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Polymerized complex and electrodeposition synthesis of Ni-doped CuCo0,04
on flexible carbon fibers as a flexible electrocatalyst
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Abstract

In this work, Ni-doped CuCo0,04 (Cu1_xNixC0,0s, x=0, 0.20, 0.40, 0.60 and
0.80) catalysts wer synthesized by polymerized complex and electrodeposition
methods on flexible carbon fiber substrates for the oxygen evolution reaction
(OER) in alkaline solution. The crystallinity and surface morphology of the
catalysts were characterized by X-ray diffraction (XRD) and field emission Niaores |
scanning electron microscopy (FE-SEM).The XRD results showed that the ——
crystallinity corresponded to CuCo,0; phases. The OER revealed that
Cug.40Nig 60C0204 had higher activity for OER with a low overpotential of 256
mV at a current density of 10 mA cm2, which was better than CuC0,04 (451
mV). The results suggest that the presence of Ni%* ions in spinel CuC0,04
exhibited superior electrocatalytic activity towards OER with lower
overpotential, and higher current density than CuCo0204.
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Introduction

Water splitting is a reaction using eco-friendly high catalytic activity, but come with high cost and poor

technology that produces hydrogen and oxygen. It is
recognized as a viable approach to enable the storage of
renewable energy in the form of fuels [1]. Oxygen evolution
reaction (OER) is an essential electrochemical step to
convert renewable energy to storable chemical energy
through the water splitting process [2]. The water splitting
mechanism consists of two half-reactions. The first is a
hydrogen evolution reaction (HER), which is a reduction
half reaction (2H" + 2 — H,), and oxygen evolution
reaction (OER), which is an oxidation half-reaction
(2H,0 — 4H* + 4e” + Oy) [3]. However, the sluggish kinetic
and complex multi-electron transfer process causes a
limitation in improving the OER efficiency. Over the past
decades, ruthenium oxide and Iridium oxide have shown

stability in all media [4]. Recently, copper cobaltite
(CuCo204) was studied as an efficient OER catalyst [5, 6].
CuCo204 is well known for its catalytic activity towards the
oxidation of CO to COgy, alcohol synthesis, automobile
pollution control, and oxygen evolution [7]. However,
CuCo20. also exhibits relatively poor water oxidation
activity and stability [6]. Many researches have been carried
out to improve the efficiency of OER catalysts for CuC0,0.
by different methods. Bikkarolla et al. [5] reported that
CuCo204 nanoparticles anchored on nitrogenated reduced
graphene oxide (CuCo,04/NrGO) exhibited minor
overpotential of 0.36 V at a current density of 10 mA cm2,
Du et al. [6] reported that CuCo,04 microflowers on nickel
foam exhibited low overpotential of 296 mV at a current
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density of 20 mA cm2, which was better than Co304 and
nickel foam. Here, we report the enhancement of Ni-doped
CuCo,04 catalysts on flexible carbon fibers prepared by the
polymerized complex and electrodeposition methods.
Electrochemical analysis showed that Ni-doped CuC0,04
exhibited better OER catalysts than CuCo0,0a4, suggesting
that Ni-doped CuCo,0; is a promising candidate for OER
catalysts.

Materials and Methods

The Ni-doped CuCo,04 catalysts were prepared using
the polymerized complex and electrodeposition methods. In
a typical procedure, citric acid and ethylene glycol were
mixed in the proportion of 4 and 150 moles, respectively.
Subsequently, copper an nitrate trihydrate
(Cu(NO3)2-3H,0, Carlo Erba) and cobalt (Il) nitrate
hexahydrate (Co(NOs),-6H,0, Carlo Erba), and nickel
nitrate hexahydrate (Ni(NO3)2-6H20, Carlo Erba) according
to the nominal composition of Cu; xNixC0204 (X = 0, 0.20,
0.40, 0.60 and 0.80), were dissolved in a mixture and stirred
at 200 °C for 2 h to obtain a solution. Viscous product was
heated at 320 °C to burn out the versatile solvents and
organic composition, resulting in a fine powder. The dark
precursors were calcined at 800 °C for 6 h to obtain the
crystalized CuixNixC0204 phases. The obtained catalysts
were coated on carbon fibers (CF). The carbon fibers (or
graphite fiber) are very strong and lightweight strands of
interconnected hexagonal carbon atoms or graphene sheets
with about 5 — 10 um in diameter. The excellent properties
of carbon fibers such as high strength (five times higher than
steel), high stiffness (2 times higher than steel), lightweight,
chemical and thermal stability. The carbon fiber with a
dimension of 2 x 2 cm? was cleaned by sonication in HCI
(10%), acetone, and distilled water in sequence for 30 min
each. The CF was dried at 80 °C for 2 h. The Cuy_xNixC020s
catalysts were sprayed on CF using an airbrush pen with a
0.6 mm brush nozzle. Electrodeposition method was
performed using Metrohm AUTOLAB potentiostat
(PGSTAT302N). The catalysts/CF were immersed in the
Cu1xNixC0204 solution with an applied potential of -1 V vs.
Ag/AgCI for 10 min. Finally, the catalysts were calcined at
350 °C for 0.50 h to obtain the Ni-doped CuCo,04/CF.
Surface morphology of the catalysts was observed by field
emission scanning electron microscope (FE-SEM, JOEL
JSM-7610FPIlus, USA). The crystalline phases of the
samples were identified by X-ray diffraction (XRD, Phillips,
X pert” MPD, Netherlands) using CuKe radiation
(4=1.5406 A). Surface chemical compositions and valence
states were carried out using X-ray photoelectron

2

spectroscopy (XPS, AXIS ULYRAPP, Kratos Analytical,
Manchester, UK) equipped with a monochromatic source
(Al Ka X-rays at 1.40 keV).

Electrochemical measurement was carried out on a
three-electrode system in Metrohm AUTOLAB potentiostat
(PGSTAT302N). The Cus1xNixCo204 catalysts, Pt electrode
and Ag/AgCl electrode served as the working, counter, and
reference  electrodes, respectively.  Linear  sweep
voltammetry (LSV) was recorded at a scan rate of 5 mV s,
Cyclic voltammetry (CV) was measured in a range from
-0.1 — 0.75 V with scan rates of 5 mV s Cyclic
voltammetry was recorded from -0.05 — 0.55 V with a scan
rate of 10 to 50 mV st in order to determine the double-layer
capacitance. The double layer capacitance (Cq) was
determined following the relation: j = vCqi, where j is current
density and v is scan rate and Cq is double layer capacitance
which is slope of j versus v. Electrochemical impedance
spectroscopy (EIS) measurement was performed with a
frequency range from 10° Hz 0 0.01 Hz at an AC voltage of
5 mV. All of the measurements were carried out in the 1 M
KOH solution with pH 13.29. The potentials conversion
from E(Ag/AgCl) to E(RHE) follows the equation:
E(RHE) = E(Ag/AgCl) + 0.059*pH + 0.197 V. The
overpotential (n) was calculated by using the relation:
n(V) = E(RHE) - 1.23.

Results and Discussions

§ 'u].\.»\ﬁ\‘-h\ﬂa

Fig. 1 FESM images of— (@) CF supported CuCo0204,
(b) CUC0204, (C) CUo,goNio‘zoC0204, (d) CUo‘aoNio.4oC0204,
(e) CUo,4oNio.eoC0204, and (f) CUo,zNio,goCOzO4.
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Fig. 1 shows the morphology of the catalysts observed
using FE-SEM. Fig. 1(a) shows that agglomerated particles
with an average diameter range from 6 — 12 um were
dispersed on the surface of CF. FE-SEM (Fig. 1(b-f))
revealed that catalysts were dispersed on the surface of CF,
while some agglomerated particles were inserted into the
gap between CF. The inset figure in Fig. 1(b) shows the
CuCo20; catalyst was coated on the CF, indicating the
electrodeposition method enabled the formation of the
catalyst layer on the surface of CF and helped enhance the
adhesion between agglomerated particles and CF.

Elemental compositions and the valence states of the
catalysts were performed by XPS. As shown in Fig. 2(a), the
survey XPS spectrum shows the presence of Ni, Cu, Co, O,
and C elements in the catalysts. The high-resolution XPS
spectra are shown in Fig. 2 (b) — (e). The Ni 2p spectrum
(Fig. 2(b)) with binding energies of 872.40 and 855.50 eV
were characteristic of Ni 2p12 and Ni 2psy2, respectively [8].
The Ni 2ps;, peaks observed at 854.20, 855.50, and 856.80
eV are ascribed to Ni%*, Ni**, and Ni?* species, respectively
[9]. Binding energies at 934.20 and 953.90 eV (Fig. 2(c))
were assigned to Cu 2ps2 and Cu 2pip, respectively [10].
The deconvoluted peaks of Cu 2ps, at 932.60, 934.10, and
935.20 eV could be assigned to Cu*, Cu?*, Cu?* species,
respectively [5, 11]. The Co 2p spectrum (Fig. 2(d)) with
binding energies at 779.50 and 795.20 eV were ascribed to
Co?* and Co®*, respectively [10]. The Co 2ps, peaks were
deconvoluted into three peaks located at 779.60, 780.40, and
781.90 eV corresponding to Co®, Co®*, and Co®* species,
respectively [12, 13]. The O 1s spectrum (Fig. 2(e)) showed
four peaks with binding energies at 529.80 (O1), 531.30
(02), 532.30 (03), and 533.50 eV (04) assigned to metal-
oxygen bonds in metal oxide, a large number of defect sites
with low oxygen coordination in the materials with small
particle size, and the multiplicity of physic/chemisorbed
water close to the surface, respectively [6].

The XRD pattern of Cu;xNixC0204 is shown in Fig.
3(a). Diffraction peaks at 31.23°, 36.97°, 39.03°, 59.45°, and
65.33° indexed to the (220), (311), (222), (400), (511), and
(440) planes of CuCo,0s (JCPDS no. 01-1155),
respectively. The XRD peaks at 35.74°(002), 42.95°(200)
corresponded to CuO and NiO, respectively while a broad
peak at 26° originated from CCF. The performance of OER
electrochemical catalysts was evaluated using a typical
three-electrode cell setup at a scan rate of 5 mV s . The LSV
of  CuixNixCo0s4 is shown in Fig. 3(b).
The Cup4oNioe0C0204 catalyst exhibited higher catalytic
activity than Cuo20Ni0.80C0204, Cuo60Ni.40C0204,
Cuo.soNio20C0204, and CuCo;04. The values for the

overpotential and Tafel slope are displayed in Table 1.
Values of the overpotential of the catalysts required to drive
anodic current densities of 10 mA cm2 of Cug.40Nio.60C0204
of 256 mV were lower than Cuo20Niog0C0204 (351 mV),
CUo_eoNio,4oCOzO4 (336 mV), CUo,goNio,20C0204 (358 mV),
and CuCo20s (451 mV). The oxidation peak of
Cu1-xNixCo204 prior to the onset of water oxidation was
attributed to the transition of Co?* to Co®* or Ni?* to Ni®* [6].
The results exhibited Ni doping in CuCo0,04 could decrease
the overpotential and cause higher current densities than
CuCo204, which enhances electron transfer during the OER
process. Tafel slopes of the catalysts were investigated to
assess the OER reaction kinetics as shown in Fig. 3(c). Tafel
slopes were fitted following equation: 1 = b*log j, where 0,
b, and j denote overpotential, Tafel slope, and current
density, respectively [6]. The CuooNioeC0204 catalyst
exhibits Tafel slope of 27 mV dec?, which is lower than
CUo_zoNio,soCOzO4 (37.70 mV dec*l), CUo,soNio_4oC0204
(38.40 mV dec?), CuogoNio20C0204 (40.2 mV dec?), and
CuCo0,0; (49.9 mV dec?). The small Tafel slope of catalysts
exhibits higher catalytic activity and electrocatalytic
reaction rate. The typical long-term durability of
CUo_4oNio,eoCOZO4 is shown in Flg 3(d) The
Cuo.40Nio.60C020, catalyst showed good stability for OER
after 8 h. The current density of Cug.40Nio.60C0204 catalysts
suddenly decreased from 3.6 to 1.1 mA cm2 and then further
constant reached 8 h.

Fig. 4(a) — (b) shows the cyclic voltammetry (CV)
measurement for the catalysts at different scan rates. The
shapes of the CV curves (Fig. 4(a)) indicate the
pseudocapacitive behavior arising from the Faradaic
reaction of the Ni®*/Ni?* and Co**/Co®* redox pairs occurred
at the electrode surface [14, 15]. The Cug.4oNigs0C0204
showed the largest enclosed area, indicating the
Cuo.40Nio.60C020, catalyst had higher chemical reactivity.
The CV curves of Ni-doped CuCo,0, demonstrate a large
pair of redox couples (Ni?*/Ni**/Ni** and Co?*/Co®/Co*")
[16]. The anodic peaks of Cug.4oNio0C0204 catalyst at 0.83
V and 1.67 V were ascribed to Ni®*/Ni?* and Ni®*, Ni**/Co®*,
Co** transition, respectively [17, 18]. It is well known that
the redox peaks of CuCo,04 occur due to Co**/Co®* redox
couples [17]. Therefore, the presence of Ni%* in CuC0,04
catalyst can enhance OER activity. The anodic peaks in the
CV curves shifted to a more positive potential with increased
Ni doping in CuCu.O.. Fig. 4(b) shows the CV curves of
Cuo4NipsC0204 electrode at a scan rate ranging from
10 — 50 mV s. These curves are symmetric, indicating that
the catalysts have a good electrochemical capacitive
characteristic and superior reversible redox reaction [19].
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Fig. 2 X-ray photoelectron spectra of Cug4NigsC0204: (2) survey scan, (b) Ni 2p, (c) Cu 2p, (d) Co 2p, and (e) O 1s.
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Fig. 3 (2) The XRD patterns of Cu;«xNixC0204. (b) Polarization curves and (c) Tafel plots of CuixNixC0,0. catalysts. (d)

Chronoamperometry curve of Cug4NigsC0204.

It is clear that the area of the current peaks in the catalysts
was increased gradually as scan rate increased, indicating
improved mass transportation, relatively low resistance of
the electrode materials and good electrochemical
reversibility [14].

Table 1 Comparison of the OER activities of Cui_xNixC0,04
(x=0, 0.20, 0.40, 0.60 and 0.80).

Overpotential at

Tafel sl

Catalyst 10 mA cm™ (ri\i dsezﬂ(;
(mV vs. RHE)

CuCo0204 451 49.90
Cuo.80Nig.20C0204 358 40.20
Cuo.60Nip.40C0204 336 38.40
CUo,4oNio,50C0204 256 27
Cuo.20Ni0.80C0204 351 37.70

The Cqi is used to compare the number of catalytically
active sites present on the OER catalyst and
electrochemically accessible surface area. Typical Cq of the
catalysts is shown in Fig. 4(c). The Ca value of
Cuo 40Nio.50C0204 Was 410 mF ¢cm, which was higher than
CuCo,04 (50 mF cm). The results showed that Ni-doped
CuCo,0, catalysts exhibited higher active sites and greater
surface area than CuCo,0s, indicating high electrocatalytic
performance for OER [20]. EIS was carried out to further
understand the reasons for the superior electrochemical
performance of the catalyst. As shown in Fig. 4(d) for
Nyquist plots, all catalyst electrodes showed a small real axis
intercept and negligible semicircle [21]. The sloped portion
of the Nyquist plots at low frequency is attributed to the
Warburg resistance deriving from the frequency dependence
of ion diffusion and transport in electrolyte solution [21].
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Fig. 4 (a) Cyclic voltammogram curves at scan rate 5 mV s %, (b) cyclic voltammogram in the double layer region with
different scan rates (10 — 50 mV s°1), (c) typical double-layered capacitance measurements linear fitting of the capacitive
currents of the catalysts against the scan rate to fit a linear regression, and (d) Nyquist plots of Cu1 xNixC020..

The results indicate that there is low interfacial
resistance between the current collector and active materials,
active materials resistance, and electrolyte resistance, as well
as low charge transfer resistance [14]. The Ni-doped
CuCo,04 catalysts exhibited a relative sloping line at a low-
frequency range, indicating the lower diffusive resistance
and good capacitive behavior of the electrode during OER
[22].

Conclusion

In summary, Ni-doped CuCo,04 catalysts on carbon
fibers were successfully synthesized using the polymerized
complex and electrochemical methods. Ni-doped CuC0,04
exhibits superior electrocatalytic activity towards OER
processes with a low potential of 256 mV at a current density

of 10 mA cm2, high double-layered capacitance, and high
current density compared to pristine CuCo204. The results
showed that Ni-doped CuCo,04 catalysts could improve the
active sites in the catalysts and was highly capable for use in
water oxidation and energy conversion technologies.
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