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ABSTRACT

Porous NiO nanowall arrays (NWAs) grown on flexible Fe-Co-Ni alloy have been successfully
synthesized by using nullaginite (Ni;(OH),CO3) as precursor and investigated as supercapacitor
electrodes. In details, we adopted a simple hydrothermal method to realize Ni»(OH),CO; NWAs and
examined their robust mechanical adhesion to substrate via a long-time ultrasonication test. Porous
NiO NWAs were then obtained by a post-calcination towards precursors at 500 °C in nitrogen
atmosphere. Electrochemical properties of as-synthesized NiO NWAs were evaluated by cyclic
voltammetry and galvanostatic charge/discharge; porous NiO NWAs electrode delivered a specific
capacitance of 270 F/g (0.67 A/g); even at high current densities, the electrode could still deliver a high
capacitance up to 236 F/g (13.35 A/g). Meanwhile, it exhibited excellent cycle lifetime with ~93%
specific capacitance kept after 4000 cycles. These results suggest that as-made porous NiO NWAs
electrode is a promising candidate for future thin-film supercapacitors and other microelectronic

systems.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

With the increasing demands for energy and growing concerns
about ecologically sustainable development, there is a great need
for human beings to develop some novel systems applied to
energy storage and conversion for alternative energy sources [1,2].
Among all the new-fashioned energy storage/conversion devices,
electrochemical capacitors (also called supercapacitors) which
combine the advantages of both dielectric capacitors and
rechargeable batteries have raised considerable attention owing
to their merits of relatively high theoretical capacitance, high
rates of charge and discharge, high power density and long
cycling life [3-9]. According to different energy-storage mechan-
isms, supercapacitors can be divided into two categories:
(i) electrochemical double layer capacitors (EDLCs) and (ii) Faradic
pseudocapacitors [10]. Due to its outstanding electrochemical
stability, good conductivity, low cost and availability in various
different forms, carbon materials are considered as a most pro-
mising candidate satisfying all the requirements for EDLCs appli-
cation. However, the energy density of carbon-based EDLCs is
limited by the electrostatic surface ion-adsorption charging
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mechanism [11,12]. Accordingly, searching for novel candidates
with upper energy density is highly desired.

Pseudocapacitors that store energy by surface Faradic redox
reactions possess much higher energy density and capacitance
than EDLCs. Metal oxides and conducting polymers are widely
used as electrode materials for pseudocapacitors [10]. Particu-
larly, noble metal oxides, such as RuO, and IrO,, have been
intensively studied and identified as excellent pseudocapacitor
materials [13,14]. However, although these noble metal oxide
materials possess prominent capacitance properties, their high
costs exclude them from commercial applications. Hence, exploit-
ing some cost-effective alternative materials with excellent capa-
citance characteristics is much crucial for the development of
advanced supercapacitors. Several other transition metal oxides,
such as NiO, Cos04 and MnO,, have been investigated and
demonstrated as promising candidates for electrode materi-
als [15-17]. Among them, the versatile NiO semiconductor with
various morphologies has become a hot spot owing to its low cost
and superior electrochemical behaviors when serving as catalyst,
electrochromic or battery materials, etc. [15,18-20].

Various nanostructured arrays built on conductive substrates
have recently triggered great interest in electrochemical applica-
tions because of their superior geometric and morphologic
characteristics in comparison to bulk materials or powder mix-
tures [21-24]. Two-dimensional (2D) nanoarray representing an
optimized architecture with advantages of high surface to volume
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ratio, substantial framework structure and open-up geometry has
exhibited remarkable electrochemical performances [20,21]. To
date, some group has reported the preparation of vertically
aligned NiO NWAs on Ni foils using a plasma-assisted oxidation
method [20]. However, to the best of our knowledge, no attention
has yet been focused on the synthesis of oriented NiO NWAs on
heterogeneous metal substrates using a facile solution-based
method.

Herein, we report a general synthesis of porous interconnected
NiO NWAs directly grown on flexible Fe-Co-Ni alloy through a
two-step method and study their applications on supercapacitors.
Nullaginite (Niy(OH),CO3) NWAs prepared by a hydrothermal
method serving as the precursor possess a robust mechanical
adhesion to conductive substrate, which has been demonstrated
by an ultrasonication test lasting 30 min towards the sample.
After annealing process under nitrogen flow at 500 °C for 2 h, we
can obtain the final product of porous NiO NWAs. Compared with
NiO nanopowders, NiO NWAs firmly built on Fe-Co-Ni alloy can
be directly applied as working electrode, thus saving the carbon
black/polymer binders and tedious post-treatments. During elec-
trochemical tests, porous NiO NWAs electrode delivered a specific
capacitance of 270 F/g (0.67 A/g); even at high current densities,
the electrode could still exhibit a high capacitance up to 236 F|g
(13.35 A/g). Also noteworthy is that the sample showed excellent
cycling performance with 93% capacitance retention even after
4000 cycling test. These results would make it possible for the
mass production of NiO NWAs and future thin-film electroche-
mical/microelectronic applications.

2. Experimental section
2.1. Synthesis of NiO NWAs on alloy

All chemicals in this work were analytically pure and
used without further purification. Fe-Co-Ni alloy substrate
(30 x 40 mm?) was ultrasonically washed with absolute ethanol/
distilled water several times and then dried in oven at 60 °C for 2 h.
NiO NWAs on Fe-Co-Ni substrate were synthesized as follows. In a
typical procedure, 2.488 g (5 mmol) of C4HgNiO4-4H,0, 30¢g
(25 mmol) CO(NH,), and 0.74 g (10 mmol) NH4F were dissolved
in 100 ml distilled water and vigorously stirred for 20 min to
obtain a transparent solution. Then, the solution was transferred
into a Teflon-lined stainless steel autoclave. Afterwards a piece of
clean Fe-Co-Ni foil was immersed into the sealed Teflon-lined
stainless steel autoclave that containing the prepared homoge-
neous solution and left still at the temperature of 130 °C for 5 h in
an electric oven. When the autoclave was cooled down to room
temperature naturally, the sample was taken out, washed with
distilled water several times and then dried in oven at 60 °C for 2 h.
Finally, the sample was annealed at 500 °C for 2 h in N, flow
(50 sccm) to obtain porous NiO NWAs.

2.2. Characterizations and electrochemical tests

The greenish precursor and the final product grown on alloy
were directly subjected to X-ray powder diffraction (XRD, Cu Ko
radiation; 41=1.5418 A) measurements and scanning electron
microscopy (SEM, JSM-6700F; 5 kV) characterizations. For trans-
mission electron microscopy (TEM and HRTEM, JEM-2010FEF;
200 kV) observations the products were scraped from alloy sub-
strate and dispersed in ethanol. Then, the suspension was further
dropped onto a Cu grid with the solvent evaporated in the ambient
environment. Thermogravimetric analysis (TGA) was carried out
on a SDT600 apparatus with a heating rate of 10 °C min~! in Nj.
The mass of electrode materials was measured on BS 124S Balance

(Max: 120 g; d=0.1 mg). In details, a tailored sample used for
electrode was weighed on balance and the total mass was
recorded as M;. Then, the sample was immersed into diluted
hydrochloric acid (0.3 M) for 1 min, fetched out and suffering from
an ultrasonication treatment for few seconds to remove residual
NiO debris. Finally, the treated sample was taken out, washed with
distilled water, dried in oven and weighed on the balance; the
mass was recorded as M. The value of (M; —M,) is the weight of
active materials.

Electrochemical tests were performed on a CHI6G60C electro-
chemical workstation at room temperature with a three-electrode
system. A platinum electrode and a calomel electrode (SCE) served
as the counter electrode and reference electrode, respectively. The
electrolyte was 1M KOH. After cleanness and encapsulation
(the nail polish coating was smearing on the back and the edge
of the substrate), NiO NWAs grown on Fe-Co-Ni foil were directly
used as working electrode and subjected to electrochemical
measurements involving cyclic voltammetry (CV) and galvano-
static charge-discharge tests; no conducting carbon or polymer
binders were adopted. The mass of NiO NWAs on Fe-Co-Ni
substrate weighed ~0.8 mg per square centimeter and the testing
area we adopted is ~4.8 cm?. Therefore, the total mass of the
active material is calculated to be ~3.84 mg for the electroche-
mical testing.

3. Results and discussion
3.1. Niy(OH),CO; NWAs

Fig. 1(a) shows XRD pattern of precursors (Niy(OH),CO3
NWAs) on Fe-Co-Ni foil prepared by a hydrothermal method at
130 °C for 5 h. Diffraction peaks marked with stars are indexed to
nullaginite, which agree well with standard powder diffraction
patterns (JCPDS card No. 35-0501). Other peaks marked with
circles originate from the Fe-Co-Ni substrate. Fig. 1(b) displays a
typical optical image of as-made sample and illustrates that the
greenish Niy(OH),CO3 NWAs can uniformly grow on alloy sub-
strate while maintaining a robust mechanical adhesion even
when bent. Representative scanning electron microscopy (SEM)
images of nanoarray precursors are shown in Fig. 1(c) and (d). It is
observed that the alloy substrate is covered with a thin film of 2D
nanowall structures and the thickness of single nanowall is in the
range of 50-70 nm. Meantime, we could find that as-made wall-
like nanostructures grown aligned on substrate are intercon-
nected with each other resulting in the formation of extended-
network architectures. A typical transmission electron micro-
scope (TEM) image of nanowalls shown in Fig. 1(e) reveals the
unique plate-like geometrical shape of our products. Moreover,
selected-area electron diffraction (SAED) pattern in Fig. 1(f)
signifies the single-crystalline nature of nanowalls.

It is worth mentioning that whether the self-standing nanos-
tructure arrays possess an effective and sustainable contact to
substrate even suffering from mechanical destroy (like ultrasoni-
cation) stimulates our great interest. Hence, we have carried out a
long-time sonication test towards the precursor sample to exam-
ine the robust mechanical adhesion between as-made NWAs and
Fe-Co-Ni foil. In details, greenish products grown on alloy were
immersed in 100 ml distilled water and then received a sonica-
tion test lasting 30 min in the ultrasonication cleaner (Power:
250 W; Frequency: 40 KHz). As can be seen in Fig. 2(b), after
30 min of sonication, the film of Ni(OH),CO3 NWAs has not
flaked off from alloy substrate. More importantly, undergoing a
long-time sonication the sample can still remain in the same
morphology and nanowall-array structure as compared with the
one shown in Fig. 2(a) which did not subject to the sonication
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Fig. 1. (a) XRD pattern of Niy(OH),CO3 NWAs (precursors) on Fe-Co-Ni alloy. Peaks marked with circles are from alloy substrate. (b) Optical image, (c,d) SEM images,

(e) TEM and (f) SAED pattern of Niy(OH),CO3; NWAs.

Fig. 2. Optical and SEM images of Ni,(OH),CO3 NWAs (a) before and (b) after 30 min sonication test.

test. The result suggests that the as-made NWAs are capable of
keeping an excellent contact with alloy substrate and maintaining
the integrated nanoarray morphology even after a long-time
ultrasonication process; the feature of good contact could facil-
itate the charge transfer and potentially be beneficial to the
electrochemical applications in terms of high-rate electron-
transfer devices and reproducible chemical sensors, catalysts,
etc. [20,21].

To account for reasons corresponding to the formation of
intimate contact, we cannot but mention the growth mechanism
of precursors. The chemical reactions involved in the preparation
process can be expressed with the following formulas:

Ni?*+H,0=Ni(OH),+2H"
NH,CONH, +H,0 - 2NH3+CO,
NH; +H,0—-NH,* +0H™ CO,+H,0-C0% +2H"*

2Ni%* +CO%_ +20H™ — le(OH)2C03

It can be deduced that in our experiment the crystal formation
process of Niy(OH),CO3; NWAs on substrate can be classified as
heterogeneous nucleation and subsequent crystal growth. In the
beginning a certain amount of Ni?>* ions participated in hydrolysis
reaction in the as-prepared homogeneous solution and thus the

pH value was measured around 6.1. With the reaction tempera-
ture increasing up to 130 °C, the hydrolysis of dissolved urea was
accelerated, yielding large amount of OH~ and CO3~ ions which
altered the pH value of reaction solution and led to the generation
of Niy(OH),CO3 crystal nucleus on alloy substrate. As demon-
strated in the previous work, active nucleation sites could
preferentially form on the surface of substrate rather than in
aqueous solution [25]. These active sites would minimize the
interfacial energy barrier between the solid surface and bulk
solution, which was beneficial to the subsequent growth of
Niy(OH),C03 NWAs onto substrate. As for the robust mechanical
adhesion, there exist two reasons may probably account for it.
Before hydrothermal reactions the hydrolysis of Ni?* create an
acid environment in the as-prepared homogeneous solution
which contain abundant F~ anions and thus the Fe-Co-Ni alloy
immersed in it might subject to chemical corrosion by HF acid;
this substrate preactivation can provide many active sites for the
redox reactions which will be favorable for the formation of the
nuclei on the substrate [25]. To confirm the function of F~ anions,
we have carried out a comparative test by adopting the same
amount of NH4CI as the substitution of NH4F only to find that
although some Niy(OH),CO3 nanowall can grow on alloy substrate
it could be easily rinsed away during the essential cleanness
process. Hence we can confirm that F~ is largely associated with
the robust adhesion between the substrate and the nanowalls. On
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Fig. 3. TG-DSC plots of as-synthesized precursors.

the other hand, the surface of Fe-Co-Ni alloy may probably be
oxidized especially at a high temperature. While immersed in the
reaction solution this oxidation layer would be covered with a
number of oxygen functional groups (e.g., hydroxyl group) stick-
ing atomically onto the substrate and acting as “hunters” though
hydrogen bonding to capture the Ni,(OH),COs3 crystal seeds [26].
This textured surface of oxidation layer was another critical factor
to entrap and solidify Ni»(OH),COs crystal seeds.

Thermogravimetry (TG) and differential scanning calorimetry
(DSC) ranging from 30 to 600°C were conducted towards
Niy(OH),CO3 precursors in N, atmosphere to investigate their thermal
behaviors during the annealing process. As can be seen in Fig. 3, the
TG curve shows two successive decomposed stages corresponding to
dehydration and decarboxylation processes of nullaginite. The proce-
dure of mass losses mainly located at two temperature regions. In the
case of initial mass variation occurring at the temperature of
90-110 °C, the weight loss of ~5% can be ascribed to the removal
of chemically adsorbed and structural water. As for the subsequent
mass change within the range of 440-480 °C, a sharp weight loss of
17.5% related to the decomposition of nickel carbonate hydroxide can
be clearly noted in TG curve. When the temperature reaches 500 °C,
the total weight loss is up to ~23.5%, which is close to the
stoichiometric weight loss of 28.6% calculated from chemical reac-
tions. Simultaneously, two endothermic peaks recorded in DSC plot at
temperatures of ~100 and ~470 °C, respectively, which is highly
consistent with that given by TG, indicate the occurrence of chemical
decomposition reactions of precursors in inert atmosphere. From
TG-DSC analysis we can conclude that 500 °C could be a proper
temperature to choose for converting Nix(OH),CO3 precursors into
NiO via thermal decomposition process.

3.2. Porous NiO NWAs

With the hydroxyl and carbonate groups removed from
Niy(OH),CO3 precursors, NiO crystal phase is expected to be
formed, which is confirmed by XRD results shown in Fig. 4. Except
for the diffraction peaks originating from Fe-Co-Ni substrate,
other peaks located at angles of 37.2°, 43.6°, 62.9° can be well
indexed to (11 1), (200) and (2 2 0) planes of cubic NiO, respec-
tively, which is in good agreement with the standard powder
diffraction patterns of bunsenite (JCPDS card No.47-1049). No
obvious peaks for other impurities were detected. Fig. 5 illustrates
the typical SEM and TEM images of the final product of NiO NWAs
obtained from annealing the precursors in N, flow at 500 °C for
2 h. From SEM images shown in Fig. 5(a) and (b), it is observed
that the integrated nanoarray morphology and interconnected
network structure can still remain unchanged even after a high-
temperature annealing process. In addition, we need to emphasize
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Fig. 4. XRD pattern of NiO NWAs grown on Fe-Co-Ni substrate. Peaks marked
with circles are from alloy substrate.

that after high-temperature calcination process, as-made NiO
nanoarray products can still keep a good contact with alloy
substrate. Fig. 5(c) displays TEM image of a single NiO nanowall
showing a unique 2D geometrical shape similar to that of
precursors. What is noteworthy is that after the annealing treat-
ment large quantities of porous structures appeared on the nano-
walls, which can be attributed by the removal of hydroxyl and
carbonate groups. High resolution TEM (HRTEM) image of NiO
taken from the edge of single nanowall in Fig. 5(f) reveals a lattice
spacing of 2.09 A corresponding to (2 0 0) crystal planes of cubic
NiO, showing good agreement with the XRD pattern in Fig. 4.

To study its electrochemical behaviors, as-obtained NiO NWAs
grown on alloy were directly used as the working electrodes for
testing without any conductive acetylene black or polymeric
binder. Fig. 6(a) shows the cyclic voltammetry (CV) curves of NiO
NWAs at various scanning rates. As can be seen, different from the
CV curve of EDLCs which is close to the rectangular or parallelo-
gram shape, CV curves of our sample exhibit a pair of redox peaks,
signifying typical pseudocapacitor behavior. Considering Fe—-Co-Ni
foil can undergo redox reactions in alkaline solution, we measured
CV scan of pure Fe-Co-Ni at a scan rate of 50 mV/s under the same
experimental conditions. By contrast, we can note that the back-
ground signal due to Fe-Co-Ni alloy was negligible; therefore, the
redox current peaks were all attributed to the reversible redox
processes of NiO/NiOOH. Meanwhile, with the scanning rate
increasing the shape of the CV curve remained virtually unchanged
except for small variances for the location of the redox peaks.

Fig. 6(b) shows galvanostatic discharge curves of NiO NWAs
at various current densities. The porous NiO NWAs aligned on
Fe-Co-Ni foil showed a specific capacitance as high as ~270 F/g
when discharged at a current density of 0.67 A/g. As the discharge
current density increased, the specific capacitance decreased.
However, the capacitance value still kept as high as ~236 F/g
even at a high charge and discharge current density of 13.35 A/g.
Importantly, the columbic efficiency was nearly 100% for each
cycle of charge and discharge as can be seen from Fig. 6(c). On the
other hand, since cycling performance is so crucial and significant
for electrochemical energy storage devices, the cyclic voltamme-
try tests have also been employed to examine the service life of
porous NiO NWAs. Fig. 6(d) shows the variation of specific
capacitance with cycle number at a scanning rate of 50 mV/s,
there was only approximately 7% loss of specific capacitance after
4000 cycles, revealing that as-prepared NiO NWAs had good
cyclic properties when used as supercapacitor electrodes.

The good electrochemical performance of porous NiO NWAs
grown on Fe-Co-Ni substrate was determined to originate from
the following advantages of our sample. Free-standing NiO nano-
walls directly grown and anchored on Fe-Co-Ni foil were favorable
for electron transport; this intimate electronic connection facilitates
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Fig. 5. (a,b) SEM images of NiO NWAs on alloy substrate. (c) TEM and (d) HRTEM images of porous NiO nanowall.
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Fig. 6. (a) CV curves of NiO NWAs grown on alloy at various scanning rates. The black curve is the CV curve of Fe-Co-Ni substrate at the scanning rate of 50 mV/s.
(b) Galvanostatic discharge curves of NiO NWAs at various discharge current densities. (c) Galvanostatic charge/discharge tests of NiO NWAs with a current density of

1.6 A/g. (d) Cycling performance.

electrons transport between the active material and current collector,
building up an expressway for charge transfer. On the other hand,
different from the previously reported NiO materials which were
packed tightly in bulk, our porous NiO NWAs interconnect with each

other to form network structures with characteristics of open
geometry and large surface to volume ratio. This loose texture and
enormous space among individual nanowalls cannot only be propi-
tious to the penetration of electrolytes into the inner part, shorten
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the ionic diffusion path but also render more reactive sites compared
to bulk electrodes. These textural features would undoubtedly
improve the sample’s electrochemical performances.

4. Conclusions

In summary, porous NiO NWAs are investigated as supercapa-
citor materials for potential energy storage application in this study.
A simple template-free hydrothermal method is adopted to realize
the precursor Niy(OH),CO3; NWAs, which have robust mechanical
adhesion to flexible Fe-Co-Ni substrate. Porous nickel oxide (NiO)
NWAs were then obtained by a post-calcination towards precursors
at 500 °C in nitrogen atmosphere. The as-prepared NiO NWAs were
characterized by a variety of techniques, such as X-ray powder
diffraction (XRD), transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM) and thermogravimetric analysis
(TG). In the electrochemical tests, porous NiO NWAs supercapacitor
delivered a specific capacitance of 270 F/g at a current density of
0.67 A/g; even at a higher current density of 13.35 A/g, it could still
exhibit upper specific capacitance up to 236 F/g. Meanwhile, this
electrode exhibits excellent cycling lifespan with only approxi-
mately 7% loss of specific capacitance after 4000 cycling tests.
These remarkable results would make it possible for the mass
production of NiO NWAs and future thin-film electrochemical/
microelectronic applications.
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