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KEYWORDS Abstract Nickel (Ni) current collectors having a three-dimensional and porous structure are con-
Supercapacitor; sidered attractive contestants for high-efficiency supercapacitors. Therefore, Ni current collectors
Nickel foam; have a unique architecture and outstanding electrochemical properties. This study reports the effect
Nickel mesh; of electrochemical characterizations on the electrochemical behavior and physical properties of Ni
Redox reaction; mesh and Ni foam. Cyclic voltammetry (CV) and galvanostatic charge discharge (GCD) are used to
Cyclic voltammetry examine the electrochemical properties and life span of the Ni mesh and Ni foam as a current col-

lector in a supercapacitor application. Structural and microstructural characterizations are per-
formed to verify the formation of an oxide layer after 1000 cycles of CV analysis. Results show
that Ni foam can increase the yield electrochemical performance of the supercapacitor. Ni foam
present better efficiency (35 F g~') compared to the Ni mesh (12 F g~') at 10 mV s~ ' scan rate
by using 2 mg imaginary mass of active material. This result shows that Ni foam has good electro-
chemical performance and reversibility, higher pseudocapacitance, weaker polarization, and
enhance rotating performance as to Ni mesh. The porous structure of Ni foam is in control for
improving of the electrochemical properties, therefore, the electrochemical region was increased
and shortened ion diffusion. Structural analysis shows that Ni mesh and Ni foam are oxidized after
the electrochemical analysis and transformed to nickel oxide hydroxide (NiOOH). Higher specific
surface area between the electrode and electrolyte leads to excellent electrochemical and pseudoca-
pacitive performance of the Ni foam compared to the Ni mesh, even if the materials of current col-
lectors are the same. Hence, the physical structure of the current collectors have a critical part in
improving the energy density of the supercapacitor.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The rapid development of the electronics industry has increased the

demands for corresponding electrical storage. Among various energy
storages, supercapacitors have been extensively commercialized
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capacitance densities and environmental friendliness (Huang et al.,
2018; Li et al., 2017; Marina et al., 2019; Xing et al., 2011; Zhang
et al., 2017; Zhou et al., 2019). A symmetric supercapacitor contains
of an anode and a cathode, disconnected by a separator and immersed
in an electrolyte. All the components have important roles in the super-
capacitor’s electrochemical performance. Both electrodes are com-
posed of four main components: active material, conductive filler,
binder and current collector. The current collector acts as the power
link between the supercapacitor’s active material and its external termi-
nals. The electrochemical process occurs on the surface of the active
material. Therefore, a supercapacitor requires highly effective current
collectors, which must provide good electrical contact with the active
material (Kovalenko et al., 2018; Wang et al., 2019). Additionally,
there are important demands as regards the specific surface area, crys-
tal structure and electrochemical activity of the current collectors of
such electrodes.

A three-dimensional (3D) porous nanostructure of current collec-
tors can afford large contact areas and reduced ionic diffusion dis-
tances as well as promote the separation and transport of charges
(Jing et al., 2020b; Khezri et al., 2020; Liu et al., 2018; Xing et al.,
2011; Yuan et al., 2011; Zhang et al., 2019; Zhao et al., 2017). Espe-
cially, current collectors having a high specific surface area can enlarge
the active material-electrolyte interfaces. Moreover, nanostructured
current collectors with a fair design and minimize contact resistance
can dramatically enhance the transport characteristics of ions and all
charge carriers (Pilathottathil et al., 2019; Zhou et al., 2010). Spread
resistance can influence the interface between the two electrical items,
so that equal series resistance will greatly increase the transport char-
acteristic of both charge carriers and ions. Most existing current collec-
tors that are used in supercapacitors are copper (Cu) (Madito et al.,
2020; Su et al., 2019), stainless steel (Ozdemir et al., 2019; Yanuar
et al., 2019), aluminum (Al) (Kavian et al., 2011), and nickel (Ni)

Fig. 1

(Kovalenko et al., 2018; Liang et al., 2019; Xing et al., 2011; Yuan
et al., 2011). These current collectors must have ideal conductivity,
good level of temperature, the long-term safety of chemical product,
high resistance to corrosion and huge surface areas per unit volume
and mass.

Ni as a current collector is used accordingly, having different types
such as mesh, wire, and foam. Ni foam has high porosity structure with
an interlinked 3D scaffold of Ni metal, possessing particular features
i.e. light material, high porosity, built-in strength, high resistance to
corrosion, and favorable electrical and thermal conductivity (Yu
et al., 2014). Therefore, Ni foam has attracted substantial attention
as a current collector or template for built-up 3D electrodes. A previ-
ous study reported a porous B-Ni(OH),/y-NiOOH composite film that
was prepared using a chemical bath deposition process that reveals an
extremely porous net structure with a thickness of 20-25 nm. This
composite film exhibited higher pseudocapacitance (1420 Fg~' at
2 Ag ! and 1098 Fg~! at 40 Ag™") than the dense nickel hydroxide
(Ni(OH),) film (897 Fg~! at 2 Ag™' and 401 at 40 Ag™!) (Yuan
et al., 2011). The capacitance of Ni(OH), reached up to 3152 Fg~!
when the Ni foam was used as a current collector (Yang et al.,
2008). Since most of the papers reporting very high capacitance value
when using nickel foam as current collectors, it is quite indispensable
to evaluate in detail these current collectors (Gao et al., 2010; Hu
et al., 2010; Liu et al., 2019; Peng et al., 2019; Yu et al., 2020; Zheng
et al., 2018). This demonstrated that Ni foam as a current collector
can improve the specific capacitance of the supercapacitor.

In this work, two types of the current collector (mesh and foam) are
characterized in order to study the effects of different current collectors
in supercapacitor. The electrochemical behavior of both current collec-
tors are characterized by CV, GCD as well as specific capacitance. The
degradation or conversion of current collectors after cycling is then
characterized by structural and morphological analysis.

Pictures of fresh (a) Ni mesh (b) Ni foam (c) FESEM images of fresh Ni mesh and (d) Ni foam at 50x magnification.



6840

N.A. Salleh et al.

2. Experimental

Ni mesh (Exmet Corporation) and Ni foam (YITE Manufac-
turer, China) were sonicated in acetone solution for 10 min,
washed with distilled water, and then dried in an oven at
80 °C for 2 h to remove the excess water. Electrochemical char-
acterization, CV, GCD, and electrochemical impedance spec-
troscopy (EIS) were done in a three-electrode cell
constructed with Ni foam and Ni mesh (1 x 1 cm?) as a work-
ing electrode (no active material weighted on this electrode), a
platinum (Pt) counter electrode, and a mercury/mercury oxide
(Hg/HgO) reference electrode in 1 M KOH (Sigma Aldrich)
aqueous solution. A potential range of —0.1 to 0.7 V vs. Hg/
HgO reference electrode was used for both CV and GCD anal-
ysis on Autolab potentiostat (PGSTAT302 N, Metrohm). Cyc-
lic stability tests of Ni foam and Ni mesh were carried out up
to 1000 cycles at a constant scan rate (10 mV s~ '). EIS tests
were then performed in the frequency range of 100 kHz—1 m
Hz. The specific capacitance of the electrode was calculated
from CV curves by:
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X-ray diffraction technique (XRD, Bruker Advanced X-ray
Solutions D9) in the 20 window from 10° to 90° with
monochromatized Cu Ka radiation (A = 1.5406 A) was used
to characterize the structural properties. Rietveld refinement
was executed on the XRD data using X’Pert High Score Plus
software to access the parameters of the structure. Using field-
emission scanning electron microscope (FESEM, Zeiss
SupraTM, 35VP), and energy-dispersive X-ray spectroscopy
(EDX), surface morphology and elemental analysis of Ni mesh
and Ni foam were examined.

3. Results and discussion

3.1. Electrochemical analysis of current collectors

The fresh Ni mesh and Ni foam with an aperture diameter of
1.4383 mm and 0.785-0.233 mm have typical silvery
metallic, smooth, and clean surfaces (Fig. la and b). Surface
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(a) Graphical setup for electrochemical characterization (b) CV curves of Ni mesh and Ni foam at first cycle (c) CV curves of Ni

mesh at 1000 cycles and (d) CV curves of Ni foam at 1000 cycles at 10 mV s~! in potential window of —0.1 to 0.7 V vs. Hg/HgO in 1 M

KOH solution.
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morphologies of the fresh Ni mesh and Ni foam were investi-
gated by FESEM at 50x magnification (Fig. Ic and d). By
observation, Ni mesh has a layer of cross-linked structure,
while Ni foam showed a 3D porous, cross-linked structure.
In addition, the diameter (hole and strand) of Ni foam is smal-
ler than that of Ni mesh. Ni foam has a larger surface area
compared to the Ni mesh due to its porous structure. The lar-
ger surface area can lead to an increase in charge transfer,
higher pseudocapacitance properties, and can lower the block-
ing between the active material and electrolyte (Liang et al.,
2019; Xie et al., 2019; Xing et al., 2011; Yuan et al., 2011).
From the picture it is clear that the Ni foam surface can be
covered with tiny and large particles with a 3D structure that
covers a relatively broad surface area.

The effects of two different physical forms of Ni as current
collectors (Ni mesh and Ni foam) during the electrochemical
process were characterized by CV (Fig. 2a). In the first cycle,
Ni mesh exhibits one redox pair: an oxidation (0.53 V) and a
reduction (0.45 V); Ni foam also exhibits an oxidation
(0.55 V) and a reduction (0.46 V) (Fig. 2b). These peaks are

generally connected to a Faradaic reaction of Ni(OH), (Xing
et al., 2011) as in Eq. (2):

Ni(OH)> + OH™<NiOOH + H,0 + ¢~ (2)

Ni foam has higher oxidation and reduction potentials
compared to Ni mesh. Yet, Ni foam exhibits higher potential
separation (0.09 V) compared to Ni mesh (0.08 V). The peak
potential separation is used to evaluate reversibility. The result
indicated that both Ni foam and Ni mesh show excellent elec-
trochemical action and reversible reaction; and the difference
between Ni mesh and Ni foam was merely 0.01 V.

After 500 cycles, the main oxidation peak (0.59 V) and
reduction peak (0.47 V) for both current collectors shifted to
higher potentials (Fig. 2c and d). The shift was caused by the
nonstoichiometric property of the electrochemically active Ni
(OH), and NiOOH phases (Xing et al., 2011). In this work,
the redox couples that appeared at 500 until 1000 cycles in
Ni mesh (0.6 V/0.48 V) and Ni foam (0.59 V/0.48 V) con-
tributed to the transformation between B-Ni(OH), and f-
NiOOH. In addition, the redox couples (0.55 V/0.43 V) in
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Fig.3 Comparison of specific capacitance of current collectors for 1000 cycles: (a) Ni mesh and Ni foam (b) Ni mesh (inset GCD curves
for the first 10 cycles at 1 A g~') and (c) Ni foam (inset GCD curves for the first 10 cycles at 1 A g™ ').
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Ni foam correspond to change between o-Ni(OH), and
v-NiOOH (Xing et al., 2011). There is not much difference
between the 500 and 1000 cycles, proposing that the transition
happens mostly in the first 500 cycles on the surface of Ni mesh
and Ni foam.

In order to determine the effect of current collectors on
specific capacitance, the specific capacitance was calculated
with an imaginary 2 mg of active material based on (Eq. (1))
(Fig. 3). The imaginary weight was used because to know
how the effect of current collector to the specific capacitance
of active materials when it is used as current collectors. Ni
foam exhibits higher specific capacitance, better capacitance
retention and good cycling stability compared to Ni mesh
(Fig. 3a). For the first 150 cycles, the specific capacitance of
Ni mesh (Fig. 3b) and Ni foam (Fig. 3¢) increased. In this case,
the rise in specific capacitance is mostly correlated with the
activation of the Ni(OH), structure, which accepts trapped
ions in the crystalline structure of Ni(OH), (Yuan et al.,
2011). After the first 150 cycles, the specific capacitance of
Ni mesh fluctuated, as cycles increased. However, the specific
capacitance for Ni foam remained constant (35 F g~!) and
dropped slowly (33 F g") as cycles increased. Ni foam’s por-
ous nature gave it more benefit compared to Ni mesh as it can
ease the stress induced by the increase in volume change,
resulting in good cycling performance (Yuan et al., 2011).
Then, it is noted that the specific capacitance of Ni mesh
and Ni foam decreased very slightly as cycling numbers
increased, it is due to the incremental transition of redox cou-
ples from o-Ni(OH),/y-NiOOH to B-Ni(OH),/B-NiOOH.

To compare the CV with the discharge voltage plateau of
discharge behavior, GCD was performed (inset Fig. 3b and
¢). The GCD curves of Ni mesh have a lower discharge voltage
plateau compared to Ni foam. The discharge voltage plateau
for both current collectors was found to be constant for the
first ten cycles, as the electrodes have favorable electrochemical
reversibility and charge—discharge properties. Ni foam exhibits
much higher specific capacitance (35 F g™') than the Ni mesh
(12 F g7"). The enrichment of pseudocapacitor performance
due to the application of Ni foam that shortens the diffusion
passage for electrons and ions, resulting to faster kinetics
(Jing et al., 2020a; Xu et al., 2017; Yuan et al., 2011). In addi-
tion, the high surface area provided effective interaction
between Ni foam and electrolyte, offering more effective elec-
trochemical reaction sites compared to Ni mesh.

The transport kinetics and contact resistance, occurring at
the interface between the current collectors and electrolyte,
were investigated using EIS (Fig. 4). No spike was found in
Nyquist plots (Fig. 4a). The difference of the slopes in the
low-frequency region revealed that both current collectors
have a very limited charge transfer resistance (Jiang et al.,
2015). The slope at lower frequency region for Ni foam was
lower than Ni mesh, indicating that the porous Ni foam has
much larger active reaction surface area than the dense Ni
mesh. In the high-frequency region, the equivalent series resis-
tance (Rs) was different for Ni mesh (4.14 Q) and Ni foam
(5.87 Q) (Fig. 4b and c). In this case, Rs is determined by
the contact resistance at the interface between current collector
(Ni mesh and Ni foam) and electrolyte, the intrinsic resistance
of the current collectors and ionic resistance of the electrolyte.
The minimum Rs values indicated that the inner resistance of
the electrode was insignificantly low, taking advantage of the
greatly conductive current collectors. In this case, Ni foam
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Fig. 4 EIS analysis of both current collectors in 1 M KOH
solution: (a) Nyquist plots and equivalent circuits of (b) Ni mesh
and (c) Ni foam.

exhibits higher Rs value due to the higher surface area and
the thinner strand compared to Ni mesh. It suggesting that
the higher surface area of nickel foam decrease the ion trans-
port in the KOH electrolyte, obstruct the charge transport at
the interface between electrolyte and electrode, and deteriorate
the diffusion or transportation of electrolyte ions to the surface
of electrode (Fan et al., 2020). Since both current collectors
have the same structure, then the distinction in their internal
resistances is not necessary.

3.2. Structural and Rietveld refinement analysis

The phases of both current collectors before and after 1000
cycles of CV were investigated using XRD (Fig. 5). It is
observed that Ni mesh and Ni foam (both states) contain only
Ni planes at the diffraction peaks, 20 = 44.34° (111), 51.54°
(200), and 76.09° (220) (Fig. 5a and b). XRD analysis showed
Ni is the major composition of Ni mesh and Ni foam, as no
other peaks have been found. The development of the oxide
layer (NiOOH) on the surface of the Ni mesh and Ni foam
after 1000 cycles caused the intensity peaks of the Ni planes
decreased. Since both Ni and NiOOH share the same peaks,
it was very difficult to distinguish. Results from XRD analysis
were in good agreement with the CV result for both current
collectors.

Rietveld refinement was conducted to quantitatively investi-
gate the structural properties of Ni mesh and Ni foam before
and after 1000 cycles of CV (Fig. 5¢, d, e, and f). A good fit
was obtained for all samples (Fig. 5). Only a small residue
was contained, as dissipated in the difference plot (blue line).
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Fig. 5 XRD patterns of (a) Ni mesh and (b) Ni foam. Observation and calculation of different profiles from Rietveld refinement of Ni
mesh (c) before and (d) after and Ni foam (e) before and (f) after 1000 cycles of CV.

The goodness of fit (GoF) was 0.92389 (Ni mesh) and 1.84878
(Ni foam) before the cycle. After 1000 cycles, the GoF was
reduced to 0.76332 (Ni mesh) and 0.79721 (Ni foam), which
are considered good and acceptable (Table 1). As can be seen,
the GoF values for all the samples were moderately low,
around under 2%, which is considered as worthy as per the
essential rule of the GoF under 4% and R,,, under 20%
(Sarkar and Kannan, 2014). In addition, visual consequences
of the plots show the achievement of the Rietveld refinement,

as reflected by the little distinction among calculated and mea-
sured value (Fig. 5c, d, e, and f).

Regarding the refined data for fresh Ni mesh, the lattice
parameters obtained were a = b = ¢ = 3.52703 A, and the
lattice parameters of Ni mesh after 1000 cycles of CV were
a=b=c=352809A (Table 1). On the other hand, fresh
Ni foam shows the lattice parameters obtained were a = b =

¢ = 3.52292 A and were then changed toa = b = ¢ = 3.52
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Table 1 Rietveld analysis of Ni mesh and Ni foam before and after 1000 cycles of CV.

Parameter Ni mesh Ni mesh Ni foam Ni foam Reference Ni Powder
(Before) (After) (Before) (After) (ICDD:98-009-0200) (Sakher et al., 2018)

Ryyp 18.37166 17.56892 7.02156 7.76540 - -

Rexp 17.65871 15.34964 9.54719 6.93346 - -

GOF 0.92389 0.76332 1.84878 0.79721 - 1.5400

a (A) 3.52703 3.52809 3.52292 3.525614 3.5230 3.5240

b (A) 3.52703 3.52809 3.52292 3.525614 3.5230 3.5240

c (A) 3.52703 3.52809 3.52292 3.525614 3.5230 3.5240

a (°) 90 90 90 90 90 90

B () 90 90 90 90 90 90

v (°) 90 90 90 90 90 90

B
E Element Wt% Atomic %
3 h OK 0.64 2.32
g 107 Ni K 99.36 97.68
] Total: 100.00 100.00
o MR R e
0 2 4 6 8 keV|
] vl -
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E CK 14.77 41.04
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- 10—
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Fig. 6 Morphologies and EDX analysis of current collectors: (a) fresh Ni mesh (b) Ni mesh after CV (c) fresh Ni foam and (d) Ni foam
after CV with 1000 times cycle measurement.
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5614 A after 1000 cycles of CV. Both lattice parameters of the
current collectors were changed to only 0.03% from their orig-
inal state and 0.11% when compared to Ni powder (Sakher
et al., 2018). This shows that surface atoms on Ni mesh and
Ni foam chemically responded with O, and electrolyte to form
Ni(OH), and NiOOH species, it also indicate that the superca-
pattery behavior of Ni mesh and Ni foam (as demonstrated by
CV testing). However, the thickness of Ni(OH), and NiOOH
layer is very thin and not compact to shield the Ni metal,
which can be exposed by X-ray in the XRD characterization.

3.3. Morphology and elemental analysis

The surface morphologies and elemental analysis of current
collectors were analyzed using SEM and EDX (Fig. 6).
According to morphological analysis, Ni foam has a porous
structure compared to Ni mesh. The large porosity and high
surface area of Ni foam can enlarge the contact area between
active material on the current collector and electrolyte, also
shorten the ion diffusion path. Before CV characterization,
Ni mesh and Ni foam (0.36 wt%) showed a smooth texture
surface, while EDX analysis revealed very low percentage of
oxygen (Fig. 6a and c¢). After 1000 cycles of CV, the surface
of Ni mesh and Ni foam exhibited the formations of oxide lay-
ers (dark spots), indicating that redox reactions occurred
(Fig. 6b and d). The formation of oxide layers was confirmed
by EDX analysis, demonstrating the increasing weight percent-
age of the oxygen element on the surface of Ni mesh (5.90 wt
%) and Ni foam (2.27 wt%). The presents of C and K mostly
contributed from the electrolyte and impurities during the
characterization process (Fig. 6b). These results were consis-
tent with those of XRD, which is the transformation of Ni into
NiOOH.

4. Conclusion

In this work, Ni mesh and Ni foam were investigated for use as a cur-
rent collector in a supercapacitor application. It is evident that Ni
foam exhibited better electrochemical performance and reaction
reversibility, higher pseudocapacitance, weaker polarization but better
cycling performance compared to Ni mesh. Ni foam also exhibited
good pseudocapacitive behavior (35 F g~!) compared to Ni mesh
(12 F g7") at 10 mV s~ scan rate. Due to its high porosity and wide
surface area, Ni foam demonstrated enhanced electrochemical perfor-
mance, which increased the interaction between the electrolytes and
active materials and shortened the direction of ion diffusion. Struc-
tural, morphological and elemental analyses confirm the transforma-
tion of Ni into NiOOH after electrochemical characterization. This
result was in agreement with the CV result. Finally, the detailed physic-
ochemical and electrochemical analyses revealed that the Ni foam cur-
rent collector could efficiently increase charge transfer and minimize
the resistance of the active material and current collector interface,
thereby achieving high storage efficiency and high energy density.
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