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Ni(OH), nanoflakes were deposited on a carbonized melamine foam (CMF) substrate (Ni(OH), @CMF)
via chemical bath deposition at room temperature. This was achieved by using three different Ni(OH)>
precursor solution concentrations. Ni(OH). @CMF-0.05 was obtained using a 0.05 M Ni(OH)2 solution
and exhibited a high specific capacitance of 1066 F g™ at a specific current of 1 A g*; further, this
material retained a specific capacitance of 698 F g at a specific current of 5 A g*. At a scan rate of 5
mV s, the specific capacitance of Ni(OH), @CMF-0.05 was 965 F g. This excellent electrochemical
performance is ascribed to the large amount of functional groups in CMF, which allowed for its facile
reaction with Ni(OH)2 during the synthesis of Ni(OH). @CMF as well as with the hydroxide ions in the
electrolyte during charge/discharge cycles. The monolithic device, which was achieved owing to the
three-dimensional structure of CMF, delivered a high energy density of 27.5 Wh kg™ at a power density
of 140 W kgt and a high power density of 7.5 KW kg™ at an energy density of 6.6 Wh kg. The device
retained 100% of its energy density after 8000 charge/discharge cycles. This work suggests a potential
approach to utilize melamine foam as a substrate for the low-cost growth of metal hydroxide
nanostructures that can be used as electrode supercapacitors.
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1. INTRODUCTION

As the demand for electric energy is rapidly increasing because of the growing usage of portable
electronics and electric vehicles, interest in energy-storage technologies has increased. Supercapacitors,
which can deliver a high power density, have attracted considerable attention. The performance of a
supercapacitor is highly dependent on the electrode material. Commonly used supercapacitor electrode
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materials include transition-metal oxides and hydroxides such as RuO> [1-3], MnO2 [4, 5], NiO [6, 7],
Ni(OH)2 [8], and C0304[9-11]. Among these, Ni(OH): is attracting interest as it is a readily available,
low-cost, and ecofriendly material [12, 13]. Moreover, Ni(OH). can exhibit a high electrode performance
owing to its large specific surface area and numerous electrochemical redox reactions [14].

However, the poor electrical conductivity of Ni(OH). limits the utilization of the surface area for
the pseudocapacitive redox reaction and hinders its practical application in supercapacitors.
Accordingly, combinations of Ni(OH). with substrates having electrical conductivity and chemical
stability, such as some carbon-based materials, have been investigated. [15] Numerous attempts have
been made to combine Ni(OH). with electrically conductive carbon. Wu reported that -Ni(OH). on
graphene exhibited a high specific capacitance of 1503 F g* at a scan rate of 2 mV s [15]. Carbon
provides not only a high performance but also a low synthesis temperature. For instance, Alhebshi
deposited Ni(OH). nanoflakes on carbon fibers via chemical bath deposition (CBD) at room temperature.
The resulting material exhibited a specific capacitance of 1420 F g™ at a specific current of 1 A g [14].

Nevertheless, numerous carbon sources, such as graphene, carbon nanofibers (CNFs), and carbon
nanotubes, are expensive and difficult to obtain for commercial applications. In this regard, carbon foam
(CF) derived from melamine foam (MF), which is readily available, is suitable [16]. MF is a three-
dimensional (3D)-structured polymer resin composed of melamine (CsHeNs), formaldehyde (CH-0),
and sodium bisulfite (NaHSO3) [17]. The MF, which exhibits limited utilization as a substrate with the
grown nanostructure owing to the low carbon yield, can demonstrate to be an excellent CF when
subjected to simple carbonization under a N2 atmosphere [17]. The interconnected 3D structure of
carbonized MF (CMF), which has a high porosity of up to 99.6%, allows monolithic electrodes to
increase the electrical conductivity to up to 6.8 x 102S cm™ because a binder is not needed to assemble
a cell [16-20]. Additionally, the 3D structure of CMF facilitates electron transfer during charge/discharge
cycles [21, 22], and its porosity endows it with an ultralight weight of 5 mg cm™ [17].

N [19, 20, 23], S [24-26], and P [23, 27] are widely used in carbon-based electrode materials to
reduce the intrinsic resistivity and facilitate electrolyte ion transfer. When MF is carbonized under an
inert atmosphere, it transforms into a pseudocapacitive N-doped CF owing to the abundance of N in
melamine [19, 20]. N, O, and several functional groups have many advantages as electrode materials or
supporting substrates. Positively charged quaternary and pyridinic-N-oxide N facilitates electron transfer
[28-30]. Additionally, in alkaline electrolytes, pyrrolic-type N and phenol-/carboxyl-oxygen functional
groups contribute to the electrode pseudocapacitance [28-30]. The carboxyl and phenol groups in CMF,
as well as the pyrrole-type N (N-5), can react with hydroxides to increase the pseudocapacitance [31].
The phenol-/carboxyl-oxygen group in CMF was reported to improve its carbon wettability and
electrolyte infiltration [32]. In alkaline electrolytes, these features allow CMF to contribute to the
electrode pseudocapacitance and facilitate the deposition of metal hydroxides.

Despite these significant advantages, metal oxide/hydroxides on CMF have not been reported
since MnO.@ CMF was investigated by He [16]; this is possibly due to the strong hydrophobicity of
CMF [16]. The pretreatment of CMF with zinc chloride [19], CTAB [33], or acidic solutions [27, 34,
35] is known to mitigate the above-mentioned challenge. These treatments help remove impurities from
the CMF surface and activate the surface for the deposition of heteroatoms or transition metals. A
conventional acid treatment was also reported to introduce functional groups such as carboxyls,
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hydroxyls, and carbonyls that can serve as nucleation sites for the growth of Ni(OH)2 [34]. In this study,
we designed and fabricated Ni(OH). nanoflakes via CBD and anchored these nanoflakes on a CMF
substrate that was previously functionalized via surface modification with HCI. The Ni(OH)2 nanoflakes
exhibited pseudocapacitance, while the CMF substrate served as a conductive backbone that facilitated
electron transfer. Moreover, an asymmetric device based on pristine CMF and Ni(OH), @CMF
exhibited an energy density of up to 27.5 Wh kg at a power density of 140 W kg, retaining 100%
cyclic stability after 8000 cycles. The functional species and electrochemical performance of this device
were investigated. This work provides insights into hydroxide-induced pseudocapacitance due to the
changed composition of the functional species.

2. EXPERIMENTAL SECTION

2.1. Materials

MF (9.04 kg/m?, Sunday), hydrochloric acid (HCI, Junsei), nickel nitrate hexahydrate (Ni(NOs)2
‘6H20, 99%, Sigma-Aldrich), ammonium fluoride (NHsF, 98%, Sigma-Aldrich), and Ni foam
substrates (110 PPI, 320g/m?, Artenano Company Limited, Hong Kong) were used as received.

2.2 CMF preparation

First, MF samples were cut to a size of 15 x 15 x 30 mm? and transferred to a tube vacuum
furnace. After a vacuum was applied, the MF samples were heated to 1000 °C at a heating rate of 3 °C
min for 1 h under a flowing N2 atmosphere.

2.3 Pretreatment of CMF

The obtained CMF samples were pretreated with 0.1 M HCI for 0.5 h under sonication to remove
impurities and activate their surface. The samples were then rinsed with deionized water to remove any
remaining HCI.

2.4 Deposition of nickel hydroxide on CMF

Three different concentrations of a Ni(OH)2 precursor solution (0.025, 0.05, and 0.075 M) were
synthesized by mixing Ni(NOz), -6H20 and NH4F in deionized water. Then, the CMF samples were
immersed and stirred in each solution for 12 h at room temperature. The treated CMF samples were
denoted as Ni(OH). @CMF-0.025, Ni(OH). @CMF-0.05, and Ni(OH). @CMF-0.075.
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2.5 Assembly of asymmetric supercapacitor

An asymmetric supercapacitor was assembled with 0.7 mg of Ni(OH). @CMF-0.05 as the
positive electrode and 2.3 mg of pristine CMF as the negative electrode. A 6 M KOH solution was used
as the electrolyte.

2.6 Structural characterization

The samples were characterized using X-ray diffraction (XRD, Cu K-« radiation, 40 kV, 40 mA,
D8-Discover Bruker) at a scanning speed 0.2° s over the 20 range of 10°-80°. The surface morphology
was examined using scanning electron microscopy (SEM, 5 kV, Hitachi, S-4800) and high-resolution
transmission electron microscopy (TEM, JEOL, JEM—-2010F). The valence of the prepared samples was
determined via X-ray photoelectron spectroscopy (XPS, VG Scientifics ESCALAB250), where the C 1s
peak was calibrated to 284.6 eV. Fourier transform infrared (FT-IR) spectra were recorded using a ZnSe
prism in a Tensor 27 spectrometer (Bruker, Germany), where the angle of incidence was 45°, and data
were recorded in the range of 4000-400 cm™. For these FT-IR analyses, 200 scans were obtained and
the result was averaged with a resolution of 4 cm™.

2.7 Electrochemical characterization

The electrochemical properties were measured using a three-electrode configuration and a 6 M
KOH electrolyte solution at room temperature. Pt foil and Hg/HgO were used as the counter and
reference electrodes, respectively. Ni foam was used as a current collector. The samples loaded on the
foam had an active mass of approximately 1 mg. The weight of the CF was not counted, because its
contribution to the capacitance was marginal. The spacing between the working, counter, and reference
electrodes was approximately 1 cm. Electrochemical impedance spectroscopy (EIS) (Bio-Logic VMP3)
was performed in the frequency range of 500 kHz to 10 mHz with an amplitude of 14.2 mV. Cyclic
voltammetry (CV) curves and galvanostatic charge/discharge (GCD) curves were measured using an
electrochemical workstation (IVIUM system, nState) within potential ranges of 0-0.5 V for the half-
cells and 0-1.5 V for the asymmetric device. The scan rate used to obtain the CV curves of both devices
was varied from 5 to 100 mV s*. The GCD current density was varied from 0.5 to 5 Ag™* for the half-
cells and from 0.25 to 5 Ag* for the asymmetric device. The cyclic retention was measured at a specific
current of 5 A g* for 2000 cycles for the half-cells and 8000 cycles for the asymmetric device. The
specific capacitance according to the scan rate and current density was calculated using Egs. 1-3, as
described in the Electronic Supplementary Information (ESI). For the negative electrode, the mass of the
CMF was included as the active mass because it contributed a specific capacitance of 245 F g at a
specific current of 0.5 A g* for the negative potential range.
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3. RESULTS AND DISCUSSION

HCI
carbonization treatment
1000°C, 1h RT, 0.5h

Melamine foam CMF

RT, 12h
Ni(OH), @CMF

Scheme 1. Schematic illustration of the Ni(OH)> @CMEF synthesis process. The first step is the
carbonization of the MF. The second step is the surface modification of CMF with HCI treatment.
The third step is the deposition of Ni(OH)2 on the CMF substrate via CBD.

3.1 Synthesis

As the MF was carbonized at the first step, its color tuned black, and its volume decreased by 1/8
(from 6.75 to 0.843 cm?®). The density of the obtained CMF was 0.67 kg m=. The porosity of CF is
99.66% according to the equation proposed by Chen et al [17, 36]. Ni* and OH" created nuclei on the
activated surface during the CBD process.

3.2 Structural analysis

The XRD patterns in Fig. 2(a) indicate that the nanoparticles on the CMF had mixed B —Ni(OH):

and 4Ni(OH)2-NiOOH phases. Ni(OH). was formed via the following mechanism [37, 38]:
Ni?* + 20H" — Ni(OH)z. (1)

Ni(OH). was then oxidized to the 3 —NiOOH phase by nitrate anions via the following

heterogeneous reaction [14]:
2Ni(OH)2 + N20s* — 2NiOOH + 2(NO3)* + 2H*. (2)

Ni(OH). @CMF-0.05 exhibited the sharpest and highest peaks at 19° and 33°, corresponding to
the B —Ni(OH)2 (001) and 4Ni(OH)2NiOOH (101) planes, respectively [14, 39]. The peaks at 28° and
38° corresponded to the (101) and (002) planes, respectively, of  —Ni(OH)2 [14, 39]. The peaks for
Ni(OH), @CMF-0.05 had higher intensities than those for Ni(OH), @CMF-0.075. Furthermore,



Int. J. Electrochem. Sci., Vol. 15, 2020 1315

Ni(OH), @CMF-0.75 exhibited smaller but more numerous sharp peaks than Ni(OH)> @CMF-0.05.
This peak distribution indicates that the nanostructure did not grow in a single direction but rather in
many different directions, suggesting its large size.

FT-IR analyses were performed to investigate the bonding status of pristine and modified CMFs,
as shown in Fig. 1(b). For all the samples, the peaks at ~3440 cm™ correspond to the N-H stretching
vibration [40, 41]. The intensity of this peak was lower for the Ni(OH)>, @CMFs than for the CMF,
indicating that the N-5 of the CMF was engaged in the synthesis reaction. For all the samples, the peaks
at ~3150 cm* correspond to the O-H vibration of the water molecules [42]. For all the samples, the peaks
at ~1630 cm™ correspond to the stretching vibrations of C=X (X: C, N, or O), indicating the heteroatoms
in the pristine and modified CMF [43]. For all the samples, the peaks at ~1460 cm™ correspond to the
bending vibration of C-OH [44]. With the increasing precursor solution concentration, the peak intensity
increased, indicating that the material actively reacted with the hydroxide. For all the samples, the peak
at ~845 cm™ corresponds to the vibration of the phenol group (O-I1) [45]. The higher intensity of the
peak at ~845 cm* for the Ni(OH). @CMFs compared with the CMF indicates that the amount of phenol
groups (O-I11) increased as CMF reacted with Ni(OH)a.
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of CMF and Ni(OH), @CMFs.

The morphologies of the pristine and modified CMF samples were investigated using SEM. Fig.
2(a) shows that the pristine CMF had skeleton strands. Ni(OH). @CMF-0.05 exhibited nanoflake
structures ranging from 6 to 15 um in size, as shown in Fig. 2(b). The elemental mapping of C, O, and
Ni in Fig. 2(c), corresponding to the magnified image of Fig. 2(b), was examined via energy-dispersive
X-ray spectroscopy (EDX). C, O, and Ni were evenly distributed throughout the nanostructure of
Ni(OH), @CMF-0.05. As shown in Fig. 2(d), the C was more distributed on the background of the
nanostructure. In contrast, as shown in Figs. 2(d) and (e), most of the O and Ni was distributed on the
nanostructure rather than on the background.



Int. J. Electrochem. Sci., Vol. 15, 2020 1316

W\

.I

Figure 2. SEM images of (a) CMF and (b, ¢) Ni(OH)> @CMF-0.05. (d) C, (e) O, and (f) Ni EDX
elemental mapping of Ni(OH), @CMF-0.05.

The fine nanoflakes of Ni(OH), @CMF-0.05 shown in Fig. 3(a) were examined using TEM. The
elemental mapping of Ni and O in the image in Fig. 3(b) was investigated. As shown in Fig. 3(c), the
distributions of Ni and O were in accordance with the nanostructure in Fig. 3(a) and the EDX elemental
mapping results in Figs. 2(d)—(f).
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Figure 3. (a) SEM image, (b) TEM image, and (c) Ni and (d) O EDX elemental mapping of the Ni(OH)>
@CMF-0.05 nanoflakes.

The elemental composition and chemical bonds of the samples were investigated using XPS, and
the results are shown in Fig. 4. Peaks corresponding to C 1s (~285 eV), N 1s (~399 eV), O 1s (~532 eV),
and Ni 2p (~870 eV) were observed. The peaks for C 1s, N 1s, and O 1s were each deconvoluted into
four peaks. For the C1s XPS spectra, four peaks were observed, corresponding to C-C or C=C at 284.7
eV, C=N at 285.5 eV, C-O at 286.3 eV, and C=0 at 287.5 eV [46]. The N 1s peaks were fitted to
pyridinic-type N (N-6) at 398.5 eV, N-5 at 400.1 eV, quaternary-type N (N-Q) at 401.1 eV, and
pyridinie-N-oxide (N-X) at 403 eV [46-48]. The positive charges of N-X and N-Q are reported to
contribute to the electron transfer in bulk carbon and have a dominant effect on the capacitive behavior
[49]. In alkaline solutions, N-5 is the only N species that contributes to the pseudocapacitance [19]. The
O 1s XPS spectra were fitted to quinone-type O (O-1) at 531 eV, phenol-type O (O-Il) at 532.3 eV, ether-
type O (O-111) at 533.5 eV, and carboxyl-type O (O-1V) at 534.5 eV [19]. The carboxyl type (O-1V) peak
at 534.5 eV indicates that the hydroxide was bound to C, forming a carboxyl group. The carboxyl (O-
IV) and phenol groups (O-11) contribute to the pseudocapacitance in alkaline electrolytes through
faradaic redox reactions [19]. Two peaks for Ni 2p belonging to Ni 2ps/; at 855.6 eV and Ni 2p1 at
873.1 eV were observed. The C=N peaks at 285.5 eV confirmed the doping of N in the CMF [19]. The
Ni 2p peak indicated the presence of Ni?* [50]. The atomic contents of the active species, including N-
5, O-Il, O-1V, and Ni, are compared in Table 1. As N-5 reacted with the hydroxide during the synthesis
reaction, the atomic contents of N-5 decreased with the increasing precursor solution concentration. The
amounts of N-Q and N-X decreased as the precursor solution concentration increased to 0.075 M. The
largest amounts of O-11 and O-1V were detected in Ni(OH)>, @CMF-0.05 and Ni(OH). @CMF-0.075,
respectively. The largest amount of Ni was detected in Ni(OH)> @CMF-0.075, but it was <1% larger
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than that for Ni(OH)>, @CMF-0.075. This result is in accordance with the FT-IR results and Ni(OH):
precursor solution concentration.
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Figure 4. XPS fitted spectra of (a) C 1s, (b) N 1s, and (c) O 1s and XPS survey results of (d) Ni 2p for

Ni(OH). @CMF-0.05.

Table 1. Atomic contents of N, O, and Ni in the CMF and Ni(OH), @CMFs, determined via XPS.

| N-6 N-5 N-Q N-X O-I O-Il O-ll1 O-IVvV Ni

CMF 0.67 0.51 1.0 0.34 0.02 5.27 1.85 0.81 0
Ni(OH) 0.025 | 1.37 1.80 0.58 1.29 341 5.34 9.38 0.80 4.37
@CMF- 0.05 244 1.70 1.65 1.79 3.16 6.93 4.92 762 2784
0.075 | 2.07 1.11 1.33 1.26 338 1492 845 1.57  28.73

3.3 Electrochemical analysis

The electrochemical properties of the pristine and modified CMFs were investigated using CV.
As shown in Figs. 3(a) and (b), in a 6 M KOH electrolyte solution, the Ni(OH), @CMFs exhibited
pseudocapacitance. In alkaline electrolytes, the N-5 and the carboxyl and phenol groups in CMF
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contribute to the pseudocapacitance, as indicated by a previous study [31, 46]. The redox reaction of the
Ni(OH), @CMFs is attributed to O-11 and Ni(OH), as follows:
Ni(OH)2 + OH < NiOOH + H2O + e". 3)

In Fig. 5(a), the redox peaks of the Ni(OH). @CMF samples are in different locations owing to
the different phases present, in accordance with the XRD results in Fig. 1(a). The CV curves of Ni(OH):
@CMF-0.05 retained their shape even at a high scan rate of 100 mV s, as shown in Fig. 5(b), indicating
the proper hybridization of Ni(OH). with CMF [51]. This proper hybridization resulted in an efficient
ion diffusion at the electrode—electrolyte interface. Therefore, both the exterior and interior pore surfaces
of the hybrid electrode material were effectively utilized for intercalation. The specific capacitance was
measured as a function of the scan rate. Ni(OH), @CMF-0.05 exhibited a specific capacitance of 935 F
gt at ascan rate of 5 mV s™. At the same scan rate, CMF, Ni(OH), @CMF-0.025, and Ni(OH), @CMF-
0.075 exhibited specific capacitances of 84.6, 105.4, and 482.9 F g%, respectively. These results agree
with the CV curves. The specific capacitance of Ni(OH), @CMF-0.05 was 935.5 F g, as calculated
using Eq. (1) in the ESI, at a scan rate of 5 mV s™. Using the same scan rate, the specific capacitances
of CMF, Ni(OH), @CMF-0.025, and Ni(OH), @CMF-0.075 were 84.6, 105.4, and 482.9 F g?,
respectively. These results are consistent with the CV results.
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Figure 5. CV curves of (a) CMF and Ni(OH), @CMFs at 50 mV s; and (b) Ni(OH), @CMF-0.05 at
various scan rates (5-100 mVs?). (c) Specific capacitance as a function of scan rate of CMF and
Ni(OH)2. @CMFs.

Fig. 6(a) shows the GCD curves of the Ni(OH), @CMFs at a specific current of 0.5 A g*. Ata
specific current of 1 A g%, the specific capacitance of Ni(OH), @CMF-0.05 was 1066 F g*, and those
of CMF, Ni(OH); @CMF 0.025, and Ni(OH), @CMF 0.025 were 90.6, 172.2, and 615.8 F g?,
respectively. The higher electrochemical performance of Ni(OH), @CMF-0.05 and Ni(OH), @CMF-
0.075 is attributed to their abundant active species, such as N-5, O-Il, O-1V, and Ni. Although Ni(OH).
@CMF-0.75 had larger amounts of O-11 and Ni than Ni(OH). @CMF-0.05, it exhibited a lower specific
capacitance than Ni(OH)> @CMF-0.05 owing to its lower amount of N-5, which can react with two
hydroxides in the exchange of two electrons [19]. Fig. 6(d) shows the EIS results. Here, the x-intercepts
in the high-frequency area indicate the serial resistance, which was the sum of the intrinsic resistance,
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electrolyte resistance, and contact resistance between the electroactive material and the current collector.
The slope of the line in the low-frequency area indicates the diffusion resistance related to the double-
layer capacitance. According to the Nyquist plots of the Ni(OH)> @CMFs, increasing the Ni(OH)2
precursor solution concentration to 0.05 M reduced the serial resistance and increased the diffusion
resistance. The charge-transfer resistance of Ni(OH). @CMF-0.75 is attributed to decreases in N-Q and
N-X, which contribute to electron transfer in bulk carbon [49].
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Figure 6. (a) GCD curves of CMF and Ni(OH), @CMFs at a specific current of 0.5 A g. (b) GCD
curves of Ni(OH), @CMF-0.05 at various specific currents (0.5-5 Ag™). (c) Specific capacitance
with respect to the specific current (0.5-5 Ag™). (d) Nyquist plots of CMF and Ni(OH), @CMFs.

The electrochemical performance of the asymmetric CMF/Ni(OH), @CMF-0.05 device is shown
in Fig. 7. The CV curves of the asymmetric device in Fig. 7(b) agree with the CV curves of CMF and
Ni(OH), @CMF-0.05 in Fig. 7(a). The specific capacitance of the device was 88 F g?, which is
significantly lower than that of the Ni(OH). @CMF-0.05 half-cell owing to the relatively low specific
capacitance of the negative electrode (Fig. S6). As shown in Fig. 7(c), the power density of the device
was 3 and 0.14 kW kg at an energy density of 12.1 and 27.5 Wh kg, respectively, as calculated using
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Egs. (4) and (5) in the ESI. These values are higher than those of a CNF-based composite [14] and
comparable to the performance of a Ni-foam-based composite fabricated through high-temperature
hydrothermal synthesis [52]. The device retained 100% of its specific capacitance after 8000
charge/discharge cycles. In comparison, Ni(OH). @CMF-0.05 enveloped by Ni foam retained 47% of
its specific capacitance after 2000 cycles (Fig. S5). As shown in Fig. 7(f), a light-emitting diode (LED)
was powered at maximum brightness using the CMF/Ni(OH), @CMF-0.05 devices.
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Figure 7. (a) CV curves of CMF and Ni(OH), @CMF-0.05 at 50 mVs™. Electrochemical performance
of the asymmetric CMF/Ni(OH)> @CMF-0.05 device, including (b) CV curves obtained at
various scan rates, (c) GCD curves obtained at various current densities, (d) the Ragone plot, (e)
the capacitance retention with respect to the cycle number, and (f) illumination of an LED using
the CMF/Ni(OH). @CMF-0.05 asymmetric device.

4. CONCLUSIONS

In this study, Ni(OH). nanoflakes were deposited on CMF via CBD at room temperature.
Ni(OH), @CMF-0.05 exhibited a specific capacitance of 1066 F g™* at a specific current of 1 A g*. This
high performance was attributed to its high electrical conductivity as a result of non-directional crystal
growth and a large number of active species. The asymmetric CMF/Ni(OH), @CMF-0.05 device
exhibited an energy density of 27.5 Wh kg™ at a power density of 140 W kg™ without any energy-density
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loss up to 8000 charge/discharge cycles. This performance was higher than that of CNF-based Ni(OH)>
and comparable to that of a Ni-foam-based device. Given the availability and low cost of Ni(OH)2 and
MF, as well as the excellent performance of the assembled device, Ni(OH) is a promising commercial
pseudocapacitor.
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SUPPORTING INFORMATION

Electrochemical characterization

The specific capacitance (Cscv, Fg?) as a function of the CV scan rate was calculated as follows:
Cscv = [ i(V)dV/mvAV (1)

where i(V) represents the voltammetric current (A), m represents the mass of the active materials (g)
loaded on the current collectors, v represents the potential scan rate (Vs™), and AV represents the
potential window of 1 V. The specific capacitance (Cs, cco, F g ™) obtained using the GCD curves was
calculated as follows:
Cscep = IAt/mAV (2)
where I, At, AV, and m represent the applied current (A), discharge time (s), voltage change (V), and
mass of the active material (), respectively. The mass of the CF was disregarded because its
contribution to the capacitance at a positive potential is negligible. The specific capacitance (Cs, Fg?)
of the asymmetric device was calculated as follows:
Cs = 2IAt/mAV (3)
The energy density (E, Wh kg?) and power density (P, W kg™?) of the device were calculated as
follows:
E =CgAV?/(2 % 3.6) 4
P=FE %3600/At (5)

(NS5
i

. L#

$
\

Fig. S1. SEM images of (a) Ni(OH)> @CMF-0.025; (b) Ni(OH). @CMF-0.075.
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Fig. S2 XPS survey results and fitted spectra for (a—a3) CMF; (b—b4) Ni(OH), @CMF-0.025; (c)
Ni(OH)2, @CMF-0.05; (d—d4) Ni(OH), @CMF-0.075.

Table S1 Atomic contents of C 1s, N 1s, O1s, and Ni 2p in the CMF and Ni(OH), @CMFs.

C-C

IC=C C=N C-O C=0 C1is

N-6 N5 N-Q N-X NIis
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O-

O-

Oo-1 Ol n Y O1s Ni2p

76.18 995 231 108 89.53

CMF 067 051 1.00 0.34 252
1.74 421 154 046 7.95 0

2358 533 26.01 16.75 71.66

NI(OH). @CMF-0.025 1.37 180 058 129 5.03
341 534 9338 0.80 1894 4.37

2258 567 840 7.84 41.97

NI(OH). @CMF-0.05 244 170 165 179 758
3.16 6.93 492 7.62 2262 2784

2223 845 1.92 453 37.14

NI(OH). @CMF-0.075 207 111 135 126 58
3.38 14.92 845 157 2832 2813
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Fig. S3. (a) CV curves obtained at various scan rates (5-100 mVs™) and (b) GCD curves obtained at
various specific currents (0.5-2 Ag™?) for CMF at a negative potential (-1 to 0 V); (c) CV curves
obtained at various scan rates (5-100 mVs?) and (d) GCD curves obtained at various specific
currents (0.5-2 Ag™) for CMF at a positive potential (0-1 V).
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Fig. S4. (a) CV curves obtained at various scan rates (5-100 mVs?) and (b) GCD curves obtained at
various specific currents (0.5-2 Ag?) for Ni(OH), @CMF-0.025; (c) CV curves obtained at
various scan rates (5-100 mVs?) and (d) GCD curves obtained at various specific currents (0.5—
2 Ag™) for Ni(OH), @CMF-0.075.
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Fig. S6. Cyclic specific capacitance retention of the asymmetric CMF/Ni(OH), @CMF-0.05 device.

Table S2. Comparison of the specific capacitance, energy density, power density, and capacitance
retention with those of similar materials.

Synthesis Specific Energy density (Whkg~ | Capacitance
Materials Method / Capacitance 1Y / Power density retention | ref.
Temp. (°C) (Fgh) (kWkg™) (%) / cycle
. 1 27.5/0.14
thiswork | CBD/RT 1066 / 1Ag 121/3 124/ 8000
Ni(OH)2 1 18.4/0.15
@CNF CBD/RT 1416/ 1 Ag 037098 66 /10000 | 14
Ni(OH)2 | hydrothermal/ 1 22/0.8
@NF 120 1837 /20 Ag 10/18.9 85.7 /4000 | 52
Ni(OH)2 | gy jgr | 23843/1A9 - 75/3000 | 16
@NF
N'gg )2 reflux /95 | 1503 / 2mVs? - 96.5/6000 | 15
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