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Abstract

Electrocatalytic oxidation of ethylene glycol (EG) in alkaline medium using
nano-scaled palladium-based bimetallic catalysts (Pd-M, where M = Ni and
Sn) supported on sulfonated multi-walled carbon nanotubes (SF-MWCNTs) is
compared. The bimetallic mixture (i.e., SE-MWCNT-PdSnmixand SE-MWCNT-
PdNimix) showed better electrocatalysis towards EG oxidation than the SF-
MWCNT-Pd. At the SF-MWCNT-PdSnmix platform, oxidation of EG occurred
at lower onset and peak potentials, higher current density, and faster kinetics
(lower impedance) than at the SF-MWCNT-PdNimix platform. EG oxidation at
the SE-MWCNT-PdNimix is more stable than at the SE-MWCNT-PdSnmix.

Indeed, Sn is a more favoured co-catalyst with Pd in EG electro-oxidation.

Keywords: Ethylene glycol; Electro-oxidation; Bimetallic catalysts; PdSn

nanocatalyst.



1. Introduction

Direct alcohol alkaline fuel cells (DAAFCs) have continued to attract major
research interests in the field of electrochemical energy conversion systems.
DAAFCs are suitable fuel cell systems that employ a wide range of liquid
fuels such as methanol, ethanol, glycerol and ethylene glycol (EG) due to their
high specific energy and capacity of some of them to be renewable [1,2]. In the
last couple of years, several reports have emerged on fuel cell systems that
could potentially utilize EG as the liquid fuel using different electrocatalysts
[3,4]. EG is a diol-alcohol that can be obtained from the bio-mass, it is non-
toxic, has high reactivity and is a renewable fuel [5,6]. While the electro-
oxidation of many other alcohols has been intensively studied in alkaline
media [7-12], the electro-oxidation of EG in alkaline remains the least
explored.

The use of the alkaline medium allows the use of platinum free
electrocatalysts, eliminating the problem of the catalysts poisoning by carbon
monoxide (CO) and improving the alcohol electro-oxidation kinetics [13].
Palladium is considered as a suitable electrocatalyst for alcohol oxidation in
alkaline medium since it is more abundant in nature, less expensive than
platinum and has the capacity to promote the oxidation of several alcohols in
alkaline medium with remarkable electrochemical stability [2,7-14]. The
catalyst support material also plays a great role on the catalyst performance.

Carbon materials with high surface area and good crystallinity provide a high



dispersion of catalyst particles and facilitate electron transfer, resulting in
better device performance. Studies [15-18] have shown that carbon nanotubes
increase the electrocatalytic properties of several metal catalysts. Electro-
oxidation of EG using platinum group metal electrocatalysts supported on
CNTs has been explored in acid medium [19,20]. Surprisingly, however,
despite the many advantages of EG as a fuel cell in alkaline media, the electro-
oxidation of EG on Pd and Pd-based electrocatalysts in alkaline medium still
remains hugely unexplored or reported in the literature. To our knowledge
the only known work is that by Sun et al [23] where the authors used Pd
nanoparticles supported on sulfonate-functionalised multi-walled carbon
nanotubes (SF-MWCNTs). Recently, it was shown that Pd bimetallic catalysts
on SF-MWCNTs exhibit better performance towards ethanol electro-oxidation
compared to monodispersed Pd nanoparticles [22,24]. Thus, motivated by the
paucity of literature on EG electro-oxidation on Pd alloy catalysts in alkaline
media, and the poor performance of monodispersed Pd nanocatalysts
compared to the Pd bimetallic catalysts, we decided to investigate the
electrocatalytic behavior of the Pd bimetallic catalysts (SE-MWCNT-PdNi and
SE-MWCNT-PdSn) towards the oxidation of EG in alkaline medium. We
clearly show (using voltammetric and electrochemical impedance
spectroscopic techniques) that these Pd bimetallic nanocatalysts serve as
efficient electrocatalysts for the oxidation of EG in alkaline medium, albeit

slight differences in their individual catalytic behaviour.



2. Experimental

2.1  Materials and reagents

Absolute ethanol (C:HsOH, ACS reagent grade), multi-walled carbon
nanotubes (= 95% as MWCNT, O.D x LD x length, 7-15 nm x 3-6 nm x 0.5 —
200 pm), hydrogen peroxide (H202, 30 % by weight), Nafion perfluorinated
ion-exchange resin (5 wt% in mixture of lower aliphatic alcohols), potassium
hydroxide pellets (KOH, ACS reagent, > 85% pure), Sulfuric acid (H2S0s, 95 —
97 % pure), tin (II) chloride dehydrate (SnClz. 2H20, 99.995%) were obtained
from Sigma-Aldrich. Acetic anhydride ((CHs-CO):0, ACS reagent grade),
ethylene glycol (OHCH:CH:0H, extra pure), and nitric acid (HNOs, 65% extra
pure) were obtained from Merck. Hydrophilic polypropylene membrane
filters, 47 mm in diameter and 0.2 um pore size were obtained from Pall
Corporation. Nickel chloride (NiClz, 60 mesh 99.5% pure) was obtained from
Cerac Incorporated. Palladium (II) chloride (PdCl:) was obtained from SA
Precious Metal (Pty) Ltd (South Africa). Ultrapure water (resistivity: 18.2
MQcm) was obtained from a Milli-Q water system (Millipore Corp., Bedford,
MA, USA). All other reagents were of analytical grade and were used as

received from the suppliers without further purification.



2.2 Catalysts synthesis

2.2.1 Sulfonation of multi-walled carbon nanotubes

The pristine MWCNTs were functionalised with sulfonate groups following
the method described by Sun et al. [23]. After the initial treatment of
purification and carboxylate-functionalisation of the pristine MWCNTs [25],
the solid product was then sulfonated. 120 mg of the previously purified
MWCNTs was added to a mixture of 20 mL H250s and 300 mL of acetic
anhydride, holding continuous stirring at 70 °C for 2 h. After 2 h, the reaction
mixture was allowed to cool, continuously stirred until room temperature.
The resulting product (abbreviated herein as SF-MWCNT) was repeatedly

washed with ultra pure water and dried at 70 °C overnight in an oven.

2.2.2 Preparation of the bimetallic PAM (M = Ni, Sn) supported on SF-
MWCNTs and electrode modification
The metal (Pd, Ni and Sn) nanoparticle catalysts were supported onto the
walls of the SE-MWCNTs by adopting the microwave polyol process as
reported in the literature [26]. In brief, 3.0 mL of 0.05 M aqueous PdCl:
solution and 50 mL of EG were introduced into a 250 ml Erlenmeyer flask.
The synthesis solution pH was adjusted to ~ 7.4 by using 0.8 M aqueous KOH
solution. 80 mg of SF-MWCNTs was then added into the above solution and
ultrasonically dispersed in the solution for 1 h. The solution was then

transferred into a liner-rotor 16 F100 TFM vessel, then placed in a microwave



(Multiwave 3000 sample preparation system, 1400 Watts, Anton Paar) and
heated using 1000 Watts at 170 °C for 60 s. The time taken to reach 170 °C was
13 min, and then the microwave was stopped, allowed to cool before the
reaction vessel could be removed. The resulting suspension was separated by
filtration and the obtained residue washed with acetone and ultra pure water.
The final solid product (abbreviated herein as SE-MWCNT-Pd) was dried at
110 °C overnight in an oven. The SF-MWCNT-5n and SF-MWCNT-Ni were
prepared using a similar procedure to the SE-MWCNT-Pd using SnCl: and
NiClL: precursors (i.e., 3.0 mL of 0.05 M aqueous NiCl: or SnClz solution in 50
mL of EG used in the microwave reaction). The ratios of Pd, Sn or Ni were
controlled by stoichiometric calculation and confirmed by energy dispersive
X-ray spectroscopy (EDX) measurements.

To prepare the bimetallic catalysts (SE-MWCNT-PdMnmiv), 2 mg mixture
of SE-MWCNT-Pd and SF-MWCNT-Ni or SE-MWCNT-5n was thoroughly
dispersed in 2 ml ethanol and 100 pL 5wt % Nafion® solution with the aid of
ultrasonic stirring (Bransonic 52 bath, operating frequency of ~ 40 KHz). To
allow for proper mixing and interaction of the bimetals, each mixture was
ultrasonicated in a tightly closed container for 4 h at 40 °C, and then allowed
to stay for ~ 24 h before drying. The bimetallic catalysts formed are
abbreviated as GCE-SF-MWCNT-PdNimix and GCE-SF-MWCNT-PdSnmix. To
immobilize them on the glassy carbon electrode (GCE), the GCE was first

polished to a mirror finish with alumina slurry (nanopowder, Aldrich) and



then cleaned by ultrasonic stirring in acetone and deionised water for 3 min
respectively. 10 pL of the mixture (pre-sonicated again for about 1 min) was
then cast onto the surface of the cleaned GCE. The electrode was then dried at

80 °C in an oven. The Pd loading of each electrode was maintained at 6.7 pg.

2.3  Equipment and Procedures

The transmission electron microscope (TEM) micrographs were obtained
using a JEOL 2010 TEM system operating at 200 kV. The TEM samples were
prepared by dispersing the carbon supported catalysts in ethanol, and then a
drop of the suspension was cast onto the carbon film covered Cu-grid for
analysis. The X-ray diffraction (XRD) patterns of the catalysts were obtained
using an X-ray diffractometer (XRD, SCINTAG-XDS 2000) with Cu Ka
radiation source, A=1.5418 A operating at 40 kV and 200 mA. The XRD
diffractograms were obtained in a scan range between 0 and 90°. Fourier-
transform infrared (FTIR) spectra were recorded using Spectrum 100 FTRI
spectrometer (Perkin Elmer). The energy dispersive x-ray spectra (EDX) were
obtained from NORAN VANTAGE (USA). X-ray photoelectron spectroscopy
(XPS) experiments were carried out on a Kratos Axis Ultra-DLD system
(Shimadzu) with Mg Ka radiation (hv = 1253.6 eV). Binding energies were
calibrated using the signal of contamination carbon as reference (Cls = 284.6).
The detailed XP spectra were collected and analysed at a 45° take-off angle

(4). All electrochemical experiments were carried out at room temperature



with a standard three-compartment electrochemical cell using an Autolab
potentiostat PGSTAT 302 (Eco Chemie, Utrecht, Netherlands) driven by the
General Purpose Electrochemical Systems data processing software (GPES
and FRA softwares version 4.9). The working electrode was a modified glassy
carbon disk electrode (GCE, Bioanalytical systems, diameter = 3.0 mm). A Pt
rod and AglAgCl, saturated 3M KCI) were used as a counter and reference
electrode, respectively. Electrochemical impedance spectroscopy (EIS)
measurements were obtained with Autolab Frequency Response Analyser
(FRA) software between 100 kHz and 10 mHz with the amplitude (rms value)
of the AC signal of 10 mV. All solutions were de-aerated by bubbling pure

nitrogen prior to each electrochemical experiment.

3. Results and discussion

3.1  XPS characterisation

As shown recently, the bimetallic catalyst obtained by ultrasonication of the
monometallic mixtures (SF-MWCNT-PdNimix and SF-MWCNT-PdSnmix)
showed enhanced electrocatalysis towards alcohol than that by co-reduction
of the metals [22,24]. In this work, we use XPS as a further proof for the
formation of alloy. Figure 1 compares the XPS patterns of the standard
samples (i.e., SF-MWCNT-PdNi and SE-MWCNT-PdSn obtained by the
conventional co-reduction of the metals, Sn and Ni) and the SF-MWCNT-

PdNimix and SF-MWCNT-PdSnmix (i.e., obtained by simple ultrasonication of



the metallic mixtures) showing the signature doublet consisting of a high-
energy peak (Pd 3dsz) and a low-energy peak (Pd 3ds2), with a spin-orbit

splitting of about 5 eV. The comparative XPS data are shown in Table 1.

Table 1: Comparison of the SF-MWCNTs supported PdM (M = Ni, Sn) alloys
prepared by the standard co-reduction method and ultrasonication of the

mixtures of metals.

Standard alloy on SE-MWCNT's ‘Mix’ alloy on SE-MWCNTs
PdSn PdNi PdSnmix PdNimix
Pd Sn Pd Ni Pd Sn Pd Ni
335.6 485.4 335.3 - 335.3 485.5 | 3354 -
336.4 487.0 336.5 - 336.4 487.0 | 336.6 -
337.9 - 337.8 - 337.9 487.6 | 338.2 -
338.7 - - - - - - -

The Pd 3ds (alloy) peak gives four contributions which relate to the chemical
states: 335.6+0.1 eV (PdSn), 336.4+0.1 eV (Pd:Oy), 337.9+0.1 (PdxOy) and
338.7+0.1 eV (PdSOs). Interestingly, the Pd 3ds2 (mix) peak gives similar
contributions at 335.3+0.1 eV (PdSn), 336.4+0.1 eV (Pd«Oy) and 337.9+0.1 eV
(PdxOy). Clearly, the surface chemistry of the PdSnauoy and PdSnwmix are similar.
As seen in Table 1, the same trend of peak evolutions and chemical
compounds are observed for both PdNi (alloy) and PdNi (mix). The Pd 3ds-

peak of our SF-MWCNT-PdNimix (335.3 eV) is comparable to the binding
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energy value (3354 eV) recently reported for PdNi alloy supported on

MWCNT [27], confirming that ultrasonic-mixing technique formed an alloy.

3.2 Electrochemical characterisation

3.2.1 Electro-oxidation of ethylene glycol in alkaline medium

Figure 2 shows the voltammetric responses of SE-MWCNT-Pd, SF-MWCNT-
PdNimix and SE-MWCNT-PdSnmix electrocatalysts towards ethylene glycol
(EG) oxidation in 0.5 M KOH. The EG activity on the SE-MWCNT-PdSnmix
catalyst is higher than that of the SF-MWCNT-PdNimix and SE-MWCNT-Pd.
The electrochemical parameters are summarized in Table 2. The beneficial
effect of the Ni and Sn on the Pd systems for EG oxidation in alkaline medium
may be related to the oxophilicity of the Ni and Sn to generate the M-OH
moieties as speculated by Bambagioni et al. [28]. The SF-MWCNT-PdSnmix has
the most negative onset potential, the highest current density and less positive
peak potential as compared to the SE-MWCNT-PdNimix catalyst. The ratio of
the forward to the backward current (I#/Iv) is highest for the SE-MWCNT-
PdSnmix, indicating better oxidation of the EG and that this catalyst mixture is
less likely to be poisoned by the oxidation products compared to the SF-
MWCNT-Pd and SE-MWCNT-PdNimix. The ratio of the current response of the
forward anodic peak (If) to the reverse anodic peak (Iv) is a measure of the
fraction of the catalyst surface that has not been poisoned; the higher the

value of I¢/I, the less poisoned is the electrode. Within the error limits, the
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value of It/ obtained for the SE-MWCNT-Pd (1.82) is comparable to the 1.94
observed by Sun et al [23]. The higher current response of the SE-MWCNT-
PdSnmix electrode was further confirmed by performing chronoamperometric
experiment at fixed potential of -0.2 V (not shown). The current value
obtained for the SF-MWCNT-PdSnmix electrocatalyst was higher (11.59 mA
cm?) than that obtained for SF-MWCNT-PdNimix (9.75 mA c¢m?) and SF-

MWCNT-Pd (6.91 mA cm?) electrocatalysts.

Table 2: Comparison of the electrochemical performances of ethanol
oxidation on GCE-SF-MWCNT-Pd, GCE-SF-MWCNT-PdSnmix and GCE-SF-
MWCNT-PdNimix nanocomposites measured in a 0.5 M Ethylene glycol + 0.5

M KOH solution at a sweep rate of 50 mVs™! (n=9).

Electrocatalyst Electrocatalytic performance data

J¢/ mAcm? Eonset /| V Ex/V Ii/Iv
SF-MWCNT-Pd 19.1+0.02 -0.24+0.02 0.15+0.02 1.82
SF-MWCNT-PdNimix 35.3+0.02 -0.39+0.02 0.25+0.02 1.57
SF-MWCNT-PdSnmix 51.9+0.02 -0.44+0.02 0.23+0.02 2.10

Figure 2b is a comparative quasi-steady state linear sweep
voltammetric curves for EG oxidation on SF-MWCNT-Pd, SE-MWCNT-

PdNimix and SE-MWCNT-PdSnmix at 1 mV S As expected from previous

12



experiments, the SF-MWCNT-PdSnmix electrocatalyst shows the highest
anodic current density compared to the SF-MWOCNT-PdNimix and SF-
MWCNT-Pd electrocatalysts. The electrochemically-active surface areas
(EASA) of the electrodes were determined in 0.5 M KOH and found to be
63.58 m?g! for the SF-MWCNT-PdSnmix, 58.82 m?g! for the SF-MWCNT-
PdNimixand 60.44 m?g! for the SE-MWCNT-Pd, indicating that Sn exerts more

influence on the EASA of the Pd, and hence the high electrocatalytic activity.

3.2.2 Stability of electrocatalysts

Long-term chronoamperometry is constantly used to test the stability of
electrocatalysts [29,30]. Thus, the stability of the SF-MWCNT-Pd, SF-
MWCNT-PdNimx and SF-MWCNT-PdSnmix  were evaluated using
chronoamperometric test. Figure 3 shows the chronoamperometric curves of
the three catalysts in 0.5 M Ethylene Glycol in 0.5 M KOH solutions at a fixed
potential of -0.2 V. In the first few seconds, the electrocatalysts showed small
current decay with the SE-MWCNT-PdSnmix electrocatalyst showing higher
current response (11.59 mA cm?) than that obtained for SE-MWCNT-PdNimix
(9.75 mA cm?) and SE-MWCNT-Pd (6.91 mA cm?). The current value of the
SF-MWCNT-PdSnmix electrocatalyst remained higher throughout indicating
higher stability of the SF-MWOCNT-PdNimix electrocatalyst. Values of the

apparent current density for EG after 1200 s were 9.94, 8.13 and 4.67 mAcm
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respectively on SE-MWCNT-PdSnmix, SE-MWCNT-PdNimix and SE-MWCNT-
Pd electrocatalyst. This indicates that SE-MWCNT-PdSnmix electrocatalyst is
the more stable and more tolerant to poisoning compared to SE-MWCNT-
PdNimix and SE-MWCNT-Pd electrocatalysts in alkaline medium. Also, the SF-
MWCNT-PdSnmix  and SF-MWCNT-PdNimix exhibited comparable CV
behaviour as there was no detectable difference in the oxidation of EG in the

presence or absence of carbon monoxide.

3.2.3 Electrochemical impedance analysis

The electrochemical kinetics of the three electrodes were further investigated
using the electrochemical impedance spectroscopy in 0.5 M ethylene glycol +
0.5 M KOH at three different bias (0.2, 0.3 and 0.4 V vs AglAgCl sat’'d KClI)
(Figure 4). The impedance spectra were satisfactorily fitted with the
Rs(R«CPE) circuit, where Rs is the electrolyte resistance, R« is the charge
transfer resistance and CPE is the constant phase element. The impedimetric
data are summarised in Table 3. The R« is related to the reaction kinetics; its
values of the SF-MWCNT-Pd and SF-MWCNT-PdSnmix electrodes decreased
as the potential was increased from low to higher potentials (0.2 to 0.4 V),
indicating faster electrode kinetics at higher potentials for EG oxidation.
Generally, the SE-MWCNT-PdSnmix showed the least R« values compared to

the two other electrodes.
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Table 3: Impedimetric data for ethylene oxidation on GCE-SF-MWCNT-Pd,

GCE-SF-MWCNT-PdSnmix and GCE-SE-MWCNT-PdNimix nanocomposites

measured in a 0.5 M ethylene glycol + 0.5 M KOH solution at different

potentials
Bias/V Electrochemical impedimetric parameter
Rs/ Q) Ret/ kQ n 102CPE/ F
GCE-SF-MWCNT-Pd
0.2 112.30+1.97 3.84 +0.26 0.85+0.02 0.10+0.01
0.3 112.00+1.55 2.02 £0.09 0.85+0.02 0.11+0.01
0.4 112.00 +1.65 0.48 £0.02 0.87+0.03 0.10+0.01
GCE-SF-MWCNT-PdNimix
0.2 100.20+1.76 2.49+0.29 0.63+0.02 0.20 £0.01
0.3 101.50+1.87 2.90+0.36 0.67+0.02 0.18 £0.01
0.4 98.80+1.89 0.80+0.06 0.63+0.03 0.18 £0.01
GCE-SF-MWCNT-PdStmix
0.2 92.00+1.48 2.64 £0.16 0.86 £0.02 0.140 £0.004
0.3 78.60 +0.90 1.02 +0.03 0.88 £0.01 0.150 +£0.004
0.4 80.00 +0.90 0.21 +0.01 0.87 £0.03 0.010 £0.04
4. Conclusions

The electrocatalytic oxidation of ethylene glycol (EG) in alkaline medium has

been investigated at Pd-based nano-scaled bimetallic alloy catalyst mixtures

(PdSn and PdNi) supported on sulfonated multi-walled carbon nanotubes

(SE-MWCNTs). XPS confirmed the properties of these alloy catalysts that

were obtained by a simple ultrasonication. In terms of their electrocatalytic
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properties, we observed very significant findings that should be emphasised.
First, the bimetallic nanocomposite mixtures (SF-MWCNT-PdSnmix and SF-
MWCNT-PdNimix) exhibited enhanced electrocatalytic EG oxidation
compared to the Pd alone (i.e., SE-MWCNT-Pd). Second, the SE-MWCNT-
PdSnmix electrode showed better electrocatalysis towards EG oxidation (in
terms of low onset and peak potentials, high current density, and fast kinetics
or low impedance) compared to the SF-MWCNT-PdNimix platform. Third,
from chronopotentiometric analysis, EG oxidation at the SE-MWCNT-PdNimix
is more stable than at the SE-MWCNT-PdSnmix. Clearly, the two bimetallic
alloy nanocatalysts showed some significant differences in their oxidation of
EG. It does seem, however, that Sn may be a more favoured co-catalyst with
Pd for possible application in direct ethylene glycol alkaline fuel cell

technology.
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Figure 1: Typical XPS evolutions of Pd 3d of (a) PdSnaiy and (b) PdSnmiy, and
(C) PdNialon and (d) PdNimix.

Figure 2: (a) Cyclic voltammograms at 50 mVs! and (b) quasi-steady state
linear sweep voltammograms at 1 mVs! of SF-MWCNT-Pd, SE-MWCNT-
PdNimix and SFE-MWCNT-PdSnmix in 0.5 M Ethylene glycol + 0.5 M KOH

aqueous solutions.

Figure 3: Chronoamperometric curves of GCE-SF-MWCNT-Pd, GCE-SF-
MWCNT-PdSnmix and GCE-SF-MWCNT-PdNimix in 0.5 M EG + 0.5 M KOH

aqueous solutions at fixed potential of -0.2 V.

Figure 4: Nyquist plots obtained during the oxidation of ethylene glycol
oxidation at (a) SF-MWCNT-Pd, (b) SE-MWCNT-PdNimix, and SE-MWWCNT-
PdSnmix electrodes, and (d) is the equivalent circuit used in fitting the

electrochemical impedance spectra.
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Figure 1: Typical XPS evolutions of Pd 3d of (a) PdSnaiey and (b) PdSnmix, and
(C) PdNialloy and (d) PdNimix.
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Figure 2: (a) Cyclic voltammograms at 50 mVs?! and (b) quasi-steady state

linear sweep voltammograms at 1 mVs! of SF-MWCNT-Pd, SE-MWCNT-
PdNimix and SF-MWCNT-PdSnmix in 0.5 M Ethylene glycol + 0.5 M KOH

aqueous solutions.
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Figure 3: Chronoamperometric curves of GCE-SE-MWCNT-Pd, GCE-SE-

MWCNT-PdSnmix and GCE-SF-MWCNT-PdNimix in 0.5 M EG + 0.5 M KOH

aqueous solutions at fixed potential of -0.2 V.
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Figure 4: Nyquist plots obtained during the oxidation of ethylene glycol

oxidation at (a) SE-MWCNT-Pd, (b) SE-MWCNT-PdNimix, and SE-MWWCNT-

PdSnmix electrodes, and (d) is the equivalent circuit used in fitting the

electrochemical impedance spectra.
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