
in a hexagonal lattice.”! Borophene has excellent electrical
conductivity and mechanical strength, making it an ideal
catalyst for use as a support material.”> Borophene is not
only a good conductor, but also a superconductor of both
electricity and heat. It is extremely lightweight but strong,
has a high heat conductivity, and is an excellent material for
conducting electrons in fuel cells.?® Borophene is flexible
and less expensive.23 In the current work, the structure and
composition of borophene nanosheets were examined using
transmission electron microscopy, scanning electron micros-
copy, Raman spectroscopy, and attenuated total reflection
Fourier transform infrared spectroscopy. The electrochemi-
cal experiment results show that borophene has good cata-
lytic performance as well as cycling stability.

Experimental
Materials or Reagents and Materials

Palladium on carbon (Pd/C; 10 wt.% loading, matrix acti-
vated carbon support), acetone (ACS) reagent (> 99.5%),
palladium (Pd) powder (submicron<1 pm, > =99.9%
trace metals basis, palladium, 3 wt.%), carbon black, boron
powder, polytetrafluoroethylene (60 wt.% DISPER), abso-
lute ethanol (ISO, >99% (GC)), sodium hydroxide pellets
(anhydrous) (grade >98%) were supplied by Merck. All

reagents were of analytical grades and were used without
further purification.

Synthesis
Synthesis of Borophene

Free-standing borophene sheets were synthesized by dissolv-
ing boron powder (150 mg, 14 mmol) in acetone (40 mL).
The beaker was immersed in an S 15 H Elmasonic bath and
sonicated for 24 h. The resulting fluids were centrifuged for
6 min at a speed of 4500 rpm to separate out the borophene,
which was then removed and dried overnight in the oven at
80°C.

Synthesis of Pd/B

Pd/B nanocomposite was synthesized by dissolving boro-
phene (150 mg, 14 mmol) in 40 mL of acetone. The solution
was placed in the S 15 H Elmasonic bath, and the dispersion
was ultrasonically treated for 3 h. Palladium powder (20 mg,
0.17 mmol) was then added to the solution, followed by cen-
trifugation of the resultant fluids at a speed of 4500 rpm for
6 min. Pd/B electrocatalyst was collected and dried in an
oven for overnight.

Instrumentation

The functional groups of the prepared materials were studied
using FTIR spectra and were recorded on a PerkinElmer
FT-IR spectrometer Frontier, spotlight 400 with KBr pellet
procedure. XRD patterns were recorded on a Rigaku Smart-
Lab x-ray diffractometer with Cu Ka radiation. Scanning
electron microscopy (SEM) (JOEL IT 300). The structural
morphology of the samples was studied using a JEOL JEM
2100 at 200 kV. A Thermo Fischer detector was used for
EDS, and samples were dissolved in ethanol and sonicated
for +20 mins and dispersed on a carbon-coated copper grid
for analysis. The particle size distribution was determined
using the Malvern Zetasizer nano-series (ZS) MAC1129694.

Electrochemical Experiment

All the electrochemical measurements were carried out at
room temperature on an EC-lab V11.50 Biologic (Biologic
Science Instruments GmbH, Rodeweg 20, D-37081 Got-
tingen, Germany) with a three-electrode cell comprising of
glassy carbon electrode (GCE made from polyetheretherk-
etone (PEEK), diameter: 3 mm; A=0.071 sz) as the work-
ing electrode, platinum electrode as the counter electrode,
and silver-silver chloride (AglAgCl) as the reference elec-
trode containing the saturated NaCl solution (~3 M). For
typical modification of the electrode, a Pd borophene (Pd/B)
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(20 mg) was placed in ethanol (5 mL), and ultrasonicated
to form a dark brown homogeneous suspension from which
5 uL was taken and put on a well-polished GCE and dried
at 80°C in an oven, followed by the deposition of Polytetra-
fluoroethylene (PTFE) (0.05 wt.%) (~10 pL) to fully bind the
deposit on the electrode surface. For comparison, a Pd/C-
modified electrode was prepared following a similar proce-
dure. The cyclic voltammetric experiments were carried out
in an N,-purged NaOH at different concentrations and NaOH
(2 M) containing EtOH (2 M) at different scan rates (10-
100 mV s~!) using a potential window of —1 V to+0.3 V
vs AglAgCl unless otherwise specified. The EIS experiments
were carried out in NaOH (2 M) alone and when containing
EtOH (2 M) at a fixed potential window. All experiments
were performed at room temperature.

Results and Discussion
Structural Characterization

The XRD profiles of the electrocatalysts (C, B, Pd/B and
Pd/C) were investigated as shown in Fig. 1. The XRD pat-
terns of C, and Pd/C (commercial) catalysts are shown in
Fig. 1A and B. The broad peaks found at 260=10°, 29°, 26.2°
are assigned to the (110), (002), (002) plane of carbon black.

110

Intensity (a.u)

0 20 40 60 80
26 (%)

The peaks at 260=10°, 29°, 40.1°, and 68° correspond to
the (110), (002), (111), (220) plane of face-centered cubic
structure of Pd.>*%

XRD patterns of the prepared borophene are given in
Fig. 1C which describe few-layered borophene at 260=11°,
17°,20. 7°,31°, and 37°. In line with the planes, the peaks
match different phases such as (100), (110), (111), (211),
(110).2%%*” Borophene is more prominent with a large sharp
peak made of §, and the sharp peak areas signed to the
clearer and crystalline structure of borophene. The XRD pat-
terns for Pd/B shown in Fig. 1D are ascribed to 11°, 17°, 40°,
46°, 68°, and 81°, which corresponds to (100), (110), (111),
(311), (211), and (311), respectively. All of these reflections
are consistent with previous reported observations.?>* The
addition of Pd to borophene nanosheets results in a drop in
peak intensity at 11° and 17°, confirming Pd insertion. Pd,
borophene, and carbon black peaks are all present in the
patterns, and their shapes and widths are consistent with all
XRD patterns.’*-3!

The resulting HR-TEM images provide morphological
information of the prepared and the commercial materi-
als. Fig. 1E-H shows the HR-TEM images of the prepared
borophene nanosheets, Pd/B, commercial carbon black, and
Pd/C, respectively. Fig. 1F shows the HR-TEM images of
borophene nanosheets. Fig. 1F exhibits the frees-standing
borophene nanosheets. The borophene nanosheets have

Fig. 1 x-ray diffractograms of (A) Carbon black, (B) Borophene, (C) Pd/C, (D) Pd/B and HR-TEM images of (E) Carbon black, (F) Borophene,

(G) Pd/C and (H) Pd/B.
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a crystalline structure with a lattice spacing of 0.89 nm.
This information is the signature of the §,, phase of boro-
phene. The HR-TEM image shown in Fig. 1E indicates the
agglomerated state of carbon black. The shape and degree
of joined branching of the aggregates is referred to as the
structure of carbon black. The structure of carbon black is
well-characterized by the arrangement of particles, differ-
ences in primary particle size, and aggregate morphology.
Fig. 1G shows that the nanoparticles were crystallized and
Pd is uniformly dispersed on carbon black. Pd/C has grains
in terms of morphology. Pd/B in Fig. 1H revealed differ-
ences in the average diameter of the palladium particles and
in the particle size distribution. Pd and borophene nearly
show the same distribution, indicating that Pd is deposited
on the surface of B with large grains as compared to Pd/C
in Fig. 1G.

Figure 2 reveals the morphological structures and ele-
mental components of borophene, Pd/C, Pd/B, and pow-
dered carbon black. Disparities in structure and morphology
were observed in the SEM images of borophene, Pd/C, Pd/B,
and powdered carbon black in Fig. 2 A-D. The conglomer-
ates of borophene nanosheets with varying morphological
structures are depicted in Fig. 2A. Both elongated needle- or
sheet-like particles and particles with irregular shapes are
present in the sample and are comparable to those reported
before.*> A micrograph of carbon black is shown in Fig. 2B
where agglomerated imperfections are visible on the surface.
The SEM image of Pd/B presented in Fig. 2C comprises
small Pd spheres on top of borophene particles that resem-
ble sheet-like assemblies. The formation of the prepared
nanocatalyst is confirmed by the different structures. Porous
structures with spherical materials exhibit a relatively homo-
geneous distribution of Pd and grains of carbon black as
evidenced by the Pd/C micrographs (Fig. 2D). Figure 2E-H
shows the elemental components of the prepared borophene,
Pd/B, the commercial carbon black, and Pd/C catalysts. Car-
bon and boron appear both at 0.5 eV (Fig. E-F), confirming
the presence of the carbon and sheet-like materials.®* Pd is
found at 3 eV and 0.5 eV in both the prepared and commer-
cial catalysts (Fig. 2 G-H).

To ascertain the nanosized and polydispersity index
(PDI) characteristics of the Pd/B and Pd/C, ZetaSizer
average distribution analysis was performed (Table I).
Pd/B and Pd/C have average particle size distributions of
505 nm (PDI of 0.403) and 745 nm (PDI of 0.546), respec-
tively. Compared to larger particles, smaller particles have
a larger surface area relative to their volume.!'!** This is
because smaller particles have more surface atoms than
larger particles, and the surface area of catalyst particles
is mostly determined by their external surface. Catalytic
activity is frequently enhanced by the larger surface area
of smaller catalyst particles and, because there are more
active sites per unit area, more molecules of the reactant

Ad
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Energy (keV)

1 2 3 4 5
Energy (keV) 0 1 2 3 4 5
Energy keV

Fig.2 SEM micrographs of (A) borophene, (B) carbon black, (C)
Pd/B, (D) Pd/C and the EDS spectra of (E) carbon black, (F) boro-
phene, (G) Pd/B and (H) Pd/C.

Table | ZitaSizer and HR-TEM Characteristics of nano Pd/B and
Pd/C

Catalyst ZitaSizer TEM
Size (nm) PDI Size (nm)

Pd/B 505 0.403 500

Pd/C 745 0.546 500

can interact with the catalyst, speeding up and improving
the efficiency of the reaction.>>3® The resultant particle
sizes are comparable with those found in HR-TEM and
high-resolution scanning electron microscopy (HR-SEM)
micrographs.

The FTIR technique was employed to offer additional
details regarding the surface functional groups of the carbon
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Fig.3 FTIR spectra of (A) borophene, (B) carbon black, (C) Pd/B,
and (D) Pd/C.

black, Pd/B and commercial Pd/C catalysts, and the prepared
borophene (Fig. 3).

The vibrational peaks of carbon black were found at
2862 cm™!, 3434 cm™!, and 887 cm™!, depicting the C-H,
O-H and C-H bonds, respectively, as illustrated in Fig. 3A.
As can be observed in Fig. 3B, the absorption bands for
COO™, C-0, and O—H in the commercial Pd/C were found
at 1611 cm™', 1030 cm™, and 3434 cm™'. It has been
reported that Pd>* adsorption onto the surface of activated
carbon can be aided by the functional groups present on the
material.'” It has also been communicated that the synthe-
sized Pd/B could display the same characteristic peaks as
those of the commercial Pd/C.%* The absorption bands of
borophene in Fig. 3C were observed at, 3434 cm™! (OH),
2924 cm~! (B-B), 2862 cm™~! (B-H), 2355 cm™! (B-H)
, 1460 cm™! (B-H), 2210, 1383, 1227 cm~! (B-0), 1650
(B-C), 1067 cm™! (B-O-B), 887 cm™! (C-H), confirming the
successful synthesis of borophene.’®?” The absorption band
of the prepared Pd/B were observed at 3434 cm™' (OH),
1030 cm™ (C-0O), and 1564 cm™' (COO-), 2924 cm™'
(B-B), 2862 cm™! (B—H), 2355 cm™! (B-H), 1227 cm™'
(B-0), and 1067 cm™' (B-O-B) as shown in Fig. 3D. The
fact that the vibrational peaks of borophene appear on Pd/B
suggests that the surface functional group borophene facili-
tates Pd** adsorption onto the borophene material.>*** In
contrast to the Pd/B, borophene showed the absorption peaks
at 1460 cm™' (B-H) and 1383 cm™! (B-0). It can, therefore,
be concluded that palladium was successfully encapsulated
in the borophene as evidenced by the disappearance of the
characteristic peaks of borophene and the appearance of
characteristic peaks of the palladium on Pd/B.*°

@ Springer
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Fig.4 Raman spectra of (A) borophene, (B) carbon black, (C) Pd/C,
and (D) Pd/B).

Raman spectroscopy may reveal information about
chemical bonds and their vibration modes. Fig. 4A
shows Raman spectra with prominent borophene peaks at
467 cm™', 630 cm™', 793 cm™', 811 cm™', 1083 cm™', and
1174 cm™!.213% The vibrational modes with wavenumbers
1083 cm~! and 1174 cm™' may be categorized as inter-
icosahedral. The modes between 467 cm™' and 811 cm™!
are intra-icosahedral.’®*7% The Raman spectra of boro-
phene generated by this approach have been verified by
the literature,'®>> and virtually the same trend is found as
shown in Fig. 4A. In Fig. 4B and C, the Raman spectra of
the carbon black and Pd/C samples displayed characteristic
Raman bands, i.e., D (~1340 cm™") and G (~1590 cm™})
of amorphous carbonaceous material. The defect-induced
D-band (disordered carbon) is generated by defects/disorders
in the crystalline makeup of the carbon material, whereas
the G-band (carbon band) results from the vibrations of the
C-to-C bonds. The G band is Raman active in perfect crys-
talline structures, and the D band only appears in materials
with structural defects, disorder, or finite size. ID/IG (inten-
sity ratio of D and G bands) is equal to 1.0, which suggests
a high degree of disorder or a substantial density of struc-
tural defects in Pd/C and carbon black. Figure 4D shows
the borophene peaks and palladium atoms are likely to get
entrenched in the borophene matrix, forming nanocrystal-
lites, as determined by XRD and TEM examinations.>%7

Electrochemical Performance and Behaviour
of the Prepared Catalysts

The Pd/B electrocatalyst activity in a NaOH was exam-
ined using the scan rate dependence studies, Fig. SA-E.
The performance and stability of Pd/B were investigated
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Fig.5 Scan rate dependent studies of Pd/B at (A) 0.1 M, (B) 0.5 M, (C) 1 M (D) 1.5 (E) 2 M of NaOH.
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Fig.6 The current vs root of scan rate of Pd/B at (A) 0.1 M, (B) 0.5 M, (C) 1 M (D) 1.5 M and (E) 2 M NaOH.

by recording all CVs at different scan rates (10 mV s~!,
20mV s, 30mVs,40mV s, 50 mV s, 60 mV s,
70mV s, 80mV s, 90 mV s~!, and 100 mV s_l) between
—1V vs AglAgCl and 0.3 V vs AglAgCl. The electrode
current responsiveness was evaluated by changes in anodic

peak currents. It was observed that as the scan rate increases,
the oxidation and reduction peaks also increase as shown in
Fig. 5A-E. The current was found to increase at 100 mV s
in response to concentration increases from 0.1 M to 0.5 M
(Fig. 5A, B). Conversely, current decreased from 0.5 M to
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1 M (Fig. 5A-C), decreased from 1 M to 1.5 M (Fig. 5C-D),
and increased from 1.5 M to 2 M (Fig. 5D-E).

It is also illustrated in Fig. 5 that variations in the rate
of electrochemical reactions at the electrodes can cause an
increase in current when the concentration of an electrolyte
solution within an electrochemical cell is increased. The
electron transfer rate refers to the speed or rate at which
electrons are transferred between species in an electrochemi-
cal reaction. This rate is a crucial factor in understanding
and characterizing the kinetics of redox reactions occurring
at electrode interfaces. The rate of many electrochemical
reactions is directly proportional to the reactant concentra-
tion.** Electron transfer rate is often denoted as K, as shown
in Eq. 1 below:*’

Doanv]l/2

K (Ep) =2.18
S(Ep) RT

ey
where K is the electron transfer rate constant, v the sweep
rate, D is the diffusion coefficient, F the faraday’s constant,
a is the charge transfer coefficient and T is the temperature.

From the Pd oxide peaks at 100 mV/s, the K val-
ues for Pd/B at 0.1 M, 0.5 M, 1 M, 1.5 M and 2 M were
estimated to be 4.50 x 107"%, 1.08 x 1072, 4.28 x 107",
5.25x 107" and 9.35 x 107" s7". At 2 M there is a faster
electron transfer than other concentrations. Accordingly,
higher reactant concentrations increase the likelihood that
reactant molecules will collide with the electrode surface,
resulting in faster and more frequent electrochemical reac-
tions.*> Higher current increases are therefore noted. A
potential vs. root of scan rate plot is shown in Fig. 6A-E for
the selected scan rates (10 mV s_l, 20mV s~ 30 mV s,
40mV s, 50mV s, 60mVs,70mVs', 80mV s,
90 mV s~!, and 100 mV s~!). Peak current increases with
the square root of scan rate, indicating the existence of a

Current (mA)

06 -03 00 03 06
Potential (V vs Ag/AgClI)

42 -09

diffusion-controlled electrocatalytic process.*’ The findings
are in agreement with the results obtained in Fig. 5.

The anodic peak current (Ip’a) of 0.1 M, 05M, 1M,
1.5M and 2 M vs square root of the scan rate show more lin-
ear regions. Similar results have been reported by Hu et al.*!
who ascribe these results to the rate-determining steps of Pd
oxidation involving both adsorption and diffusion controlled
system. The /, , of 2 M is linearly dependent on the square
root of the scan rate, indicating that Pd oxidation is under
diffusion control.?®*? The slopes of Pd/B at 0.1 M, 0.5 M,
1M, 1.5 M and 2 M (Fig. 6A-E were found to be 0.002 mA,
0.003 mA, 0.0023 mA, 0.000191 mA, and 0.021 mA
(V~'5)"2. Pd/B at a2 M has a larger absolute value (0.021)
of the slope as compared to other concentration. The slope
of the voltammogram is an important parameter that reflects
the sensitivity of the electrode to changes in potential and
current, providing insights into the responsiveness of the
system to variations in experimental conditions. The slope of
a plot is related to the sensitivity of the electrode to changes
in concentration. The slope at 2 M is steeper than other con-
centrations, implying the electrode sensitivity to changes in
potential and current with rapid kinetics. A high sensitivity
means that the electrode is responsive to small changes in
the experimental conditions. The slope may also suggest that
Pd oxidation is under diffusion-controlled electrochemical
process with *=0.997, and the obtained diffusion values
(D) of the system were found to be 2.92 x 1077, 4.72 x
107%,4.82 x 107%, 1.22 x 1077, and 9.12 x 107® cm?s™".
The diffusion coefficient was determine using the following
equation (Eq. 2):*

1, =2.69 x 10°n*?AD'?V'/2C 2)

where [, is the peak current, n is the number of electron
transfer, D is the diffusion coefficient, v is the rate at
which potential is scanned (scan rate in mV s7h), C is the

(b)

'/.\.\-
00 05 10 15 20
Concentration (M)

Fig.7 (A) Concentration dependent studies at 100 mV s~ and (B) The current vs concentration of Pd/B at 0.1 M, 0.5 M, 1 M, 1.5 and 2 M of

NaOH.
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Table Il Shows the peak

h X Peak potential (V) Concen-
potential and concentration tration
M)

—-0.05 0.1
—-0.31 0.5
-0.3 1

-0.12 1.5
-0.2 2

concentration in mol cm ™. The stability of electrocatalysts
is demonstrated by the increase in peak current with the
square root of the scan rate.*! It is important to note that
the relationship between concentration and current may not
be linear, it depends on the specific electrochemical system
and the nature of the reactions involved. This can be due to
interactions between ions, ion pairing, or other complexities
in the electrochemical system. If the actual reaction involves
multiple steps or has a more complex mechanism, the con-
centration-current relationship may deviate from linearity.
Additionally, there may be limits to how much increasing
concentration can increase the current.'®* When increasing
the concentration, the change in the electrochemical behav-
iour of the electrode surface was affected, which led to the
non-linear reaction kinetics as shown in Fig. 6.!” The peak
potential depends on the concentration, at lower concentra-
tions, the surface of the catalyst may not be fully covered
with active sites, resulting in lower performance and shifts
in the peak potential as shown in Table II.

To examine the Pd/B electrocatalyst activity at vari-
ous NaOH concentrations, cyclic voltammetry measure-
ments were used, Fig. 7A. The optimal concentration of
the catalyst is determined by concentration studies, and
this is crucial because utilising a catalyst at an incorrect
concentration could result in an undesirable by-product
and reduce catalytic activity at the electrode interface.**¢
The stability of the catalyst can also be ascertained with
the aid of concentration studies. Understanding that some
catalysts may deteriorate or lose their efficacy at high con-
centrations or under particular environmental conditions is
crucial for long-term catalyst performance.'®

The performance of the catalyst was evaluated by intro-
ducing the Pd/B electrode into 0.1 M, 0.5 M, 1 M, 1.5 M,
and 2 M of NaOH under an inert atmosphere. Fig. 7A
shows CVs measured at 100 mV s~! between — 1 V and
0.3 V vs AglAgCl. The current increased as the concentra-
tion increased from 0.1 M to 0.5 M but decreased as the
concentration increased from 1 M to 1.5 M (Fig. 7B). In
comparison to other concentrations (0.1 M, 0.5 M, 1 M,
and 1.5 M), it was found that Pd/B behaves better in 2 M
of NaOH. The metal oxide (Pd oxide) formation and char-
acteristic peaks are clearly visible in 2 M of NaOH, and

-0,25. T T T T T T T T
1,2 1,0 -0,8 06 -04 -0,2 00 02 04
Potential (V vs Ag/AgCl)

Fig.8 Cyclic voltammograms of Pd/B and Pd/C (insert) showing
the forward potential scans (denoted by peaks a, ¢, d and e), and the
backward potential scans (denoted by peaks b, f and g) in 2 M NaOH
at 100 mVs~

the newly formed oxidation and reduction peaks verify
that Pd is present on the surface of an electrode.*! Surface
coverage (I') was calculated using Eq. 3:*’

I'=Q/nFA 3)

where I is the surface coverage, Q is the charge transfer (C),
n number of electron transfers, Faraday’s constant (96485°C/
mol), and A is the active area of the electrode (cm?). " values
were established as 2.92 x 107, 4.72 x 107", 4.82 x 107"/,
122x107'% and 9.12 x 10~ cm* s~ at 0.1 M to 2 M. The
latter finding may be attributed that the surface coverage is
directly proportional to the concentration and the electro-
chemical reaction at 2 M occurs on the Pd/B double layer. In
a diffusion-controlled system, the concentration of adsorbed
species affects the exchange current which is proportional to
K. In adsorption-controlled systems, the surface coverage is
directly linked to the adsorption and desorption processes,
which, in turn, influence the electron transfer rate constants.
The performance of Pd/C-commercial catalyst, and Pd/B
catalyst, were compared using cyclic voltammetry measure-
ments at 2 M of NaOH. Pd/C has previously been studied
at low concentrations and different scan rates as reported in
the literature shows; thus, in this work, Pd/C is only stud-
ied at 2 M of NaOH.>**"** The performance of Pd/B, and
Pd/C was evaluated at a fixed scan rate of 100 mVs™! and at
a potential window of —1 V to 0.3 V vs AglAgCl (Fig. 8).
In the forward potential scan (peak a), there is an oxi-
dation of Pd around (—0.6 V to —0.2 V) which is mainly
related to palladium oxide oxidation (PdO).***8 The reduc-
tion of the oxide is produced at the cathodic peak (peak
b) around — 0.6 V vs AglAgCl. The peak corresponds to
the palladium oxide reduction. The prominent peaks were
observed at Ey,,=—0.182 V vs AglAgCl (oxidation, peak
a), E;,,=—0.606 AglAgCl (oxidation, peak e) and at
E,,=—0.225V vs AglAgCl (reduction, peak f) which is
attributed to Pd-O/Pd-OH at 100 mVs~!. The peaks at — 1 V
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to —0.67 V vs AglAgCl (peak c, and d,) potential region of
forward scan as well as reverse scan (peak g) are assigned
to the underpotential deposition of hydrogen (H,,q) as a
result of adsorption/desorption processes. H,,4 regions also
confirms possible differences in the hydrogen adsorption/
desorption processes, which can be associated with the dis-
tinctions in the structural and crystallographic characteristics
of dissimilar surfaces of the Pd catalysts supported on boro-
phene. During the process of anodic scan, the CVs exhibit
a broad oxidation peak b, and e of Pd-O/Pd-OH.*~>! The
diffusion coefficients obtained for Pd/B were found to be
9.12 x 1078 cm? s™!, which is substantially higher than that
of Pd/C (1.02x 10~* cm’s™") value.

This claims that Pd/B has fast charge transfer than Pd/C.
To evaluate other parameter such as activity of the of cata-
lyst, ECSA was calculated. ECSA is the fraction of an elec-
trode's surface where electron transfer reactions occur dur-
ing electrochemical processes. This parameter (ECSA) was
calculated using Eq. 4 °? to assess the efficiency and electro-
chemical activity of an electrode by quantifying the available
surface area for redox reactions. The ECSA is a key metric
in evaluating the performance of electrochemical devices,
as it provides insights into the electrode's ability to facilitate
electron transfer and influences overall device efficiency.

Q

ECSA = m s (4)

where Q is a charge of PdO desorption electrooxidation, m
is the total amount of metal on the surface of the electrode,
and 420 is the total charge required to oxidize a monolayer of
adsorbed PdO on a catalyst surface. ECSA is strongly related
to intrinsic activity because it directly influences the number
of active sites available for electrochemical reactions. While
intrinsic activity reflects the inherent catalytic properties of
the material, ECSA provides a measure of the surface area
where these intrinsic activities can manifest. Pd/B (1.85 X
107> cm?/mg) denotes the highest Pd-O stripping charge and
more active sites available for the oxidation reaction than
Pd/C (1.13 x 10> cm?/mg)

EIS measurements were carried out to estimate the
electro-kinetics of the used catalysts. The electrochemical
impendence spectrum (EIS) was performed at a frequency
of 10 mHz to 50 kHz to investigate the charge transport
kinetics of Pd/B and Pd/C electrodes. Fig. 9 demonstrates
the Nyquist plots of the commercial (Pd/C) and the prepared
Pd/B catalysts. Plots in the linear area of EIS correspond to
ion diffusion in the electrolyte. Pd/B plot slope is steeper
than Pd/C because Pd/B has faster ion diffusion within the
electrodes in the redox process with better capacitive behav-
iour. The results are consistent with a CV diffusional con-
trolled process. When compared to Pd/C (12.73 k), Pd/B
(7.32 k) has a smaller semicircle, denoting a lower electron
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Fig. 9 Nyquist plot of Pd/B and Pd/C at 2 M NaOH.

Table lll Rct of Pd/B at

different concentrations of Ret (k) Cor}cen-
tration

NaOH M)

17.3 0.1

20.9 0.5

12.9 1

9.5 1.5

7.3 2

charge transfer resistance/polarization resistance (R./R,,).
The results also suggest a higher activity for EOR at the
electrode interface. These EIS present a strong agreement
with the results obtained from the CVs (Fig. 8) where Pd/B
exhibited higher peak current for EOR.

The maximum phase angle (®g,,,,) is used to calculate
the double-layer capacitance which is expressed in the fol-

lowing Eq. 5:
14 2=

Ogmax = | 1 + = |, (5)
RctDcl

where R is the solution resistance, R is the charge-transfer
resistance, and is the D double layer capacitance.

The Randles Sevcik equivalent circuit (insert, Fig. 9) was
used to evaluate the parameters such as R, R, and War-
burg diffusion impedance/mass transfer (W) as evidenced by
EIS profiles. The depressed arcs for both electrode samples
revealed slow mass transfers (Warburg diffusion) but faster
electron kinetics which can be related to oxygen adsorption.
The above-mentioned parameters are calculated as shown
in Table III. The small semicircle in the Nyquist plot in the
high-frequency region is due to double layer capacitance
between the electrode interface and electrolyte denoted as
R,. R is related to reaction kinetic, and it can be observed
that Pd/B has a smaller R, compared to Pd/C which suggests
a faster electron transfer and higher activity for EOR. The R,
value for Pd/B suggests that Pd/B is more of a conducting
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system than Pd/C. Additionally, the rate of electron transfer
during ethanol oxidation on the Pd surface is slow hence a
larger R . These EIS results have a strong agreement with
results obtained from the CVs where Pd/B exhibited higher
peak current for EOR, also, the decrease in Rct and higher
phase angle of Pd/B are attributed to higher conductivity
and electrocatalytic activity and make it a good candidate
for electron transfer reactions (Table IV).

Figure 10 represent the EI spectroscopy of the Pd/C-com-
mercial and Pd/B prepared catalysts at different concentra-
tions of NaOH. The electrochemical impedance spectros-
copy (EIS) showed an electron charge transfer resistance at
different concentration of NaOH for Pd/B when subjected to
a fixed potential of —0.188 V, —0.695 V, —0.7807 V, 0.142 V
and —0.483 V vs AglAgClat 0.1 M, 05 M, 1 M, 1.5 M
and 2 M. When compared to the other concentrations, the
Pd/B catalyst at 2 M has a lower resistance which makes the
electron-transfer kinetics process quicker and more appro-
priate for electrocatalytic activities. At high concentration,
a decrease in R, (Table III) indicates that the charge transfer
reactions at the electrode-electrolyte interface are occurring
at a faster rate. This is often associated with increased reac-
tion kinetics.*>*’ In practise, this means that the electro-
chemical reactions occur at a faster rate, resulting in faster
electrode processes. Reduced charge transfer resistance
implies lower energy losses and higher device efficiency.

Investigation of Processes Associated
with the Electro-Oxidation of Ethanol

The catalysts activity of Pd/B, and Pd/C were tested in 2 M
of NaOH +2 M EtOH at 100 mV s~'. The catalysts were
evaluated for the oxidation of ethanol in an alkaline medium
(Fig. 11). During the process of anodic and cathodic scan,
the CVs exhibited a broad peak at —0.31 V vs AglAgClI (
peak a) and —0.22 V vs AglAgCl (peak b)) of Pd-O for the
Pd/B. Voltammograms recorded under conditions of posi-
tive (anodic) scan depict a more negative onset of oxidation
potentials (—0.23 V vs AglAgCl) meaning that less energy is
required for the EOR to occur on Pd/B than on Pd/C. Peak a’
can also be ascribed to the process of Pd-OH formation, >3
Pd/C catalyst has an anodic peak current which is observed
at —0.134 V vs AglAgCl and is assigned to the Pd-O

Table IV Electrochemical parameters obtained from the electrochemi-
cal impedance spectroscopy for Pd/B and Pd/C at 2 M of NaOH.

Catalyst R, (ohm) R, (ohm) @y, Phaseangle Frequency
(deg) (Hz)

Pd/B 1x10° 100 68.53 72.47 172

Pd/C 1x10° 100 242 67 254.8

oxidation. During the anodic sweeping direction of Pd/B
electrocatalyst, it was observed from the ratio of backward
peak current (1,,4) to forward peak current (/,4), (Zpwa/Iwa)
of Pd/B in NaOH + EtOH is almost equal to (Zy,,,4/Ifq) 1.0
which shows excellent tolerance of Pd/B to poisoning by
ethanol intermediate species. This was attributed to the addi-
tion of Pd to the surface of borophene. Borophene, serving
as a support, significantly facilitated the completion of the
oxidation process while concurrently rendering the catalyst
resilient against poisoning by intermediate species.’*> In
comparison to Pd/B, Pd/C had a relatively low peak ratio
(Iywa'Iswa) of 0.8, indicating that the catalyst is susceptible
to poisoning at the electrode interface. The onset potentials
for the ethanol oxidation on the Pd/C and Pd/B catalysts
are 0.65 V vs AglAgCl and 0.76 V vs AglAgCl. Pd/B has a
more negative onset potential compared to Pd/C meaning
that less energy is required for the EOR to occur on Pd/B
than on Pd/C.

Figure 12 depicts the scan rate dependent studies of
Pd/B and the corresponding linear plot (inserted) at 2 M
NaOH + EtOH for the selected scan rates (10 mV s7L
20mV s, 30mV s, 40mV s, 50 mV s, 60 mV s,

—— 0
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-
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Fig. 10 Nyquist plot of Pd/B at (a) 0.1 M, (b) 0.5 M, (c) 1 M (d) 1.5,
(e) 2 M of NaOH.
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Fig. 11 CV voltammograms of Pd/B and Pd/C in 2 M NaOH at
100 mVs™'.
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Fig.12 The scan rate dependent studies of Pd/B in 2 M
NaOH +EtOH and the current vs square root of the scan rate (insert)
for both the first and second oxidation processes, respectively.

70 mV s~!, 80 mV s~!, 90 mV s~!, and 100 mV s_l). The
electrode current responsiveness was measured using
changes in anodic peak currents. The forward (oxidation)
peak current and the reduction peak current increased as
the scan rate increases. The variation in anodic and cathodic
peak currents was used to evaluate electrode current respon-
siveness. The increase in peak current with the square root
of the scan rate as shown by the insert demonstrates the
stability of electrocatalysts, revealing a diffusion-controlled
electrocatalytic process with r%.,=0.979 (oxidation)
4 wa=0.920 (reduction) and the slope of 0.005 for the for-
ward peak and 0.002 for the reverse peak. The steeper slope
for the forward peak indicates that the electrode is sensitive
to changes in current and potential at high reaction rates. To
substantiate the electron's mobility in the system, the dif-
fusion coefficient (D) was calculated for the oxidation and
the reverse peak. The obtained diffusion coefficient for the
system was found to be 3.96 x 10~ cm?s™! for the oxida-
tion and 3.3 10~ cm?s™! for the reduction. The oxidation
reaction produced a greater diffusion coefficient, which cor-
responds to quicker rates of diffusion for the oxidation.

The electrical properties of electrochemical systems were
studied using EIS. The semicircle corresponding to the Pd/C
electrode catalyst is bigger than that recorded for the Pd/B
as shown in Fig. 13. Pd/B exhibits a small semicircle and
possesses a lower electron transfer resistance compared with
Pd/C. The Pd/B possesses a lower R, compared to Pd/C
which enhances the electron-transfer kinetics process as a
faster one and more suitable for the electrocatalytic activi-
ties.*”>® Pd/B shows the smallest diameter on impedance
arc, with R =7.15 KQ indicating the smallest transfer
resistance,*° which makes it a better electrocatalyst than

@ Springer

Pd/C at 18.3 KQ (Table V) with the I'=6.64 x 10~"" mol/
cm?.

The Randles-Sevcik equivalent circuit is used to fit and
simulate the electrochemical parameters. It can be observed
that Pd/B has a smaller R, compared to Pd/C thin film which
suggests a faster electron transfer and higher activity for
EOR. Also, the decrease in R and higher phase angle of
Pd/B are attributed to higher conductivity and electrocata-
lytic activity and make it a good candidate for electron trans-
fer reactions. The narrow semicircle in the high-frequency
area of the Nyquist plot is due to double-layer capacitance
between the electrode interface and electrolyte, represented
as R, in Table V. Pd/B exhibits an increased phase angle than
Pd/C, which might be ascribed to stronger electron conduc-
tivity, which is then connected with rapid electron kinetic
transfer for EOR. These findings are consistent with the CV
findings.

Stability Studies of the Prepared Catalysts

The stability of Pd/B was tested for EOR (2 M of
NaOH +2 M EtOH), the stability of electrocatalysts was
tested using CV by running 50 circles at a fixed scan rate
(100 mV s~!). The results showed a high but fixed current
response for Pd/B throughout the cycling. The higher cur-
rent response of Pd/B (Fig. 14A) as compared to that of
Pd/C (Fig. 14B) is ascribed to available active sites of the

25000

—i— Pd/C
—@— Pd/B
20000 A
£
= 150004
o
=
N 100004
E
' 50004 D—‘ @ ’—w—/
RI w3
0- R2

0 6000 12000 18000 24000 30000
Re(Z)/ohm

Fig. 13 Nyquist plots generated for electrode catalysts in a solution of
2 M of NaOH + EtOH.

Table V. Summarized EIS findings for the performance of Pd/C and
Pd/B.

Samples R, (ohm) R, (ohm) @y, Phase Frequency (Hz)
angle
(deg)

Pd/B 7.5 100 68.53 70 90

Pd/C 18.3 100 - 689 253
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Fig. 14 Current vs potential stability studies of (A)Pd/B, and (B)Pd/C and current vs No. of circles of (C) Pd/B and (D) Pd/C in a 2 M of

NaOH +EtOH at 100 mV s~

electrocatalyst. This observation corroborates the CV results
(Fig. 11) where Pd/B is shown to be more tolerant to the
poisoning of the electrocatalyst. Monitoring the stability of
the current response over a series of cycles (50 cycles) at a
fixed scan rate (100 mV/s) is a key aspect of assessing the
reliability and durability of an electrochemical system. The
peak current vs the number of circles confirms the stability
of electrocatalysts (Fig. 14C). Figure 14D the durability and
stability were further tested by plotting the change in poten-
tial vs current and the results were compared with Fig. 14C,
the results are in agreement. Pd/B showed higher (0.6 mA)
current and stability towards ethanol oxidation than Pd/C.
This means that the electrochemical active surface and
functionality of the electrode material was maintained and
there was a consistent electron transfer and reliable current
response on the electrode.

Conclusion

Pd/B was synthesized in an ultrasonic water bath at room
temperature, with the crystal structure and surface morphol-
ogy studied using XRD, SEM and HR-TEM. It has been

found in this study that Pd/B is capable of reducing the cost
of the electrocatalysts used for the oxidation of ethanol when
compared to the commercial Pd/C catalyst. Pd/B electro-
catalyst demonstrated an increase in the electrochemical
oxidation and better durability in a 2 M of NaOH + EtOH.
As compared to Pd/C, Pd/B had a higher current density
in 2 M of NaOH and 2 M of NaOH + EtOH. Pd/B showed
the smallest diameter on impedance arc, with R, =7.15 KQ
indicating the minimal hinderance in the transfer resist-
ance, which makes it a better electrocatalyst than Pd/C. An
improvement of the Pd/B electrocatalytic activity capability
was studied by optimizing the concentration of NaOH. The
CV results also confirmed that Pd/B showed a more negative
onset potential and higher current (=0.76 V vs AglAgClI;
0.07 mA) than Pd/C (-0.65 V vs AglAgCl; 0.05 mA), indi-
cating a more catalytic behavior and tolerance of Pd/B,
with the active sites attributed to the addition of borophene.
It was found that the prepared Pd/B electrocatalyst could
enhance the electrocatalytic activity towards EtOH. There-
fore, it could be pointed out that the interaction between Pd
and borophene nanosheets significantly improved the EtOH
electrooxidation performance with high current density and
extended stability.
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