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Controlling the combined features of electroactive materials to achieve remarkable improvements in
all aspects of electrochemical performances is a great challenge. In this report, C/Co304 micro-
spherical flowers were directly grown on three dimensional (3-D) porous nickel foam (NF) via a facile
microwave-assisted hydrothermal approach followed by a post-annealing process. The self supported
structure was employed in the electrocatalytic oxidation of methanol. Impressively, the hybrid
C/Co304electrode exhibits outstanding electrocatalytic activity and superior stability towards methanol
electrooxidation compared to that of pristine Coz0, fabricated by similar procedure. The higher
reactivity of the mesoporous hybrid C/Co304 is largely attributed to the synergetic contribution of both
carbon matrices and Co30, electroactive sites. Furthermore, the enhanced electronic configuration of
the hybrid is mainly due to carbon embedment which greatly facilitates the electron transport in the
electrode and further promotes the reaction kinetics. Results indicate that the conductive nickel
substrate supported the binder free C/Co30, electrode can be considered as a potential candidate for
high-performance energy storage and conversion devices and meet the desired features of high
electrocatalytic activity and long-term stability which is indispensible for direct methanol fuel cells.
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1. INTRODUCTION

The fast-growing needs for green, cost effective, and efficient energy systems have aroused
widespread attentions over the past decades [1-3]. Direct methanol fuel cells (DMFCs) have been
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considered as one of the most potential energy storage devices owing to their preferable features
including higher energy density, low toxicity, and lower operating cost [4,5]. Although, platinum
based electrocatalyst are the most attractive electrocatalysts for DMFCs due to their excellent catalytic
activity. However, their expensive cost and limited sources hinder the large-scale commercialization of
DMFCs [6-8]. In addition, platinum catalysts are readily poisoned by the intermediate during the
reaction which is an additional obstacle for their practical application in DMFCs [9]. To realize a broad
application of DMFCs, a great progress has been performed to improve the performance fuel cells in
terms of electrode systems by applying new low cost, efficient, and durable electroactive materials
[10,11]. The development of novel electroactive materials is emerged as an effective way to enhance
the efficiency of DMFCs and to substitute or even reduce the utilization of platinum-based
electrocatalysts [9-11].

To date, nanostructured metal oxides and their hybrids have stimulated considerable research
interest to improve the performance of DMFCs due to their synergetic characteristics of high surface
area, enhanced catalytic activity, and improved electronic configuration [12,13]. Interestingly, these
metal oxides have received considerable attentions due to their comparatively low preparation cost,
earth abundance, and improved features with respect to chemical stability as well as resistance to
poisoning [14]. Among those active metal oxides, Co3O, based electrodes have received a significant
deal of attention due to their lower fabrication cost and higher electrocatalytic activity [15-18].
Previous reports have been demonstrated that composite materials display promising catalytic
activities better than individual components [19]. Therefore, numerous efforts are underway with
regard to promote the reactivity metal oxide based catalysts [20]. It is well accepted that t carbon
supports such as carbon black, carbon nanotubes, and graphene can effectively improve the electrical
conductivity of transition metal oxides [16,20].

Hierarchical porous nanostructures with large surface area and controlled morphology have
emerged as a promising solution to substitute the current commercial electrode materials because of
their sophisticated features including fast electron transport, short ion diffusion, and sufficient contact
between the electrolyte and electroactive materials [21,22]. Various synthetic routes have been
developed to explore electroactive nanostructures with different surface morphologies and fascinating
micro/nanostructures [23-25]. However, special protocols are required to fabricate heterostructured
electrocatalytic materials with high activity and superior structural stability. Up until now, the direct
growth of electroactive species on conductive substrates has generated huge interest due to the
favorable features and multifunctionalities offered by this synthetic approach. The absence of binders
or polymeric additives can improve the kinetic of electron transfer at the electrode/electrolyte
interfaces and greatly enhance the electrical conductivity of the active materials [19,26-28].

The fabrication of Co30,4 nanostructures with tunable morphology is a key factor for further
improvement of nanostructured cobalt oxides. Along with this, hybrids heterostructures composed of
Co304 and carbon support can offer special characteristics and advantages better than individual
component through a direct modification of each other.

Recently, the electrocatalysis of methanol oxidation reaction of cost-effective catalysts has
been receiving growing attentions [12,19]. However, the design and synthesis of mesoporous hybrid
electrocatalysts with unique structural features and the electro-activities of each component are fully
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manifested is still poorly understood. Transition metal oxides like nanoparticles of films structures are
commonly prepared using convential routs related to established large-scale industrial syntheses. Our
work aims to change this direction.

With special emphasis on the advancements, little research has been afforded to utilize 3-D
hierarchical structures grown directly on porous substrate for methanol oxidation in alkaline
conditions. This study unravels the synergetic role of direct growth of electroactive materials with
extraordinary properties which could potentially aid in the future design of new strategic
electrocatalysts.

In this work, C/Co304 hybrid was directly synthesized on a conductive 3-D porous nickel
substrate with robust adhesion using a cost effective one-pot hydrothermal approach. The carbon
species were successfully embedded into the integrated architecture under the addition of thiourea as a
capping agent for the fabrication of flower-like structures. After a sequential conversion from the
precursor C/Co(CO3)e5(0OH)-0.11H,0 in air, C/Co304 micro-spherical flowers were obtained. The free
standing composite electrode was applied as anode materials for methanol electrooxidation in alkaline
conditions. Our findings demonstrate that the enhanced electrochemical performances of the binder-
free electrode can be ascribed to (i) the direct contact of catalytic material to the current collector
reduces the ion diffusion resistance and greatly enhance the electronic features, (ii) the well-defined
mesoporous structure facilitate the diffusion of chemical species into mesopores, and (iii) the absence
of polymeric binders improve the electrical conductivity and significantly increase the exposed
electroactive surfaces leading to better utilization of the catalytic material. Results indicate that our
proposed synthesis strategy can guide the design of highly electroactive materials for practical
applications in electrochemical energy devices and catalysts.

2. EXPERIMENTAL SECTION

2.1. Materials and chemicals

Cobalt chloride hexahydrate (CoCl,-6H,0) and thiourea CH4N»S were purchased from Wako
Co., Ltd., Osaka, Japan. 2,6-diaminopurine as well as the commercial nickel foams were obtained from
Tokyo Industry Company (TCI). All the chemicals were of analytical grade and used without further
modifications.

2.2. Synthesis

3-D porous NF was investigated as a substrate to grow the target material directly on its
skeletons.Before investigation, the as-received NF was cleaned by sonication in concentrated HCI
solution for 20 min. After that, the substrate was rinsed thoroughly in methanol, Milli-Q water, and
then dried overnight. To fabricate carbon supported CozOsmicro-spherical flowers (C/Co30,), 2,6-
diaminopurine was used as a carbon source. Typically, 0.2 M CoCl,-6H,0 and 1 M of CH4N,S were
dissolved in 40 mL of deionized water by stirring until a clear pink solution was obtained. 120 mg of
2,6-diaminopurine was added to the solution under vigorous stirring to form a homogenous mixture.
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The obtained reaction mixture was transferred into a 75 mL Teflon liner and then a cleaned NF tailored
into (2cm*2cm) was inserted into the mixture parallel to the reaction autoclave. The top side of NF
was isolated with polytetrafluoroethylene tape to prevent contamination. The liner with the reaction
mixture was sailed and exposed to microwave irradiation (600 W) for 1 h at 160 °C before cooling
down to room temperature. The resulting NF immobilized with the active material was washed with
deionized methanol and water several times and dried under vacuum at 60 °C for 8 h. The precursor
was annealed at 350 °C for 4 h to produce C/Coz04 micro-spherical flowers. For comparison, pure
Co30,4 was synthesized by the same method.

2.3. Material characterization

The morphologies and surface structures of the hybrid C/Co304 and Co304 micro-spherical
flowers were observed on field emission scanning electron microscopy (FE-SEM, JEOL model 6500)
operated at 15 kV to ensure high resolution micrographs. In addition, high-resolution transmission
electron microscopy and energy dispersive spectroscopy (STEM-EDS) were performed using a JEOL
JEM model 2100F microscope operated at 200 kV accelerating voltage. The active material was
dispersed on ethanol to form a clear solution, dropped into a copper grid, and then dried in air before
further investigations. The crystal structure and composition of the samples were characterized by X-
ray diffraction (XRD) patterns using Bruker D8 Advance diffractometer with Cug,-X-radiation and
wavenumber of A = 1.54178 A. The recorded diffraction patterns were investigated by DIFRAC plus
Evaluation Package (EVA) software provided by Bruker AXS. The Raman spectrum was carried out
on Raman spectroscopy (Horiba, JobinYvon) using an excitation laser source of 533 nm wavelength.
The spectrum was analyzed by LabSpec-3.01C software. The N, adsorption/desorption isotherms were
measured using a BELSORP36 (JP. BEL Co., Ltd.) analyzer at 77 K. The samples were thermally
treated under N, flow at 200 °C for 6 h. The surface area was measured by Brunauer-Emmett-Teller
(BET) method and the corresponding pore size distribution was measured using the nonlocal density
functional theory (NLDFT).

2.4. Electrochemical investigation

The electrochemical performances of the electrodes were measured in a traditional three
electrode cell using platinum wire (®=0.1 mm) and mercury/mercury oxide (Hg/HgO, M NaOH) as
the counter and reference electrode, respectively. NF modified with the active materials was
investigated as the working electrodes. The electrocatalytic performances of self supported electrodes
were collected in 0.5 M KOH by cyclic voltammetry (CV), chronoamperometry (CA), and
electrochemical impedance spectroscopy (EIS) tests using a Zennium/ZAHNER work station (Elektrik
GmbH & Co. KG). The electrocatalytic activity of the electrode for methanol oxidation was evaluated
in 0.5 M KOH with 0.5 M methanol. Prior to measurements, the electrolyte was bubbled with a steady
N, stream for 30 min and maintained above the solution during the experiment to attain N,-saturated
electrolyte. The EIS measurements were carried out in the frequency range from 100 kHz to 10 mHz at
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the open circuit potential. In addition the stability test was performed using chronoamperometry test at
a fixed potential of 0.55 V (vs. Hg/HgO) in presence of 0.5 M methanol for 7200 s.

3. RESULTS AND DISCUSSION

3.1 Synthesis and construction of flower-like architecture

Controlling the morphological structure and composition of electroactive materials can
efficiently enhance their electrocatalytic activities. Herein, we successfully fabricate C/Co30O4 on 3-D
porous NF using one-pot microwave-assisted hydrothermal method as schematically illustrated in Fig.
1. Simply, the precursor was produced by dissolving cobalt chloride hexahydrate and thiourea in water
followed by the addition of carbon source. The resulting mixture with NF was then loaded into an
autoclave before hydrothermal treatment under microwave irradiation.

Subsequently, the precursors were subjected to microwave irradiation at relatively low
temperature to form a uniform layer of cobalt carbonate hydroxide on the microporous scaffolds of the
NF electrodes. The as-obtained precursor was carefully annealed under air flow at the peak
temperature to produce the final product named C/Co3O,4 micro-spherical flowers.

carbon/Cobalt
carbonate hydroxide
A

Microwave irradiation
o® 3D porous NF at 160 °C for1 h

2,6-diaminopurine Nanoflakes

e 3G
o% "
‘1 hydrothermal
treatment

After annealing

L e ——————————————— o]

Figure 1. Representative illustration of the synthesis proceddure using one-pot microwave-assisted
hydrothermal approach. The reactants were subjected to microwave irradition for 1 h at 160 °C
to grow a homogeous film of the composite on the NF skeleton and then annealed under air
flow to produce C/Co304-NF electrode.

The urea was investigated as an auxiliary reagent to successfully grow Co-based nanostructures
on a conductive substrate. The formed composed of a large number of multidirectional nanoflakes with
the diameter ranging from 2-4 pum. Notably, the hydrolysis of urea ions led to the creation of CO3 and
OH" which subsequently interact with the Co species to produce Co(OH),(CO3)05.0.11H,0 precipitate.
The obtained precursor was then decomposed to the final product C/Co3O, via a simple annealing
process. Additionally, during the thermal treatment of reactants, the crystal growth of Co30, particles
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might occur via the aggregation of Co precursor which facilitates the formation of the engineered
structure at low surface energy. Together, the electrostatic binding between the hydroxyl groups of
cobalt carbonate and the surface group of the carbon source lead to preferable growth of Co nuclei
during the assemble of dendritic nanoflakes. This clearly indicates that the preparation process of Co
flower-like architecture is mostly consistent with the previously reported by Jing Kong et a [29] which
involve the nucleation of primary particles and followed by attachment and crystallization of these
particles.

3.2 Physical characterization

The wide-angle powder X-ray diffraction spectra (WA-XRD) (Fig. 2) show that the Co
particles were preferably rearranged and the observed diffraction can be indexed as face-centered cubic
phase of Co304 (Fd3m, JCPDS 42-1467) [30,31]. The weak peak detected at 20 ~ 25.3° is attributed to
the (200) reflection of carbon [32]. This finding indicates that the carbon keep the characteristic
features of single cubic CozO4 and enhance crystal structure stability.

The sharp and narrow diffraction peaks indicate good crystallinity of the prepared materials
which is possibly attributed to well-controlled synthesis process and compatible hydrothermal
environment for the growth of Co crystals. The grains size was measured according to the Debye —
Scherrer equation [33]:

d = (0.94 1)/(B cos®) (1)

Where d is the average crystalline grain size, A is the wavelength (1 = 1.542 A), g is the
function width at half maximum (FWHM) of the line, and @ is the diffraction angle. Results show that
the grain size of the as-synthesized C/Co30,4 was measured to be ~32 nm.
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Figure 2. XRD patterns of the samples scratched down from the substrate; (a) C/C0304, (b) C030y,
and (c) carbon.

The Raman spectra were investigated to further illustrate the composition of the as-synthesized
materials as depicted in Fig. 3. The Raman pattern of the composite C/Co30,4 shows four distinctive
peak located at 484, 528.2, 621.5 and 685 cm™ assigned to Eg, F'am, F%54 and Ay vibrational modes of
Co30, [34,35]. While, the broad peaks detected at 1356.5 and 1575 cm™ named as D-band and G-band,
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respectively, are attributed to the Aiq and Eyg vibration modes of the embedded carbon atoms [36]. The
integral intensity ratio of the D/G band (Ip/lg) is an indication to the degree of graphitization which is
beneficial for the electronic configuration of Co3O4 nanoparticles. Results show that the relative
intensity ratio Ip/lc was measured to be 1.1 and 1.04 for the hybrid C/Co304 and graphitic carbon,
respectively.
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Figure 3. Raman spectra of pure carbon nanoparticles and mesoporous hybrid C/Co30,4

3.3 Morphology and surface structure

Figure 4. FE-SEM observations of the electrodes viewed at different magnifications of mesoporous
C0304 (A—C) and C/C0304hybrid (D-F).

The surface morphology and size of the synthesized samples were initially investigated via
SEM (Fig. 4A—F). Clearly, the obtained flower-like structures were assembled from numerous
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interconnected nanoflakes with an average thickness of 50-80 nm. The size of the hierarchical
mesoporous flower-like structure might be increased gradually due to the self attachment of nanoflakes
(petals) on their surfaces. Interestingly, the morphology of the engineered flower-like structure was
well preserved after loading the carbon source nanoparticles demonstrating higher stability of the
integrated flower-like architectures (Fig. 4D—F). The open hierarchical texture in the C/Co3z04 micro-
spherical flowers as well as the porous structure may enable fast electron transport and significantly
facilitate the penetration of reactant molecules and be easily absorbed onto the electroactive sites as
well as the pore network matrices of the building structure [37,38].

The TEM profiles of the porous hybrid (Fig. 5A—C) show that the carbon particles were
homogenously distributed through the whole structure and along the nanoflakes. Obviously, the
produced flower-like architectures were seemed to be assembled from a solid interior core with
numerous helically arranged nanoflakes growing on it and further evidencing the formation of
C/C0304 micro-spherical flowers. A closer observation of TEM images further reveal a well-
developed porous structure within the hierarchical morphology. The high magnification TEM image of
a microflower (Figure 5C) reveals a large number of pores within the structure which might act like
ion reservoirs for high performance electrochemical reactions.

(E)

— 200nm CoK | — 200nm OK | — 200nm CK

Figure 5. TEM and STEM—-EDS mapping analyses of mesoporous composite C/Co30,4 micro-spherical
flowers, (A—C) low and high magnification TEM micrographs, (D) bright filed STEM image,
and (E—G) the corresponding elemental mapping showing the chemical composition of cobalt
(E) oxygen (F), and carbon (G).
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Thus, the enhanced mesoporosity features of the hierarchical flower-like structure would be
contributable for efficient diffusion of fuel species and oxidants to the catalytically active sites of the
electrode and can facilitate the ion/electron transport functionality leading to improve the utilization
rate of electrode materials.

STEM-EDS analyses were further investigated to visualize the chemical composition of the
elements of the hierarchical C/Co304 micro-spherical flowers as shown in Figure (Fig. 4D-G).

Although, a significant difference in the atomic distribution of the existed elements was
evident, the corresponding distribution patterns of Co, C and O reveal that all elements were
homogenously distributed throughout the formed heterostructure.

3.4 surface area and porosity properties

The electrochemical performances of the catalytic material were significantly influenced by the
surface area and pore sizes. To clearly define the porous structure of the introduced C/Co30,4 micro-
spherical flowers, N, adsorption/desorption analyses were carried out as shown in Fig. 6. The N,
isotherm shows a distinct hysteresis loop in the relative pressure range (P/Py) from 0.36-1. The
corresponding specific surface areas were found to be 85.7 and 60.3 m? g™ for C/Co304 and C030s,
respectively. The pore size distribution was analyzed by NLDFT and mainly centered at 4.69 and 8.77
nm for C/Co30,4 and Co30,, respectively. Results show that the majority of the observed pores of the
composite C/Co30,4 were fully located in the optimal mesoporous range which is favorable for efficient
diffusion of reactants through the electrode [39]. The large surface area as well as the developed
mesoporous structure of the hybrid C/Co3O4 micro-spherical flowers is beneficial for electrocatalytic
reaction because these features provide rapid diffusion of electroactive species [39,40], facile shuttling
of ions onto the mesopores matrices, and enhanced electrode/electrolyte contact.
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Figure 6. Textural properties of C/Co30, and C/Co3O, measured by Nj-adsorption/desorption
analyses; (A) No-isotherm obtained at 77K and (B) pore sizes distribution analysed by NLDFT.
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3.5. Methanol electrooxidation

To further highlight the merits of our binder-free electrodes, the electrochemical performances
of both Co30,4 and C/Co30,4 were evaluated in 0.5 M KOH solution as illustrated by the representative
CV (Fig.7A). As shown, both electrodes reveal two pairs of redox peaks which can be attributed to the
reversible transition of Co?*/Co®* and Co**/Co*" reactions [41]. Interestingly, the integrated area of the
hybrid C/Co30,4 electrode is significantly larger than that of naked Co30, electrode demonstrating the
synergetic role of the carbon atoms which significantly enhance the electronic configuration of the
hybrid and provide facile electron transport through the electrode surfaces.

The electrocatalytic activities for methanol oxidation on the binder free Co30,4 and C/C030,
electrodes were examined in 0.5 M KOH as presented in Fig.7B. With the addition of 0.5 M methanol,
a sharp increase in the anodic current was observed in the forward scan indicating higher
electroactivity of the hybrid electrode. It is further noteworthy that the current density at 0.6 V (vs.
Hg/HgO) for the hybrid C/Co304 electrode is around three times higher than that for single Co30,.

Specifically, the electroactive CoOOH layer acts like electron trigger which efficiently
facilitate the adsorption of methanol molecules and electron transfer to the catalytically active Co (V)
sites.

Simply, the oxidation mechanism of methanol at the C/Co30,4 electrode can be illustrated
according to the following reactions [12].

C0304+ OH ™+ H;0 — 3CoO0H + ¢ @)
2C000H + 2CH;0H+2.50, — 2C0(OH), + 2C0,+3H,0 @3)
‘?E sol (A) —00304 'E 90
E —C!coaoq E
£ Eeo
215 2
= -
5 g 30
-] 0 b -
t t
: :
6_15 o
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
E(V) vs. Hg/HgO E(V) vs. Hg/HgO

Figure 7. Electrochemical performances of C/Co30, and Co304 electrodes recorded in 0.5 M KOH
solution at 50 mVs™ without and with 0.5 M methanol. (A) CVs in 0.5 M KOH, (B) CVs in
0.5 M with 0.5 M methanol,

Others, the electrocatalytic activities of both bare NF and carbon modified NF (C/NF) toward
methanol electrooxidation were probed as shown in Fig. 8. Our finding indicates that bare NF has a
very poor electroactivity for methanol oxidation. Moreover, no significant change in the oxidation
current was observed when the NF was modified with carbon nanoparticles (C/NF). The excellent



Int. J. Electrochem. Sci., Vol. 11, 2016 8384

methanol electrooxidation property of the mesoporous C/Co30, electrode can be explained as follows:
(i) the 3-D structure offer multifunctional features of short electron pathways and better utilization of
the electrode material, (ii) the mesoporous structure with open spaces provide richer electroactive sites,
rapid diffusion of methanol/electrolyte molecules to the inner mesopores leading to higher
electrochemical performances [42], (iii) the direct growth of active material without conducting
additives enable unique structure stability and ensure good mechanical adhesion and electrical
connection to the current collector [43].

In addition, the absence of binders and polymeric additives can effectively boost the electrical
conductivity and further hinder the electroactive sites blocking.

During the forward scan no anodic peak is observed which can be ascribed to the overlapping
of oxygen evolution current and methanol oxidation current [44]. On the other hand, the peak observed
at the reverse scan is mainly associated with the removal carbonaceous species like (i.e. carbon
monoxide) that are not completely oxidized in the reverse scan.
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Figure 8. CVs of blank NF and C/NF electrodes recorded in 0.5 M KOH with 0.5 M methanol at a
scan rate of 50 mV' s .

More importantly, the onset potential is a key parameter to assess the electroactivity materials.
The highly positive onset potential of the transition metal oxides based electrodes is the main obstacle
for broad utilization as electrocatalysts in fuel cells [12]. Significantly, the onset potential of the
C/Co030, electrode is about 0.39 V (vs. Hg/HgO) which is much lower than that of single Co30,
electrode (0.46 V (vs. Hg/HgO) indicating a better kinetic of methanol oxidation reaction at the hybrid
electrode. Interestingly, the onset potential of our binder free C/Co30, electrode outperforms the
previously reported NiCo,04[19], titanium-supported Ni nanoflakes [45] and NiO/multi-walled carbon
nanotubes [46]. The low onset potential well evidenced the high electrocatalytic performance of the
mesoporous C/Co30,4 hybrid.

The onset potential values of methanol oxidation obtained for various electroactive materials
are presented in Table 1. As can be seen in the table, the onset potential of mesoporous C/Co30, is
lower than that for the reported electrodes which demonstrate its improved catalytic activity towards
methanol electrooxidation.
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Table 1. The onset potentials recorded for various catalytic materials compared with that of C/Co30,.

Sample Onset potential (V) fuel reference
C/C0304 0.39 (vs. Hg/HQO) methanol this study
Ni/graphite 0.43 (vs. Hg/HQO) methanol 47
NiC0,0,4/SS 0.42 (vs. Hg/HgO) methanol 19
Co304/NiO 0.35 (vs. SHE) methanol 12
NiC0204-rGO 0.4 (vs. Ag/AgCl) methanol 48
NiCo204 0.4 (vs. Hg/HgO) methanol 49
% 60} —Co 0 w90l —5 th cycles
E (A) — e ‘,éo 40 E (B) — After 600 cycles
= 34 = —— After 600 cycles
§;40 ‘E; 60 in new electrolyte /
] G 30
= h-
= = oL
é L é .ﬁ . . .
0 2 a 6 0.0 0.2 0.4 0.6
Time (*10° s) E(V) vs. Hg/HgO

Figure 9. (A) Current—time curves collected by CA technique (B) Long term stability test of C/Co304
electrode measured by normal CV under continuous potential cycling for 600 cycles in 0.5 M
KOH with 0.5 M methanol at a scan rate of 50 mV s ™.

Long term durability is an evoked parameter to maximize the practical application of
electroactive materials. Herein, CA test was conducted at (0.55 V vs. Hg/HgO) for consecutive 7200 s
to evaluate the stability of the electrode in the presence of 0.5 M methanol as shown in Fig. 9A.
Clearly, the self supported electrodes exhibit an initial rapid current decay at the first 200 s which is
mainly due to electrode poisoning by methanol intermediates and chemisorbed molecules [12]. Results
show that the observed current density at the hybrid C/Co30, electrode is much higher than that of
pristine Co30, electrode which is attributed to the unique structural stability due to the robustic
adhesion of the integrated structure to the porous substrate. Furthermore, the synergetic interaction
between the Co species and the carbon matrices provide a stable structure.

The electrochemical stability of the proposed C/CoszO, electrode was investigated by
continuous potential cycling in 0.5 M KOH with 0.5 M methanol as displayed in Fig.9B. As clearly
seen, the current density of methanol electrooxidation at 0.6 V (vs. Hg/HgO) exhibits about 80%
retention of the original value after 600 scan. Meanwhile, the current density recorded in a freshly
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prepared electrolyte retained ~89.5% which could be ascribed to the activation and wettability of the
electrode leading to improve the exposed electroactive surface area for electrochemical reactions.

Furthermore, the observed change in the oxidation current is attributed to the corresponding
change in methanol concentration at the electrode active sites. Noticeably, the partial current decay
after potential cycling is mainly attributed to the consumption of methanol around the electrode active
sites. It is interesting to note that the oxidation current of the hybrid C/Co30, electrode after 600 cycles
is still higher than that of naked Co30, electrode demonstrating the appreciable electrocatalytic activity
of the C/Co30,4 for methanol oxidation. These findings illustrate that our suggested C/Co30O, material
hold a potential as a promising anodic electrode for high performance DMFCs.

The comparison of the electrochemical stability test carried out using continuous potential
cycling compared with the recently reported precious metal free electrodes (Table 2). Results indicate
the superior stability of the mesoporous C/Co30,4 hybrid electrode which is attributed to unique
structural stability.

Table 2. Retained currents of methanol oxidation after continuous operation of the present C/Co30,
electrode with respect to the reported literature.

Sample Retention after long term stability | No. of cycles | fuel reference
C/C0304 89.5% 600 methanol | this study
NiC0,04 89% 500 methanol | [50]
NiC0,04 88% for NCO-NC 1000 methanol | [51]
NiC0,04-rGO | 79.3% 500 methanol | [48]
NiC0,0, 72% and 75% with and without | 10900 methanol | [52]
SDS, respectively
NiC0,04 85% 500 methanol | [53]

0 7 14 21 28 35
Z' ()

Figure 10. EIS measurement collected in 1 M KOH with 0.5 M methanol.
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The charge transfer resistance of catalytic materials is an important factor to be evaluated. EIS
measurements were investigated to show the enhanced performance of C/Co30, electrode. As depicted
in Fig.10, the fitted Nyquist profiles of both C/Co3O4and pure Coz0,4 electrodes are composed of high
frequency semicircle and straight line in the low frequency which is ascribed to charge transfer
resistance (Rct) and capacitive redox of CozO4, respectively [2,19]. More importantly, the average
diameter of the semicircle for C/Co304 is smaller than that of Co3O.. The slope of the straight line of
C/Co030, is very small compared with that of pure Co30,4. Moreover, the composite electrode reveals
an electrolyte resistance of 5.21 Q which is lower than that of Co304 (10.75 Q). These findings
confirm fast electrons transfer to the active centers due to enhanced electronic features of the
composite electrode.

It’s well known that the electrooxidation process of methanol is very complicated and produce
many oxidative compounds and intermediates and chemisorbed species. The complete oxidation of
methanol leads to the production of 6 electrons. Methanol might react with the adsorbed water or
hydroxyl species and produce CO, onto the electroactive sites. As schematicallyillustrated in Fig. 11,
the methanol molecules were diffused inside the generated pores and open spaces of the self supported
C/Co30, electrode and subsequently adsorbed at the active sites. The 3-D mesoporous porous structure
of the electrode enables facile transport of ion and electron to active sites through the electrode which
is beneficial for faster reaction kinetics. In addition, the electrochemical analyses show that our present
C/Co30, electrode has a lower onset potential indicating that methanol could be a promising candidate
as a cost-effective fuel for high performance fuel cells.

Figure 11. Schematic diagram illustrating the electrooxidation of methanol molecules at theC/Co304
electrode.
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Based on the aforementioned discussion, the self supported mesoporous C/Co3O4 micro-
spherical flowers heterostructures integrate different constituent into single electrode through the
modification of each other in order to gain the favorable merits of both component and afford
extraordinary properties leading to enhanced electro-catalytic reactivity. Therefore, the mesoporous
C/Co30, synthesized directly on nickel substrate surfaces could be a feasible binder free electrode for
direct methanol fuel cells.

5. CONCLUSION

In summary, we have developed one-pot microwave-assisted hydrothermal route followed by
simple annealing treatment for the fabrication of C/Co30, in a vertical fashion to the underlying 3-D
porous nickel foams. The carbon matrices were integrated within the nanostructure through the
addition of thiourea across linking. The hybrid heterostructure integrate Co species and carbon
framework into a single electrode to afford significant properties and gain the merits of both
interacting components leading to improved electrocatalytic activity. The self supported mesoporous
C/Co30,4 micro-spherical flowers show significantly improved electrocatalytic activity and excellent
long-term stability towards methanol electrooxidation. The remarkable electrocatalytic performances
of the C/Co30,4 micro-spherical flowers composite electrode can be attributed to the well-developed
mesoporous structure with a large specific surface area which provides a facile ion/electron diffusion
and better reaction kinetics. In addition, the improved conductivity and the direct contact to the current
collector facilitate the electron transport and further ensure higher stability of the engineered structure.
These results indicate that our scalable synthesis method can be extended to fabricate a novel class of
efficient electroactive materials with a hierarchical mesoporous structure for practical application in
energy storage and conversion devices.
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