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ABSTRACT: Titania nanostructured materials have been used
extensively for the fabrication of electrochemical capacitors.
However, the devices typically exhibit relatively low capacitance
and poor cycling stability. Herein, we report the synthesis of a
core—shell heterostructure based on layered titanate nanowires
coated with nickel hydroxide nanosheets on a titanium mesh,
referred to as K,Ti,Oy@Ni(OH),/Ti, by a simple nickel ion
exchange reaction. The incorporation of nickel into the titanate
nanowires is confirmed by X-ray photoelectron spectroscopic
measurements and elemental mapping. Scanning electron
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microscopic and transmission electron microscopic measurements show the formation of a highly porous network of the
hybrid nanowires. Electrochemical studies show that the K, Ti,O,@Ni(OH),/Ti electrodes possess a high specific capacitance of
340 mF/cm? at S0 mV/s in an aqueous electrolyte of 3 M KOH and 3 mF/ cm? at 0.04 mA/cm? in the KOH/PVA solid-state
electrolyte, with an excellent retention rate of 92.5% after 2000 cycles and 92.7% after 10000 cycles, respectively. Such a
performance is a few tens of times better than that of the unmodified K,Ti,Oy/Ti electrode. The enhanced capability of the
chemically modified titanate electrodes may open up new opportunities in the development of low-cost, high-performance, and

flexible supercapacitors.
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B INTRODUCTION

Energy storage and conversion from alternative energy sources
has been attracting extensive interest in both fundamental
research and technological development. Among these, super-
capacitors represent one of the most ideal candidates for green
energy storage because of their high power density, superhigh
cycling life, and safety of operation.'™ On the basis of the
charge storage mechanism, supercapacitors are generally
divided into two categories, electrical double-layer capacitors
(EDLCs) mostly based on carbon-active materials of high
electrical conductivity and large surface areas™ and pseudoca-
pacitors based on redox-active materials (e.g, MnO,, Co;0,,
and Ni(OH),).c™®

Among these, tremendous efforts have been devoted to the
development of one-dimensional inorganic nanomaterials as
supercapacitor electrodes, such as TiO,,” Co;0," MnO,,"
Ni,S,,'* and RuO,," largely because of their large surface area
as well as effective pathways for charge transport. For instance,
titanate (e.g., K,Ti,04, K, Ti;O, and H,Ti;0,) has been widely
used in ion intercalation,** photocatalysis,ls’16 and lithium ion
batteries,'” and titanate nanowires with a layered structure have
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been proposed as a promising alternative for supercapacitor
applications due to the open layered structure and short
diffusion paths for ions and electrons.'® In the layered structure
of titanate, cations (K, Na*, and H*) occupy the cavities
between the layers of the TiOg octahedra, leading to high
conductivity along the interlayer direction. Meanwhile,
exchange reactions can be carried out with transition-metal
ions (e.g, Co®, Ni**, and Cu®"), resulting in ion entrapment
between the open layers of titanate."* Interestingly, such ion
intercalation does not impact the interlayer distance, indicating
that the rigidity of the titanate framework can be maintained
during the jon exchange and charging/discharging cycles.

To further enhance the surface area and surface accessibility
to electrolyte ions, the nanowires are generally engineered into
three-dimensional (3D) nanostructures, which provide more
efficient contacts between the electrolyte ions and the active
materials. In fact, various 3D hybrid nanostructures, such as
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Figure 1. SEM micrographs of (a—c) K,Ti,O,/Ti and (d) TiO,/Ti. (e) XRD patterns of K,Ti,O, powders scratched from K,Ti,0,/Ti mesh, and

(f) schematic structure of K,Ti,O,.

C0;0,@Mn0,,"° Ni,S,@Ni(OH),,"* and CoO@NiHON,"
have been reported to significantly enhance both the
capacitance and durability of supercapacitors. In the present
work, layered titanate K,Ti,Oy nanowires were synthesized by
way of a low temperature reaction, and a 3D hybrid structure of
titanate nanowires coated with nickel hydroxide nanosheets
(K, Ti,09@Ni(OH),/Ti) was obtained by way of a simple
nickel ion-exchange reaction, which was confirmed by X-ray
photoelectron spectroscopic (XPS) measurements and ele-
mental mapping. Scanning electron microscopic (SEM) and
transmission electron microscopic (TEM) measurements
showed the formation of a highly porous network of the
hybrid nanowires. With effective ion intercalation, the materials
were found to serve as a promising candidate as sodium ion
battery and supercapacitor electrodes.””>' Electrochemical
studies in an aqueous solution of 3 M KOH showed that
K,Ti,O,/Ti exhibited an areal capacitance of S mF/cm” at a
potential scan rate of 50 mV/s. After Ni** intercalation, the
areal capacitance of the K,Ti;O,@Ni(OH),/Ti composite
electrodes was found to increase dramatically by about 70 times
to 340 mF/cm® Such a performance was markedly higher than
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those of earlier studies of TiO,-based electrochemical
capacitors,””**~** where the specific capacitances are typically
very low, as a result of their poor electrochemical activity and
low electrical conductivity.”® The results suggest that interfacial
engineering of electrode materials may be an effective route to
the manipulation and enhancement of supercapacitor perform-
ance.

B EXPERIMENTAL SECTION

Materials. All reagents were of analytical grade and used without
further purification. Potassium hydroxide (KOH), hydrochloric acid
(HCI), nickel nitrate (Ni(NOs;),), and poly(vinyl alcohol) (PVA,
molecular weight 75000—80000) were obtained from Sinopharm
Chemical Reagents Co., Ltd. in China. Ti meshes (99.9% purity) were
obtained from Shengzhuo Titanium Mesh Products Co., Ltd. in China.
Water was supplied with a Barnstead Nanopure Water System (18.3
MQ cm).

Preparation of K,Ti,O,/Ti and K,Ti,0,@Ni(OH),/Ti. Ti meshes
(3 X 1 cm?) were cleaned by sonication in acetone and ethanol,
respectively, rinsed with deionized water, and finally dried at 60 °C.
The dried Ti mesh was then put into a sealed glass bottle loaded with
20 mL of a 10 M KOH solution in an electric oven at 90 °C for 6 h

dx.doi.org/10.1021/am500421r | ACS Appl. Mater. Interfaces 2014, 6, 4578—4586
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Figure 2. (a) CV curves of the K,Ti,O,/Ti, TiO,/Ti, and Ti obtained at a scan rate of 100 mV/s in an aqueous solution of 3 M KOH. (b) CV
curves of K,Ti,O/Ti at various potential scan rates. (c) Galvanostatic discharge curves of a K,Ti,0,/Ti sample collected as a function of current
density. (d) Cycling stability of a K,Ti,O/Ti sample at a current density of 0.1 mA/cm? Inset: The last 10 charge—discharge curves of K,Ti,Oo/Ti.

under autogenous pressure and static conditions and air-cooled to
room temperature. The samples were washed with deionized water
several times to obtain K,Ti,O/Ti, which was then immersed into a 1
M Ni(NO,), solution at 80 °C for 12 h and rinsed repeatedly with
Nanopure water several times to produce ion intercalated
Ni,K,_,Ti;Oo/Ti (x is the number of ion replacement). K,Ti,Oy@
Ni(OH),/Ti was finally obtained by an electrochemical activation
process by potential sweeping for 2000 cycles at a scan rate of 100
mV/s in a 3 M KOH aqueous solution.

As a reference sample, TiO,/Ti was prepared by acid washing of the
obtained K,Ti,O,/Ti, then thermal annealing at 450 °C for 2 h.

Characterizations. Surface morphologies of the samples were
studied with a Hitachi S-4800 field emission scanning electron
microscope (FESEM). The chemical composition was investigated by
energy-dispersive X-ray spectroscopic (EDX) and X-ray photoelectron
spectroscopic (XPS, ESCALAB 250) measurements. Powder X-ray
diffraction (XRD) patterns of the K,Ti,O, powders exfoliated from
K,Ti,09/Ti were recorded on a Bruker D8 Advance powder X-ray
diffractometer with Cu Ka radiation (1 = 0.15406 nm). High-
resolution transmission electron microscopic (HRTEM) images were
acquired using a JEOL JEM-2100 instrument working at an
acceleration voltage of 200 kV.

Electrochemistry. Cyclic voltammetry (CV), galvanostatic charg-
ing/discharging, and electrochemical impedance spectroscopy (EIS)
tests were performed in a 3 M KOH aqueous solution with a CH
Instruments electrochemical workstation (Model CHI 660E). The
working electrode was the above-obtained K,Ti,Oo/Ti or K,Ti,Oo@
Ni(OH),/Ti (0.5 cm?), and a Ag/AgCl (in saturated KCI) and a Pt
wire were used as the reference and counterelectrodes, respectively.

Areal capacitances are calculated from the CV and charge—
discharge curves by way of eqs 1 and 2, respectively, where I, is the
response current, AV is the voltage window, v is the scan rate, I, is the
constant discharge current, At is the discharging time, and S is the
geometrical area of the Ti mesh electrode (1 X 0.5 cm?):

LV

N (1)
o _ LAt
27 SAV ()
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The specific capacitance of K,Ti,04/Ti and K,Ti,0,@Ni(OH),/Ti
was estimated by normalizing the capcitance to the mass (m) of the
active materials that was about 0.12 mg (K,Ti,O,) and 042 mg
(K,Ti,0s@Ni(OH),), respectively. The equations are simlar with eqs
1 and 2, but instead of S, m is substituted. The energy density (E) and
Power density (P) are calculated by eqs 3 and 4, respectively:

1 2

4)

Solid-State Supercapacitors. To prepare solid-state super-
capacitors, an alkaline KOH/PVA polymer electrolyte were used
which entailed 3 g of PVA and 2 g of KOH dissolved in 30 mL of
Nanopure water under vigorous continuous stirring at 85 °C. Two
pieces of K,Ti,O4@Ni(OH),/Ti (0.5 X 1 cm?) were partially (0.5 X
0.5 cm?) immersed into the KOH/PVA solution for $ min, taken out,
and then assembled face-to-face. When the electrolyte became
solidified at room temperature, a solid-state symmetrical super-
capacitor was obtained.

P=E/At

B RESULTS AND DISCUSSION

As mentioned above, K,Ti,Oy nanowires were prepared by
simply heating a titanium mesh in an aqueous solution of 10 M
KOH at 90 °C for 6 h, which might be converted into TiO, by
a calcination treatment at 450 °C for 2 h. Figure 1 shows the
SEM images of the obtained (a—c) K,Ti,O/Ti and (d) TiO,/
Ti nanostructures. It can be seen that the surface of the Ti mesh
(panel a) was covered by a porous network of K,Ti,O,
nanowires with diameters in the range of 20 to 50 nm and
length of ~1 ym (panels b and c). XRD measurements of the
as-grown K,Ti,Op scratched from the Ti mesh (panel e)
showed two peaks at 26 = 28° and 48°, corresponding to the
(310) and (020) planes of K,Ti,O,, respectively (JCPDS no.
32-0861). Note that K,Ti,O, exhibits a layered structure, where
cations (K*) occupy the cavities between the layers of the TiOg
octahedra, as shown in the schematic of panel f. Interestingly,
when K,Ti,Oy was transformed into TiO, by thermal annealing

dx.doi.org/10.1021/am500421r | ACS Appl. Mater. Interfaces 2014, 6, 4578—4586
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Figure 3. (a) SEM image of K,Ti,O,@Ni(OH),/Ti. Inset is a photograph of a large piece of the K,Ti,0,@Ni(OH),/Ti mesh with a scale bar of 2
cm. (b, ) Magnified SEM images of K,Ti,0,@Ni(OH),. Inset to panel b is the EDS spectrum of K, Ti,O,@Ni(OH),. (d) XPS spectra of K,Ti,0,/

Ti and K,Ti,0,@Ni(OH),/Ti.

at 450 °C for 2 h, the nanowire morphology did not show
apparent differences (panel d), suggesting good thermostability
of the nanostructures.

Electrochemical measurements were then carried out to
assess the capacitive properties of the K,Ti,Oo/Ti nanostruc-
tures. Figure 2a shows the cyclic voltammograms (CV) of
K,Ti,00/Ti, TiO,/Ti, and Ti recorded at a scan rate of 100
mV/s in an aqueous solution of 3 M KOH. One can see that all
CV curves were largely featureless (with a quasi-rectangular
shape), indicating primary contributions from double-layer
capacitance charging, and the areal capacitances were estimated
to be 4.74, 0.54, and 2.49 mF/cm? for the K,Ti,0y/Ti, TiO,/
Ti, and Ti electrodes, respectively. One can see that the areal
capacitance of K,Ti,Oy/Ti is about 10 times greater than that
of TiO,/Tij, although they exhibit similar morphologies (Figure
lc and d). This is likely because the layered structure of
K,Ti,O, (Figure 1f) can effectively accommodate K* ions
during the charging process. That is, the capacitance of
K,Ti,0/Ti likely might entail contributions from both
electrical double-layer charging as well as ion exchange of the
K,Ti,04/Ti nanowires with electrolyte ions. Figure 2b shows
the CV curves of K,Ti;Oo/Ti at potential scan rates ranging
from 20 mV/s to 500 mV/s, which all displayed a quasi-
rectangular shape, indicating good rate capability. Yet the areal
capacitance was found to decrease somewhat with increasing
potential scan rate, e.g,, 5.5 mF/ cm? at 20 mV/s and 3.7 mF/
cm” at 500 mV/s (Figure S1).

Figure 2c shows the galvanostatic discharge curves of the
K,Ti,0y/Ti electrode at different current densities. A high
specific capacitance (7 mF/cm?) was obtained at the discharge
current density of 0.1 mA/cm? and at a relatively high current
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density of 1 mA/cm?, a specific capacitance of 3.1 mF/cm?* can
still be obtained. The cycling performance of K,Ti,Oo/Ti at the
current density of 0.1 mA/cm? is shown in Figure 2d. At such a
current density, the specific capacitance was estimated to be
6.32 mF/cm? (corresponding to 93% of the initial value of 6.8
mF/cm?) after 2000 cycles. The shape of the last 10 charge—
discharge curves (inset to Figure 2d) was almost unchanged,
indicating excellent cyclability of the K,Ti,Oy/Ti electrode.

Significantly, the capacitive performance was found to be
drastically enhanced by simple ion exchange of the titanate
nanowires with Ni** that formed a core—shell hierarchical
nanostructure. As mentioned above, ion-exchange reactions
might occur through the open layer structure of K,Ti,09 with
transition-metal ions. Experimentally, K,Ti,O,@Ni(OH),/Ti
core—shell heterostructures were produced by ion-exchange
reactions of K,Ti,Oy nanowires with Ni** in a 1 M Ni(NO;),
solution at 80 °C for 12 h, followed by an electrochemical
activation process by potential sweeping for 2000 cycles at a
scan rate of 100 mV/s in 3 M KOH.

The morphologies and structures of K,Ti,O,@Ni(OH),/Ti
were characterized by SEM measurements, as shown in Figure
3a—c. Note that the K,Ti,O,@Ni(OH),/Ti samples could be
synthesized on a large scale (inset to Figure 3a). After Ni** ion-
exchange and alkaline reactions, it can be seen that thin
Ni(OH), nanosheets were formed on the surface of the
K,Ti,0y nanowires (Figure 3b and c). Whereas no peaks were
observed in XRD measurements for Ni(OH), in K,Ti,Oy@
Ni(OH),/Ti (Figure S2), which was most probably due to
small amounts and poor crystallinity, EDS studies clearly
revealed the presence of Ti, O, Ni, and K elements in the
sample (inset to Figure 3b). XPS measurements further

dx.doi.org/10.1021/am500421r | ACS Appl. Mater. Interfaces 2014, 6, 4578—4586
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Figure 4. (a) TEM image of K,Ti,O,@Ni(OH),/Ti. (b) HRTEM images of a K,Ti,0, nanowire coated with Ni(OH), nanosheets. (c) EDS
mapping results from a single heterostructure exfoliated from K,Ti,O,@Ni(OH),/Ti, conforming the core—shell hierarchical structure.

Ti wire K,Ti,O,/Ti K,Ti,O,-Ni#/Ti K,Ti, O,@Ni(OH),/Ti
(a) (c)
Hydrothermal lon Exchange Alkaline
Reaction Reaction
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Figure S. Proposed mechanism for the growth of K, Ti,0,@Ni(OH),/Ti.

confirmed the incorporation of nickel ions in the K,Ti,Oq
nanowires. From Figure 3d, it can be seen that after nickel ion-
exchange reactions, two well-defined peaks emerged at around
859 and 876 eV, which may be assigned to the Ni 2p;,, and Ni
2py ), electrons, respectively. The satellite peaks near 865 and
882 eV indicated the presence of Ni*", most likely in the form
of hydrated nickel oxide.>**”

The formation of highly porous hierarchical K,Ti,Oo@
Ni(OH), nanostructures was further manifested in TEM
measurements. From panel a in Figure 4, it can be seen that
the nanowires exhibited a sheet-like morphology of about 50
nm in width and a few hundred nanometers in length. High-
resolution imaging in panel b showed well-defined Iattice
fringes in the interior with a spacing of 0.8 nm that is consistent
with the (200) crystal planes of K,Ti,O, (monoclinic, a = 1.83
nm, b = 0.379 nm, ¢ = 1.20 nm) and Ni(OH), in the exterior
where the lattice fringes of 0.27 nm are in agreement with the
Ni(OH), (100) planes (hexagonal, a = b = 0.312 nm, ¢ = 0.46
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nm). A rather well-defined interface can be identified between
the K,Ti,0y nanowires and Ni(OH), nanosheets (dashed line
in Figure 4b). Note that in the layered structure of K, Ti,O,, the
(200) crystal faces grew along the axial direction of the
nanowires, which is conducive to fast charge transport. The
appearance of lattice distortions might be due to Ni*"
intercalation. Elemental mapping based on EDS measurements
also revealed the formation of a core—shell hierarchical
structure of K,Ti,O,@Ni(OH),, as depicted in Figure 4c,
where K and Ti can be clearly identified in the backbone region
whereas Ni can be found throughout the entire surface.

A possible route to the formation of these hierarchical
nanostructures is depicted in Figure S. During the alkaline
hydrothermal process, K,Ti,09 nanowires with an open layered
structure were grown on the titanium surface, with K* jons
distributed on both sides of the TiO4 octahedra sheets (step a).
Ion-exchange reactions with Ni** then took place between the
layers of the nanowires (step b). After the alkaline treatment,

dx.doi.org/10.1021/am500421r | ACS Appl. Mater. Interfaces 2014, 6, 4578—4586
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Figure 6. (a) CV curves of K,Ti,O,/Ti and K,Ti,O,@Ni(OH),/Ti obtained at a scan rate of S0 mV/s in an aqueous solution of 3 M KOH. (b)
Galvanostatic charge/discharge curves of a K,Ti,O,@Ni(OH),/Ti sample collected as a function of current density. (c) Cycling stability of a
K, Ti,0,@Ni(OH),/Ti sample at a current density of 1 mA/cm?. Inset: the last 10 charge/discharge curves of K, Ti4O,@Ni(OH),/Ti. (d) Nyquist

plots of the K,Ti,Oy/Ti and K,Ti,0,@Ni(OH),/Ti electrodes.

Ni(OH), nanosheets were produced on the surface of K,Ti,O,,
leading to the formation of hierarchical K, Ti,0,@Ni(OH),/Ti
core—shell nanostructures (step c).

Electrochemical studies showed that the resulting K, Ti,O,@
Ni(OH), heterostructures possessed a markedly higher specific
capacitance than the original K,Ti,0o. Note that all CV and
galvanostatic charge/discharge measurements were carried out
after 2000 cycles of potential sweeping at a scan rate of 100
mV/s in 3 M KOH. This activation treatment helped promote
ion exchange reactions and enhance interfacial contacts
between K,Ti,O, and Ni(OH), and, hence, improved
electrochemical stability. Figure 6a shows the CV curves of
the K,Ti,Oy/Ti and K,Ti,Oy@Ni(OH),/Ti electrodes re-
corded at 50 mV/s in an aqueous solution of 3 M KOH. It can
be seen that the voltammetric currents are about 2 orders of
magnitude higher with K,Ti,O,@Ni(OH),/Ti than with
K,Ti,0/Ti. In addition, K,Ti,O9@Ni(OH),/Ti exhibits a
pair of voltammetric peaks at +0.34 V and +0.16 V, which are
likely due to the redox chemistry of Ni(I) in the composite
materials. This is distinctly different from that of K,Ti,Oq
where the primary contribution is from double-layer charging
(Figure 2). The areal capacitance of K,Ti,Oy@Ni(OH),/Ti
calculated from the CV curve at 50 mV/s is 340 mF/cm? In
addition, the respective specific capacitance at 50 mV/s was
calculated to be 11 F/g for K,Ti,0, and 319 F/g for K, Ti,0,@
Ni(OH),. Figure 6b shows the galvanostatic charging/
discharging curves of K,Ti,O,@Ni(OH),/Ti at different
current densities. The areal capacitance was 276.3 mF/ cm? at
the discharge current density of 0.5 mA/ cm?, 173 mF/cm? at 1
mA/cm? and 72.5 mF/cm?® at S mA/cm?® (Figure S3).

The cycling performance of K,Ti,O,@Ni(OH),/Ti at a
current density of 1 mA/cm’ is shown in Figure 6c. The
K,Ti,Oo@Ni(OH),/Ti electrode possessed a high areal
capacitance of 173 mF/ cm? at the first charge/discharge
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cycle, which decreased only slightly to 161 mF/cm? after 800
cycles (93.0% retention) and remained virtually invariant
thereafter (for instance, after 2000 cycles, the capacitance was
160 mF/cm?). The shape of the last 10 charge—discharge
curves (inset to Figure 6¢) is almost unchanged, indicating
good cyclability of the K,Ti,O,@Ni(OH),/Ti electrode.
Importantly, the K,Ti,O,@Ni(OH),/Ti electrode shows
apparently higher specific capacitance than many TiO,-based
electrodes reported previously, such as MnO,/H-TiO, (19
mF/cm? at 50 mV/s in 0.5 M Na,SO, solution),” V,0,/TiO,
nanotube arrays (220 F/g in 0.1 M HCIO,),** TiN nanowire
arrays (123 F/g at 10 mV/s in 1 M KOH),”® and TiO,/reduced
graphene oxide (150 F/g at 0.4 A/g in Li half-cell),”® which
were summarized in Table S1. In addition, electrochemical
impedance spectroscopy (EIS) measurements were also carried
out to characterize the composite electrodes (Figure 6d). The
equivalent series resistance (ESR) of K,Ti,;O,/Ti and
K, Ti,0,@Ni(OH),/Ti was both very low at 42 Q and 5.6
Q, respectively. This is probably due to the layered structures of
the titanate backbones that facilitated charge transport along
the axial direction.

For safety consideration and practical applications, all-solid-
state supercapacitors are generally desired, as compared to their
counterparts with liquid electrolytes, which require robust
encapsulation to prevent leakage of the liquid electrolyte and
other package components and hence are rather bulky. Thus, in
the present study we also assembled two K,Ti,0,@Ni(OH),/
Ti electrodes to prepare a flexible solid-state supercapacitor
with a KOH/PVA electrolyte. Figure 7a shows the CV curves
of the K,Ti,O,@Ni(OH),/Ti flexible solid-state supercapacitor
at the potential scan rates of 5, 10, 20, 50, and 100 mV/s within
the potential range of —0.4 to +0.4 V. The rectangular shapes of
the CVs indicate excellent capacitive behaviors, even at the
potential scan rate of 100 mV/s. The capacitance values

dx.doi.org/10.1021/am500421r | ACS Appl. Mater. Interfaces 2014, 6, 4578—4586
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Figure 7. (a) CV curves of a flexible solid-state supercapacitor based on K,Ti,0,@Ni(OH),/Ti. (b) Comparison of CV curves at 20 mV/s for a
solid-state supercapacitor as straight and frizzy. Inset is the photograph of the K,Ti,O,@Ni(OH),/Ti solid-state supercapacitor. (c) Galvanostatic
charge/discharge curves of a flexible solid-state supercapacitor. (d) Nyquist plots of a K,Ti,0,@Ni(OH),/Ti solid-state supercapacitor. (e) Cycling
stability of a solid-state supercapacitor at the current density of 0.04 mA/cm® Inset: The last 10 charge—discharge curves. (f) Ragone plot of energy
density (E) versus power density (P) for the K,Ti,O,@Ni(OH),/Ti solid-state supercapacitor.

calculated from the CV curve at 5 mV/s and galvanostatic
charge/discharge at 0.04 mA/ cm? are 5.8 mF/cm? (Figure S4)
and 3 mF/cm? (Figure SS), respectively. Furthermore, the solid
state supercapacitor showed excellent mechanical integrity with
no significant change of the electrochemical performance after
mechanical stress of more than 200 intentional bends to a
radius of about 1.5 cm, as manifested in CV measurements in
the straight and frizzy shapes (Figure 7b).

In addition, rate capability is a key factor for practical
applications of supercapacitors. For the K,Ti,0,@Ni(OH),/Ti
solid-state supercapacitors, the capacitance estimated from
galvanostatic charge/discharge curves exhibited only a small
decrease from 3.53 mF/cm? to 225 mF/cm? when the
discharge current density was increased by 33 folds from
0.012 to 0.4 mA/cm’ All charge/discharge curves of the
K, Ti,0,@Ni(OH),/Ti flexible solid-state supercapacitors at
various current densities are triangular and symmetrical,
indicating fast charging/discharging dynamics, and the ESR
value was only 47.5 Q (Figure 7d), though higher than that in a
liquid electrolyte (e.g, 5.6 Q in 3 M KOH, Figure 6d).
Furthermore, the supercapacitors showed long-term stability.
For instance, after 10 000 charge/discharge cycles at 0.04 mA/
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cm?, the Coulombic efficiency was about 92.7% with only a
small decrease from 3 to 2.78 mF/cm* (Figure 7e). To further
evaluate the performance of the K,Ti,O,@Ni(OH),/Ti
electrode for all solid-state supercapacitors, the energy density
(E) and power density (P) were calculated from the charge/
discharge curves (Figure 7f). The K,Ti,O,@Ni(OH),/Ti
capacitor shows an energy density of 4.8 mWh/cm® (0.72
mWh/cm?) at a power density of 1.1 mW/cm® (0.16 mW/
cm?®) and still retains 7.5 mWh/cm® (1.13 mWh/cm?) at a
power density of 0.32 mW/cm® (0.048 mW/cm?), which are
higher than those of TiN nanowires (0.05 mWh/cm? PVA/
KOH),” graphene-cellulose paper (0.015 mWh/cm? PVA/
H,S0,),” and coaxial fiber (0.0098 mWh/cm? corresponding
to a power density of 0.189 mW/cm? PVA/H;PO,),*® which
were summarized in Table S2.

This high rate capability of the K,Ti,O,@Ni(OH),/Ti
flexible solid-state supercapacitor might be accounted for by the
following factors. First, the Ti mesh substrate exhibited high
electrical conductivity and could effectively collect and transfer
charges. Second, the layered structure of the K,Ti,O,
nanowires provided effective paths for charge transport along
the layer direction, without the use of polymer binders and
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conductive additives in the electrodes. Third, Ni* ion-exchange
reactions with the open layers of titanate led to the formation of
intimate interfacial contacts between the Ni(OH), nanosheets
and the K,Ti,Oy nanowires. Fourth, the growth of Ni(OH),
nanosheets on the surface of K,Ti,Oy nanowires (K,Ti,Oq@
Ni(OH),) produced a high specific surface area that facilitated
fast and reversible redox reactions and hence improved specific
capacitance.

B CONCLUSIONS

In summary, a simple and effective route based on low
temperature reactions and nickel ion-exchange reactions was
developed for the preparation of K,Ti,Oy nanowires coated
with a shell of Ni(OH), nanosheets that formed a highly
porous network on the surface of a Ti mesh, ie, K,Ti,O,@
Ni(OH),/Ti. Detailed electrochemical characterizations
showed that the K,Ti,0,@Ni(OH),/Ti electrode exhibited a
high specific capacitance of 319 F/g at 50 mV/s in 3 M KOH
and an areal capacitance of 340 mF/cm? with excellent cycling
performance (93% retention after 2000 cycles), a few tens of
times better than that of the unmodified K, Ti,0,/Ti electrode.
The K,Ti,O,@Ni(OH),/Ti electrodes were also used to
assemble a flexible solid-state supercapacitor with a PVA/
KOH solid electrolyte, which showed outstanding electro-
chemical performance and excellent mechanical properties, with
a high areal capacitance of 5.8 mF/cm® at § mV/s and
remarkable cyclic stability (about 92.7% retention of
capacitance after 10 000 charge—discharge cycles at 0.04 mA/
cm?). The results presented herein highlight the significance of
deliberate interfacial engineering in the development of low-
cost, large-scale, and practical supercapacitor electrodes and
manipulation of the supercapacitor performance.
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