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Evaluating the electrocatalytic activity of flower-
like Co-MOF/CNT nanocomposites for methanol
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Efficient electrocatalysts, with high tolerance to methanol oxidation, good stability, and acceptable cost are the
main requisites for promising direct methanol fuel cell (DMFC) electrode materials. This target can be achieved
by the integration of different active materials with unique structures. In this work, a cobalt metal—organic
framework (Co-MOF) flower structure was prepared by a hydrothermal method, and then a simple
ultrasonication method was employed to anchor carbon nanotubes (CNTs) in between the MOF flower
petals and fabricate a Co-MOF/CNT hybrid composite. Different ratios of CNTs were used in the composite
preparations, namely 25, 50, and 75 wt% of the composite. The nanocomposites were entirely investigated
using different characterization techniques, such as XRD, FTIR, SEM, TEM, and XPS. Comparative
electrochemical measurements confirmed that due to the integration of highly conductive CNTs with the
porous active fascinating structure of Co-MOF, Co-MOF/50% CNTs exhibited improved electrocatalytic

activity with a current density of 35 mA cm™ at a potential of 0.335 V and a scan rate of 50 mV s™%. The
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Accepted 6th September 2023 excellent electrochemical activity and stability could be due to the synergy between Co-MOF and the CNTs
that conferred adequate active sites for methanol electro-oxidation and a lower equivalent series resistance,

DOI: 10.1039/d3ra05105f as revealed from the electrochemical impedance spectroscopy study. This study opens a new avenue to
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1. Introduction

There has been a rapid increase in global energy demand
together with a rapid increase in fossil fuel price in recent
years." In addition, environmental pollution has become
a major global issue, leading to global warming and climate
change.” In order to reduce the environmental demand for
clean and sustainable energy, intensive research is needed to
develop various renewable and sustainable energy sources to
deal with the severe energy crisis.® The fuel cell is a device used
to convert a chemical reaction into electricity, which is
considered a zero-emission system when using hydrogen as the
fuel.* The anodic reaction of the fuel cell is a fuel oxidation
reaction in which a fuel, such as hydrogen or methanol, is
oxidized to produce electrons. Although much research has
been done on direct methanol fuel cells (DMFCs) in recent
years, due to their simple operation and low cost of methanol,
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decrease the utilization of platinum and increase the methanol oxidation activity using low-cost catalysts.

some challenges still need to be addressed. These challenges
include the slow response and slow kinetics of the methanol
oxidation reaction on the surface of the anodic catalyst. These
drawbacks hinder the extensive commercialization of DMFCs.®
Despite this, it is well known that rare and noble metals, such as
Pt- and Ru-based electrocatalysts, have superior electrocatalytic
activity to the methanol oxidation reaction, but to a large extent
their high cost and scarcity still restrict their practical applica-
tion.*” In addition, the strong affinity of Pt for poisoning by
absorbing the intermediate species, such as CO or HCHO, that
are produced during the methanol oxidation reaction (MOR)
limits the large-scale usage of DMFCs.”® Consequently, the
development of effective, reliable, and low-cost Pt-free MOR
catalysts is considered a vital issue. Several catalysts based on
non-noble transition metals, such as Mn, Co, Ni, Fe, and Cu,
and their oxides have been widely used as possible alternatives
due to their promising electrocatalytic activity.**°

Recently, a new class of porous solid materials has emerged:
metal-organic frameworks (MOFs) constructed from metal ions
and organic ligands coordination bonds."* MOFs are attracting
attention due to their many unique properties, such as their
controllable structures and composition, large surface area, high
catalytic activity, good porosity, and excellent thermal
stability.”»** However, the poor chemical stability, low electrical
conductivity, sluggish ion transference, and few exposed active

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sites of most MOFs restrict their use in electrochemical catal-
ysis.*** To overcome these drawbacks, and enhance their surface
area and conductivity, MOFs have been mixed with conductive
carbon-supporting materials, such as graphene, graphene oxide
(GO), porous carbon, carbon quantum dots, and carbon nano-
tubes (CNTs), in intriguing composites to enhance their electrical
conductivity and ion transferability.*>'®* Among all carbon mate-
rials, CNTs are recognized as having high potential as a carbon
support material due to their high surface area, distinct catalytic
characteristics, and high electrical properties. Dual composite
CNT-based MOFs display synergistic features from both compo-
nents, resulting in improved electrochemical activity, due to their
enhanced conductivity, increased electroactive sites for reaction,
short diffusion path for ions, and abundant redox reactions in
basic electrolytes."”*® Thus, different carbon-based nano-
composites as electrochemically active materials have been
studied and evaluated in fuel cell applications.***

Recently, the cobalt metal-organic framework (Co-MOF) has
demonstrated an effective electrocatalytic performance toward
the oxygen reduction reaction (ORR), hydrogen evolution reac-
tion HER, and oxygen evolution reaction (OER) with an
acceptable current density.”* For instance, Mehek et al
prepared a Co-MOF and its composites with reduced graphene
oxide (rGO) via a solvothermal method for the electrochemical
oxidation of methanol with a current density of 29.1 mA cm ™ 2.¢
Also, Anchu et al. synthesized Co@CNT via the conventional
pyrolysis method, and then tested this in the electrochemical
oxidation of methanol, revealing a current density of 0.9 mA
cm™ .22 However, these composites could only display a limited
current density and stability.

The objectives of this work were to develop platinum-free,
low-cost, and electroactive materials for the MOR with unique
properties. To the best of our knowledge, this is the first report
of a Co-MOF composite fabricated with CNTs with high elec-
trochemical activity for methanol oxidation. So, in this work,
the Co-MOF flower structure and its nanocomposite with CNTs
were prepared as effective electrocatalytic materials for the
methanol oxidation reaction (MOR) using a simple ultra-
sonication route. Different ratios of CNTs were used in the
nanocomposites, namely 25, 50, and 75 wt%, to investigate their
role in the MOR. The electrochemical performances of Co-MOF
and Co-MOF/CNTs composites toward the MOR in a basic
medium were compared. The newly flowered structure offered
complementary features from (i) the high conductivity of CNTs,
which could can improve the electron conductivity of the MOF,
(ii) the anchoring of CNTs between the Co-MOF flower petals,
which could provide open architectures that afford pathways for
the ions and electrons. The Co-MOF/CNT composites exhibited
extraordinarily high electrocatalytic activity toward the MOR
with remarkable stability, suggesting their use as an alternative
electrode material as an electrocatalyst.

2. Materials and methods
2.1. Materials

All the chemicals and reagents were purchased from Sigma-
Aldrich with analytical grade quality and were used without

© 2023 The Author(s). Published by the Royal Society of Chemistry
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further purification. The used chemicals were cobalt nitrate
hexahydrate (Co (NO3),-6H,0), 1,4 benzene dicarboxylic acid
(BDC), N,N-dimethylformamide (DMF), sodium acetate CHj;-
COONa-3H,0, methanol (MeOH), sodium hydroxide (NaOH),
and distilled water.

2.2. Preparation of Co-MOF

Co-MOF was prepared via a hydrothermal method. Typically, in
30 mL of DMF, 0.49 mmol of Co (NO3),-6H,0 and 0.49 mmol of
BDC were dissolved with continuous stirring. Then, the pH of
the mixture was adjusted to 6 by adding several drops of 1.0 M
aqueous solution of CH3;COONa-3H,0. After homogenous
mixing, the solution was transferred into a 100 mL Teflon-lined
autoclave and heated at 120 °C for 12 h. After that, the autoclave
was allowed to cool naturally to room temperature. Finally, the
crystals were collected by centrifugation and washed with
ethanol and distilled water three times. The product was finally
dried at 60 °C for 6 h in a vacuum oven.

2.3. Preparation of CNTs

Highly purified MWCNTSs were prepared via a chemical vapor
deposition (CVD) technique as previously described in the
literature.” Briefly, 0.5 g of the Fe/Co catalyst was introduced
into an alumina tube furnace. The catalyst was subjected to
heating to 700 °C in a flow of nitrogen gas of 70 mL min . After
10 min heating at 700 °C, acetylene gas was introduced inside
the alumina tube over the catalyst surface at a flow rate of 10
mL min~" for 30 min together with the reduction of nitrogen
gas to 30 mL min~'. The tube furnace was cooled to room
temperature and the CNTs were finally collected.

2.4. Preparation of Co-MOF/CNTs

The Co-MOF/CNTs composite was prepared by a facile ultra-
sonication method. First, the as-prepared Co-MOF and CNTs
were ground in a mortar and pestle, then dispersed in a mixture
of 1:2 (v/v) 50% CNT isopropanol/distilled water by ultra-
sonication for 1 h to produce a homogenous suspension of Co-
MOF/CNT.** Co-MOF/CNTs nanocomposites were prepared
using different ratios of CNTs, namely 25, 50, and 75 wt%, to the
overall mass of the nanocomposite. The resulting slurries were
dried in a vacuum oven for 6 h at 60 °C.

2.5. Materials characterization

The crystalline structure of the synthesized materials was
analyzed by X-ray diffraction (XRD) using an X-ray diffractom-
eter (PANalytical, Empyrean, Netherlands) equipped with Cu K,,
radiation of wavelength 1.54045 A at an operating voltage of 40
kv with an operational current of 30 mA. Data were obtained
using monochromatic Al K radiation from 10 to 1350 eV at
a pressure of 109 mbar at a full-spectrum pass energy of 200 eV
and a narrow spectrum of 50 eV for the X-ray photoelectron
spectroscopy (XPS) analysis (K-ALPHA, Thermo Fisher Scien-
tific, USA). The Fourier transform infrared (FTIR) spectra of the
samples were recorded using a Vertex 70 system (Bruker, Ger-
many) in the wavenumber region of 400-4000 cm ™' to predict
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the presence of the different functional groups. The surface
morphologies of the samples were characterized by scanning
electron microscopy (SEM, ZEISS, Sigma 500 VP). The micro-
structures and morphologies of the samples were characterized
by high-resolution transmission electron microscopy (HR-TEM,
JEM2100, Jeol, Japan), operated at an acceleration voltage of 200
kV. The textural characteristics, including the surface areas and
pore-size distributions of the sample, were investigated using
N, adsorption-desorption isotherms, tested with a Tri-Star II
3020 (Micromeritics, USA) analyzer by applying the Brunauer-
Emmett-Teller (BET) method.

2.6. Preparation of the working electrode

Alumina powder was used to clean a glassy carbon electrode
(GCE) with a diameter of 3 mm prior to its usage. Then, this was
washed with water and ethanol several times before being dried
at room temperature. Subsequently, an ink slurry of 2 mg of the
prepared materials, ie., Co-MOF, Co-MOF/25% CNTs, Co-
MOF/%CNTs, or Co-MOF/75% CNTs, was dispersed in 190 pL of
1:2 (v/v) isopropanol/distilled water and 10 pL Nafion (5 wt%),
then sonicated for 10 min at room temperature. After that, 15 pL
of the catalyst ink was deposited onto a GCE tip with a micro-
pipette. The modified GCE was then dried at 50 °C before the
electrochemical measurements.

2.7. Electrochemical measurements

The electrochemical measurements were recorded using NOVA
1.11 software with a potentiostat/galvanostat (AUTOLAB
PGSTAT 302N, Metrohm, Switzerland). A standard three-
electrode electrochemical cell was used at room temperature.
The used reference electrode was Ag/AgCl, while the counter
electrode was Pt sheet, and the modified GCE was used as the
working electrode. A solution of 0.5 M NaOH was used as the
electrolyte in the presence and absence of methanol to evaluate
the electrocatalytic activity of the prepared electrodes. Cyclic
voltammetry (CV) measurements were performed at scan rates
from 10 to 100 mV s~ in a potential window between 0 and
0.6 V. The chronoamperometry (CA) tests were measured at
0.6 V for 3600 s. Electrochemical impedance spectroscopy (EIS)
analysis was performed at 0.6 V with 10 mV amplitude in
a frequency range between 100 kHz and 0.01 Hz.

3. Results and discussions

3.1. Physicochemical properties

The crystalline structure of the as-prepared materials, namely
CNTs, Co-MOF, Co-MOF/25% CNTs, Co-MOF/50% CNTs, and
Co-MOF/75% CNTs, was characterized by powder XRD, and
the diffraction patterns are shown in Fig. 1. For the CNTs, the
peaks at 26.34° and 42.69° were characteristic of the CNT
structure, conforming the interlayer spacing of the d (002) and
d (100) reflection planes of carbon atoms.>*® Based on the
XRD results for pure Co-MOF, strong characteristic peaks of
Co-MOF were observed at 10.50°, 14.44°, 18.50°, 21.50°,
33.50°, and 44.46°, which are assigned to Co-MOF, and indi-
cating its successful preparation.”’”*° Also, these were in
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Fig.1 XRD patterns of CNT, Co-MOF, Co-MOF/25% CNTs, Co-MOF/
50% CNTs, and Co-MOF/75% CNTs.

excellent agreement with the JCPDS reference card (no 00-210-
3335)** as shown in Fig. S1.f It is clear that the Co-MOF
composites (Co-MOF/25% CNTs and Co-MOF/50% CNTs)
maintained the major diffraction peaks of Co-MOF and CNTs,
as shown by the stars, which verified the successful formation
of the Co-MOF/CNT composite, and indicating that the
ultrasonication did not affect the structural integrity of the
CNTs and MOF. On the other hand, some diffraction peaks of
Co-MOF/75% CNTs appeared with small intensity and the
other peaks disappeared due to the extra CNTs incorporation
and with them being enveloped in the Co-MOF
nanocomposite.*?

3.2. FTIR

The FTIR spectra of the CNTs, Co-MOF, and Co-MOF compos-
ites are shown in Fig. 2, and S2.1 The oxidized CNTs showed
three characteristic peaks at 1050, 1700, and 3400 cm ™', which
could be assigned to C-O and C=0 vibration absorption in the
-COOH group, and the —OH stretching vibration absorption of
the carboxylic acid group introduced by the acid treatment,
respectively as shown in Fig. S2.1**** Pure Co-MOF and its
composites displayed strong peaks located at 1376 and
1566 cm™ ", and these peaks were assigned to the symmetric and
asymmetric stretching bands of the benzene carboxylate anion
in the 1,4 benzene dicarboxylic acid linker, respectively.**=*>* In
addition, a peak at 3397 cm ™" appeared due to the coordinated
—-OH group of water molecules in the Co-MOF samples. The
characteristic bands located at 752, 1025, and 1105 cm™* were
attributed to the para-aromatic stretching bands of the benzene
ring.%”* The new bands located at 512, 552, and 1377 cm™ " for
all the Co-MOF samples were due to the M-O(Co-0)* as shown
in Fig. 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of the CNTs, Co-MOF, and Co-MOF/25% CNTs,
Co-MOF/50% CNTs, and Co-MOF/75% CNTs.

3.3. Morphological analysis

The morphological structure and textural properties of the
prepared samples were studied by FESEM. As shown in Fig. 3(a

€)
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and b), the Co-MOF displayed a hierarchical architecture
formed by the stacking of numerous ultrathin sheet-like struc-
tures with each other, demonstrating a corn-flower-like struc-
ture with thin petals. Notably, the sheets displayed smooth
surfaces with an ultrathin two-dimensional layered structure
agglomerated with a thickness of about 25 nm. Fig. 3(c and d)
display the low and high magnification images of the CNT
structure composed of woven tubes connected to networks and
held together by van der Waals forces in bundles.** The
morphology and surface structure of the Co-MOF nano-
composites with carbon nanotubes with different weight ratios
were examined through FESEM, as shown in Fig. 4. The FESEM
micrographs for the Co-MOF/25% CNTs at low and high
magnifications are presented in Fig. 4(a and b). The images
show interconnected tubes of CNTs held within a Co-MOF
nanosheet. It is easy to distinguish between Co-MOF nano-
sheets and CNTs;*"** whereas in Co-MOF/50% CNTs, as shown
in Fig. 4(c and d), carbon nanotubes were incorporated between
Co-MOF nanosheets and appeared as a fused layer, due to their
smaller diameter than the distance between Co-MOF nanosheet
layers. So, it was difficult to distinguish between Co-MOF
nanosheets and CNTs. For Co-MOF/75% CNTs, as shown in
Fig. 4(f and g), the FESEM images showed agglomerated CNTs
surrounding the Co-MOF surface that block the structure.
Elemental mapping was used for the elemental analysis and
chemical characterization of the catalysts (Fig. S37). This
confirmed the uniform distribution of the components and the
presence of all the elements in the Co-MOF/50% CNTs catalyst

.
. .
AT TTT L

200!‘1 -

4

Fig. 3 FESEM images of Co-MOF (a, b) and CNTs (c, d) at different magnifications.
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Fig. 4 FESEM images of Co-MOF composites with CNTs, Co-MOF/25% CNTs (a, b), Co-MOF/50% CNTs (c, d) and Co-MOF/75% CNTs (e, f).

by demonstrating the presence only of C, O, and Co elements
associated with organic ligands, CNTs, and metals in the final
structure of Co-MOF/50% CNTs, and therefore confirming the
purity of the prepared materials.

Fig. 5 shows the HR-TEM images of Co-MOF, CNTs, and Co-
MOF/50% CNT, providing evidence of their structures. The TEM
images of Co-MOF are presented in Fig. 5(a), revealing the flower-
like self-assembled structures of the Co-MOFs, which consisted
of aggregated sheets, which was in good agreement with the SEM

27938 | RSC Adv, 2023, 13, 27934-27945

images. Fig. 5(b) shows the HR-TEM image of the CNTs, in which
the tube structure can be clearly seen, with an average tube wall
thickness of 12 nm and a tube diameter of 35 nm. The TEM
images of Co-MOF/50%CNT, as shown in Fig. 5 (c and d), indi-
cated that the carbon nanotubes were successfully incorporated
between the Co-MOF sheets with lower aggregation, providing
a large surface area and extra active sites for the MOR. The CNTs
acted as supporting material for the Co-MOF, and the resulting
structure formed 3D flower-like hybrid nanostructures.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 HR-TEM images of Co-MOF (a), CNTs (b), and Co-MOF/50% CNTs (c and d).

3.4. BET surface areas

Using the BET surface areas approach, nitrogen adsorption/
desorption isotherms of individual CNTs, Co-MOF, and their
composites were measured. The obtained specific surface areas
of the CNTs, Co-MOF, Co-MOF/25% CNTs, Co-MOF/50% CNTSs,
and Co-MOF/75% CNTs were 24, 13, 23, 28, and 33 m> g,
respectively, see Table 1. All the results showed that the carbon
nanotubes were well incorporated between Co-MOF nanosheets
and enhanced their surface area by increasing the CNT's
percentage, which was in good agreement with the FESEM and
HR-TEM findings. The N, adsorption/desorption isotherms
suggest that the synthesized material fall into the category of
a typical IV isotherm, which corresponds to porous solid
materials. In addition, in Fig. 6(a), the desorption part of the
isotherm had a weak jump at P/P, (0.4-0.9) with an open

Table 1 Textural properties of the Co-MOF and Co-MOF composites
with CNTs

BET Pore volume Mean pore
Samples (m*g™ (em® g™ diameter (nm)
CNTs 24 0.0940 6.9720
Co-MOF 13 0.0382 3.0395
Co-MOF/25% CNTs 23 0.0534 2.9400
Co-MOF/50% CNTSs 28 0.0760 3.0395
Co-MOF/75% CNTs 33 0.0982 3.0395

© 2023 The Author(s). Published by the Royal Society of Chemistry

hysteresis loop, which is characteristic of mesoporous
solids.***” The Barrett-Joyner-Halenda (BJH) method results
for the determination of the pore-size distribution is shown in
Fig. 6(b). All the materials were in the mesopore range, with
a pore-size distribution between 10-20 nm. Furthermore, the
hierarchically porous structure gave short pathways for ion
transport and electron transfer, which could improve the MOR
performance.>****

3.5. XPS analysis

XPS analysis was applied to investigate the surface configura-
tion and the elemental chemical states of Co-MOF/50% CNTs.
Fig. 7(a) shows the XPS wide-range spectrum of the synthesized
Co-MOF/50% CNTs, which displayed three main peaks, notably
signals for O 1s (531.3 eV), C 1s (285.3 eV), and Co 2p (780.9 eV)
for the MOF/50 CNTs, confirming that the Co-MOFs were well
coated on the CNTs surface. The high-resolution peak of O1s
could be fitted into two peaks, as shown in Fig. 7(b). The
characteristic peak at 532 eV corresponded to the bonding
energy of C-0.>° The peak at 531.3 eV corresponded to Co-O
bonding.** Furthermore, the high-resolution peak of carbon
could be deconvoluted into three peaks at 284.4, 285.3, and
288.5 eV, which were attributed to C-C, C-O, and C=O0,
respectively, as shown in Fig. 7(c).***> Co 2p;,, and Co 2ps,, were
represented by two doublet peaks in the Co 2p spectra of the Co-
MOF, as shown in Fig. 7(d), which could be distinguished at the
binding energy peaks of 796.6 and 780.1 eV, respectively. While

RSC Adv, 2023, 13, 27934-27945 | 27939
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Fig. 7 XPS wide range elemental survey (a), high-resolution XPS spectra matched to O 1s (b), C 1s (c), and Co 2p (d), of Co-MOF/50% CNTs.

the deconvoluted peaks at 780.4 and 796.2 eV were attributed to
Co*", and the peaks at 782.3 and 797.3 eV to Co>". At 782.99,
786.39, 803.9, and 804.1 eV, the four additional peaks could be
attributed to satellite subpeaks of the Co** and Co** species.
These results confirmed the successful fabrication of the Co-
MOFs on the surface of the CNTs.**>?

27940 | RSC Adv, 2023, 13, 27934-27945

3.6. Electrochemical activity toward the MOR

The electrochemical activity of the prepared electrodes Co-MOF,
Co-MOF/25% CNTs, Co-MOF/50% CNTs, and Co-MOF/75%
CNTs toward methanol oxidation is shown in Fig. 8. Fig. 8(a)
illustrates the activity of Co-MOF at different methanol
concentrations. As can be seen, there was an increase in the
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produced current density upon increasing the MeOH concen-
trations from 0.25 to 3 M at a scan rate of 50 mV s~ *. Also, Co-
MOF displayed two redox anodic peaks at 0.11 and 0.4 V and
a distinct redox cathodic peak at 0.25 V, which could be
attributed to the automatic electrochemical redox reaction of
the Co®>*/Co®" couple.** Moreover, there was stability in the ob-
tained current peak density with increasing the MeOH
concentrations from 1 to 3 M, which might have been because
the active sites for methanol adsorption had been used up,
whereby increasing the methanol concentration did not
improve the final activity and even prevented molecule diffu-
sion.” The same trends were obtained with MeOH addition to
0.5 M NaOH electrolyte for the Co-MOF/25% CNTs and Co-
MOF/50% CNTs, as shown in Fig. 8(b and c), respectively. This
behavior indicated that the MOR depended on the available
active sites for methanol adsorption and the oxidation reaction
was a diffusion-controlled process. On the other hand, a lower
methanol activity was noticed for Co-MOF/75% CNTs with
a current density as low as 1.7 mA cm ™2, which may be due to
the blockage of the active sites due to the aggregation of CNTs
around the Co-MOFs.*

The onset potentials were measured for Co-MOF, Co-MOF/
25% CNTSs, Co-MOF/50% CNTs, and Co-MOF/75% CNTs toward
methanol oxidation in alkaline media through CVs. As shown in
Fig. S4,} the CV curves of the different samples in 0.5 M NaOH
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with and without 1 M methanol were measured. As well as the
associations of the onset potential and the current density with
the different CNTs ratios, the onset potentials were found to be
0.380, 0.424, 0.335, and 0.451 V (vs. Ag/AgCl), respectively. The
Co-MOF/50% CNTs exhibited a strong oxidation current density
(35 mA cm™?) in the presence of 1 M methanol, and a relatively
low onset potential of methanol oxidation, which was 0.335 V,
such that the Co-MOF/50% CNTs needed low energy for the
redox reactions to occur. Consequently these materials exhibi-
ted acceptable electrocatalytic activity compared with the onset
potentials results of previous research, as listed in Table 2.>>>°

A comparison between the materials’ electrochemical
performance in 0.5 M NaOH and 1 M MeOH is presented in
Fig. 9(a and b) with two different scan rates of 50 mV s~ ' and
5mV s . The effect of the CNTs content on the MOR activity in
both scan rates was noticed. The results showed an increase in
the oxidation peak's current density up to a CNTs content of
50% CNTs. The excellent catalytic performance of the Co-MOF/
25% CNTs and Co-MOF/50% CNTs for the oxidation of meth-
anol demonstrated that the conductive matrix of CNTs offered
a good linkage with the Co-MOF, which may facilitate quick
electron transfer into the active sites within the composites, and
could potentially enhance the DMFC performance. The Co-
MOF/75% CNTs exhibited a very low catalytic performance.
Also, they possessed the highest surface area value as more
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Fig. 8 CV curves of the Co-MOF (a), Co-MOF/25% CNTs (b), Co-MOF/50% CNTs (c), and Co-MOF/75% CNTs, and (d) at a fixed scan rate of
50 mV s tin 0.5 M NaOH and with various concentrations of methanol.
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Table2 Comparison of the catalyst material preparation methods, and the obtained current densities and onset potentials with those previously
reported in the literature

Scan rate Current density
Catalyst Prep. method (mvs™) (mA cm ?/mA mg ™) Onset potential Reference
CNT-PtMn-0.4 Coprecipitation 100 31.24/— 0.76 63
PtCo CNCs Hydrothermal 50 3.04/— — 64
Hollow CoP OCHs Heating/N, gas 5 —/206 0.40 65
Ni/NiO/MWCNT Thermal method 20 15.94/49.81 0.43 66
Pt9-8Ru1/CNTs Thermal method 50 —/196 0.58 67
Co@CNT Solid mixture 50 0.9/— 0.45 22
Co-MOF-71 Hydrothermal 50 10.1/— 0.71 68
Co-MOF-71@GO Hydrothermal 50 29.1/— 0.60 68
Co-MOF Hydrothermal 50 4.5/30 0.38 This work
Co-MOF/25% CNTs Ultrasonication 50 25/166.66 0.424 This work
Co-MOF/50% CNTs Ultrasonication 50 35/233.33 0.335 This work
Co-MOF/75% CNTs Ultrasonication 50 1.7/11.33 0.451 This work

CNTs were incorporated, and so the performance may be due to
the aggregation and enveloping of the CNTs in the Co-MOF
surface, which inhibited their catalytic activity toward meth-
anol, as demonstrated in the SEM images in Fig. 4(f and g); this
result was in good agreement with the XRD data, where most of
the MOF peaks appeared weakened in comparison with the sole
metallic Co-MOF. The Co-MOF/50% CNTs electrode displayed
improved electrocatalytic activity toward the MOR with a peak at
a current density of 35 mA cm 2 at 0.6 V and scan rate of 50 mV
s~'. When compared to the result for Co-MOF, the Co-MOF/25%
CNTs and Co-MOF/50% CNTs composites clearly displayed
different redox peaks around 0.10-0.20 V, indicating Co*"'Co*"
redox couples, which were caused by the synergistic influence of
the Co-MOF and CNTs, compared with the result for Co-MOF.
The electrooxidation of methanol in DMFCs can be assessed
using the redox couples as electroactive sites.* The mass activity
of all electrocatalysts was calculated from the ratio of the
current density (/) vs. the deposited mass (m).”

Mass activity (M.A.) = Jim (1)
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The mass activity (M.A.) of the measured samples was Co-
MOF: 30 mA mg~'; MOF/25% CNTs: 166.66 mA mg '; Co-
MOF/50% CNTs: 233.33 mA mgfi; and MOF/75% CNTs: 11.33
mA mg ', with the activity for the MOR in the order of Co-MOF/
50% CNTs > Co-MOF/25% CNTs > Co-MOF > Co-MOF/75%
CNTs. Moreover, the surface morphology of Co-MOF/50% CNTs
in 1 M methanol at 50 mV s~ " maintained the same structure of
CNTs distributed between Co-MOF layers as before utilizing
them in methanol oxidation, confirming the stability of the
material in the basic electrolyte, as illustrated in (Fig. S57).

The stability of the electrocatalysts was investigated through
chronoamperometric measurements, which were performed in
a three-electrode system at a constant voltage of 0.6 V in 0.5 M
NaOH and 1 M methanol solution for 3600 s, as shown in
Fig. 10(a). In the first 60 s, there was an initial decline in the
current density due to intermediate reactions, i.e., the adsorp-
tions of Co0uds0y CHOagso, and COOH,qs, on the catalyst
surface.'® After that, the current density decreased regularly and
reached a quasi-stationary state until 3600 s. When the reaction
started, the catalytic sites were readily available for forming the
methanol coverage, but as time passed, an equilibrium layer of
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Fig.9 CV curves of CNT, Co-MOF, Co-MOF/25% CNTs, Co-MOF/50% CNTs, and Co-MOF/75% CNTs (a) at 50 mV s~ (b) at 5mV s *in 0.5 M

NaOH and 1 M methanol.
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methanol formed on the surface, slowing down the reaction.>*>°
After applying the set potential for 3600 s, the retention
percentage value was highest for the Co-MOF/50% CNTs
(87.6%), followed by Co-MOF/25% CNTs (74.3%), Co-MOF
(62.8%), CNTs (64.3%), and Co-MOF/75% CNTs (54.9%). The
long-term stability of the Co-MOF/50% CNTs was measured by
cyclic voltammogram with continuous CV cycles. The current
density retained by the catalyst after 500 cycles is presented in
Fig. 10(b), showing it could retain 75% of the initial current
after 500 cycles. This result could be assumed to indicate the
blockage of the active sites by excessive bubbling produced
during the methanol oxidation that covered the electrode
surface. The sample stability tended to diminish with
areasonable ratio after repeated cycling due to the inhibition of
electrolyte transportation toward the catalytic material, and the
reduced electrochemical active surface area due to the contin-
uous bubbling.”” This case can be resolved by refreshing the
electrolyte by a following cathodic reduction (reverse scan) and
performing CV for limited cycles. This study demonstrated good
stability values in comparison with previous studies due to the
good surface area, good scattering of CNTs in between the MOF
flakes, and slight charge-transfer resistance.**

Electrochemical impedance spectroscopy (EIS) is a powerful
technique used to examine electrodes’ conductivity by evalu-
ating their resistance and the equivalent series resistance (ESR),
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and was applied here, as shown in Fig. 10(b) and (c). EIS was
performed in a three-electrode electrochemical system at
a potential of 0.6 V, and a frequency range between 10 to 100
kHz. The Nyquist plots could only be interpreted using the
equivalent circuit shown as an inset in Fig. 10(c). From
Fig. 10(b), lower semicircles were obtained for Co-MOF, Co-
MOF/25% CNTs, and Co-MOF/50% CNTs, indicating the lower
equivalent series resistance and higher conductivity for these
composites with lower charge-transfer resistance (R.). Fig. 10(c)
shows that the lowest semicircle was obtained for Co-MOF/50%
CNTs, with the lowest R, of (0.0116 kQ), which was remarkably
smaller than those of Co-MOF (0.018 kQ) and Co-MOF/25%
CNTs (0.0116 kQ), suggesting the fast and efficient electron
transport for Co-MOF/50% CNTs. These data reveal the impor-
tance of the incorporation of MOF with CNTs, which reduces
the resistance of CNTs and promotes its conductivity.

The proposed methanol oxidation reaction mechanism over
the surface of the prepared catalysts involved some simple
steps. Typically, the process followed eqn (2)-(9), comprising
adsorption of methanol on the catalyst surface, methanol
dissociation by C-H bond activation, the adsorption of water
molecules followed by water activation, and finally, the oxida-
tion of carbon monoxide into carbon dioxide. These steps
occurred inside the pores that were formed by the connection of
the units of Co-MOF together with CNTs. The suggested
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Fig. 10 Chronoamperometric curves of the electrodes (a), cyclic stability of Co-MOF/50% CNTs for 500 cycles (b), EIS Nyquist plots of the Co-
MOF, Co-MOF/25% CNTs, Co-MOF/50% CNTs, and Co-MOF/75% CNTs catalysts (c), and the equivalent circuit model (d) in 1 M methanol + 0.5

NaOH.
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mechanism followed a series of reactions that led to Co oxida-
tion on the catalyst surface, as shown below.***

Co-MOF + CH;0H — Co-MOF/(CH30H),, @)
Co-MOF/(CH;0H),4s — Co-MOF/(CH,OH),q; + H" + ¢~ (3)
Co-MOF/(CHOH),4; —» Co-MOF(COH),q + H + ¢~ (4)
Co-MOF/(COH),g; = Co-MOF/(CO),qs + H +e~  (5)
Co-MOF + H,0 — Co-MOF/(OH),qs + H  +¢~  (6)

Co-MOF/(COH),4, + Co-MOF/H,0,4, —
Co-MOF + CO, + 3H" + 3¢™ (7)

Co-MOF/(H;0),4s + Co-MOF/(CO),q4s —
Co-MOF + CO, + 2H" +2¢~ (8)

Co-MOF/(OH),4s + Co-MOF/(CO),qs —
Co-MOF + CO, + H" (9)

It is interesting that, when comparing the MOR activity of the
prepared electrodes with the already published ones, higher
activities were noticed for our materials, as shown in Table 2. All
these findings suggest the potential use of Co-MOF/50% CNTs
in the field of DMFCs as they possess a high current density,
high stability, and lower electrode resistance.

4. Conclusions

This work reports the preparation of a flower-like structure Co-
MOF via the solvothermal method and its combination with
CNTs in different wt% through a simple sonication process.
The Co-MOF/CNTs showed well-organized and stable meth-
anol oxidation activities in an alkaline medium. The greatest
electrochemical activity of the Co-MOF/50% CNTs composite
over the other catalysts may be due to the existence of CNTs in
the composite with fewer aggregations, higher active sites due
to the open structure, and lower electrode resistance. These
features endow the structure with great electronic conduc-
tivity, enhance the surface area, and facilitate ion trans-
portation during redox reactions. Furthermore, in Co-MOF/
50% CNTs, the acceptable percentage of CNTs, uniform
distribution between Co-MOF layers, and co-existence of Co**
and Co** oxidation states caused an increase in the current
density from 4.5 mA cm™? to 35 mA cm ™2 at 0.335 V and a scan
rate of 50 mV s ', and improved its stability for up to 3600 s
with a retention of 87.6%. Undoubtedly, the proposed strategy
can be extended to open an avenue toward the synthesis of
numerous composites of mixed-metallic MOFs with carbon-
based material nanostructures to achieve low-cost, efficient,
and stable catalysts for methanol oxidation in fuel cell
applications.
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