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ABSTRACT: In this study, spinel cobalt oxide (Co;0,) nanoparticles without
combining with any other metal atoms have been decorated through the influence

of two hard templating agents, viz., zeolite-Y and carboxy-functionalized
multiwalled carbon nanotubes (COOH-MWCNT). The adornment of the Low _|
Co;0, nanoparticles, through the combined impact of the aluminosilicate and a“cnt(i)\,?ty
carbon framework has resulted in quantum interference, causing the reversal of
signatory Raman peaks of Co;0,. Apart from the construction of small Co;0,
nanoparticles at the interface of the two matrices, the particles were aligned along

the direction of COOH-MWCNT. The catalyst Co;0,-Y-MWCNT exhibited
excellent catalytic activity toward the methanol oxidation reaction (MOR) in
comparison to Co;0,-Y, Co;0,-MWCNT, and bared Co,0, with the current density of 0.92 A mg ™' at an onset potential of 1.33 V
versus RHE. The material demonstrated persistent electrocatalytic activity up to 300 potential cycles and 20,000 s without
substantial current density loss. High surface area of zeolite-Y in combination with the excellent conductivity of the COOH-
MWCNT enhanced the electrocatalytic performance of the catalyst. The simplicity of synthesis, scale-up, and remarkable
electrocatalytic activity of the catalyst Co;0,-Y-MWCNT provided an effective way toward the development of anode materials for
direct methanol fuel cells.

High MOR activity

1. INTRODUCTION because the range of potential [~0.4—0.6 V vs RHE (reversible
hydrogen electrode)] at which they function is substantially
lesser than the predicted theoretical ORR (oxygen reduction
reaction) potential functioning at 1.23 V versus RHE.''® As a
result, the Pt-based metal catalysts emerged as the most efficient
metal catalysts that have been considered to be the best suitable
catalysts for methanol oxidation reaction (MOR) in DMFCs.
However, Pt suffers from few limitations, like its high cost, more
importantly, the carbon monoxide (CO) poisoning that retards
the Pt activity during MOR that leads the researchers to mostly
focus on non-Pt-based metal catalysts.'”'® The non-Pt-based
catalysts are not only cost-effective but also less susceptible to
CO poisoning. However, one of the major challenges in non-Pt
based metal catalysts is to overcome the kinetic retardness and to
perform the MOR at low onset potential with good current
density to compete with Pt-based catalysts. With the growing
interest for sustainable development, from our group, we have
reported some of the non-platinum (Pt)-derived electrocatalysts
that served as a suitable anodic material that displayed high

The aim to mitigate the environmental damage caused by the
release of greenhouse gases from petroleum and diesel engines
and the target toward the zero-carbon footprint lead to the
development of energy production systems that do not
contribute to air and environmental pollution."”” Accordingly,
scientists and researchers are motivated toward the production
of a H, fuel, design of different electrical batteries, and also
biofuels.”® Although a major amount of research work has been
dedicated for the utilization of hydrogen (H,) as a fuel, there are
certain drawbacks that limit its commercial application.”* For
example, H, is difficult to store and transport and is also not safe
due to its high inflammability. In contrast, methanol is nowadays
gaining importance as it appeared to be safer, easy to transport,
and more importantly, its energy density is quite good to be
acceptable as a fuel.”’® Moreover, the byproducts that are
generated from methanol fuel cells are mostly carbon dioxide
(CO,) and water (H,O) and thus contribute very less to the
environmental pollution as CO, can be converted into methanol
(CH,0H).'""*?

Due to such benefits associated with CH;OH, the researchers Received: August 28, 2023
across the world are encouraged to develop different electrode Revised:  October 31, 2023
(anode and cathode) materials for their application in direct Accepted:  November 2, 2023

methanol fuel cells (DMFCs).'>'* At present, platinum (Pt)- Published: November 15, 2023
based catalysts have been widely used in DMFCs for effective
MOR. The catalysts made from Pt can easily enhance the MOR

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c06414

v ACS Pu bl ications 44964 ACS Omega 2023, 8, 44964—44976


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salma+A.+Khanam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayanika+Saikia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seonghwan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Young-Bin+Park"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magdi+E.+A.+Zaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kusum+K.+Bania"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kusum+K.+Bania"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c06414&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06414?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06414?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06414?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06414?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06414?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/47?ref=pdf
https://pubs.acs.org/toc/acsodf/8/47?ref=pdf
https://pubs.acs.org/toc/acsodf/8/47?ref=pdf
https://pubs.acs.org/toc/acsodf/8/47?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c06414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

current density with a reasonable onset potential in the
electrochemical oxidation of methanol.'”~>" Apart from the
preparation of the non-noble-metal-based catalyst, emphasis has
been given to the synthesis of catalysts that can be sustained in
alkaline media. Literature findings insisted that the MOR
process is more feasible in basic media in comparison to that of
acidic electrolytes.””*’ It has been found that the MOR process
in an alkaline electrolyte resulted in low poisoning of the catalyst,
and it also improves the stability and efficiency and thereby favor
the recyclability of the catalyst.”*** During our continuous
endeavor, we have encountered that the zeolite-Y and carboxy-
functionalized multiwalled carbon nanotube (COOH-
MWCNT) provides a suitable environment for the decoration
of fine nanoparticles by actmg themselves as solid support and as
well as hard template.”**” The zeolite-Y with its surface hydroxyl
(—OH) group renders a high metal to surface interaction and
controls the growth of nanoparticles without being agglom-
erated. While the COOH-MWCNT provides a good conducting
media to improve its current efficiency.'”*®

In the recent years, apart from our group, many other
researchers have also used zeolites as supports for the decoration
of the electrocatalyst for MOR.”’ ™" In this regard, the cobalt
oxide is finding importance due to its good redox activity. They
have been widely used as an effective catalyst in the water
oxidation reaction and in the current scenario; cobalt oxide has
been combined with different metals like Cu, Ni, Sn, W, Rh, etc.
for application in MOR.**** However, the cobalt oxide catalyst
entrapped at the interface of zeolite Y and carboxy-function-
alized MWCNT has not been reported elsewhere. Zeolites due
to its porosity as well as the carbon nanotubes with their
cylindrical channels can modify the electronic environment of
metal oxides.’”*” Therefore, to understand such an impact on
the activity of spinel cobalt oxide (Co0;0,), herein, we tried to
decorate Co;0, at the surface interface of two hard templating
agents and to see its activity in the MOR process.

2. EXPERIMENTAL SECTION

2.1. Materials. Cobalt(II) chloride hexahydrate (CoCl,
6H,0) was obtained from E. Merck and utilized as a source of
cobalt. Sigma-Aldrich provided the Nafion solution, zeolite-Y,
and multiwalled carbon nanotubes (COOH-MWCNT). From
E. Mark, sodium hydroxide (NaOH), potassium hydroxide
(KOH), and ethanol (C,H;OH) were obtained. The 1 M KOH
solution was made with deionized water. E. Merck provided
dried methanol (CH;OH) for the MOR.

2.2. Synthesis of C03;0,. Co;0, has been synthesized by
using CoCl,-6H,0 as precursor material by the precipitation
method. In a round-bottom flask, a solution of 1 M NaOH and
0.1 M CoCl,-6H,0 was mixed and stirred for about 1 h. The
precipitate obtained was filtered and then washed with distilled
water (H,0) for the removal of the unreacted materials. The
material was then dried in a hot air oven at 333 K and dried
under vacuum at 343 K. After that, the material obtained was
calcined at 673 K for about 3 h by means of a muffle furnace. The
resulting material was Co;0,.

2.3. Synthesis of Zeolite-Y-Supported Cobalt Oxide,
Co30,4-Y Electrocatalyst. The zeolite-Y supported catalyst
Co030,-Y was synthesized by using the previously reported
procedure by our group with a slight modification. In a round-
bottom flask, Co(OH), was precipitated over zeolite Y using 0.1
M (50 mL) CoCl,-6H,O solution in the presence of 0.1 M
NaOH solution to develop cobalt (Co) electrocatalysts
supported by zeolite-Y. At 373 K, the solution was refluxed for

about 24 h. In order to eliminate the unreacted materials, the
precipitate that had formed was first filtered under pressure and
repeatedly washed away with water. After that, the material was
dried out in a hot air oven at 348 K and dried under vacuum for
about 6 h at 353 K. After that, the compound was calcined at 673
K in a muflle furnace. The blackish-gray colored powdered
material, Co;0,-Y, was obtained after grinding the calcined
material for about 5 h in a mortar and pestle with the addition of
ethanol drop by drop.

2.4. Modification of an Co;0,-Y Electrocatalyst with
COOH-MWCNT (Co304-Y-MWCNT). A portion of Co;0,-Y
(1 g) was taken with 0.05 g of COOH-MWCNT in a mortar.
After that, it was ground for 2—3 h. While grinding, a small
amount of (C,H;OH) solution was added to the above mixture
dropwise. It was then heated for a specific period at 393 K. The
solid material was produced after nearly 50—60 h of subsequent
heating and grinding. The process of synthesis of Co;0,Y-
MWCNT has been demonstrated in Scheme 1.

Scheme 1. Synthesis of Zeolite-Y-Supported Co;0,
Electrocatalyst Modified with COOH-MWCNT
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2.5. Physical Measurements. The Supporting Information
contains information about the physical measurements
performed in this study.

2.6. Electrochemical Measurements. The electrochem-
ical activity of the materials was examined using a three-
electrode system wherein a glassy carbon electrode (GCE) was
utilized as the working electrode, a standard calomel electrode
(SCE) was used as the reference electrode, and a graphite rod
was utilized as the counter electrode. Before the modification,
the GCE was properly cleaned using alumina slurry and then for
about 30 min, electrodes were ultrasonicated in ethanol
(C,HsOH) and deionized water (H,O). An aliquot was made
by dissolving 1 mg of each active catalyst in 1 mL of C,H;OH/
H,O with 20 uL (0.5% w/w) of Nafion solution. For 60 min, the
mixture was constantly sonicated in order to generate the
homogeneous ink. Drop casting of 20 uL homogeneous
materials over a glassy carbon electrode that was cleaned
previously generated the working electrode. The as-prepared
GCE was dried properly in a N, atmosphere. The electro-
chemical properties of the synthesized materials were done by
using cyclic voltammetry (CV), linear sweep voltammetry
(LSV), chronoamperometry (CA), and electrochemical im-
pedance spectroscopy (EIS) measurements in an alkaline
medium using 1 M KOH solution. In all electrochemical tests,
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Figure 1. (a) IR spectrum of neat zeolite-Y (black), Co;0, (red), Co;0,-Y (blue), and Co;0,-Y-MWCNT (pink) and (b) half width measurement
plot of the —OH peak of neat zeolite-Y (black), Co;0,-Y (blue), and Co;0,-Y-MWCNT (pink). (c) PXRD pattern of neat zeolite (black), Co;0,
(red), Co30,-Y (blue), and Co;0,-Y-MWCNT (pink), respectively. (d) Raman spectra of Co;0, (red), Co;0,-Y (blue), and Co;0,-Y-MWCNT

(pink).

the current density was determined with regard to the total
loaded mass of catalysts Co;0,-Y and Co;0,-Y-MWCNT as
0.110 and 0.125 mg cm ™2 The electrochemical measurements
were performed with iR correction built in to the instrument.
Potentials were measured with regard to SCE (standard calomel
electrode), Egcg, and reported versus RHE (reversible hydrogen
electrode), Egyy, in this work. The following relation was used to
convert Egcg into Epyp.

Epp = Egcp — Ef,jn,+0.244 (1)

where Ef_’[z /4 Tepresents the reversible hydrogen potential (
EfIZ/H+ = —0.059 pH), given by the Nernst equation. The pH

value of the test solution (1 M KOH) was measured to be ~14.
The number +0.244 in eq 1 signifies the standard potential (in
volts) of the used SCE at 25 °C.

3. RESULTS AND DISCUSSION

The characterization of the synthesized materials was done by
means of various analytical techniques. The synthesized
materials, Co;0,, C0;0,-Y, and Co0;0,-Y-MWCNT were first
characterized by using Fourier transform infrared (FTIR)
analysis. The FTIR spectra of neat zeolite-Y, Co;0,4, C0;0,-Y,
and Co;0,-Y-MWCNT are shown in Figure la. For the neat
zeolite-Y, the sharp band observed at ~1000—1100 cm! s
accredited to the asymmetric vibration (stretching) of the (Si/
Al)O, units, Figure la (black). The IR peak at ~1643 cm™
resembles to the —OH bending vibration and v,; (Si—OH of
zeolite-Y) appeared at ~3500 cm™.** The IR spectrum of
unsupported Co;0, [Figure 1a (red)] exhibited two peaks at
565 and 660 cm ™" for the Co—O bond in Co;0,. The IR peak at
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660 cm™ signified the Co**—O (octahedral site) vibration, and
the peak at 555 cm™" was assigned to the Co**—O (tetrahedral
site) vibration originated from C030,.*"* The IR spectrum of
zeolite-Y supported Co;0,, i.e., Co30,-Y has been shown in
Figure 1a (blue). Due to the lower concentration of metal oxide
the zeolite-Y supported catalyst; Co;0,-Y had not shown any
specific distinguishable peak in the spectrum. However, a slight
change of intensity and broadness of the peaks occurred in the
region 400—800 cm ™" which indicated the formation of a metal
oxide.”" The IR spectrum of the COOH-MWCNT modified
catalyst Co;0,-Y-MWCNT is shown in Figure la (pink). The
peak detected at ~1723 cm™' matches to the C=O bond
stretching vibration of the carboxyl (—COOH) group of
COOH-MWCNT. The IR peak observed at 1312 and 1374
cm™! corresponds to the C—O stretching of the —COOH group
of COOH-MWCNT. The band observed at 1630 cm™ was
attributed to the C=C vibration of aromatic rings of COOH-
MWCNT.* The slight IR band observed at ~2923 and 2850
cm™' accredited to methylene’s C—H stretching vibration
created at the defect site of the COOH-MWCNT surface.**
Figure 1b shows the half width measurement plot of the —OH
peak of zeolite-Y (black), Co;0,-Y (blue), and Co,0,-Y-
MWCNT (pink). From the half width measurement of the —
OH peak, it was observed that the peak half width got reduced
on modifying the zeolite-Y with Co;0, and further modifying
with COOH-MWCNT. The decrease in peak width from 509.4
cm™! in zeolite-Y to 456.8 cm™! in Co;0,-Y-MWCNT implied
that the carboxylate group (—COOH) of the COOH-MWCNT
interacted with zeolite-Y’s surface —OH group and with the
Co;0, surface. The catalysts Co;0,, C030,-Y, and Co;0,-Y-
MWCNT were further characterized by powder X-ray
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Figure 2. (a) TGA plot of Co;0, (pink), COOH-MWCNT (blue), Co;0,-MWCNT (green), Co;0,-Y (black), and Co;0,-Y-MWCNT (red). H,-
TPR profile of (b) Co;0,-Y (blue) and Co;0,-Y-MWCNT (red), (c) Co;0, (black) and Co;0,-MWCNT (red), and (d) COOH-MWCNT.

diffraction (PXRD) study. The PXRD plots of all of the
materials are depicted in Figure lc. The PXRD plot of neat
zeolite-Y is shown in Figure lc (black). The PXRD plot of
Co;0, is shown in Figure 1c (red). It shows diffraction peaks (in
degrees) at 19.1, 31.3, 36.8, 38.8, 44.8, 59.5, and 65.2
corresponding to (111),(220),(311),(222),(400), (5
11),and (4 4 0) planes of spinel Co;0,, respectively.” Co;0,-Y
catalysts depicted in Figure 1c (blue) showed the peak at 38.8,
59.5, and 65.2° corresponding to (22 2), (51 1), and (4 4 0)
planes of spinel Co;0,, respectively.** The PXRD plot of
MWCNT-modified Co;0,-Y, i.e., Co;0,-Y-MWCNT, is shown
in Figure 1c (pink). The material exhibited PXRD peaks at 38.8,
59.5, and 65.2° corresponding to (22 2), (51 1), and (4 4 0)
planes of spinel Co;0,.

The Raman spectrum of the synthesized catalyst Co;0, (red),
Co;0,-Y(blue), and Co;0,-Y-MWCNT (pink) are shown in
Figure 1d. Co;0, is expected to show five Raman active modes
(lAlg +1E.+ 3F2g) according to the group theory.*” For Co,0,-
Y, five Raman bands were observed at ~180, 470, 508, 606, and
668 cm™!, Figure 1d (blue). The Raman peak at ~180 cm™
resembled F,, (1) symmetry. This peak corresponds to the
tetrahedral site of the Co;0, spinel structure. The peak observed
at 470 cm™' has been arisen from E,, symmetry, while the
Raman peak located at 508 and 606 cm™" originated from the Fy,
(2) symmetry and F,, (3) symmetry, respectively. The sharp
peak at 668 cm™! (Alg symmetry) referred to the CoOg
(octahedral sites) of the Co;0, phase.*® After modification
with COOH-MWCNT, the Raman peaks were observed with a
slight shift to ~190, 495, 580, 638, and 676 cm™! with the
reversal of the peak intensities, Figure 1d (pink). Such reversal in
Raman signal after the modification of Co;0, with COOH-
MWCNT was attributed to quantum interference that is
sometimes observed in two-dimensional layered materials.*’
However, such an effect of quantum interference has not been so
far observed in the case of spinel Co;0,. There are of course few
reports on such Raman scattering with the reversal of peak
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intensities, e.g., Zhang et al. reported quantum interference-
induced chiral Raman scattering in monolayers ReS, and
ReSe,."”* Osiekowicz et al. observed a strong variation in the
intensity of phonon modes due to the resonance condition of
Raman scattering in y-InSe and e-GaSe crystals that was
described in terms of quantum interference as well as electron—
phonon coupling.”’ Chen et al. revealed the role of quantum
interference in Raman scattering between distinct paths in
graphene.’” Co;0,-Y-MWCNT additionally showed two sharp
peaks resembling to the D (disorder) and G (graphite) bands at
1348 and 1580 cm™!, respectively. Another distinct peak at
~2695 cm ™! was detected for the second order overtone (2D) of
the D band. The slight Raman peak that seemed at ~2960 cm ™
corresponds to the D + G band of the COOH-MWCNT.>” This
implied the encapsulation of Co;0, nanoparticles over zeolite-Y
and COOH-MWCNT.

For practical application of anode materials in DMFCs, the
thermal stability of the catalyst as well as the reduction property
of the metal with respect to temperature change plays an
important role.”* Therefore, to understand the thermal stability
and the reduction temperature of Co;O, before and after
modification, the thermogravimetric analysis (TGA) and
temperature-programmed reduction (TPR) analysis were
performed.”> TGA plot of Co;0, (pink), COOH-MWCNT
(blue), Co;0,-MWCNT (green), Co;0,-Y (black), and Co;0,-
Y-MWCNT (red) are shown in Figure 2a. In the case of bare
Co;0, (pink), 3.89% weight loss was observed in the
temperature range of 68 to 102 °C resulting from the
elimination of absorbed H,0O molecules. In the case of
COOH-MWCNT, a small mass loss was detected in the
temperature range of 0—400 °C, and after that, the material
started to decompose, Figure 2a (blue).***” In the case of
C030,-MWCNT, 0.32 and 2.25% weight losses were observed
up to ~105 and ~400 °C, respectively, implying that the thermal
stability of Co;0, was improved on modification with
MWCNT. For the material Co;0,-Y, a weight loss of 14.0%
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Figure 3. Co 2p XPS were recorded in (a) Co;0,-Y and (b) Co;0,-Y-MWCNT. O 1s XPS spectra in (c) Co;0,-Y and (d) Co;0,-Y-MWCNT.

was observed in the range of ~35 to 145 °C due to the
elimination of absorbed water molecules. The weight loss of
7.8% in the temperature range of ~145 to 345 °C was observed
due to elimination of the surface hydroxyl (—OH) group, Figure
2a (black). In the case of Co;0,-Y-MWCNT, weight losses of
10.7% up to ~120 °C and 8.5% up to 297 °C were observed
resulting from the loss of water molecules absorbed on the
surface and evaporation of interlayered water molecules. A
weight loss of 7.14% was occurred in the ~297 to 345 °C
temperature range due to the functional group decomposition,
Figure 2a (red).”* % From TGA, it was evident that the thermal
stability was highly influenced on hybridizing with zeolite-Y
which suggested that the Co;0, nanoparticles interacted more
strongly with the surface —OH group of zeolite-Y leading to the
weakening of bond strength of supported materials (zeolite-Y
and MWCNT).

Temperature-programmed profiles of the materials are
presented in Figure 2b—d. Co3;0,-Y showed two reduction
peaks accredited to the reduction of Co** to Co*" at 277 °C and
Co*" to metallic Co at 303 °C, as shown in Figure 2b (blue).’' In
the case of Co;0,-Y-MWCNT, the reduction peak shifted to
286 and 320 °C, respectively, as depicted in Figure 2b (red).
This specified the higher stability of the Co;0,-Y-MWCNT
catalyst in comparison to the Co;0,-Y. The TPR data of Co;0,-
Y-MWCNT was also compared with bare Co;0,, Figure 2c
(black). It was interesting to observed that the reduction
temperature of the bare Co;O, appeared significantly at a higher
temperature region (at 490 °C for Co;0, to CoO and at 566 °C
for CoO to Co). Similarly, in the case of Co;0,-MWCNT
[Figure 2c (red line)], CoO to Co reduction was found at 534
°C, slightly lower than that of the bared Co;0,. The TPR profile
of COOH-MWCNT is shown in Figure 2d and was observed to
be completely different from the catalysts showing a low intense
reduction peak above 600 °C.
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The change in the reduction temperature was attributed to the
difference in the crystallite size of Co;0, in the bare and
supported ones. Similar difference in reduction temperature of
Co;0, with respect to the change in crystallite size was also
observed by Li et al. and James and Maity.”>®* The comparison
of the TPR profile implied that the Co;0, species in the hybrid
catalyst was reducible at a low temperature. This implied that
zeolite-Y played a dominant role in controlling the crystallite size
of Co;0, and provided information that reduction of Co(1II) to
Co(0) can be achieved at a lower temperature by tuning the
crystallite size of the metal oxide, which may further help in
designing of a newer material for the methanol oxidation
reaction. This TPR analysis was found to be in accordance with
TGA. The UV—visible diffuse reflectance spectra (DRS) of the
catalysts Co;0,-Y and Co;0,-Y-MWCNT are shown in Figure
S1 of the Supporting Information. The DRS spectra of both
materials demonstrated high absorption ability, particularly in
the absorption range of 200—800 nm. The transition of charge
from the oxygen (O) to cobalt (Co) orbital was indicated by the
resulting two broad peaks in this region. In the case of both
catalysts, three adsorption peaks were obtained in the range of
250—280 nm (O*~ of zeolite to Co metal), 385—415 nm (O* to
Co®" charge transfer transition), and 690—740 nm (O~ to Co®*
charge transfer transition), indicating double oxidation state of
the synthesized materials.”** The oxidation state of the
synthesized catalyst Co;0,-Y and Co0;0,-Y-MWCNT was
established by X-ray photoelectron spectroscopy (XPS)
analysis. The Co 2p spectrum of Co;0,Y and Co;0,-Y-
MWCNT has been depicted in Figure 3a,b. The spectra showed
signals at a binding energies of 780.5 + 0.4 eV for Co 2p;,, and at
796.1 + 0.3 eV for Co 2p;s,. The weak satellite structure
appeared at 790.1 + 0.2 and 804.5 + 0.4 eV for the XPS
spectrum of Co 2p;,, and Co 2p,,, respectively, provided a
strong evidence for the formation of the Co;O, spinel
structure.”” The O 1s XPS spectrum of C0;0,-Y and Co;0,-
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Y-MWCNT are depicted in Figure 3c,d. The peaks observed at
529.5 and 529.2 eV for O 1s of Co;0,Y and Co;0,-Y-
MWCNT, respectively, confirmed the formation of metal oxide,
i.e, C030,.° The peak at 531.1 + 0.2 eV was observed due to
the presence of Al,O; (alumina) in both the materials.®” The
XPS spectrum of aluminum (Al) and silicon (Si) are depicted in
Figure S2 of the Supporting Information. For the material
Co030,-Y as illustrated in Figure S2a, the binding energy value
for Al 2p, ;, was found at 74.0 eV and for Co;0,-Y-MWCNT as
shown in Figure S2b, it was observed at 73.6 eV. The XPS
spectrum of Si 2p (Figure S2) showed the signal for SiO,*~ at
102.5 and 102.3 eV for Co,0,-Y (Figure S2c) and Co;0,-Y-
MWCNT (Figure S2d), respectively.”*” As shown in Figure
S3, four signals were observed at ~284.3,284.8,286.1, and 288.6
eV which attributes to the C=C (sp*), C=C (sp®), C—OH,
and O=C—OH species present in the C 1s XPS spectrum of
C0;0,-Y-MWCNT.*>"°

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) analyses were done to observe
the morphological characteristics of the catalyst Co;0,-Y-
MWCNT. The SEM images of the prepared catalyst Co;O,-Y-
MWCNT are shown in Figure 4a,b. The images indicated that
the zeolite Y incorporated Co;0, was engulfed with MWCNT.

Figure 4. (a,b) SEM images of Co;0,-Y-MWCNT.

The TEM images of the catalyst Co;0,-Y-MWCNT are
shown in Figure Sa—e. TEM images depict the formation of
Co;0, nanoparticles at the zeolite-Y and COOH-MWCNT
interfaces. Most interestingly, it was observed that the
nanoparticles were decked along the direction of the nanotubes,

as shown in Figure 5d, marked by yellow lines. This further
implied that COOH-MWCNT not only served as a surface
matrix but also acted as a shape directing hard templating agent.
The same was also observed from the TEM image of the catalyst
Co03;0,-Y-MWCNT, Figure Se. The lattice fringe pattern of
~0.24 and 0.46 nm as shown in Figure Sf signified the (3 1 1)
and (11 1) lattice planes of Co;0,, respectively.”" This implied
the presence of Co;0, at the zeolite-Y and the COOH-
MWCNT surface interface.

The scanning transmission electron microscopy energy
dispersive X-ray (STEM-EDX) elemental mapping analysis
revealed the existence of elements cobalt (Co), oxygen (O),
aluminum (Al), silicon (Si), and carbon (C) in the as-prepared
catalyst, Co;0,-Y-MWCNT. The images of STEM-EDX
mapping for the material Co;0,-Y-MWCNT are shown in
Figure 6a—f. The corresponding EDX spectra of the catalyst
Co03;0,-Y-MWCNT are shown in Figure 6g. From EDX
mapping, the weight % of Co, O, Al Si, and C were found to
be 52.21, 29.03, 4.43, 9.41, and 4.49%, respectively. The atomic
% of Co, O, Al, Si, and C were obtained to be 26.93, 54.53, 4.92,
10.03, and 3.59%, respectively, Figure 6h. The STEM-EDX
mapping images of Co;0,-Y-MWCNT in a different region has
also been provided in the Figure S4. Those EDX mapping
images also provided evidence of the growth of Co;0, in the
direction of nanotubes and surrounding the zeolite crystals.

4. ASSESSING ELECTROCATALYTIC ACTIVITY OF THE
SYNTHESIZED CATALYST IN MOR

The MOR activity of the synthesized materials Co;0,, Co;0,-Y,
and Co;0,-Y-MWCNT were evaluated by performing the cyclic
voltammetry (CV) analysis between —1.0 and 1.4 V scan rate
(Ag/AgCl) to obtain the best catalyst for MOR. First, the CV
experiment was performed with catalysts modified the GC
electrode in the absence of CH;OH with 1 M KOH at 50 mV's™!
scan rate. The catalysts Co;0,-Y and Co;0, Y-MWCNT
exhibited a minor oxidation peak during the forward scan at
onset potentials of 1.45 and 1.41 V versus RHE, respectively.
However, it did not exhibit any significant signal for the OER.
The CV plots for Co;0,-Y and Co;0,-Y-MWCNT in 1 M KOH
are shown in Figures S5 and S6. After that, the CV experiment

B ryH
—_—
0.24 nm

Figure S. Morphological illustration of Co;0,-Y-MWCNT. (a—e) TEM images of Co;0,-Y-MWCNT at different resolutions. (f) High-resolution
TEM image showing the fringe pattern of Co;0,-Y-MWCNT corresponding to spinel Co;0,.
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Figure 6. (a) HAADF-STEM (high-angle annular dark-field scanning transmission electron microscopy) electron image utilized for the EDX analysis
of Co;0,-Y-MWCNT. EDX mapping image of (b) Co, (c) Al, (d) Si, (¢) O, and (f) C. (g) Corresponding EDX spectra, (h) percentage weight, and

atomic percentage of the corresponding elements.

was done at a scan rate of S0 mV s™' by the addition of a 1 M
CH;O0H solution to the 1 M KOH solution, Figure 7a. It is
pertinent to mention herein that the COOH-MWCNT support
although conducting in nature did not show any MOR activity as
observed from the CV curve shown in Figure 7a (black). In the
case of a bare Co;0, catalyst, the CH;OH oxidation took place
with a current density of 0.33 A mg™" at an onset potential of
1.45 V versus RHE, Figure 7a (red). In the case of Co0,-
MWCNT, the current density was measured to be 0.72 A mg™".
Although the current density was found to increase, the onset
potential was found to be 1.45 V versus RHE, Figure 7a (blue).
The zeolite-Y modified Co;0, showed better MOR activity than
the bare Co;0, catalyst at 1.33 V versus RHE onset potential
with a current density of 0.78 A mg™', Figure 7a (pink). The
catalyst Co;0,-Y-MWCNT showed sharp a oxidation peak with
the highest peak current density of 0.92 A mg™" at an onset
potential 1.33 V versus RHE [Figure 7a (green)] implying the
sufficient ability of the catalyst toward MOR. From this analysis,
it was evident that Co;0, was the active species for MOR, while
the MWCNT and zeolite-Y served as the solid support as well as
the hard templating agent for the controlled growth of the
Co3;0, nanocatalyst, providing a good surface to metal
interaction through their surface functional groups like —OH
in zeolite-Y and —COOH in COOH-MWCNT. Because of such
an impact from these two surfaces, the activity of bared Co;0,
toward MOR was improved in terms of onset potential as well as
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the current density. It was further evident from Figure 7a that
MWCNT alone cannot oxidize the CH;OH but the
combination of MWCNT with Co;0, or Co;04-Y improved
the MOR activity by providing a conducting surface and thereby
enhancing the current density. Since the COOH-MWCNT
modified catalysts Co3;0,-Y-MWCNT showed the highest
activity for MOR, the other electrochemical measurements
were done by using Co;0,-Y-MWCNT as an anode catalyst.
The CV of scan rate variation, concentration variation,
multicycle stability test, and chronoamperometry (CA) test
and linear sweep voltammetry (LSV) for the Co;0,-Y-
MWCNT catalyst were performed and are illustrated in Figure
7. The scan rate variation, LSV, multicycle stability test, and CA
experiments were accomplished in 1 M KOH and 1 M MeOH
solution maintaining pH 14. Figure 7b presents the CV curves of
Co0;0,-Y-MWCNT by varying the scan rate from 10 to 100 mV
s~'. With the increase in scan rate, the current density gradually
increased to higher value and the anodic (oxidation) peak
position switched to a higher potential. The peak current density
was related proportionally to the square root of the scan rate
from 10 to 100 mV s~ with a value of R = 0.98, indicating a
diffusion-limited reaction.”” The LSV plot of scan rate variation
showing the onset potential (1.33 V vs RHE) has been depicted
in Figure 7c. To examine the CH;OH concentration tolerance of
the catalysts, the CV experiment were performed by varying the
CH;OH concentration. The current density of MOR was shown
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Figure 7. Electrochemical MOR performance of synthesized materials. (a) CV curves of MOR at 50 mV s™" in 1 M KOH for COOH-MWCNT
(black), Co;0, (red), Co;0,-MWCNT (blue), Co;0,-Y (pink), and Co;0,-Y-MWCNT (green) with 1 M CH;OH. CVs of (b) scan rate variation
and (c) LSV plot showing the onset potential = 1.33 V vs RHE with 1 M KOH and 1 M CH;OH at a scan rate 10—100 mV s™" for Co;0,-Y-MWCNT.
(d) CV atascan rate of 50 mV s™' showing concentration change of CH;OH from 1 to 6 M with 1 M KOH. (&) CV depicting a multicycle stability test
for Co;0,-Y-MWCNT with 1 M KOH and 1 M CH;OH (50 mV s™" scan rate). (f) CA response of the Co;0,-Y-MWCNT electrode in 1 M KOH and

1 M CH;O0H at 0.5 V for 20,000 s.

to be directly proportional to the concentration of CH;OH up to
a particular point, after which the regular increase in current
density was no more observed with the increase in CH;OH
concentration. With the rise in CH;OH concentration, the
current density increases slightly and become stabilized at 6 M,
as depicted in Figure 7d. The Co;0,-Y-MWCNT electrode
displayed current densities of 1.12 A mg_1 at2M, 141 A mg_1 at
3M, 1.66 A mg_1 at4 M, 2.01 Amg_1 at 5M, and 2.07 Am g_1 at
6 M CH;OH concentration. This peculiar behavior of the
current density enhancement can be explained by the
accompanying change in rate control stage of the method of
catalysis. When the concentration of CH;OH was low in the
MOR process, the rate control step was conquered by reactive
species diffusion, demonstrating a continuous increase in the
current density up to S M CH;OH. An additional increase in the
concentration of CH;OH resulted in a mixed-control procedure
that is dependent on both catalytic and diffusion kinetics. This
effect resulted in a slight increase in the current density of MOR
with increasing CH;OH concentration. Furthermore, beyond a
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specific CH;0H concentration limit, the CH;OH oxidation on
the surface of the electrode became a reaction-kinetics regulated
process. Following that, the current density became saturated
and is controlled by the electrocatalytic behavior of the
electrode. The ability of an anode material to hold its stability
without much loss of current density for abundant potential
cycles is one of the most important parameters for its practical
applicability in DMFCs. The stability of the Co;0,-Y-MWCNT
modified electrode was examined by conducting a multicycle
stability test at the scan rate of SO mV s™'. Continuous scanning
for three hundred (300) cycles were done and the result was
evaluated. As shown in Figure 7e, the electrode lost 6.4% (150th
cycles) and 8.6% (300th cycles) of the current density of the first
cycle of CV at 1.33 V onset potential. CA test was also executed
to see the enduring constancy of the Co;0,-Y-MWCNT-based
electrode at 0.5 V for 20,000 s, as shown in Figure 7f. An
improved performance of CA was obtained for the Co;0,-Y-
MWCNT catalyst in comparison to Co;0,-Y.
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Figure 9. (a) Nyquist plot for Co;0, (black), Co;0,-Y (red), and Co;0,-Y-MWCNT (green)-based electrode, (b) Tafel slope obtained from the
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The electrochemical surface area (ECSA) of the materials
were assessed by recording the CVs (10 to 100 mV s™') at the
non-Faradaic (0—0.1 vs Ag/AgCl) potential range and
calculating the electrochemical double-layer capacitance (Cyj)
value. The plots of the ECSA measurements of Co;0,-Y and
C03;0,-Y-MWCNT are depicted in Figure 8a—d. Plotting
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current density versus scan rate, a straight line with a slope Cy
was obtained and the ECSA value was obtained by using eq 2,
dividing the Cy value with the specific capacitance ( c,)t

C
ECSA=—4
CS

2)
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Scheme 2. Plausible Mechanism of Methanol Oxidation Reaction over the Catalyst Surface

CH;,
o

The Cy value for the material Co;0,-Y was obtained to be
0.00047 F ¢g~" and that for the Co;0,-Y-MWCNT was 0.00080
F ¢! The calculated C; values were found to be 0.18 X 10~* F
g~ for Co;0,-Y and 0.21 X 10™* F g™! for Co;0,-Y-MWCNT
and the corresponding ECSA values were 25 and 38 m* g”',
respectively. This also further indicated that the incorporation of
the COOH-MWCNT improved the specific surface area. The
electrochemical surface area provides information that the
higher the ECSA value is, higher is the availability of the
substrate molecule (CH;OH) for the interaction. Therefore, it
can be said that the incorporation of COOH-MWCNT favored
the MOR process by providing a conductive surface for electron
transfer and resulting in a higher specific surface area for better
methanol interaction with the active catalyst species that is
Co50,. In addition to this, it was observed from the TGA and
TPR analysis that the particle size of the active catalyst, i.e.,
Co0;0, manipulates the thermal stability. Therefore, it is
expected that the particle size of Co;0, also played a dominant
role in enhancing the MOR activity. In this respect, zeolite-Y
also played a significant role as they can control the particle size
and also prevent the agglomeration and that is why probably the
zeolite-Y supported catalyst along with the COOH-MWCNT
resulted in good MOR activity.””**”° It is pertinent to mention
that in general, smaller nanoparticles have a greater surface area
per unit mass in comparison to larger ones. Increased surface
area helps in the electrochemical reaction providing a greater
number of active sites. More surface area can result in higher
catalytic activity when it comes to methanol oxidation, since it
provides more active sites for methanol adsorption and
oxidation. Also, the reduced nanoparticle size may speed up
the reaction kinetics, thereby helping the fuel cell to operate
efficiently. Many other previous reports are available which

provided the information that the particle size can manifest the
electrochemical activity of nanoparticles in the MOR
process.73’_75 Therefore, it is believed that a similar effect
might have influenced the thermal stability as well as the MOR
activity of the present catalyst, Co;0,-Y-MWCNT.

The electrochemical impedance spectroscopy (EIS) measure-
ment was conducted for both the catalysts. The Nyquist plot for
the catalysts Co;0,-Y (red) and Co;0,-Y-MWCNT (green)
and bare Co;0, (black) is shown in Figure 9a. From the plot, it
was evident that the catalyst Co;0,-Y-MWCNT displayed an
almost straight line, suggesting low charge transfer resistance in
comparison to that of Co;0,-Y and C0;0,.”° This indicated the
incorporation of COOH-MWCNT to Co;0,-Y and this
smoothed the diffusion process at the electrode interface. So,
the catalyst Co;0,-Y-MWCNT was more efficient for MOR
than Co;0,-Y in terms of improved current density and lower
impedance diameter arc. One of the observed characteristics
that correlates the activity of a catalyst is the Tafel slope. During
the MOR, interaction between anode material and the CH;0OH
takes place, resulting in the formation of some reactive
intermediate as well as some poisonous species. This interaction
is indicated by the Tafel plot. The Tafel plot for the materials
Co;0,, C0;0,-Y, and Co;0,-Y-MWCNT was constructed from
the CVs obtained under identical conditions in 1 M KOH and 1
M CH;OH (scan rate of S0 mV's™"). The slopes of the Tafel plot
were calculated to be 448, 192, and 163 mV dec™! for Co,0,
(blue), Co0;0,Y (red), and Co;0,-Y-MWCNT (green),
respectively, and are depicted in Figure 9b. A lower Tafel
slope value indicates a greater electrocatalytic activity of the
catalyst. A lower value of the Tafel slope also suggests a higher
tolerance to the poisoned species. The results attained from
Tafel slope analysis revealed that among the synthesized

https://doi.org/10.1021/acsomega.3c06414
ACS Omega 2023, 8, 4496444976


https://pubs.acs.org/doi/10.1021/acsomega.3c06414?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06414?fig=sch2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

materials Co;0,, C0;0,-Y, and Co;0,-Y-MWCNT, the catalyst
C03;0,-Y-MWCNT was found to have the lowest Tafel slope of
163 mV dec™". This indicated that the electrocatalyst Co;0,-Y-
MWCNT possessed high tolerance to the intermediate species
and was the primary cause for exhibiting higher activity in MOR
compared to Co;0, and Co;O04Y. The exchange current
densities, j°, for Co;0,, Co;0,-Y, and Co;0,-Y-MWCNT were
calculated by using the Tafel equation and Tafel plot (Figure 9b)
and were found to be 0.022, 0.058, and 0.063 A mg’,
respectively.

The MOR activity of our best catalyst Co;0,-Y-MWCNT was
compared with the standard Pt/C catalyst under the same
electrochemical condition. The CV (at scan rate 50 mV s™') of
the two catalysts are compared in Figure 9¢ and it depicted that
the C0;0,-Y-MWCNT was less effective than Pt/C (current
density = 1.24 A mg™', onset potential = 0.4—0.6 V vs RHE) in
terms of both onset potential as well as current density which is
usually expected for a single non-noble metal catalyst. However,
on comparing the activity with similar other cobalt-based
catalysts, the activity of our best catalyst, Co;0,-Y-MWCNT,
was better than most of the reported ones, as provided in Table
S1 of the Supporting Information. From the comparative study,
it can be said that our synthesized catalyst can find a good
application as the anode material in assessing the MOR activity
of the non-Pt based catalyst. One of the significant outcomes of
our results was that no other metal was combined with Co;0,,
while the reported result suggested that some other metals are
required to combine with Co;0, to achieve a better activity in
MOR. However, in our present case no such other metals were
used for boosting the electrocatalyst activity of the spinel Co;0,.
Herein, the two solid surfaces zeolite-Y and COOH-MWCNT
controlled the growth of Co;0, and also influenced the
electronic structure through the quantum confinement effect
and modulated its activity for MOR. Therefore, the present
catalyst can be considered advantageous as it only used a single
metal.

4.1. Plausible Mechanism of the Reaction. The
mechanism of the reaction can be depicted in Scheme 2.
Initially the CH;OH will get adsorbed at the catalyst surface.
After adsorption, Co;0, will abstract a proton (H*) from the —
OH group of CH;OH forming the methoxy (—CH;07) species.
The CH;0~ will then be bound to the Co(II) center of the
spinel Co;0,. During this process one of the Co(III) centers
occupying the octahedral site will fluctuate its oxidation state
between (II) and (III) as shown in “step II” of Scheme 2. Once
the CH;07 ion is formed and bound to the catalyst, it will get
dehydrogenated at the catalyst surface and will decompose to
HCO,™. The HCO,™ will interact with two cobalt centers as
shown in “step III” and will further get oxidized to CO, and H,O
in the presence of arial oxygen (O,), as shown in “step IV” and
“step V" of Scheme 2. The OH™ will be provided by the base
(KOH) used during the process.

5. CONCLUSIONS

In conclusion, a non-Pt-based single metal-based electrocatalyst
had been successfully synthesized via a simple and energy
efficient hydrothermal process. Due to the combined impact of
zeolite-Y and multiwalled carbon nanotube (COOH-
MWCNT), the catalyst Co;0,-Y-MWCNT displayed remark-
able activity toward the electrochemical oxidation of CH;OH.
The catalyst’s high current density, low onset potential, high
surface area, and stable current response implied that it can be
used in DMFCs as an anode catalyst as a replacement to the less

stable Pt/C catalysts that are currently in use. Considering the
recent increase in the market price of Pt/Pd, such a unique
approach to developing nonplatinum-metal-based nanocatalysts
for DMFEC applications may open up new paths for utilizing
zeolite-Y and COOH-MWCNT-based nanomaterials for
various energy-related electrochemical applications.
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