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Abstract: In this study, we report a 3D structured carbon foam electrode assembled from a bi-
functional NiCo catalyst, carbon nanotubes (CNT), and a monolith 3D structured carbon foam (CF)
as a highly active and stable electrode for oxygen evolution reaction (OER) and methanol oxidation
reaction (MOR). When the NiCo@CNTs/CF electrode was used as an anode in OER, after the
anodization step, the electrode required a small overpotential of 320 mV to reach the current density
of 10 mA cm ™2 and demonstrated excellent stability over a long testing time (total 30 h) in 1 M KOH.
The as-prepared NiCo@CNTs/CF electrode also exhibited a good performance towards methanol
oxidation reaction (MOR) with high current density, 100 mA cm~2 at 0.6 V vs. Ag/AgCl, and
good stability in 1 M KOH plus 0.5 M CH30OH electrolyte. The NiCo@CNTs/CF catalyst/electrode
provides a potential for application as an anode in water electrolysis and direct methanol fuel cells.

Keywords: NiCo bi-functional catalyst; CNTs; carbon foam; OER; MOR

1. Introduction

In order to minimize the impact of non-renewable fossil fuels on the environment, the
utilization of renewable electricity from renewable energy sources, such as solar and wind,
is being rapidly expanded on a worldwide scale. Due to the supply-demand imbalance of
electricity, sustainable storage, and conversion devices that convert electricity to another
form of energy that later can be converted back to electricity are highly necessary [1]. Water
electrolysis is one of the most attractive methods used to transform electrical energy to
renewable hydrogen gas owing to the high purity of the produced hydrogen and, addi-
tionally, the environmentally friendly nature of the technology. In the water electrolysis
process, under an applied potential, hydrogen is produced at cathode by hydrogen evolu-
tion reaction (HER), and oxygen gas is evolving at the anode through oxygen evolution
reaction (OER) in which the sluggish kinetics of OER is the main cause leading to the
higher energy consumption in the electrolysis system [2,3]. On the other hand, due to some
major disadvantages of hydrogen fuel such as high cost, and complications in storage and
transport, the cheaper and much safer methanol is investigated to be used as a fuel in a
direct methanol fuel cell (DMFC), in which the methanol electro-oxidation reaction (MOR)
at the anode is the most crucial. Unfortunately, similar to OER where noble metal-based
catalysts such as IrO, and RuO, show their excellent electrocatalytic activities [2,4], pre-
cious metals such as Pt, Ru, and Pd are found to be very active for MOR [5-7]. These,
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however, display practical limitations owing to the high price and scarcity of these noble
metals. Thus, electrocatalysts based on non-precious metals such as iron, nickel, and cobalt
were studied as alternatives for noble metals [8-12].

In particular, earth-abundant catalysts such as metal oxides and hydroxides [13-17]
and metal hybrids [18-25] have been widely studied as promising electrocatalysts for OER
owing to their low price, high activity, and good stability. Among these earth-abundant
electrocatalysts, NiCo based catalysts, such as NiCo,O,4 and NiCo hydroxides, which can
be easily synthesized through hydrothermal or electrodeposition methods [26-32] have
attracted significant research interest as promising electrocatalysts for OER and also MOR.
Besides, due to advantages, such as high electrical conductivity, large geometric surface
area, and 3D open pore structure that facilitate the dispersion of electrolytes, as well as
generated gases, nickel foam was selected as a substrate in many studies [26-29,31,33-37].
Despite its reputation, nickel foam has some major disadvantages, i.e., high cost and being
a non-eco-friendly material due to the complex and high energy demanding manufactur-
ing procedure [38,39]. Compared with nickel foam, carbon materials are considered as
cheaper and more eco-friendly materials owing to the lower energy demand required for
their production, as well as handling of the waste. Thus, carbon-based materials mainly
comprising carbon fiber paper, carbon cloth, and glassy carbon were used as an electrode
substrate [8,32,40—43] in some studies but still at a much lesser extent compared with that
of nickel foam.

In this study, we developed a 3D structured carbon-based electrode NiCo@CNTs/CF
in which the carbon nanotubes and carbon foam were completely covered by the nanonee-
dles of NiCo catalyst which can be used as a bi-functional catalyst for OER and MOR.
The smart design electrode has many advantages originating from the property of each
component such as the good electrocatalytic activity of the NiCo catalyst, high electrical
conductivity, and high chemical resistance of CNTs, further coupled to the 3D open-pore
cell structured of the carbon foam [44]. For OER, boosted by anodization process, the
electrode requires a small overpotential of only 320 mV to reach the current density of
10 mA cm~2. Furthermore, the developed electrode showed excellent stability in a series of
galvanostatic tests (30 h in total), at a constant current density of 10 mA cm~2in 1M of
KOH electrolyte. For MOR, the NiCo@CNTs/CF also exhibits remarkable performance
where the electrode shows high electrocatalytic activity in which a high current density
of 100 mA cm~2 was achieved at 0.6 V vs. Ag/AgCl inl M KOH with 0.5 M methanol.
Moreover, the prepared electrode also shows outstanding stability with no decay observed
in the current density during potentiostatic tests at the constant potential of 0.4 V vs.
Ag/AgCl. This raises the potential of the electrode to be used as an efficient, low-cost, and
eco-friendly anode for OER in a water splitting system as well as MOR in a direct methanol
fuel cell.

2. Results and Discussion
2.1. Material Characterizations

The morphology of synthesized carbon nanotubes (CNT) on carbon foam (CF) and
NiCo catalyst on the CNTs/CF were revealed using the SEM technique. Figure 1a shows
the 3D open-pore structure of carbon foam with the curved carbon nanotubes on the carbon
frame which remained after the pyrolysis and catalytic chemical vapor deposition (CCVD)
processes. After the catalyst decoration step, the surface of the sample (NiCo@CNTs/CF)
was completely covered by needle-like nanostructures that have a length of more than
200 nm (Figure 1b) which is expected to have a big impact on the surface area of the
material. To address this issue, the B.E.T. surface area of CNTs/CF and NiCo@CNTs/CF
samples was calculated based on nitrogen sorption and desorption analysis of the corre-
sponding samples (Figure S1). The results showed that the NiCo@CNTs/CF has a higher
specific surface area (~110 m? g~!) than the support surface (CNTs/CF, ~87 m? g~ 1), due
to the presence of NiCo nanostructures. The distribution of Ni and Co elements on the sur-
face of NiCo@CNTs/CF was investigated using the energy-dispersive X-ray spectroscopy
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(EDS) mapping analysis. To investigate the distribution of Ni and Co elements, the en-
ergy dispersive X-ray spectroscopy (EDS) mapping analysis of NiCo@CNTs/CF sample
was performed. The acquired images (Figure 1c—f), in which carbon, nickel, and cobalt
were indexed in yellow, blue, and purple colors, respectively, illustrate a homogeneous
distribution of Ni and Co throughout the carbon frame. The catalyst loading of the sample,
determined using thermal gravimetric analysis (TGA) measurement on NiCo@CNTs/CF
and CNTs/CF, was found to be ca 22.5 wt.% (Figure S2). This was further supported by
inductively coupled plasma optical emission spectroscopy (ICP-OES), where the measure-
ment of Ni and Co in digested NiCo@CNTs/CF, estimating the atomic ratio of Ni-Co to be
1.3-1, resulted in a catalyst loading of ~ 21.7 wt.%.

200 nm

Figure 1. SEM images of (a) the blank CNTs/CF and (b) pristine NiCo@CNTs/CF samples. (c—f) SEM-
EDX elemental mapping of NiCo@CNTs/CF sample for C, Ni, and Co elements.

The crystalline phase of the as-made NiCo@CNTs/CF, and also the blank (CNTs/CF)
samples were studied by the X-ray diffraction (XRD) technique. As shown in Figure 2a,
the XRD pattern of CNTs/CF sample exposes the presence of CNTs by peaks at the 26
of 27.8°, and 44° and also CoY, using as a catalyst for CNTs, through peaks at the 20 of
44.6°, and 51° [45]. On the other hand, the XRD pattern of the pristine NiCo@CNTs/CF
displays several new peaks at 28 of ~37°, 44°, and 63.0° which, based on the value in the
standard card of JCPDS card # 48-1719 (CoO) and 04-0835 (NiO), can be characterized as
CoO, and NiO. The chemical composition and oxidation states of Ni and Co in the fresh
NiCo@CNTs/CF sample were determined using XPS analysis. The XPS wide spectrum
of the sample confirms the presence of Ni, Co, C, N, and O in the sample (Figure S3). As
can be seen from Figure 2b, the deconvoluted spectrum of Ni 2p3,, shows the presence
of 3 nickel components that can be assigned as metallic (852.8 eV), oxide (854.1 eV), and
hydroxide (855.7 eV) [46]. The oxidation stage of cobalt in the sample was also identified
through the Co 2p high-resolution spectrum (Figure 2c) where the two main peaks at 780 eV
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(Co 2p3/2) and 796 eV (Co 2pq /) entailed that the major amount of cobalt in the sample
surface is in the oxide form [46,47]. The oxidation state of nickel and cobalt are further
confirmed by O 1s spectra (Figure 2d): the two main peaks at 529.7 and 531.5 eV can be
assigned to metal-bound oxygen (M=0) and metal-bound hydroxide (M-OH) group [46],
respectively, in which the first peak is the dominating peak. Thus, based on XRD and XPS
results, we can conclude that our as prepared catalyst contains three phases in which the
phase of metal oxides is dominant.
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Figure 2. (a) XRD patterns of the pristine NiCo@CNTs/CF and blank (CNTs/CF) sample. XPS high
resolution spectra of (b) Ni 2p, (c) Co 2p, and (d) O 1s of the pristine NiCo@CNTs/CF.

2.2. The OER Performance

The OER activity of the NiCo@CNTs/CF, before and after the anodization, was in-
vestigated by polarization scans at 5 mV s~! in 1 M KOH. As shown in Figure 3a, the
pristine electrode, named as NiCo-5p0, exhibits a quite low electrocatalytic activity which
needs an overpotential of approximately 400 and 660 mV to reach the current density
of 10 and 100 mA cm~2, respectively. To improve the performance towards OER of the
electrode, an anodization step was included at a constant current density of 10 mA cm 2
in 10 h in 1 M KOH which also can be considered as the 1st galvanostatic cycle (Figure 3b).
After the anodization step, the electrode, entitled NiCo-Sp1, shows a huge enhancement of
the electrocatalytic activity in which the overpotential (n) that corresponds to the current
density of 10 mA cm~2 dropped to below 320 mV, which is comparable with other reported
NiCo based catalysts but still higher than that of the benchmark catalysts, e.g., NiFe based
catalysts (Table S1). Moreover, the Tafel plots (Figure 3c) obtained from the polarization
curves show a similar result where the calculated Tafel slope of the NiCo-Sp1 (82 mV dec™?)
is much smaller than that of the NiCo-Sp0 (127 mV dec™!), indicating improved catalytic
kinetics of the catalyst after the anodization step. It is worth mentioning that the estimated
Tafel slope value of the NiCo@CNTs/CF (NiCo-SP1) is similar to the reported values of
NiCo based catalysts which also is in agreement with the overpotential values (Table S1). To
explain the enhancement, electrochemical impedance spectroscopy (EIS) experiment was
conducted before and after the anodization step at the overpotential of 0.3 V. Remarkably,
the Nyquist plots of the pristine and anodized electrodes (Figure 3d) show two semicir-
cles which is not often seen in common OER electro-catalyst systems [48]. The achieved
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Nyquist plots can be explained using a model (Figure 54) in which the semicircle at the
high frequency region is linked to the resistivity of the topmost oxide layer which the
current has to pass through before reaching underlying layers of the catalyst/electrode,
the charge transfer resistance (Rt in the model). The second semicircle found at the low
frequency domain is associated with the underlying compact oxide layer [49] in which Ry
is the resistivity of the layer. Using the model, the R value of the NiCo-Sp1 Nyquist plot
was estimated to be ~20 (2 which is much smaller than that of the fresh catalyst, NiCo-Sp0
(~97 ). As shown in the corresponding Bode-phase diagrams (Figure 3d (inset)), the
two peaks at low (from 107! to 10! Hz) and medium-high (from 103 to 10° Hz) region
are in agreement with the two semicircles observed in Nyquist plots. Interestingly, after
the anodization process, the peaks were found to be shifted towards the low frequency
region which implied a dramatic change in the characteristics of the NiCo catalyst. The
result indicates that after the anodization, the NiCo catalyst possesses a lower charge
transfer resistance and also faster kinetics in OER than the fresh catalyst. Furthermore, the
double layer capacitance (Cq;) of the electrode before and after the anodization which is
directly proportional to the electrochemically active surface area (ECSA), was estimated
using cyclic voltammograms (CV) in a non-Faradaic potential region (Figure S5). After the
anodization, the Cy; value of NiCo@CNTs/CF was calculated to be 24.5 mF cm—2 which is
approximately double the Cg value of the pristine electrode (13.1 mF cm~2). The higher
value of Cy; indicates that after the anodization, the electrode has more active sites for
the water oxidation reaction leading to the observed increase in the OER performance of
the electrode.
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Figure 3. (a) Polarization curves of the blank (CNTs/CF) and NiCo@CNTs/CF electrodes before and after each stability
tests, (b) Chronopotentiometry curves including anodization step of the NiCo@CNTs/CF electrode at constant current
density of 10 mA cm~2. (c) The Tafel slope and (d) the Nyquist plots and corresponding Bode-phase plots (inset) of the
NiCo@CNTs/CF electrode before and after the anodization at the overpotential of 0.3 V.
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To investigate the stability of the NiCo@CNTs/CF after the anodization step, two
consecutive cycles of the galvanostatic test were performed in which each cycle has the
testing time of 10 h, at a constant current density of 10 mA cm~2. As shown in Figure 3b,
during the 2nd as well as the 3rd test, the NiCo@CNTs/CF electrode exhibits excellent
durability which shows no decrease but a slightly better electrocatalytic activity at the end
of each test. The observed trend was further confirmed by the Linear Sweep Voltammetry
(LSV) taken after the third test (NiCo-Sp3) which shows a slightly better OER performance
than that of the NiCo-Sp1 (Figure 3a). To further study the durability of the electrode,
possible leaching of Ni and Co into the electrolyte during the stability tests was checked
using ICP-OES. The ICP-OES results showed no sign of the presence of Ni in the electrolyte,
which probably is under the detection limit of the instrument, and only a small amount of
Co (~0.4 ppm) after three consecutive galvanostatic tests (30 h in total at a constant current
density of 10 mA cm~2). It is worth noting that, the amount of the leached cobalt is very
small (~2.8 ng), which is only 0.2% of the total amount of the cobalt catalyst.

The morphology, as well as the chemical composition and oxidation stage of the
catalyst, after the third galvanostatic test, NiCo-Sp3, were also studied by SEM and XPS
techniques. The SEM images of the NiCo-Sp3 (Figure S6) reveals that the morphology of
the NiCo catalyst, with needle-like structures on the surface of the CNTs/CF, has remained
after the stability tests. The result from SEM-EDX elemental mapping of the NiCo-S5p3
sample has also proven for the homogeneous distribution of Ni and Co catalyst after the
third galvanostatic test (Figure S7). The wide spectrum of the NiCo-Sp3 (Figure 4a) shows
the presence of elements, i.e., C, O, N, Ni, and Co on the surface of the measured sample
that is similar to the pristine sample. Furthermore, a tiny amount of potassium (~0.3 at.%)
was found on the sample as an impurity, probably caused by the adsorption of K* ions from
the electrolyte onto the surface of the electrode. On the other hand, high resolution spectra
of Ni 2p, Co 2p, and O 1s of NiCo-5p3 reveal a tremendous change in their oxidation stage
after stability tests. As shown in Figure 4b, the two peaks characterized as oxide and metal
phase of nickel (at 852.8 and 854.1 eV, respectively) in the pristine catalyst (NiCo-Sp0), were
depleted from the Ni 2p3/, spectrum of NiCo-Sp3 which now shows only one peak at the
binding energy of 856 eV which can be assigned to Ni(OH); [46]. This proves that nickel
and nickel oxide reacted further with hydroxyl ions to form a layer of nickel hydroxide
on the catalyst surface during the OER in KOH electrolyte, as expected [50]. Similarly, the
transformation of cobalt oxide to cobalt hydroxide during the OER was also noted, where
the main peak of Co 2p3/, spectrum of NiCo-Sp3 (Figure 4c) was shifted to a higher binding
energy level (780.8 eV, assigned as Co(OH); [46]) than that of the pristine catalyst (780 eV,
assigned as cobalt oxides). Furthermore, the O 1s high-resolution spectrum (Figure 4d)
shows a dominant peak at 531.6 eV assigned as the metal-bound hydroxide group (M-OH)
which is much bigger than the peak of metal-bound oxygen (M=0O). The results obtained
from XPS confirm that during the OER the developed NiCo catalyst is converted to the
corresponding hydroxide form, resulting in a much better performance toward OER than
the pristine catalyst.

2.3. The MOR Performance

The electrocatalytic activity of the as-prepared NiCo@CNTs/CF electrode toward the
methanol oxidation reaction (MOR) was investigated by CV scans which were performed
before and after adding methanol (0.5 M) to the 1 M KOH electrolyte solution. As shown
in Figure 5a, in the absence of methanol, the NiCo@CNTs/CF electrode exhibits very
low anodic current at the potential range from 0 to ~ 0.5 V vs. Ag/AgCl owing to the
high onset potential toward OER (around 0.55 V vs. Ag/AgCl) of the pristine electrode.
After the addition of methanol, at the same investigated potential range, a much higher
anodic current was observed which is, obviously, due to the oxidation of methanol at
the electrode. Moreover, based on the CVs, the onset potential of our NiCo@CNTs/CF
electrode was estimated to be only around 0.3 V vs. Ag/AgCl (Figure S8) which is similar
to the previously reported results of NiCo,Oy catalyst for MOR [51,52].
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Figure 5. (a) Contrastive CV curves of the NiCo@CNTs/CF electrode in 1 M KOH and 1 M KOH +
0.5 M CH;3O0H, (b) Potentiostatic curves at a constant potential of 0.4 V vs. Ag/AgCl, (c) LSV curves
and (d) Nyquits plots at 0.3 V vs. Ag/AgCl of the electrode before and after potentiostatic tests.

To investigate the performance toward the MOR of the NiCo@CNTs/CF electrode,
3 consecutive potentiostatic tests were carried out at a constant potential of 0.4 V vs.
Ag/AgClin 1 M KOH plus 0.5 M methanol electrolyte solution. Furthermore, after each
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potentiostatic test, LSV and EIS techniques were used to evaluate the electrocatalytic
activity of the electrode. As shown in Figure 5b, in the 1st cycle, after an apparent decrease
in the current density at the beginning, the electrode shows good stability where no obvious
decay in the current density was observed in 1 h. The 2nd potentiostatic test shows the
same trend but with a much better MOR performance with an increase of nearly 30% in
the recorded current density. The result also implies that the observed depletion of the
current density at the beginning of potentiostatic tests wasn’t caused by the poisoning of
the oxidation intermediate, as reported in many studies [51,53,54], but could be assigned to
the mass transfer issue where the rate of diffusion of methanol from the bulk to the carbon
foam electrode is slower than the consumption rate. The third test, however, exhibits a
different pattern in which a more gradual decrease in the current density was observed.
Despite the downward trend, a similar current density (~17 mA cm~2) as the previous
potentiostatic test, was achieved at the end of the third test. To explain these findings,
further investigations on the electrocatalytic activity of the NiCo@CNTs/CF electrode
were performed.

To further study the electrocatalytic activity expressed as the recorded potential at the
current density of 10 mA cm~2 of the NiCo@CNTs/CF electrode, after each potentiostatic
cycle, linear sweep voltammetric (LSV) scans, hereafter referred as ‘LSV_Sp-x" (where
x is the order number of the potentiostatic test), were immediately conducted without
any change in the electrolyte. As shown in Figure 5c, the LSV results reveal an improved
performance of the electrode for MOR. The tendency can be seen through a decline in the
recorded potentials at the current density of 10 mA cm~2 which dropped from ~ 0.356 V
(the fresh electrode, LSV_Fresh) down to 0.335 V vs. Ag/AgCl after the 2nd potentiostatic
test (LSV_Sp-2). The voltammetric response performed after the third potentiostatic test
(LSV_Sp-3), showed a similar electrocatalytic activity with that of the LSV_Sp-2 which is
very consistent with the results observed from the potentiostatic curves. Interestingly, after
replacing the old electrolyte with a new electrolyte solution, the recorded LSV (LSV_Sp-
3_CE) exhibits a slightly better electrocatalytic activity than that of the LSV_Sp-2 and
also LSV_Sp-3, especially in the high potential region. At the scan rate of 10 mV s}, a
high current density of 100 mA cm~2 was obtained at 0.6 V vs. Ag/AgCl (Figure S9)
which is on par with other reported ‘state-of-the-art’ non-precious catalysts for direct
electro-oxidation of methanol (Table 52). The onset potential of the electrode estimated,
from the LSV_Sp-3_CE curve, is only ~ 0.26 V vs. Ag/AgCl (Figure S8) which is smaller
than that of the pristine electrode (~ 0.3 V). Evidently, after the third potentiostatic cycle,
the NiCo@CNTs/CF electrode has better electrocatalytic activity than previously. As
demonstrated by the LSV results, the trend observed for MOR is similar to that obtained for
OER in which Ni and Co in alkaline electrolyte react with hydroxyl ions to form hydroxides
(Reaction 1 and 2). The oxidation reaction of methanol is enhanced in the presence of metal
hydroxides (Reaction 3 and 4, as described below) [50,55-57].

M +20H™ — M(OH), + 2e~ (M = Nj, Co) 1)

MO +OH™ — MOOH +e™ 2)

M(OH), — MOOH + H* + e~ 3)

4MOOH + 4CH30H + 50, — 4M(OH), + 4CO, + 6H,O 4)

To confirm the improvement of the performance toward MOR of the NiCo@CNTs/CF
electrode, EIS experiments were conducted before (EIS_Fresh) and after each potentiostatic
test, hereafter referred as ‘EIS_Sp-x" (where x is the order number of the potentiostatic test)
at the potential of 0.3 V vs. Ag/AgCl. To eliminate the influence of OER on the EIS results,
the potential was selected within the MOR active region but still lower than the OER onset
potential of the electrode. The resulting Nyquist plots (Figure 5d) and the corresponding
Bode-phase plots (Figure S10) display a similar pattern as observed in OER. Thus, the
same model (Figure S4) was used to calculate the charge transfer resistance (R¢t) value of
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EIS spectra. The results show that the calculated Rt value of the EIS_Sp-3_CE spectrum
is 18.3 Q3 which is much smaller than the Rt value of other EIS spectra, e.g., EIS_Sp-3,
EIS_Sp-2, and EIS_Fresh (39.0, 36.8, and 57.2 (), respectively). The EIS results confirm
the increased MOR performance, i.e., faster electron transfer and more favorable MOR
kinetics of the NiCo@CNTs/CF electrode during the anodic processes. The declining trend
observed during the third potentiostatic test could be due to the depletion of methanol
with time. Overall, the results obtained from potentiostatic, LSVs, and EIS tests approve
the excellent MOR performance of the electrode.

3. Materials and Methods
3.1. Materials

Melamine foam (Basotect G) was purchased from BASF (Ludwigshafen, Germany).
Cobalt (II) acetate tetrahydrate (Co(CyH30,)2-4H0), nickel (II) nitrate hexahydrate
(Ni(NOs3),-6H0), cobalt (II) nitrate hexahydrate (Co(NOj3),-6H;0), and thiophene (C4H4S,
99%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Dimethylformamide
(DMF) was purchased from VWR (Radnor, PA, USA). Carbon glue was purchased from
PELCO (Fresno, CA, USA). All chemicals were used as received.

3.2. Synthesis of Carbon Foam

The carbon foam sample (CF) was synthesized following the procedure described
in our previous work [16]. Briefly, the precursor, melamine-based polymer foam (BASF,
Basotect G, used as received), was pyrolyzed at 900 °C (6 h, the ramping rate of 5 °C/min) in
a quartz reactor under N flow (50 mL min~1). After the pyrolysis, the furnace was allowed
to cool down to room temperature under a nitrogen atmosphere. Finally, the synthesized
CF was washed several times with water and then dried at 80 °C in air, overnight.

3.3. Synthesis of Carbon Nanotubes (CNT) on Carbon Foam

Overall, 20 mg of cobalt (II) acetate tetrahydrate was dissolved in 5 mL of dimethyl-
formamide (DMF) and sonicated for 3 min. The carbon foam sample (~20 mg) was put
into the mixture together with 65 uL of thiophene. The mixture was dried at 125 °C under
nitrogen flow. To grow CNTs on the carbon foam substrate, the catalytic chemical vapor
deposition (CCVD) method was employed. The sample was placed on a quartz boat which
then was inserted into a horizontal quartz tube. The system was purged with the Varigon
gas (5% hydrogen in argon gas, 180 mL min~!) for 20 min and then heated to 670 °C with
the ramping rate of ~30 °C min~!. After that, acetylene was introduced into the system
at a flow rate of ~3.8 mL min~! for 30 min. In the meantime, the Varigon gas flow was
maintained. Finally, the system was allowed to cool down to room temperature under
argon gas flow (180 mL min~').

3.4. Synthesis of Catalyst Material

NiCo catalyst was deposited on the surface of the carbon foam using the hydrothermal
method. In general, 0.04 g of Ni(NOs3);-6H,0, 0.04 g Co(NO3),-6H,0, and 0.08 g urea
were dissolved in a 10 mL mixture of distilled water and ethanol (60:40) with a magnetic
stirrer in around 10 min to form a clear solution. After the addition of the CNTs/CF sample
(~0.01 g), the mixture was transferred to a Teflon-lined autoclave. The autoclave was sealed
and then heated at 100 °C for 8 h. After the reaction, the sample was washed several times
with distilled water and ethanol, then dried at 100 °C in air overnight. Finally, the carbon
sample was annealed at 300 °C for 3 h in a nitrogen atmosphere (50 mL min~1).

3.5. Characterization Techniques

Scanning electron microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) were carried out using a Zeiss Merlin FEG-SEM instrument (Oberkochen, BW,
Germany). Thermogravimetric analysis (TGA) was conducted on a Mettler Toledo equip-
ment (TGA/DSC 1LF, Columbus, OH, USA) operated at a heating rate of 10 °C min~!
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up to 950 °C in air. The surface area measurements were carried out by Nj sorption and
desorption analysis (Tristar 3000 apparatus, Micrometrics Instrument Corp., Norcross, GA,
USA). The surface area of samples was calculated by multipoint nitrogen gas sorptiometry
according to the Brunauer-Emmett-Teller principle. Before the analysis, the sample was
degassed at 110 °C in 3 h in N, atmosphere. The surface chemistry of the samples was
examined using X-ray photoelectron spectroscopy (XPS) method. The photoelectron spec-
tra were collected with a Kratos Axis Ultra DLD electron spectrometer (Kratos Analytical
Ltd., Manchester, GMUK) using a monochromated Al K« source operated at 120 W. An
analyzer pass energy of 160 eV for acquiring wide spectra and a pass energy of 20 eV
for individual photoelectron lines were used. The surface potential was stabilized by the
spectrometer charge neutralization system. The binding energy scale was referenced to
the C1s line of aliphatic carbon, set at 285.0 eV and the processing of the spectra was ac-
complished with Vision 2 software provided by Kratos Analytical Ltd. The concentrations
of nickel and iron elements in the electrolyte and the digested solution, respectively, were
determined using Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES)
Optima 2000 DV (Perkin Elmer Instruments, Kwun Tong, Kowloon, Hong Kong, China).
The X-ray diffraction (XRD) patterns were recorded in the 20 angle range of 10-70° with a
scan rate of 1° min~—! on a Panalytical X'Pert3 powder diffractometer (Malvern Panalytical,
Malvern, Worcs, UK) using Cu K« radiation.

3.6. Electrochemical Measurements

To prepare the electrodes, the carbon foam samples (with and without catalyst) were
attached to a copper foil using the carbon glue (Figure S11). To eliminate the effect of
copper on the electrochemical measurements, carbon glue was used to completely cover the
copper foil, as well as the copper wire. All electrochemical measurements were performed
with a Modulab electrochemical system, ECS (Solartron Analytical, Hampshire, UK). For
the 3-electrodes setup measurements in this study, the prepared carbon foam electrodes, a
platinum coil, and an Ag/AgCl (IM KCl) were used as the working, counter, and reference
electrodes, respectively. The 1 M KOH solution was used as the electrolyte which was
later employed as-prepared in OER experiments. Cyclic voltammetry (CV) experiments
were often performed at a scan rate of 5 mV s~! unless otherwise noted. All of the LSV
and CVs (for OER and MOR) were recorded after some preliminary measurements except
the first LSV-OER measurement (NiCo-SP0) in which the first LSV was recorded and used
for comparison purposes. The anodization process was performed at a current density of
10 mA cm~2 for 10 h in 1 M KOH electrolyte which can also be considered as a galvanostatic
test. Electrochemical impedance spectroscopy (EIS) experiments were performed at defined
potentials, i.e., at the overpotential of 0.3 V for OER and 0.3 V vs. Ag/AgCl for MOR in
the frequency range 105 to 0.1 Hz at 10 data points/decade with an applied alternating
voltage of 10 mV. All measured potentials in OER were calibrated to RHE using the Nernst
equation: ERpg = Eag/agcl + 0.235 + 0.059 pH. The iR-corrected potential was obtained
using the equation Ejr corrected = E — (95%iR), where i represents the current, and R
represents the ohmic resistance of the electrolyte, which was determined using EIS. The
Tafel plots were derived from the polarization curves. The linear regions of the Tafel plots
are fitted to the Tafel equation 1 = blog j + a where 1 is overpotential, j is the current density,
and b is the Tafel slope, respectively. To evaluate the double layer capacitance values, Cq,
CVs were collected at different scan rates (v) (1, 5, 10, 20, 40 mV s 1) in a non-Faradaic
current region. The C4; was determined from the equation: i, = vCq by plotting i. versus
v where i. is the capacitive current.

3.7. Leaching Test of Catalysts in the Electrolyte

In general, the stability tests (galvanostatic measurements) were performed in a single
electrochemical cell that contains 7 mL of 1 M KOH electrolyte. After the stability tests, the
concentration of catalyst in the electrolyte sample was measured by ICP-OES. Certified
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stock solutions of nickel and cobalt (1000 g mL~1) were used for the preparation of the
standard solutions used for the construction of calibration curves.

3.8. Determination of the Catalyst Loading of NiCo on CF-CNT Using ICP-OES

In a typical process, the sample was ground into a powder form and digested with
concentrated nitric acid (60%). The mixture was sonicated in ca. 20 min and digested at
125 °C overnight (reflux). The final clear solution was then diluted with an appropriate
amount of Milli-Q® water for the determination of nickel and cobalt using ICP-OES.

4. Conclusions

In summary, a 3D structured NiCo@CNTs/CF was successfully synthesized in which
nanoneedles of NiCo catalyst were decorated on the surface of the CNTs/carbon foam.
The morphology and the physio-chemical properties of the synthesized electrode/catalyst
were carefully studied by various techniques: SEM, TGA, ICP-OES, XRD, and XPS. The
electrochemical activity of the developed electrode towards the oxygen evolution reaction
and also methanol oxidation was thoroughly investigated. The achieved results have
proven that the NiCo@CNTs/CF electrode can be used as a bi-functional catalyst for OER
and MOR as it shows high electrocatalytic activity and excellent durability in both reactions.
The excellent performance of NiCo@CNTs/CF is attributed to its components, i.e., the
bi-functionality of the NiCo catalyst, carbon nanotubes, and 3D structured carbon foam
which provide many unique properties, e.g., excellent electrocatalytic activity for both OER
and MOR, high surface area, oxidation resistance, as well as the rapid and unhindered
diffusion of reactants and products in the bulk and the whole electrode matrix. Our study
shows that the bi-functional NiCo@CNTs/CF electrode has the potential to be applied as
an efficient, cheap, and eco-friendly anode for water electrolysis and DMFCs.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ catal11040500/s1, Figure S1: The nitrogen adsorption-desorption isotherm curves of CNTs/CF
and NiCo@CNTs/CF samples, Figure S2: Thermogravimetric analysis results of the blank (CNTs/CF)
and the NiCo@CNTs/CF sample, Figure S3: XPS wide spectra of the fresh NiCo@CNTs/CF samples,
Figure S4: Equivalent circuit model used in the Nyquist plots, Figure S5: The CVs curves of the
NiCo@CNTs/CF electrode before (a) and after (b) the anodization. The calculated Cg; of the electrode
before (c) and after (d) the anodization, Figure S6: SEM images of the spent (after the third galvanos-
tatic test) NiCo@CNTs/CF sample at low (left) and high (right) magnification, Figure S7: SEM-EDX
mapping of C, Ni, and Co elements on the NiCo@CNTs/CF sample after the third galvanostatic
test, Figure S8: Determination of the onset potential before and after each potentiostatic test of the
NiCo@CNTs/CF electrode (LSV_Sp-3_CE: The LSV was performed after the third potentiostatic
test and then change the old electrolyte by the new electrolyte), Figure S9: The CV curve of the
NiCo@CNTs/CF electrode after the third potentiostatic test and change the electrolyte (1 M KOH
+0.5 M CH30H) at a scan rate of 10 mV s~!, Figure S10: Bode-phase plots of the NiCo@CNTs/CF
electrode at the potential of 0.3 V vs. Ag/AgCl, Figure S11: Picture of a carbon foam electrode
before being covered by the carbon glue, Table S1: Comparison of the OER performance of reported
NiCo based electrocatalysts at the current density n= 10 mA cm~2in 1 M KOH electrolyte, Table S2:
Comparison of the MOR performance of reported NiCo based electrocatalysts in 1 M KOH + 0.5 M
CH3O0H electrolyte.
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