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Porous Nickel Oxide-Hydroxide are deposited on passivated 3D nickel foam by anodic
electrodeposition for high performance supercapacitor electrode.
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The response current of Ni foam in alkaline solutions can be
reduced significantly by high-temperature annealing, making
it more suitable for current collectors, and porous NiO(OH)
film deposited on the passivated 3D Ni foam by anodic
electrodeposition shows a ultrahigh specific capacitance of
2302Fglat1Ag?.

Supercapacitors (SCs), with high power densities (>10 kW kg™")
and long cycle lives (>10° cycles),'™ are a new type of energy-
storage device. According to the energy storage mechanisms,
supercapacitors are divided into electrical double-layer capacitors
(EDLCs) and pseudocapacitors. Carbon materials, such as
activated carbons, aerogels and nanostructures, have been used as
active materials for EDLCs,**> in which only adsorption and
desorption of electrolyte ions on electrode materials occur during
the charge/discharge process. For pseudocapacitors, reversible
redox reactions occur during cycling process. The active material,
metal oxides and conducting polymers, have been widely
studies.*’

Nickel oxide (NiO) and nickel hydroxide (Ni(OH),) are
potential candidates for supercapacitors because of the high
theoretical capacitance (2573 F g for NiO and 2073 F g for
Ni(OH),),*’ low cost and low environmental impact. Nickel
oxide with different morphologies, such as porous thin-film,'
porous nano-sheets,'’ three-dimensional nanonetwork,'> porous
hollow spheres,'® hollow nanofibers,'* nanotubes'> and nanorod
arrays,'® fabricated by chemical precipitation methods have been
reported recently and specific capacitances of 130 ~ 2018 F g!
are achieved. Electrochemical preparation of nickel
oxide/hydroxide can be divided into two methods: cathodic
deposition and anodic deposition.'” Cathodic electrodeposition is
normally performed in nickel nitrate solution, in which nitrate is
reduced to ammonia and OH- ions. The nickel ions then react
with OH™ ions to form insoluble nickel hydroxides. With proper
annealing, Ni(OH),'*" and NiO**?! can be achieved. During
anodic electrodeposition, Ni** ions are oxidized to Ni** ions in
the solution consisted of sodium acetate, nickel sulfate and
sodium sulfate. Then Ni’* ions react with OH ions to form
insoluble nickel oxide-hydroxide (NiO(OH)).'"**** Compared
with the NiO or Ni(OH), nanoparticles achieved by cathodic
deposition, nickel oxide/hydroxides thin films prepared by anodic
deposition are porous.
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Nickel foam is widely used as the current collector in
supercapacitors because of its three dimensional structure and
excellent conductivity. NiO and Ni(OH), also can be directly
deposited on Ni foam by electrochemical methods and no binder
is needed. Moreover, compared with normal chemical
precipitation methods, the mass loading can be easily controlled
by simply adjusting the electrodeposition parameters. Ni(OH),'®
and NiO® nanostructures deposited on 3D Ni foam not only
facilitate the penetration of electrolyte into the whole electrode,
but also shorten the ions diffusion distance, hence this structure
shows remarkable supercapacitor performance. However,
actually, nickel foam in alkaline solutions also makes
contribution to the measured capacitance due to its active surface,
and the calculated specific capacitance would be higher than the
real capacitance of the active materials especially when the
quantity of active materials is small. Currently, electrochemically
inert current collectors, such as Ti or Pt foil have been suggested
to replace the Ni foam in supercapacitors.”> But Ti or Pt foils do
not have 3D structure, moreover, they are much more expensive
than Ni foam. In this paper, we introduce an effective method to
passivate the active surface of nickel foam to decrease the
contribution of Ni foam to the calculated capacitance. The
passivation mechanism is also proposed in the paper. Then,
porous nickel oxide-hydroxide materials are deposited directly on
the passivated Ni foam by anodic electrodeposition and this
electrode shows excellent electrochemical performance.

Nickel foams were used as the current collector, and cleaned
with acetone and deionized water in an ultrasound bath for 5 min,
respectively. Subsequently, they were sonicated in 4 M HCI
solution for 10 min, and then washed with deionized water and
absolute ethanol, and dried in air. The cleaned nickel foams were
annealed in a furnace tube (with the pressure of 6 Pa) at 1000 °C
for 2 hours to passivate the surface. Nickel oxide-hydroxide was
deposited on the nickel foams by anodic electrodeposition with
the current density of 1 mA cm™ for 1 hour in a solution of 0.13
M sodium acetate, 0.13 M nickel sulfate and 0.1 M sodium
sulfate at room temperature. After deposition, the samples were
rinsed with deionized water and annealed for 1 h at 200 °C in air.
The mass of the active material was got by weighing the nickel
foam before and after deposition of NiO(OH), and the mass is
calculated to be 0.25 mg cm™.
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Fig. 1 (a) CV curves (with the scan rate of 5 mV s™) of the cleaned Ni foam
(black curve), the annealed Ni foam (red curve) and the annealed Ni foam
deposited with NiO(OH) (blue curve); (b) XPS spectra of the Ni (2ps/2) of the
cleaned Ni foam; (c) XPS spectra of the Ni (2p32) of the annealed Ni foam.

Morphology of the nickel oxide/hydroxide was investigated by
scanning electron microscopy (SEM) (CorlzeisD, Utral 55).
Microstructure of NiO(OH) nanostructure and their EDS analysis
were carried out by transmission electron microscopy (TEM)
(JEM-2010(HR)/200KV). The X-ray photoelectron spectroscopy
(XPS) measurements were performed on VG ESCALAB MARK
IT device with Mg-Ka (hv = 1253.6 eV) excitation source. The
electrochemical performance was characterized in a three-
electrode system with 1 M KOH solution as electrolyte. Cyclic
voltammetry (CV) and galvanostatic charge—discharge (GV) were
tested by CHI 660D electrochemical station with a platinum foil
as counter electrode and a saturated Ag/AgCl as reference
electrode.

Fig. 1(a) shows the CV curves (at the scan rate of 5 mV s™)
of the as-cleaned Ni foam (black curve), the annealed Ni foam
(red curve) and the annealed-Ni foam deposited with nickel
oxide-hydroxide (blue curve). It is obvious that, after annealing,
the response current of the Ni foam is much weaker than that of
the as-cleaned foam. The calculated capacitance per projected
area of the annealed Ni foam is only 18.2 mF cm2, which is
much smaller than that of the as-cleaned foam (145.6 mF cm™).
The existence of nickel hydroxide or nickel oxide on the surface
of the as-cleaned Ni foam contributes to the capacitance.”
Although the cleaning process in HCI solution is to remove the
native nickel oxide on the surface of nickel foams, hydrochloric
acid may also react with nickel foams and makes their surfaces
more rough and chemical active. Fortunately, the active surface
of Ni foams can be “passivated” effectively by high temperature
annealing. To explore what happened after the passivation, XPS
analysis has been performed on the cleaned Ni foam and the
annealed Ni foam without inserting in KOH solution, and the
results are shown in Fig. 1(b) and (c). The Ni (2p;») of the
cleaned nickel foam can be deconvolved into two peaks at 854.1
and 852.3 eV, corresponding to nickel Ni*" in NiO and nickel
metal.> Figs. 1(b) and (c) obviously show that, after annealing,
the peak at 854.1 eV strengthens compared with the cleaned Ni
foam, meaning that there are more nickel oxide forming on the
surface of the foam. During the high temperature annealing, the
residual oxygen reacted with the nickel foam to form a thin film
of nickel oxide on the surface. The physical and chemical
characteristics of the nickel oxide changes with annealing
temperatures, especially when the temperature approaches 1000
°C, have been reported.”®?’ With the annealing temperature
increasing, the crystalline-phase of the nickel oxide becomes

50

[
b

(e)

——01s

—Nizp,, 530.5

855.1

Intensity / a.u.

861 858 855 852 849 537 534 531 528 525
Binding energy / eV

e i b e B Gl e
2 4 6 8
Energy / KeV

Fig. 2 (a) SEM images of the nickel oxide-hydroxide on nickel foam; (b) Low-
magnification and lattice-resolution TEM images of NiO(OH) thin film; (c)
EDS spectrum taken on the NiO(OH) thin film; (d) and (e) XPS spectra of the
Ni (2p312) and O (1s) of the Ni foam deposited with nickel oxide-hydroxide.

better, and the density and resistivity increases, meanwhile, the
solubility and chemical activity decreases. In our cases, after
annealing, the compact nickel oxide on the foam surface protects
the inner nickel from reacting with the electrolyte, resulting in the
smaller response current.

Nickel oxide-hydroxide (NiO(OH)) was directly deposited
on the annealed Ni foams by anodic electrodeposition. Fig. S4
shows the low magnification SEM image of NiO(OH) on Ni
foam, which clearly reveals the uniformity of the NiO(OH). The
high-magnification SEM images of Fig. 2(a) shows that the
prepared nickel oxide-hydroxide is porous and composed of
nanoflakes. To investigate the interior structures of NiO(OH),
TEM analyses were also performed and the results are shown in
Fig.2 (b). It can been seen from the low-magnification TME
image that the NiO(OH) deposited on the Ni foam is a thin film
with drapes, which is composed of interconnected nanoflakes.
High-magnification TEM image shows some lattice fringe,
meaning the nanostructure is polycrystalline. The lattice fringe
spacing is measured to be 0.25 nm, the same as the interspacing
of the (111) lattice planes of NiO(OH) (JCPDS 22-0444). EDS
analysis in Fig. 2(c) shows signals of Ni and O and the other
signals come from impurity and the TEM grid. Statistical analysis
shows that the atomic ratio of Ni and O is about 0.5, consistent
with chemical composition of NiO(OH). To further confirm the
chemical composition, XPS analysis has been done and the
results are shown in Fig. 2(d) and (e). The Ni (2p;5) peak at 855.1
eV and O (Is) peak at 530.5 eV correspond to the Ni** and O in
nickel oxide-hydroxide.?®

The electrochemical performance of NiO(OH) on Ni foam is
measured in 1 M KOH solution with the potential window of 0 ~
0.6 V. CV curves of annealed Ni foam and annealed Ni foam
with nickel oxide-hydroxide porous film are shown in Fig. 1(a).
The response current of the annealed nickel foam is much weaker
than that of the foam deposited with NiO(OH). The areal
capacitance of the Ni foam deposited with NiO(OH) is 314.9 mF
cm™ while the areal capacitance of the Ni foam is only 18.2 mF
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Fig. 3 (a) CV curves of NiO(OH) on passivated Ni foam at different scan rates
(1~20 mV s™); (b) Specific capacitances of the nickel oxide-hydroxide on 3D
nickel foam and 2D nickel plate as a function of scan rates (1-20 mV sN: (o)
Charge-discharge curves of the nickel oxide-hydroxide on passivated Ni foam
with different current densities (1~20 A g'l); (d) Specific capacitances of the
nickel oxide-hydroxide as a function of current densities (1-20 A g'l); (e)
Energy densities and power densities of the nickel oxide-hydroxide as a
function of current densities.; (f) Galvanostatic discharge curves of the
NiO(OH) on 3D and 2D nickel at the same current density (3mA cm?) and AV

represents IR drops.

cm?. Such small contribution of the nickel foam to the total
capacitance is almost negligible. CV curves of the NiO(OH) on
Ni foam at different scan rates (1~20 mV s™') are shown in Fig.
3(a) and the calculated specific capacitances of NiO(OH) as a
function of scan rates are shown in Fig. 3(b). The redox peaks are
maintained at different scan rates and the shapes of these curves
are similar, meaning that the capacitive behavior of the electrode
is maintained over this range. The specific capacitance at the scan
rate of 1 mV s is 1964.4 F g and the capacitance decreases
with the increase of scan rate.

The electrochemical performance was also investigated by
galvanostatic charge-discharge tests and the results are shown in
Fig. 3(c). The potential window of 0 to 0.45 V is adopted in GV
tests to avoid the apparent oxygen-evolution reaction. The
specific capacitance of the NiO(OH) on 3D Ni foam calculated
by GV curves is 2302 F g™ at the current density of 1 A g”'(Fig.
3(d)). This value is much higher than that of the nickel
oxide/hydroxide deposited on plate electrodes by anodic
electrodeposition method'’**?**® and comparable to that of
nickel oxide deposited on 3D nickel foam by the cathodic
electrodeposition method.”” The energy densities and power
densities of NiO(OH) on Ni foam calculated from the GV tests
are shown in Fig. 3(e) as a function of current densities. The
highest energy density of 64.7 Wh kg™ is got at the current
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Fig. 4 (a) Cycling performance of the NiO(OH) on passivated Ni foam tested
by cyclic voltammetry with the scan rate of 10 mV s™; (b) CV curves of the
1th,40th,80th,200th and 1000th cycle.

density of 1 A g and the highest power density of 4.5 kW kg™ is
got at the current density of 20 A g”'. Although the power density
at 1 A g is only 0.23 kW kg™', the energy density of 64.7 Wh kg’
' is one of the best results reported so far about nickel
oxide/hydroxide supercapacitors.'" 2" %

To explore the reason of the improved electrochemical
performance of the NiO(OH) on 3D nickel foam, NiO(OH) was
also deposited on 2D nickel plate with the same method, and the
specific capacitances were shown in Fig. 3(b). It clearly shows
that the specific capacitance of NiO(OH) on 2D nickel plate is
much lower than that of NiO(OH) on 3D nickel foam. The
galvanostatic discharge curves of the NiO(OH) on 3D and 2D
nickel at the same current density are shown in Fig. 3(f). IR drops
(AV) of the NiO(OH) on 3D and 2D nickel are 0.008 V and 0.021
V, respectively. This result indicates that the NiO(OH) on 3D
nickel foam has lower internal resistance, which improves the
transport and collection of electrons, resulting in the improved
electrochemical performance.*' The 3D structure of nickel foam,
as well as the porous nanostructure of NiO(OH), facilitate the
penetration of electrolyte into the whole electrode and shorten the
ions diffusion distance in the active material, contributing to the
high supercapacitor performance. 2%

Cycle stability is carried out by CV cycling at 10 mV s-1
and the result is shown in Fig. 4(a). The capacitance of NiO(OH)
on Ni foam gradually increases to about 110% and keeps almost
constant for 1000 cycles. CV curves at different cycles are shown
in Fig. 4(b). In the first 100 cycles, the peak potential position
changes a lot, which means the electrochemical performance are
not very stable in the first few cycles. The initial process will
activate the electrode.''**?* After 200 cycles, the peak potential
position changes very little and no other peaks were observed
during the process as shown in CV curves of the 200th and
1000th cycle, meaning a stable electrochemical reversibility.'*
At higher positive potential, “Oxygen Evolution Reaction”
happens and leads to the current increase, marked by the red
circle in the figure.***” From 200th to 1000th cycle, though the
current signals related to the redox reactions of the active material
changes very little, the current of the oxygen evolution reaction
increases which contributes the calculated capacitance.

In summary, nickel oxide-hydroxide are deposited on the
passivated 3D Ni foam by anodic electrodeposition and the
supercapacitor electrode shows high specific capacitance, large
energy density and long-term cyclic stability. High-temperature
annealing passivates the surface of Ni foam and suppresses the
reaction of Ni foam surface in KOH solution, making the Ni foam
more suitable for current collectors in nickel oxide/hydroxide

This journal is © The Royal Society of Chemistry [year]
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supercapacitors. 3D structure of nickel foam and the nickel oxide-
hydroxide nanostructure facilitate the penetration of electrolyte
into the whole electrode and reduce the internal resistance,
contributing to a high specific capacitance of 2302 F g and a
large energy density of 64.7 Wh kg™ at the current density of 1 A
g, Also, the electrode shows good cyclic stability. Therefore,
nickel oxide-hydroxide on passivated 3D Ni foam is promising
for supercapacitor electrodes.
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