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Abstract- In this work, the direct electrochemical oxidation of ethylene glycol (EG) on a
nickel-based metal-organic framework (MOF)/multiwall carbon nanotubes (CNTSs) hybrid
composite electrode was investigated. This investigation is used to verify the possibility of
using the Ni-MOF/CNTs electrode in the ethylene glycol fuel cells. The morphology of the
composite layer on the surface of the electrode substrate was examined by scanning electron
microscopy (SEM). The cyclic voltammetry technique was used to examine the typical
electrocatalytic performance of the electrode. In 0.1 M NaOH solution, well-defined oxidation
and reduction peaks of Ni?*/Ni®* redox couple were observed. The electrocatalytic current at
the Ni-MOF electrode was also studied for comparison with that of the Ni-MOF/CNTs
electrode. Owing to the synergetic effect of the MOF and the CNTs, the Ni-MOF/CNTSs
electrode shows a satisfactory electrocatalytic activity toward the EG electro-oxidation,
making it a promising candidate for use as an ideal anode material in direct alkaline alcohol
fuel cells.

Keywords- Metal-organic framework; Carbon nanotube; Fuel cell; Ethylene glycol;
Electrocatalytic oxidation

1. INTRODUCTION

Fuel cells, as one of the most noteworthy technologies in the future of energy production,
have gained the interest of lots of researchers in science and industry. Due to the several
advantages of liquid alcohol fuels compared to hydrogen, such as high energy density and easy


mailto:m.hadi@qom.ac.ir

Anal. Bioanal. Electrochem., Vol. 16, No. 7, 2024, 671-682 672

handling/storage, alcohol-based fuel cells have continued to attract greater attention over
conventional hydrogen-based fuel cells [1]. One of the key influencing factors on the reaction
kinetics of alcohols electro-oxidation is the electrode material and during the last decade,
several papers dealing with nanostructured electro-catalysts in direct alcohol fuel cells have
been published [2]. Compared to acid-direct alcohol fuel cells that usually employ costly
platinum-based electro-catalysts, faster kinetics of alcohols electro-oxidation in alkaline
electrolytes provides the possibility of developing electro-catalysts based on less-expensive
metals in alkaline direct alcohol fuel cells (ADAFCs) [3]. Nickel, as a relatively cheap and
earth-abundant transition metal, has recently aroused considerable attention from scientists
owing to its high electro-catalytic activity and cost effectiveness. In the past few years, pure
nickel [4,5], nickel-based multi-component alloys [6-9], and various nickel-based compounds
[10-16] in the form of composite or non-composite materials have been studied as anode
electrode materials in ADAFCs. In the present study, a nickel-based metal-organic framework
(MOF), Ni-BTC (BTC=1, 3, 5-benzene tricarboxylate), was synthesized and used in the form
of composite with carbon nanotubes (CNTs) (Ni-BTC/CNTSs), for the first time, for the anodic
oxidation of ethylene glycol.

MOFs have attracted many researchers' attention in recent years due to their high pore
volume, controllable structures, and very large surface area. This is because of their exceptional
structures, the combination of various metal ions and organic linkers arranged to form highly
ordered porous crystalline structures. They show great potential for several applications such
as gas adsorption and separation [17], biomedicine delivery [18], and energy storage in
batteries and supercapacitors [19]. Owing to their large porosities and redox properties, they
can also serve as promising materials to achieve high electrocatalytic performances. It has been
shown that they can successfully catalyze many electrochemical reactions such as oxygen
reduction, hydrogen evolution, oxygen evolution, CO2 reduction and etc. [20-23]. More
recently, some researches have been focused on their applications as electro-catalyst for alcohol
electro-oxidation in ADAFCs. For example, a Cu-based MOF/graphene oxide (GO) has been
explained by Noor et al. [24] and a CoCu-MOF/carbon felt has been investigated by
Mohammadi et al. [25] for the electrocatalytic oxidation of methanol and a Co-based MOF/GO
has been used by Mehek et al. [26] for ethanol electrooxidation. Ullah et al. [27] have reviewed
some of the researches on the use of MOF-based materials for the electrocatalytic oxidation of
methanol.

Poor electrical conductivity of most of MOF materials is the main limitation that may
restrict their application in electrochemical processes. One strategy to solve this limiting
problem is the integration of MOFs with carbon-based materials. This not only leads to
enhanced conductivity, but also provides the composite materials with excellent characteristic
performances attributed to the carbon-based nanostructures [28]. Improvement of
electrocatalytic performances of MOF materials after incorporation with different carbon
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nanostructures has been reported in several research papers [25-30]. In the present work, the
synthesized Ni-BTC was composited with carbon nanotubes (CNTs) (Ni-BTC/CNTSs). This
caused the composite material to show higher electrocatalytic performance.

So far, the catalytic electro-oxidation of several small organic molecules such as methanol,
ethanol, formaldehyde, ethylene glycol (EG), and etc. in ADAFCs have been explained.
Among them, EG, due to its high electrochemical reactivity, high boiling point, inflammability,
and easy handling/storage/transportation, can be an appealing choice for ADAFCs [31]. In the
present paper, our group used a glassy carbon (GC) electrode as substrate. The efficiency of
Ni-BTC/CNTs modified GC (Ni-BTC/CNTs-GC) electrode for the oxidation of EG was
examined. The measurement results showed a high efficiency of Ni-BTC/CNTSs toward the EG
oxidation. This can be attributed to the structural advantages such as large surface area, highly
porous nature of the Ni-MOF, and high electrocatalytic performances of Ni ion centers in Ni-
BTC lattice combined with large surface area, high conductivity, and high electrochemical
activity of CNTSs.

2. EXPERIMENTAL SECTION

All chemicals were of analytical grade with the best quality assurance. The CNTs powder
(length, 50 um; inside diameter, 3-5 nm; outside diameter, 5-15 nm) was from US Research
Nanomaterials, Inc.

The voltammetric electrochemical experiments were carried out using a PalmSens EmStat
(PalmSens, The Netherlands) potentiostat. For the electrochemical experiment, a typical three-
electrode system was used; a platinum plate was used as auxiliary/counter electrode, An
Ag/AgCI (KCI 3 M) electrode was used as the reference electrode, and a modified glassy
carbon (GC) electrode (0.02 mm diameter) with Ni-BTC (referred as GC/Ni-BTC) or Ni-
BTC/CNTs (referred as GC/Ni-BTC/CNTSs) was used as working electrode.

Ni-BTC, formulated Nis(btc)2-12 H20, was prepared via a simple hydrothermal method.
Briefly, 6 mmol of Ni(NOs)2 was dissolved into 7.5 mL deionized water. Another solution was
prepared using 2 mmol of benzene-1,3,5-tricarboxylic acid in 7 mL N,N-dimethylformamide
(DMF). Both the solutions were mixed together and then placed into a Teflon-lined autoclave
and put into an oven at a temperature of 105°C for 48 h. After cooling to ambient temperature,
the green crystals were collected, washed, and dried in air.

The Ni-BTC/CNTs composites were prepared by mixing different volumes of their
dispersions in DMF. The dispersion of the Multi-walled CNTs was prepared by dispersing 10
mg of acid-treated CNT powder in 10 mL DMF using an ultrasonic bath. The dispersion of Ni-
BTC powder in DMF (1 mg/mL) was prepared in the same way as that of CNTs dispersion.
These two dispersions were then mixed together by different proportions and kept in the
ultrasonic bath for 10 min to ensure homogenous suspensions of Ni-BTC/CNTSs.
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The modification of the GC electrode with the Ni-BTC or Ni-BTC/CNTs composites was
done as follow: the GC electrode was first mechanically polished with alumina slurry. Then,
after rinsing with doubly distilled water, the modified electrodes were simply prepared by drop-
casting of appropriate volume of the Ni-BTC or Ni-BTC/CNTs dispersions on the electrode
surface. the solvent was then evaporated under an infrared lamp. The prepared thin film-
modified electrodes (GC/Ni-BTC, GC/Ni-BTC/CNTs) was utilized as working electrodes.

3. RESULTS AND DISCUSSION
3.1. SEM images of GC/Ni-BTC/CNTs and GC/Ni-BTC electrodes

Surface morphologies of the GC/Ni-BTC/CNTs and GC/Ni-BTC electrodes were
examined by SEM. Figure 1A shows the surface of GC/Ni-BTC electrode and indicates that it
consists of a large number of particles that are not uniform in shape and size but most of them
are in the micrometer-scale. Figure 1B and Figure 1C show the SEM images taken from the
surface of the GC/Ni-BTC/CNTSs electrode at the same magnification of Figure 1A (Figure 1B)
and at a higher magnification (Fig. 1C). From these figures, a uniform dispersion of CNTs can
be clearly observed on the surface of the MOF. These observations prove the existence of
strong interfacial interactions between CNTs and Ni-BTC particles such as m-n interactions
between the aromatic rings of the side walls of CNTs and benzene rings of BTC ligands in the
MOF structure. It causes the CNTs to be distributed more homogeneously in the composite
that can give rise to the more effective improvements in some electrochemical properties of the
composite.

¥
Figure 1. SEM images from the surface of GC/Ni-BTC (A), GC/Ni-BTC/CNTs (B), and
GC/Ni-BTC/CNTSs at a higher magnification (C)

3.2. Electrochemical properties of GC/Ni-BTC and GC/Ni-BTC/CNTs electrodes

Electrochemical behaviors of the GC/Ni-BTC and GC/Ni-BTC/CNTSs electrodes were
examined using cyclic voltammetry in 0.1 M NaOH supporting electrolyte solution. The results
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are shown in Figure 2. The voltammograms were recorded after continuous cycling the
electrode potential between 0.25 and 0.75 V at the scan rate of 100 mV s up to observing a
stable voltammogram (about 10 cycles). From curve a in Figure 2, for the GC/Ni-BTC/CNTSs
electrode, two peaks appeared in anodic and cathodic directions. The anodic peak at 0.55 V
and the cathodic peak at 0.38 V could be related to the oxidation/reduction of the Ni%*/Ni*
couple. The mechanism is likely the same as that suggested for the zeolite-containing systems
[34]. Some of Ni?* cations of the Ni-BTC lattice surface undergo exchange with cations in the
electrolyte solution followed by subsequent conversion of the exchanged Ni?* cations into
Ni(OH)2. Therefore the redox process can be shown by the following mechanism [32,33]:

Ni(OH)2 + OH- — NiOOH + Hz20 + ¢ (1)

The MOF-modified electrode without CNTs (GC/Ni-BTC electrode) showed not well-
defined peaks with smaller peak currents (curve b in Figure 2). This may be elucidated by
considering the structure and properties of the CNTs. High conductivity as well as a large
surface area of CNTs could provide the composite film with a large amount of electrocatalytic
active sites, enhanced charge transfer kinetics, and improved electron transfer between Ni-BTC
and the electrode substrate in the GC/Ni-BTC/CNTSs electrode.
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Figure 2. CVs of GC/Ni-BTC/CNTs (a) and GC/Ni-BTC (b) electrodes at the scan rate of 100
mV s1in 0.1 M NaOH

Figure 3 (A) shows the cyclic voltammograms obtained for the GC/Ni-BTC/CNTs
electrode at different scan rates in the range of 5-500 mV s. From this figure, anodic peak
potential (Epa) is slightly shifted toward more positive potentials while the cathodic one (Epc)
toward more negative values. This is also observed at some other Ni-based modified electrodes
[12,32]. The corresponding plots of anodic (Ipa) and cathodic (Ipc) peak currents versus square
root of the scan rate (v*%) are shown in Figure 3 (B) that represent ideal linear dependencies
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between Ipa vs. v* and Ipc vs. v”. This behavior is similar to those reported by other authors
for Ni-based modified electrodes in alkaline solutions [12,32] and indicates the diffusion of
OH- ions from the solution toward the electrode, as the rate limiting step of the total charge
transfer process of the modified electrode.

]
290.0 o’
A B o’
310.0 - o
220.0 - -~
Y=15.3X-29.5 .,/‘
210.0 - 7/ 1500 4 R*= 0.996 &
< / < °
= S 80.0 &
~ 7
c 110.0 - = .
2 »°
5 10.0 { @
(@] .~
10.0 - ®. e
-60.0 A L
..
-90.0 - 1300 4 Y= -9.2X+22.1 ‘\Q\
R2=0.998 ® e
'\.
-190.0 ' ' 2000 0.0 7lo 14; 0 21| 0
0.2 0.4 0.6 ' : : :
Potential/V vs. Ag/AgCl V% /mV”*% s

Figure 3. (A) CVs of GC/Ni-BTC/CNTs electrode at different scan rates (from inner to outer:
5, 10, 15, 25, 50, 75, 100, 150, 200, 250, 300, 375, 425, and 500 mV s) and (B) the lpa and Ipc
vs. v” plots in 0.1 M NaOH solution

3.3. Oxidation of ethylene glycol at GC/Ni-BTC and GC/Ni-BTC/CNTs electrode

The CVs of the GC/Ni-BTC/CNTSs electrode are shown in Figure 4. From this figure, in
the presence of EG, the GC/Ni-BTC/CNTs electrode showed a remarkable increase in Ipa
during the anodic scan and a slow decrease in Ipc during the backward scan. As reported in the
literature [6,24,32,33], this behavior is typical of that observed for the catalytic Ni%*/Ni%*-
mediated oxidation of EG. This can be presented as follows:

NiOOH + EG — Ni(OH)2 + products (2)

Therefore, the catalytic oxidation of the EG at the modified electrode can be expressed
based on the electrochemical (equation 1) catalytic chemical (equation 2) (EC’) mechanism.
The oxidation of EG at the surface of the GC/Ni-BTC/CNTSs electrode are also shown in the
inset of Fig. 4 in comparison with that of the GC/Ni-BTC electrode. As expected, A remarkable
increase in anodic current achieved for the electrooxidation of EG at the GC/Ni-BTC/CNTs
electrode reflects its more effective surface area and enhanced electrocatalytic activity than that
of the GC/Ni-BTC electrode. This obviously indicates that the combination of the CNTs with
pure Ni-BTC can successfully enhance its electrochemical activity toward the EG oxidation.
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The high electrical conductivity as well as the large surface area of CNTs can effectively
improve the low electrical conductivity of the Ni-BTC, as one of the major drawbacks of Ni-
based MOFs [28], while retain its advantages such as uniformly dispersed nickel active sites,
high porosity, and large surface area.
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Figure 4. CVs at the GC/Ni-BTC/CNTs electrode (a) before and (b) after the addition of EG.
The inset plot shows the CVs at the (b) GC/Ni-BTC/CNTs and (c) GC/Ni-BTC electrodes after
the addition of EG in 0.1 M NaOH.

3.4. The effect of NaOH concentration

The NaOH concentration effect on the electrochemical response of the Ni-BTC/CNT-GC
electrode was examined. The results of the cyclic voltammetry experiments that are conducted
at different NaOH concentrations are shown in Figure 5. The Al values in this figure indicate
the difference between the Ipa values of the voltammograms recorded in the presence and in the
absence of EG. At the low NaOH concentrations, smaller and less well-defined peaks are
observed as shown in inset A of Figure 5 (for 0.02 M NaOH). At the NaOH concentrations
higher than 0.1 M, slightly larger and more well-defined peaks with higher Al values were
observed. As the best results were achieved in 0.1 M NaOH (inset B of Figure 3), all the other
experiments were conducted in 0.1 M NaOH.
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Figure 5. The catalytic current vs. NaOH concentration plot. Insets A and B show the CVs of
GC/Ni-BTC/CNTs electrode before (dashed-line) and after (solid-line) the addition of EG in
0.02 M and 0.1 M solutions of NaOH, respectively

3.5. Optimization of the amount of Ni-BTC/CNTs dispersion

The effect of the volume of the Ni-BTC/CNTs dispersion used for the modification of the
GC electrode on the catalytic current of EG was evaluated. The results are shown in Fig. 6. The
highest Al value was achieved at 3 pL of the Ni-BTC/CNTs dispersion. Therefore, this volume
was used as the optimum value of Ni-BTC/CNTs dispersion volume in all the remaining
experiments. Slight decreases observed in the catalytic current at the higher volumes of
dispersion (Figure 4) may be attributed to the effect of the thickness of the Ni-BTC/CNTs film.
Increase in the film thickness causes a decrease in the film conductivity that results in reduction
in peak current.
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Figure 6. The catalytic current vs. Ni-BTC/CNTs dispersion volume used to modify the GC
electrode surface by drop casting method
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3.6. Optimization of the ratio of Ni-BTC/CNTs

In order to examine the effect of CNTs to Ni-BTC ratio on the electrocatalytic response,
the GC/Ni-BTC/CNTSs electrodes with different percent compositions of CNTs were prepared.
The results are illustrated in Fig. 7. From this figure, the largest catalytic current can be
achieved at the CNTs/Ni-BTC ratio of 1:10 (9.1 % percent composition of CNTs in Ni-
BTC/CNTs composite). As can be expected, the combination of the CNTs with the pure Ni-
BTC MOF improves the electrocatalytic performance properties but the CNTs-to-MOF ratios
higher than about 1:10 leads to a decrease in catalytic current due to a decrease in the surface
ratio of the MOF-to-Ni-BTC/CNTs. Hence, CNTs to Ni-BTC ratio of 1:10 ratio was chosen as
the optimum ratio.
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Figure 7. The catalytic current vs. percent composition of the CNTs in Ni-BTC/CNTSs
composite.

3.7. The effect of EG concentration

In order to investigate the effect of EG concentration, cyclic voltammograms of GC/Ni-
BTC/CNTs electrodes for various concentrations of EG were recorded (Figure 8). The data
shown in this figure indicate that EG can be efficiently electro-oxidized at the surface of the
GC/Ni-BTC/CNTSs electrode. It is clear that the oxidation current of EG is increased with the
increase in concentration but it seems to level off at the concentrations beyond 0.02 M probably
due to the active site saturation of the surface of the electrode. From these results, the optimum
concentration for EG was found to be 0.02 M.
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4. CONCLUSION
In this work, GC electrode surface was modified with a composite made from the Ni-BTC

crystals and CNTs. The electrode was then applied for the oxidation of EG. Our results
demonstrated that, under the optimized experimental parameters, the Ni-BTC/CNTs have good
electrocatalytic performance for the electro-oxidation of EG. Also, the electrochemical
measurements showed that it exhibited significantly higher electrocatalytic performance than
pure GC/Ni-BTC electrodes, as a consequence of the high conductivity and large surface area
of CNTs. The results prove that the Ni-BTC/CNTs composite can act as a promising

electrocatalyst material for EG fuel cells.
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