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ABSTRACT Nanoporous nickel hydroxide (Ni(OH),) thin film
was grown on the surface of ultrathin-graphite foam (UGF) via a
hydrothermal reaction. The resulting free-standing Ni(OH),/UGF
composite was used as the electrode in a supercapacitor without
the need for addition of either binder or metal-based current
collector. The highly conductive 3D UGF network facilitates electron
transport and the porous Ni(OH), thin film structure shortens ion

diffusion paths and facilitates the rapid migration of electrolyte ions.

An asymmetric supercapacitor was also made and studied with

big commercial cells
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Ni(OH),/UGF as the positive electrode and activated microwave exfoliated graphite oxide ('a-MEGO') as the negative electrode. The highest power density of

the fully packaged asymmetric cell (44.0 kW/kg) was much higher (2—27 times higher), while the energy density was comparable to or higher, than high-

end commercially available supercapacitors. This asymmetric supercapacitor had a capacitance retention of 63.2% after 10 000 cycles.
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chemical capacitors or ultracapacitors)

with high power density and long
lifespan are of interest as energy storage
devices." ™ Pseudocapacitors, utilizing in
principle fast and reversible electrochemical
redox reactions from materials such as RuO,,>®
MnO,,”® NiO,° C030,'° and Ni(OH),,'""?
often have very high theoretical capaci-
tance. However, they usually suffer from
poor stability, low conductivity and large
volume change during the charge/discharge
processes.” Among various 'pseudoactive'
materials, nickel hydroxide (Ni(OH),) is cost-
effective and is available in various morpholo-
gies, making it an attractive candidate for high
performance supercapacitors. In attempts to
improve the electrochemical performance of
Ni(OH),-based electrodes, Ni(OH), nano-
structures have been studied,’>'* as well
as Ni(OH),-carbon composites involving high-
surface-area conductive materials such as
carbon nanotubes,'*'® activated carbon'”'®
and graphene.'>'*"2" These materials can
improve the conductivity of the composites

Supercapacitors (also known as electro-
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and shorten the electron and ion diffusion
pathways with the aim of more efficient
charge and mass exchange. Such nano-
structured composites have always been
coated to a metal current collector to obtain
a continuous conductive structure, which
greatly decreases the overall gravimetric
specific capacitance. The typical addition
of a polymeric binder will not only hamper
the charge transport rate, but also further
increase the total mass of the electrode.
Recently, three-dimensional (3D) nickel
foam was used as a substrate to grow
Ni(OH), thin film to exploit the conductive
backbone of the nickel foam,*>"® and
the resulting 3D porous structures showed
improved capacitance without the addi-
tion of a binder. However, considering the
weight of the nickel foam (density of about
262 mg/cm?, thickness of 1.6 mm), the
gravimetric capacitance with respect to
the total mass of the electrode has been
very low (12—38 F/g, Ni(OH), loading den-
sity on nickel foam has always been less
than 1 mg/cm?) 22232
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Ultrathin-graphite foam (UGF)*® a foam structure
consisting of ultrathin graphite struts reported in our
previous work,?” provides a low density (10—20 mg/cm?)
free-standing 3D interconnected network with high
electrical conductivity (~1.3 x 10° S/m at 300 K).?’
These properties make UGF a promising candidate to
replace traditional current collectors such as nickel
foam or carbon paper. We report a binder-free Ni(OH),/
UGF composite by direct growth of a porous Ni(OH), thin
film on the UGF surface by hydrothermal reaction. The
interconnected 3D conductive network of the UGF
ensures a high electron conductivity and the porous
structure of the Ni(OH), film offers a short ion diffusion
pathway. The Ni(OH),/UGF composite had a specific
capacitance of 166 and 111 F/g at current densities of
0.5 and 10 A/g, respectively, based on the total mass of
the electrode including the UGF current collector.
(Based on the mass of Ni(OH),, the specific capacitance
values are (1.56 & 0.06) x 10%and (1.04 + 0.04) x 10° F/g,
respectively.)

An aqueous electrolyte (environmentally benign)
based asymmetric supercapacitor using Ni(OH),/UGF
composite as the positive electrode and activated
microwave exfoliated graphite oxide ('a-MEGO') as
the negative electrode has demonstrated high power
density and moderately high energy density in a fully
packaged supercapacitor cell at an operating potential
of 1.8 V.

RESULTS AND DISCUSSIONS

The structure of the Ni(OH),/UGF composite was
studied by X-ray diffraction (XRD, Figure 1a). All the
diffraction peaks of the Ni(OH),/UGF composite are
either due to graphite (they are identical to those of
pure UGF) or to 3-Ni(OH), (JCPDS: 14-0117). The X-ray
photoelectron spectroscopy (XPS) pattern of the
Ni(OH),/UGF composite (Figure 1b) shows the binding
energy of Ni 2ps3,, centered at 856.1 eV, typical of the
Ni>" phase of Ni(OH),. Based on separate TGA studies
of the Ni(OH), powder, the UGF, and the Ni(OH),/UGF
composite (Figure S1; TGA done in the temperature
range of 35—950 °C under air atmosphere at a heating
rate of 5 °C/min), the mass ratio of Ni(OH), in the
Ni(OH),/UGF composite was estimated to be 10.6%.

The Scanning Electron Microscopy (SEM) image in
Figure 2a shows that the 3D interconnected structure
of the UGF remains unchanged after Ni(OH), deposi-
tion (Figure S2, see Supporting Information for the
pristine UGF). No collapse of the graphite struts or
obstruction of the pores is observed, indicating the
strong mechanical strength of the UGF and the uni-
form dispersion of the Ni(OH), film. The cross-sectional
view shows that the Ni(OH), film, with a thickness
of ~2 um, is well adhered to the UGF surface
(Figure 2b). No peeling off of the Ni(OH), film from
the UGF surface was observed after vigorously shaking
the composite in a glass bottle. The Ni(OH), thin film
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Figure 1. (a) The XRD patterns of the Ni(OH),/UGF compo-
site and of UGF alone. (b) XPS spectra acquired from the
Ni(OH),/UGF composite, of the Ni 2ps,, region before and
after the electrochemical cycling test.

exhibits a highly random porous architecture, which
is composed of nanoflakes with thickness of about
20—30 nm (Figure 2a, inset). Some Ni(OH), particles
were observed in the solution from the same reaction
batch that were not attached to the UGF, and they, also
composed of nanoflakes, were roughly spherical with a
diameter of about 2 um (Figure S3, see Supporting
Information).

With the decomposition of urea, Ni(OH), nuclei
formed on the UGF surface as well as in the solution.
The anisotropy of the Ni(OH), crystals leads to the
growth of 'nanoflakes'.'>?® The pH value decreases
during growth of the nanoflakes and Ostwald-ripening
occurs,>>3° as larger flakes grow and consume smaller
ones?! The large flakes were found to aggregate, likely
driven by a reduction in total surface energy. Thus,
nucleation on the UGF surface leads to the formation
of a porous Ni(OH), thin film, while nucleation in
solution leads to spherical particles to minimize sur-
face energy.13'28'31_33 The structure of the Ni(OH),/
UGF composite was also studied by EDS mapping
(Figure 2c—f). The elemental maps of O and Ni showed
a uniform and continuous dispersion throughout the
UGF network, indicating a continuous Ni(OH), film was
formed on the UGF surface.

The Ni(OH),/UGF composite was considered for
study as the electrode material for a supercapacitor
because: (i) the 3D UGF provides a highly conductive
network to enhance the electron transport to the
Ni(OH), film, (ii) the porous Ni(OH), structure shortens
ion diffusion paths and facilitates migration of electro-
lyte ions at large current density, and (iii) the free-
standing structure avoids the addition of binder and a
metal-based current collector which not only elimi-
nates the additional contact resistance between the
current collector and the active material, but also
reduces the total mass of the electrode.
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Figure 2. SEM images of the Ni(OH),/UGF composite, (a) SEM image of the composite material, and the inset shows a higher
magnification image of the Ni(OH), nanoflakes; (b) a cross-sectional view of the composite; (c) SEM image and the

corresponding EDS elemental mapping images of (d) carbon, (e) oxygen, and (f) nickel.
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Figure 3. Three-electrode electrochemical measurements of the Ni(OH),/UGF composite in 6 M KOH aqueous solution. (a) CV
curves at different scan rates; (b) galvanostatic charge—discharge curves at various current densities; (c) gravimetric specific
capacitance of Ni(OH),/UGF composite as a function of the current densities, (d) cycling performance of Ni(OH),/UGF
composite at 10 A/g, inset shows the CV curves before and after cycling at 5 mV/s, respectively; (e) CV curves (at 5 mV/s, inset is
the magnifying CV curve of Ni(OH), on carbon paper); (f) Nyquist plots of the as-prepared Ni(OH),/UGF composite, and of the
Ni(OH), nanoparticles slurry after drop-casting on UGF or carbon paper.

The electrochemical properties of the Ni(OH),/UGF
composite were first evaluated using a three-electrode
system in 6 M KOH aqueous solution. Figure 3a shows
the CV curves of Ni(OH),/UGF composite at various
scan rates in the potential range of 0—0.5 V vs Ag/AgCl.
A pair of oxidation and reduction peaks can be seen,
which are due to the reversible reaction of Ni(OH), +
OH™ <> NiOOH + H,0 + e~ .**** The Coulombic effi-
ciency obtained from the CV curve at the scan rate
of 50 mV/s is 99.7%. The high Coulombic efficiency
indicated fully reversible pseudocapacitive behavior of
the Ni(OH),/UGF composite electrode. With increasing
scan rate, the current increased and the oxidation
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peaks shifted to a more positive position and the
reduction peaks to a more negative position. This is
due to an increase of the internal diffusion resistance
within the pseudoactive material with an increase
in scan rate.>**® The gravimetric capacitance of the
Ni(OH),/UGF electrode at various current densities was
calculated from the discharge curves and is shown in
Figure 3c. A gravimetric capacitance based on the total
mass of the electrode (i.e.,, UGF + Ni(OH),) was 166 F/g
at a current density of 0.5 A/g (the current density was
normalized based on the total mass of the electrode).
The gravimetric capacitance can reach (1.56 4 0.06) x
10° F/g based on the mass of Ni(OH), alone at the same
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current. When the current density was increased from
0.5 to 10 A/g, the gravimetric capacitance (based on
the total mass of the electrode) decreased about 30%
and then remained approximately constantat 111 A/g,
implying good ion diffusion and electron transport
ability at high current density. This rate performance
highlights advantages of the nanoporous Ni(OH),/UGF
composite, which provides fast and efficient diffusion
of the electrolyte ions to the active material surface and
excellent electron transport within the UGF struts.

(In our experiments, the Ni(OH),/UGF composite was
typically ‘crushed' in a roller and in this way the volume
was significantly decreased. Rather than using a roller,
in a control experiment a press was used and 15 MPa
force applied. The Ni(OH),/UGF electrode then had a
thickness of about 37 £+ 3 um; thus, the volumetric
capacitance of the total electrode including the current
collector was estimated to be about 93.5 + 8 F cm 3,
comparable to that of EDL capacitors.>”%%)

The stability of the Ni(OH),/UGF composite was
evaluated using a long-term galvanostatic charge/dis-
charge process (Figure 3d). The capacitance increased
during the first 100 cycles, which may be attributed to
the activation of Ni(OH), that allows trapped ions (ions
can be trapped between the Ni(OH), crystalline layers
during the growth of nanoflakes) to diffuse out.?®>’
The capacitance stabilized in the last 400 cycles and a
capacitance retention of about 65% was achieved after
1000 cycles at a current density of 10 A/g.

The CV curves of the electrode before and after the
cycling test recorded at a scan rate of 5 mV/s are shown
in Figure 3d (inset). Two CV curves exhibit a similar
profile with a pair of oxidation/reduction peaks, except
that the redox peaks are better defined and the poten-
tial difference between the two redox peaks is smaller
after the cycling process (0.18 and 0.11 V for the initial
and final cycle, respectively). The potential difference
AEor (Eo — Egr) between the oxidation potential and
the reduction potential is a measure of the reversibility
of the redox reaction and the relatively small values
obtained here indicates better reversibility.3**> The
morphology and the chemical composition of the elec-
trode appear to be unchanged after the cycling test, see
SEM images (Figure S4, see Supporting Information) and
XPS spectrum (Figure 1b). No deformation of the nano-
flakes or peeling off from the UGF was observed, indicating
a good stability of the porous Ni(OH),/UGF composite.

To reiterate, the relatively good capacitive perfor-
mance of the 3D Ni(OH),/UGF composite is due to: (1)
growth of the thin and porous active material onto the
free-standing UGF which allows not using the poorly
conductive and electrochemically nonactive binder; (2)
the 3D interconnected structure provides a highly
conductive network to effectively transfer sufficient
electrons to the active material; (3) the larger surface
area of the UGF (20 cm? per nominal area, which is ~20
times larger than that of a flat current collector),
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provides a more open surface for the contact of the
active material which allows for a thinner active ma-
terial layer under the same loading density; (4) the
good contact between the active material and the UGF
current collector facilitates electron transfer; and (5)
the thin and porous Ni(OH), nanoflakes within the 3D
interconnected electrode structure ensures fast and
efficient transport of the electrolyte ions.

To further test these suggested advantages of this
3D porous composite structure, two other electrodes
were fabricated by direct drop-casting of Ni(OH), par-
ticles on UGF and on carbon paper, respectively, with
the same loading density of 0.2 mg/cm? Figure 3e
shows the current response of the three types of elec-
trodes at the scan rate of 5 mV/s. The specific current of
the Ni(OH),/UGF electrode made as described above,
based on the total mass of the electrode, is much
higher than that for the other two, indicating better
capacitive performance of this composite material.

The Nyquist plots of the three electrodes obtained
using AC electrochemical impedance spectroscopy
(EIS) in the frequency range from 100 kHz to 0.01 Hz
are shown in Figure 3f and Figure S5 (see Supporting
Information). The Nyquist plots of the Ni(OH),/UGF
electrode have an almost vertical line in the low
frequency region, indicating a good capacitive beha-
vior. In the high frequency region, the Ni(OH),/UGF
electrode and an equivalent series resistance (ESR) of
about 1.3 Q, suggesting a small electrode resistance
and high charge-transfer rate between the electrolyte
and the active material. In contrast, the other two
electrodes prepared by the drop-casting method
showed a large diffusion resistance in the high fre-
quency region (about 5.2 and 510 Q for Ni(OH), on
UGF and on carbon paper, respectively, see Figure 3f
and Figure S5), indicating a poor charge-transfer rate.

An asymmetric supercapacitor was fabricated using
Ni(OH),/UGF and a-MEGO3’*° as the positive and
negative electrode, respectively. One advantage of
the asymmetric configuration is the use of the pseu-
docapacitive positive electrode to enhance the specific
capacitance of the cell. On the other hand, the operat-
ing potential of the asymmetric cell can be extended
due to the overpotential of reversible hydrogen elec-
trosorption in a nanoporous carbon-based negative
electrode.'>20214041 A serjes of CV measurements with
different voltage windows were used to estimate the
best operating potential of the asymmetric superca-
pacitor cell (Figure 4a). When the operating potential
window is 1.0V, the presence of the redox peaks (in the
region between 0.6 and 1.0 V) indicates the pseudo-
capacitive properties of the cell coming from the
positive electrode (Ni(OH),/UGF). With an increase of
the operating potential to 1.8 V, more faradic reactions
(the larger current response) occurred. When the
operating potential was extended to 2.0 V, evolution
of oxygen occurred.? As both the energy density and
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Figure 4. CV curves of Ni(OH),/UGF//a-MEGO asymmetric supercapacitor (a) measured at different potential window (at 50 mV/s)
and (b) at different scan rates in 6 M KOH solution and (c) galvanostatic charge—discharge curves at different current
densities; (d) Ragone plots of the asymmetric supercapacitor based on the full cell, comparing with some high-end

commercial supercapacitors.

power density is highly dependent on the cell operating
voltage according to E = Cginge* V2/8, 1.8 V was used as
the cell potential to further investigate the electrochem-
ical performance of the asymmetric supercapacitor.

CV curves at different scan rates (ranging from 5 to
100 mV/s) were measured under 1.8 Vin 6 M KOH (aq)
solution (Figure 4b). A combination of both pseudoca-
pacitive and EDL types of capacitance was clearly
observed at all scan rates. The current increased with
the scan rates, and the oxidation peak shifted to a more
positive potential, similar to what was observed in
the three-electrode configuration. The galvanostatic
charge/discharge plots at different current densities with
the potential window of 1.8 V are shown in Figure 4c. The
specific capacitance calculated based on the total mass of
the electrodes (total mass of both positive and negative
electrodes) reached 119 F/g per electrode at a current
density of 1 A/g. The capacitance retention of the asym-
metric cell after 10000 cycles of charge/discharge at a
current density of 5 A/g is 63.2% (Figure S7, see Support-
ing Information), and indicates a relatively good stability
of the asymmetric pseudocapacitor. The capacitance loss
may be due to the loss of the electrical contact between
the active materials (Ni(OH),) and the UGF because of
change in volume of the active materials during cycling.

The energy densities and power densities of the
asymmetric supercapacitor (based on the total mass of
the electrodes, including the mass of UGF) are shown
in Figure S6 (see Supporting Information). A maxi-
mum gravimetric energy density and power density
of 13.4 Wh/kg and 85.0 kW/kg was obtained, respec-
tively, based on the total weight of the electrodes
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including the UGF current collector in the asymmetric
cell. The corresponding volumetric energy density
and power density were estimated to be 8.7 Wh/L
and 55.3 kW/L, respectively, based on the total elec-
trode density of 0.65 g/cm? (Table S2, see Supporting
Information for details of the calculation). In addition,
the performance of the fully packaged asymmetric
cell was also estimated (Table S2). With a weight ratio
of 22% for the active electrode materials in a pack-
aged device, a maximum practical gravimetric energy
density of 6.9 Wh/kg (highest power density of
44.0 kW/kg) and volumetric energy density of 4.8 Wh/L
(highest power density of 30.8 kW/L) was obtained
for the packaged device. Table S3 (see Supporting
Information) summarizes high-end commercial super-
capacitor devices from various companies and a
Ragone plot is shown in Figure 4d. The energy density
of our hybrid supercapacitor is comparable or higher
than most of the organic-based high-end super-
capacitors, but the power density is much higher
(2—27 times higher) than all the commercially avail-
able cells. Considering the use of environmentally
benign aqueous electrolyte, our hybrid supercapaci-
tor shows promise for application as a high power
energy device.

CONCLUSION

In conclusion, a 3D interconnected Ni(OH),/UGF
composite was made by growth of a porous Ni(OH),
thin film on the lightweight and highly conductive UGF
surface. This Ni(OH),/UGF composite is free-standing
and can be used as an electrode in a supercapacitor
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without the addition of binder or use of a metal-based
current collector, which dramatically decreases the
total resistance as well as the total mass of the cell.
An asymmetric supercapacitor based on Ni(OH),/UGF
as the positive electrode and a-MEGO as the negative

EXPERIMENTAL AND METHOD

Synthesis of Ni(OH),/UGF Composite. The ultrathin graphite foam
(UGF) was synthesized by a chemical vapor deposition (CVD)
method on a nickel foam used as a template as described in
our previous report.?” A pure graphite foam was achieved after
etching the nickel away using a 3% HCl aqueous solution. The
Ni(OH),/UGF composite was prepared by a hydrothermal reac-
tion as follows: the UGF was placed in a filter flask. A total of
32 mg of NiCl,-6H,0 and 50 mg of urea were added to 20 mL of
DI water and this homogeneous solution was then added into
the filter flask by an injector under vacuum to let the solution
wet the UGF. After the UGF was totally wetted, all of the solu-
tion and the UGF were transferred into an autoclave reactor,
which was heated to 180 °C for 2 h and then cooled to room
temperature. The resulting Ni(OH),/UGF composite was then
washed using DI water and then isopropyl alcohol several times,
and dried in an air oven at 80 °C. A comparison sample was
prepared by the same method without the addition of UGF,
forming a Ni(OH), powder after washing.

General Characterization. The Ni(OH),/UGF composite was
characterized by X-ray diffraction (XRD, Xpert, Philips) using
Cu K R radiation and X-ray photoelectron spectroscopy (XPS,
PHI5000VersaProbe). Scanning electron microscopy (SEM,
Quanta 600 FEG, FEI Company, 30 kV) equipped with energy-
dispersive spectroscopy (Bruker EDS Quantax 4010) was used to
study the morphology, microstructure, and elemental composi-
tion of the composites and related materials. Thermogravi-
metric analysis (TGA, Perkin-EImer TGA 4000) was done using
a 5 °C/min heating rate under 20 mL/min flow of air. All the
materials were weighed by a high precision electronic balance
(XP105DR, Mettler Toledo).

Electrochemical Characterization. A three-electrode system was
used to measure the response of the Ni(OH),/UGF composite as
the working electrode using 6 M KOH aqueous solution as
the electrolyte, with a Pt mesh as the counter electrode and
Ag/AgCl as the reference electrode, respectively. The powder
sample used for the comparison samples was mixed with 5%
poly(tetrafluoroethylene) (PTFE, Sigma-Aldrich, 60 wt % disper-
sion in water) in ethanol to form a homogeneous paste, then
drop-casted separately onto the UGF and onto carbon paper.

The asymmetric supercapacitor was measured with a two-
electrode system, where Ni(OH),/UGF composite was the posi-
tive electrode, and a-MEGO mixed with 5% PTFE to form a paste
and then rolled into uniform sheet at a thickness of about 20 um
was the negative electrode. The two electrodes and a separator
(Celgard 3501) permeable to ion transport were placed into a
test fixture consisting of two stainless steel plates, with 6 M KOH
aqueous solution as the electrolyte. All the electrochemical mea-
surements were carried out with an Autolab (PGSTAT320N) elec-
trochemical workstation. All the operating current densities were
calculated based on the total mass of the system (whole electrode
including the UGF current collector for the 3-electrode system and
the total weight of the positive and negative electrodes including
the UGF current collector for the 2-electrode system).

The gravimetric specific capacitance for the three-electrode
cell was obtained from the galvanostatic charge/discharge
curves as: Cnge = I-t/mg-V, where m; (g) is the mass of the
working electrode, / (A) is the current density, t (s) is the dis-
charge time and V (V) is the discharge voltage range. For the two-
electrode system, the mass ratio between the positive and
negative electrode is obtained based on the following equation:
m,/m_ = C_-V_/C,-V,, and the gravimetric specific capaci-
tance is obtained by the equation: Cgngie = 4/ t/m-V, where mis
the total mass of the two electrodes (including the mass of UGF).
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electrode in aqueous electrolyte had high power den-
sity with moderate energy density in a fully packaged
cell. This simple and cost-effective synthetic method
can be applied to other electroactive materials and
offers promise for high power energy storage.

The energy density is calculated as: E = Cyngle* Vimax /8. The
equivalent series resistance (ESR) is estimated by Resg = Virop/(2/),
while the power density is calculated by the equation
P = Vinax’/(4MResg).
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