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Hierarchical nanostructures with highly exposed active surfaces for
use in high-performance pseudocapacitors have attracted consider-
able attention. Herein, we developed a one-step method for the in situ
growth of (NH4),V10025-8H,0 urchin-like hierarchical structures on
highly conductive nickel foam substrates for use as advanced elec-
trodes for all-solid-state asymmetric supercapacitors. The in situ
growth of (NH4),V10025-8H,0 urchin-like hierarchical structures
delivers a specific capacitance of 1530 F g~* at a current density of
1.5 A g% and retains 95.1% of the initial capacitance after 10 000
cycles, owing to the advantages of the urchin-like hierarchical struc-
ture such as more active sites for electrochemical reactions, as well as
a shortened diffusion length for the charge carriers due to a binder-
free effect, which exceeds that of most recently reported vanadates
and polyvanadates. The as-assembled all-solid-state (NH4),-
V10035 8H,0@Ni//PVA/KOH//RGO@Ni device exhibits a comparable
capacity of 92.2 F g~ at a current density of 0.4 A g~* and excellent
cycling performance through 5000 cycles. Our study provides rational
guidance toward the design of novel hierarchical nanostructures of
polyvanadate for solid-state supercapacitors with superior electro-
chemical performances in long-term cycling stability and high energy
density.

Introduction

The rapidly growing use of electronic devices puts forward a new
challenge to high-performance devices and technologies for
energy storage. Supercapacitors have been receiving consider-
able attention due to their high power density and fast charging
rate." However, the main challenge for the practical application
of supercapacitors is their low energy density and unsatisfactory
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cycling stability.”> Tremendous effort has been devoted to
designing high-capacitance electrode materials for super-
capacitors. Recent experimental and theoretical progress on
electrochemical energy storage has revealed two emerging
strategies for high energy-density supercapacitors: (1) the in situ
growth of active materials on various conductive current
collectors, which has been regarded as an effective route to
improving the interfacial contact. Firstly, the as-grown active
materials on the current collector without any insulating poly-
mer binder could significantly reduce the “dead volume” and
improve the electrochemical activity of the electrode. Secondly,
the direct growth of active materials could reduce the interface
resistance gap between the substrate and active compounds and
act as an electron superhighway to enhance the ion/electron
transfer rate*” (2) The development of novel electrode
compounds with electrochemical activity. Recently, vanadates
and polyvanadates have been regarded as highly promising
electrode materials in energy devices due to the high abundance
and mixed oxidation states of vanadium (V**, v** and V°*), high
theoretical specific capacity and non-toxic characteristics.*’
Many previous studies have revealed the advanced electro-
chemical performance of various vanadium-based compounds,
including layered V;0,-H,O fibers,* VO, nanoparticles,® V,0;
nanorods,’ V,05 aerogels,' VO, nanobelts," graphene & VO,
nanocomposites,'* vanadium nitride nanosheets," etc.***¢

Most recently, polyvanadates, such as MV;0¢ (M = Li, Na and
NH,), have been reported as a kind of cathode material with
high capacity and acceptable structural stability. Typically,
Zhou et al. synthesized NH,V;03-0.2H,0 via a soft template
assisted method and it exhibited a reversible capacity of
225.9mA h g " ata current density of 0.015 A g™ * for lithium ion
storage."” Wang et al. reported the electrochemical properties of
Ni** doped NH,V;0z-0.2H,0 nanoflakes grown in situ on Ni
foam in a three-electrode cell configuration.”” However, the
study of vanadates as energy storage materials has just started
on the leveling line, and the development of novel vanadates for
electrochemical device application should be of great interest
and highly desired.

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic illustration of the in situ growth of (NH4)2V10025-8H,O urchin-like arrays on a Ni foam surface as the electrode of a solid-

state supercapacitor.

Three-dimensional (3D) urchin-like hierarchical structures
have attracted significant interest owing to their high specific
surface area and well-defined morphology. Various urchin-like
hierarchical structures have been widely reported for applica-
tion in solar cells,'® water treatment,' Li-ion batteries*® and
supercapacitors.” In this study, we developed a method for the
in situ growth of (NH,4),V;00,5-8H,O on a Ni foam surface as
a high-performance pseudocapacitor electrode (Scheme 1).
Interestingly, the as-grown (NH,4),V;00,5-8H,0 exhibits urchin-
like hierarchical arrays assembled from numerous microwires
(length: ~40 pm). This unique hierarchical morphology
provides a large surface area and exposed active sites as well as
fast ion diffusion. As a result, the (NH,),V100,5°8H,0 urchin-
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like hierarchical structure exhibited high specific capacitance
(1530 F g ' at 1.5 A g~ ') and energy density (53.1 W h kg™ " at
375 W kg™ '), which exceeds that of most recently reported
vanadates and polyvanadates.'®>**?¢® The as-assembled
all-solid-state (NH,4),V100,5 - 8H,O0@Ni//PVA/KOH//RGO@NIi
device exhibits a comparable capacity of 92.2 F g ' at
a current density of 0.4 A g~ ' and excellent cycling performance
through 5000 cycles. Our study provides rational guidance
toward the design of hierarchical nanostructures of vanadates
for solid-state supercapacitors with superior electrochemical
performances in long-term cycling stability and high energy
density.
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(@) XRD pattern of the (NH,4),V100,5-8H,0 urchin-like hierarchical structure directly grown on a Ni foam surface. XPS spectra of the

(NH4)2V10025-8H,0 urchin-like hierarchical structure: (b) survey, (c) V 2p, (d) O 1s.
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Results and discussion

(NH,4),V100,5-8H,0O urchin-like hierarchical structures were
directly grown on nickel foam substrates using a hydrothermal
method. As shown in Fig. 1, the phase of the as-grown sample
can be indexed into (NH,4),V;00,5-8H,0 (JCPDS 26-0097) with
a=11.54A,b=3.64 A, c=11.12A, 8 = 112°, and, a = y = 90°.
No peaks of impurities were discerned, indicating the high
purity of the product. Note that (00/) diffraction of the as-grown
(NH,4),V100,5-8H,0 shows much higher intensity compared to
other crystal planes (Fig. 1a), suggesting a highly preferred
orientation along the [00/] (I =0, 1, 2...) direction. Moreover, the
inset in Fig. 1a shows a weak (002) diffraction peak. X-ray
Photoelectron Spectroscopy (XPS) characterization, shown in
Fig. 1b-d, was used to examine the chemical states of the
elements in the composite. The C 1s, N 1s, O 1s and V 2p regions
can be overall observed from the complete survey spectrum of
(NH,4),V100,5°8H,0 in Fig. 1b. By using a Gaussian fitting, two
obvious shake-up satellites (indicated as “Sat”) close to two
spin-orbit doublets at 523.4 and 516 €V can be identified as V
2p1/» and V 2p,), signals of V** and V', respectively (Fig. 1c).
The peak intensity difference in the corresponding peaks
suggests the major presence of V°* in the present study.
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Moreover, the detailed O 1s spectrum, shown in Fig. 1d, shows
two major peaks at 529.9 and 531.6 eV. The former corresponds
to the lattice oxygen (i.e., 0°7), indicating V-O bonding.>” The
latter corresponds to hydroxyl groups, revealing the presence of
O-H from the H,0.*®

Typical scanning electron microscopy (SEM) images of the
as-grown product, shown in Fig. 2a and b, indicate highly dense
coverage of a large number of (NH,),V;00,5-8H,0 urchin-like
structures on the Ni foam surface. At higher magnification,
the SEM images (Fig. 2c and d) show that the urchin-like shape
grown perpendicular to the Ni foam surface is assembled from
a large amount of microwires with an average length of about 40
um. These microwires are radially aligned and close-packed,
exhibiting a highly developed surface area. The energy disper-
sive X-ray spectroscopy (EDX) point analysis (Fig. S1t) further
confirms the presence of V, O and N elements. During the
hydrothermal growth, we found that such an urchin-like
structure could just be observed on the Ni foam surface. The
powder sediment on the bottom of the hydrothermal autoclave
shows quite a different morphology of irregular strips (Fig. S27).
This result suggests that the Ni foam should play an important
role in the formation of (NH,),V100,5- 8H,O urchins, and the in
situ growth should be induced by heterogeneous nucleation on

Fig. 2 Typical SEM images of the as-grown hierarchical (NH4);V10055-8H,O urchin-like structures on a Ni foam surface with different
magnifications. (a and b) at low magnification; (c and d) at high magnification.
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the Ni foam surface. Note that Ni foam was activated by acid to
remove the nickel oxide layer on the surface. This treatment is
important for the attachment of the (NH,),V;00,5* 8H,O crystal
nucleus and the possible growth mechanism of the (NH,),-
V10025-8H,0 urchin may be proposed as follows: during the
hydrothermal reaction, NH,VO; converts into (NH,),-
Vi100,5-8H,0 on the surface of Ni foam. The (NH,),-
V100,5-8H,0 nuclei gradually grow into the primary particles,
which aggregate into chains and partly deposit on the surface of
the nickel substrate to form the urchin arrays.

A typical transmission electron microscopy (TEM) image of
an individual (NH,4),V;00,58H,0 microwire is shown in Fig. 3.
The layered stacking in this microwire can be clearly distin-
guished, and the inter-lamellar spacing of the (NH,),-
V100,5-8H,0 was around 0.95 nm (Fig. 3b). The as-observed
lattice spacing in the HRTEM image was calculated to be
0.35 nm and 0.54 nm, matching well with the (003) plane and
(200) plane of monoclinic (NH,),V1¢0,5-8H,0, respectively. The
selected area electron diffraction (SAED) pattern taken from the
edge portion of this wire exhibited very sharp diffraction spots
(Fig. 3e), demonstrating the single-crystalline nature of each
microwire.

The cyclic voltammetry (CV) curve of the as-obtained hybrid
composites (Fig. 4a) exhibited reversible redox peaks within the

(a)
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0.0-0.5 V range, corresponding to the reversible reaction of V(wv)
< V(v). This indicates the strong pseudocapacitive nature of the
as-obtained electrodes. As shown in Fig. S3,T the overlapping
representative CV curves of the (NH,),V;00,5-8H,O urchin-like
hierarchical electrode for the first to hundredth cycles at a scan
rate of 20 mV s~ illustrate the steady reversible redox reaction.
Fig. 4b shows the galvanostatic charge-discharge curves of the
(NH,4)»V100,5-8H,0 urchin-like hierarchical@Ni foam hybrid
electrode at different current densities. The cycling stability of
the material was examined up to 10 000 cycles with ~95.1%
capacitance retention at a current density of 8 A g~ !, demon-
strating its long-term stability and durability (Fig. 4c). Addi-
tionally, electrochemical impedance spectroscopy (EIS) was also
used to compare the electrochemical properties of (NH,),-
V100,5-8H,O@Ni prepared by the in situ growth method and
a (NH,4),V100,5-8H,0-based electrode with Ni foam as the
current collector. Fig. 4d shows the typical Nyquist plots, which
consist of a compressed semicircle, a semicircle at a higher
frequency region and a spike at lower frequency. At high
frequency, the intersection of the curve at the real part indicates
the resistance of the electrochemical system (R;), which
includes the inherent resistance of the electroactive material,
ionic resistance of the electrolyte and contact resistance at the
interface between the electrolyte and the electrode and the

Fig. 3 Typical (a) TEM and (b and c) HRTEM images of an individual (NH4),V10025-8H,O microwire separated from the urchin-like structure. (d)

The corresponding SAED pattern.
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(a) CV curves of the (NH4),V100,5-8H,0 urchin-like structure at various scan rates from 5-50 mV's
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semicircle diameter reflects the charge-transfer resistance (Re).
Apparently, (NH,),V;00,5-8H,O@Ni obtained through in situ
growth possesses a much lower R and R value compared with
that of the material obtained by coating, which can be attrib-
uted to the binder-free effect of in situ growth. Moreover, the
relatively steeper low-frequency tail of (NH,),V;00,s5-8H,O@Ni
suggests greater electron diffusion. Therefore, all of these are
beneficial for the electron storage properties of the (NH,),-
V100,5-8H,O@Ni electrode. The specific mass capacitance
values were calculated as 1530, 1284, 1128, 1024 and 960 F g~ *
at current density values of 1.5, 3, 6, 8 and 10 A g’l, respectively.
The corresponding areal capacitance and volumetric capaci-
tance were also calculated and are shown in Fig. S4.1 Clearly,
both mass and areal capacitance values based on our (NH,),-
V100,5-8H,0 electrode exceed those of most reported
vanadium-based materials (Fig. 4f).”*2

Finally, all-solid-state asymmetric supercapacitors (ASC)
were assembled with (NH,),V;00,5-8H,O@Ni foam as the
positive electrode, RGO as the negative electrode and poly(vinyl
alcohol) (PVA)-KOH gel as the electrolyte (Scheme 1). The mass

16312 | J. Mater. Chem. A, 2018, 6, 16308-16315

ratio of active materials within the two opposite electrodes is
based on the capacity balancing relation. As seen in Fig. 5a, with
the voltage window of the RGO filling up —1.0 V to 0 V, the
working potential of asymmetric supercapacitor devices hence
is widened to 1.5 V. The CV curves with 0-1.5 V working window
at various scan rates are shown in Fig. 5b and the well retained
CV curves as the scan rate rises to 50 mV s ' indicate the
excellent rate capability. Based on the GCD results (Fig. 5c), the
specific capacitances of the whole asymmetric supercapacitor
were calculated to be 92.2, 88, 81.5, 75.6, 63.8 and 48.6 F g~ at
current densities of 0.4, 0.6, 1, 2, 4 and 8 A g’l, respectively. As
seen from the cycling performance as shown in Fig. 5d, the as-
obtained asymmetric supercapacitor retains quite a stable
capacitance through 5000 cycles and the slight increase in Cg
could be ascribed to the enlargement of the electrochemical
active volume of the two electrodes caused by the insertion and
extraction of ions in the initial cycles.?®** The Ragone diagram
plots the energy and power densities of the fabricated device,
which were attained from calculations based on the galvano-
static discharge plots (Fig. 5e). The as-fabricated asymmetric

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) CV curves of the (NH4)-V10025-8H,0@Ni foam and RGO at a scan rate of 10 mV s, (b) CV curves of the as-assembled asymmetric
supercapacitor. (c) GCD curves of the as-assembled asymmetric supercapacitor. (d) Cycle performances of the as-assembled asymmetric
supercapacitor. (e) Ragone plot of (NH4),V100,5-8H,0@Ni//PVA/KOH//RGO ASC. (f) Photograph of the LED indicator powered by two
(NH4)2V100,5-8H,0@Ni foam//PVA/KOH//RGO@Ni foam asymmetric supercapacitors connected in series.

supercapacitor exhibits an energy density of 28.8 W h kg™ ' at
a power density of 325 W kg™ !, and maintained 12 W h kg™ " at
4556.3 W ke~ '. Furthermore, two (NHj4),V100,5°8H,O@Ni
foam//PVA/KOH gel//RGO ASCs in series are able to light up one
white LED indicator (Fig. 5f).

Conclusion

In summary, highly dispersed (NH,),V100,5'8H,0 urchin-like
structures in situ decorated on highly conductive nickel foam
have been successfully achieved using a novel one-step precip-
itation method. The composited (NH,),V;00,5-8H,O@Ni elec-
trode exhibited high Ciass (1530 F ¢ ' at 1.5 A g™ ) and Ciarea
(4896 F cm™> at 4.8 mA cm ™ ?), which exceed those of most
previously reported vanadates and polyvanadates. The excellent
energy storage performance should be attributed to the highly
exposed active surface, the binder-free effect and the fast charge
transfer at the (NH,),V100,5-8H,O@Ni interface. The (NH,),-
V100,5-8H,O@Ni//PVA/KOH//RGO device exhibits a compa-
rable capacity of 92.2 F ¢~ at a current density of 0.4 A g~ " and

This journal is © The Royal Society of Chemistry 2018

excellent cycling performance through 5000 cycles. Our study
provides rational guidance toward the design of novel hierar-
chical nanostructures of vanadium-based compounds with
superior electrochemical performances due to the significantly
increased electrochemical active sites and shortened charge/ion
diffusion.

Experimental
Fabrication of hybrid film-based electrodes

Typically, the hybrid electrode material was prepared using
a simple one-step process as follows: nickel foam (5 cm x 1 cm
x 0.15 mm, 110 ppi (pores per inch), 350 ¢ m~>) was succes-
sively pre-treated with acetone, absolute ethanol, deionized
water, 2 M HCI solution and deionized water, each for 15—
20 min, to ensure a clean surface. The cleaned nickel foam was
then partially immersed in a 100 mL Teflon autoclave with
a homogeneous solution of NH,VO; (1.7 g) and H,0 (70 g),
followed by heating the autoclave in an oven at 190 °C for 15 h to
allow the growth of (NH,4),V100,5°8H,0 urchin-like arrays on

J. Mater. Chem. A, 2018, 6, 16308-16315 | 16313
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the Ni foam. The nickel foam substrate, covered with (NH,),-
V100,5°8H,0 urchin-like hierarchical structures, was washed
with H,O and ethanol to remove surface ions and molecules
using an ultrasonic bath cleaner, and then dried at 80 °C for
12 h to remove the adsorbed solvents. The mass of the nano-
wires on nickel foam was determined by subtracting the weight
before deposition from the weight after deposition. The loading
densities of the active materials were about 3.2 mg cm ™~ for all
electrodes.

Fabrication of RGO electrodes and asymmetric
supercapacitors

Reduced graphene oxide (RGO) used in the experiment was
purchased from Nanjing XF Nanomaterials and Technologies
Co. Ltd. (diameter = 0.5-2 pm; thickness ~ 0.8 nm; monolayer
ratio ~ 80%; purity ~ 99%). The RGO electrodes were fabricated
using the method as follows: a mixture of RGO, 15 wt% of
acetylene black (as an electrical conductor), 5 wt% of
polytetrafluorene-ethylene (as a binder), and a small amount of
ethanol was prepared by milling to produce a homogeneous
paste. This paste was then pressed onto nickel foam current
collectors to produce the RGO electrodes. To fabricate the
asymmetric supercapacitor, the above two kinds of electrode
were then pressed and combined with each other with PVA gel
of KOH (3 M) as the solid electrolyte to assemble the full cell.
The cell was encapsulated by flexible Kapton film with two
pieces of copper wire connected to the edges of the two elec-
trodes. The Cy of the asymmetric supercapacitor was calculated
based on the total mass of both the negative and positive elec-
trodes excluding the current collector.

Characterization

The morphologies were observed using scanning electron
microscopy (SEM, S-4800, Hitachi). The SAED pattern and TEM
images were obtained on a Philips CM200FEG field emission
microscope. The crystalline structure was characterized by XRD
patterns recorded in a Rigaku D/Max-kA diffractometer with Cu
Ko radiation. X-ray photoelectron spectroscopy (XPS, PHI 5000C
ESCA System) and energy dispersive X-ray spectroscopy (EDX,
TSL, AMETEK) measurements were employed to investigate the
elemental compositions of the samples.

Electrochemical measurement

The electrochemical properties of the as-obtained hybrid film-
based electrodes were investigated using a three-electrode cell
configuration at 25 °C. The nickel foam supported (NH,),-
V100,5-8H,0 urchin-like hierarchical structures acted directly
as the working electrodes and were soaked in a 1 M KOH
solution and degassed in a vacuum for 5 h before the electro-
chemical test. Platinum foil and a saturated calomel electrode
(SCE) were used as the counter and reference electrodes,
respectively. The cyclic voltammetry (CV), galvanostatic charge-
discharge, and electrochemical impedance spectroscopy (EIS)
measurements were conducted on a CHI 660B electrochemical
workstation (Shanghai CH Instrument Company, China). The
Cs of the hybrid film-electrode was calculated from

16314 | J Mater. Chem. A, 2018, 6, 16308-16315

View Article Online

Communication

galvanostatic charge-discharge curves as follows: Cs = I x At/
(AV x m), where C; (F g~ ') is the specific capacitance, I (A) is the
discharge current, At (s) is the discharge time, AV (V) is the
potential change during the discharge and m (g) is the mass of
the active material in the electrode. The energy and power
densities of the hybrid film-based electrodes were calculated as
follows: E = 0.5 x C x V2, Py = E/At, where E (W h kg™ ') is the
energy density, V (V) is the cell voltage range. P,,. (W kg™ ') is the
average power density and At (s) is the discharge time.
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