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ABSTRACT: Rational assembly of unique complex nano-
structures is one of the facile techniques to improve the
electrochemical performance of electrode materials. Here, a
substrate-assisted hydrothermal method was designed and
applied in synthesizing moundlily like radial β-AgVO3
nanowire clusters. Gravitation and F− ions have been
demonstrated to play important roles in the growth of β-
AgVO3 nanowires (NWs) on substrates. The results of cyclic
voltammetry (CV) measurement and X-ray diffraction (XRD)
characterization proved the phase transformation from β-AgVO3 to Ag1.92V4O11 during the redox reaction. Further
electrochemical investigation showed that the moundlily like β-AgVO3 nanowire cathode has a high discharge capacity and
excellent cycling performance, mainly due to the reduced self-aggregation. The capacity fading per cycle from 3rd to 51st is 0.17%
under the current density of 500 mA/g, which is much better than 1.46% under that of 20 mA/g. This phenomenon may be
related to the Li+ diffusion and related kinetics of the electrode. This method is shown to be an effective and facile technique for
improving the electrochemical performance for applications in rechargeable Li batteries or Li ion batteries.

KEYWORDS: Substrate-assisted hydrothermal method, moundlily like β-AgVO3 nanowires, electrochemical performance,
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Nanostructures, especially nanowires, have received great
interest and been widely applied in a variety of fields,

such as electronics, optoelectronics, electrochemistry, and so
forth.1−10 Among them, the electrochemical energy storage of
the Li battery or Li-ion battery (LIB) is one of the most
important applications, because of their high energy density and
excellent cycling lifetime.11−15 It is worth noting that the
storage of the Li batteries or LIBs at a high charge and
discharge rate is an important technology in today’s society.16

However, nanomaterials often suffer from the self-aggregation
in their applications, which may reduce the effective contact
areas of active materials, conductive additives, and electrolytes.
Assembling the complex nanostructures such as porous
nanostructures, ultralong hierarchical nanowires, and kinked
nanowires can reduce the self-aggregation to ensure the large
effective contact areas.17−22 The moundlily is a plant whose
branches are separated naturally and hard to twist together even
in harsh conditions. Therefore, if biomimic moundlily like
nanowires are formed, self-aggregation can be effectively
prevented. Such a nanostructure is relatively favorable for
electrode materials of high-performance Li batteries or LIBs.
Owning to their unique physicochemical properties,

vanadium oxides and vanadium oxide related compounds
have gained more and more interest in many fields, such as
electrochromic devices, lithium batteries, catalysts, gas sensors,

and so forth.23,24 Silver vanadium oxides (SVOs),25,26 especially
β-AgVO3, have drawn much attention due to its higher Ag:V
molar ratio and better high-rate discharge capacity.27,28 Song et
al. synthesized superlong β-AgVO3 nanowires by a pyridine-
assisted solution approach and studied its electrochemical
performance.29 Mai et al. designed and successfully synthesized
β-AgVO3/polyaniline (PANI) triaxial nanowires by combining
in situ chemical oxidative polymerization, which exhibited
enhanced electrochemical performance.30

Here we demonstrated a substrate-assisted hydrothermal
approach to synthesize moundlily like β-AgVO3 nanowires on
substrates and demonstrated that the gravitation and the
presence of F− are essential to precipitate the precursor, which
can lead to a robust mechanical adhesion between the final
product and the substrate. During the charge−discharge
process, β-AgVO3 is transformed to Ag1.92V4O11 which can be
confirmed by cyclic voltammetry (CV) measurement and X-ray
diffraction (XRD) characterization. Moreover, it was found that
β-AgVO3 displayed better cycling stability at a higher discharge
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current density, which may be attributed to the direct pathways
of Li+ diffusion.
The moundlily like β-AgVO3 nanowires grown on an ITO

(tin-doped indium oxide) conductive substrate were synthe-
sized by adding 0.1699 g of AgNO3, 0.0909 g of V2O5, and
0.0778 g of LiF in a 100 mL Teflon autoclave, filled with 60 mL
of deionized H2O. Then, an ITO conductive substrate
(sequentially cleaned with alcohol, acetone, and deionized
water) was inclined in the autoclave with an angle about 45°.
The autoclave was heated for 24 h at 180 °C and cooled to
room temperature. Then the product was successfully obtained
after filtering, washing, and drying. To demonstrate the effect of
substrate on the product, the same amount of reactants added
into the autoclave and heated at the same reaction conditions
without any substrate. Moreover, a hydrothermal method was
used to synthesize β-AgVO3 nanowires as control experiment
by adding 0.1699 g of AgNO3 and 0.1171 g of NH4VO3 into
the autoclave, which was also heated for 24 h at 180 °C.

The crystallographic information of the final product was
examined by using a D/MAX-III X-ray diffractometer with
graphite-monochromatized Cu Kα radiation. Field emission
scanning electron microscopic (FESEM) images were obtained
with a Hitachi S-4800 at an acceleration voltage of 10 kV.
Transmission electron microscopic (TEM) and high-resolution
transmission electron microscopic (HRTEM) images were also
recorded by using a JEM-2100F STEM/EDS microscope.
The electrochemical performance was studied in a potential

range of 4.0−1.5 V versus Li/Li+ with a multichannel battery
testing system (LAND CT2001A). β-AgVO3 NWs synthesized
with AgNO3, V2O5, and LiF were peeled off from ITO substrate
to fabricate Li batteries. Batteries were assembled of 2025 coin
cells in a glovebox filled with pure argon gas, using lithium
pellet as the anode, 1 M solution of LiPF6 in ethylene carbon
(EC)/dimethyl carbonate (DMC) as an electrolyte. Cathode
electrodes were made by grinding together 70% β-AgVO3
nanowire active material, 20% acetylene black, and 10%

Figure 1. (A) XRD pattern of β-AgVO3 grown on the ITO substrate. (B, C) SEM images of β-AgVO3 grown on the ITO substrate, the real
moundlily shown in the inset of C. (D) SEM image of β-AgVO3 in the solution of autoclave. (E) SEM image of β-AgVO3 synthesized without
substrate. (F) TEM image and FFT pattern of β-AgVO3 on the ITO substrate.

Figure 2. (A, B) SEM images of β-AgVO3 on ITO substrate and in autoclave separately. (C) Schematic mechanism for the different growth process
of one-dimensional β-AgVO3 grown on the up side of substrate and in the autoclave.
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poly(tetrafluoroethylene). CVs were tested with an electro-
chemical workstation (CHI 760D).
In Figure 1A, the XRD pattern shows that the product grown

on the ITO substrate is monoclinic β-AgVO3. All diffraction
peaks can be indexed to the phase of β-AgVO3 with monoclinic
structure space group: Cm (No. 8), PDF Card No. 01-086-
1154. The (−601) diffraction peak is the strongest one, while
the strongest peak of β-AgVO3 powders as reported is the
(311),31 indicating the preferential orientation of the β-AgVO3
nanowires.
The SEM images of β-AgVO3 grown on the ITO conductive

substrate are shown in Figure 1B and C, respectively, which
obviously present the moundlily like shape of β-AgVO3 with a
relatively high density. In addition, to prove that substrate-
assisted hydrothermal method is not only limited in ITO
substrate, glass substrate was applied in this method. It is found
that such morphology of β-AgVO3 grown on the glass substrate
can be also found, and the SEM images are exhibited in the
Supporting Information (Figure S2). Figure 1D shows the
morphology of β-AgVO3 collected from the solution. Thus, we
can conclude that β-AgVO3 collected on the substrate and in
the solution almost have the identical morphology. The SEM
image of the product synthesized without any substrate is
presented in Figure 1E. Although the product exhibits the
nanowire morphology, it is totally different from the moundlily
like shape. The TEM image of the product is shown in Figure
1F. The diameter of single β-AgVO3 nanowire is about 150 nm.
From the fast Fourier transform (FFT) pattern, the diffraction
spots match well with the [−601] lattice direction. A typical
photograph of large-scale uniform β-AgVO3 nanowires grown
on an ITO conductive substrate is given in the Supporting
Information (Figure S1).
To demonstrate and explain the growth process, NH4F has

been used as the substitution of LiF for the control experiment.
Though the fluorine sources are different, the experiment
results turn out to be the same (Supporting Information, Figure
S3A, B). Additionally, another experiment was carried out
without any fluorine source, and consequently nothing grew on
the ITO conductive substrate, revealing that F− is closely
associated with the adhesion between substrates and the
product film.32,33 Moreover, the crystallographic information of
the product at the bottom of the autoclave has been accessed,
and the result showed that it is Ag2V4O11, instead of β-AgVO3
(Supporting Information, S4). There is an interesting
phenomenon that the uniform thin film of β-AgVO3 with
novel 1D architecture only grows on the up side of the

substrates, while nothing can be observed on the bottom side.
This phenomenon may result from the gravitation effect.
Figure 2A and B shows the SEM images of β-AgVO3 on the

ITO substrate and in the solution, respectively. As mentioned
above, they have the similar moundlily like morphology. The
growth schematic of β-AgVO3 nanowires on the ITO substrate
is given based on these SEM images. In fact, the ITO substrate
serves as a barrier for the deposition of V2O5 particles, and
those particles initially form a seed layer on the upside of the
substrate due to gravitation. At the same time, the existence of
F− enhances the mechanical adhesion between the seed layer
and the substrate. The seed layer is successfully formed on the
substrate due to the synergistic effect of gravitation and F−.
After the formation of the seed V2O5 layer, the seeds serve as
the “growth spot”, to start reaction with other reactants.
However, because of the substrate’s obstruction function, the
nanowire growth only happens on the upside of substrate.
Thus, we can see that the nanowires present the radial growth
based on the spot. Moreover, as some product may peel off
from the substrate during this process, the similar morphology
was found at the bottom of autoclave, which was mentioned
above. If there is no substrate inclined in the autoclave, the
growth of β-AgVO3 may be a splitting process, leading to the
simple random nanowire morphology.28,34

To investigate the detailed electrochemical performance of β-
AgVO3, CV tests of β-AgVO3 on the ITO conductive substrate
were performed. The voltammograms were measured in 1 mol/
L LiNO3 aqueous solution at a sweep rate of 1 mV/s in a
potential range from 0.8 to −0.5 V versus saturated calomel
electrode (SCE) at room temperature. CV results of the
product on the ITO conductive substrate are shown in Figure
3A. From the curve, it can be seen that the peak positions of all
100 cycles are similar. Apparently, there exists an anode peak 1
(at ca. 0.6 V) and a cathodic peak 2 (at ca. 0.2 V) on the curve,
which could be designated to two reversible redox couples:
Ag+/Ag0 and VO2+/V2+.29 Noticeably, peaks 1 and 2 in all cyclic
voltammogram drop gradually with the increasing cycle
numbers. The area-cycle curve (Figure 3B), calculated from
Figure 3A, is also in agreement with the result above. There are
mainly two reasons accounting for the result. One is that the
product deposited on the ITO conductive substrate gradually
drops with the increasing cycle numbers, and the phenomenon
is in agreement with other group’s work.29 The other reason is
that the activity of material on conductive substrate degrades
and the structure is destroyed during cycling process. At the
same time, the positions of peaks 1 and 2 have slightly changed,

Figure 3. (A) CV curve of β-AgVO3 grown on ITO substrate. (B) the curve of area−cycle of CV test. (C) XRD pattern of β-AgVO3 on ITO
substrate after 100 cycles of CV test. (D) Untested β-AgVO3 nanowires. (E, F) SEM images of β-AgVO3 after CV test.
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and the redox peaks are close to each other gradually. The
overpotential theory can explain the gap decreasing of redox
peaks.35,36 Besides, there exists a very small peak at ca. 0.2 V,
which was related to the ITO substrate.
After 100 cycles of CV tests, the XRD and SEM tests were

carried out on the β-AgVO3 nanowires grown on the substrate.
From Figure 3C, a new phase of Ag1.92V4O11 can be found,
indicating the phase change in charge−discharge process.
Compared with the smooth surface of untested β-AgVO3
nanowires grown on ITO substrate (Figure 3D), the
morphology of SVO (shown in Figure 3E and F) after the
CV test was significantly rougher, and it is estimated that those
large quantities of particles on β-AgVO3 nanowires are
Ag1.92V4O11 transformed from β-AgVO3.
To investigate the influence of ITO substrate on electro-

chemical property, we did the CV test of an independent ITO
substrate (Supporting Information, Figure S5A−F). The value
of CV curve area is about 3 × 10−6, and for the ITO substrate
with β-AgVO3 film, the value of CV curve area increases to
about 5 × 10−3, 3 orders of magnitude larger than that of bare
ITO substrate; thus the influence of ITO substrate can be
ignored. Moreover, an additional peak is observed in the CV
curve of the independent ITO substrate, which can confirm
that the additional peak observed in CV curve of β-AgVO3 on
ITO conductive substrate is caused by the ITO substrate.
Figure 4A displays the electrochemical performance of β-

AgVO3 with different morphology nanowire cathodes tested at
the current density of 500 mA/g. It is apparent that the
moundlily structured β-AgVO3 nanowires from ITO substrate
show a higher discharge capacity and better cycling perform-
ance than that of β-AgVO3 nanowires synthesized with AgNO3
and NH4VO3 (Supporting Information, Figure S6). The
phenomenon may be attributed to several reasons. It is highly
believed that the main reason is that the self-aggregation is
reduced due to the existence of the moundlily nanostructure.
The high surface energy of nanoscaled electrode materials is a
reason for self-aggregation, which may reduce the effective
contact areas of active materials, conductive additives, and
electrolytes. Interestingly, the structure of moundlily like β-
AgVO3 nanowires can effectively avoid this drawback and
reduce the self-aggregation, leading to better electrochemical
performance. In addition, chemical lithiation may provide the
contribution to improve the electrochemical of β-AgVO3.

Chemical lithiation is often considered as an effective way to
increase the cycling stability of electrode materials,37−39

because of the fact that it can stabilize the nanostructure and
improve the conductivity of host material.40,41 In this paper, LiF
was added into autoclave to help the growth of β-AgVO3 on
ITO substrate, which may also improve the cycling stability of
β-AgVO3 owning to chemical lithiation.
The performance of moundlily like β-AgVO3 nanowires

under different current densities of 20, 50, 100, and 500 mA/g
are shown in Figure 4B, respectively. It can be seen that, at
higher current densities, the electrochemical performances are
better. When β-AgVO3 was tested at 20 mA/g, the capacity
fading per cycle was 1.46%. However, the cycle numbers-
specific capacity curve shows that the capacity fading per cycle
is only 0.17% at 500 mA/g, indicating the prominent cycling
stability of β-AgVO3 at high discharge current.
Considering the kinetics of electrode material, the equation

(τ = L2/2D) is given, where τ is the diffusion time, L is the
diffusion distance, and D is the Li ion chemical diffusion
coefficient.42,43 When electrode material is charged and
discharged deeply at low current density, the diffusion time
(τ) is longer than that at high current density, which causes the
specific capacity for initial several cycles is higher at low current
density. But, at the same time, it is also inevitable to cause the
volume expansion of the electrode materials and the structure
degradation. With the increasing cycle numbers, the discharge
capacity is fading particularly fast. However, when electrode
material is charged and discharged at high current density, the
intercalation/deintercalation of Li+ occurs near the surface of
the electrode material; namely, the Li+ diffusion distance is
much shorter, which leads to the increasing kinetics perform-
ance and keeps the structure stable. Although the capacity of
initial several cycles is low, the cycling stability of electrode
material is much better than that at low current density.
To further verify the conclusion above, the battery is

discharged at different rates ranging from 20 mA/g to 500 mA/
g (Figure 4C). Remarkably, the specific capacity of β-AgVO3
always presents the decreasing trend, when it was discharged at
the current density of 20 mA/g. However, the discharge
capacities of the material at higher density remains stable. The
phenomenon is also shown in the following two cycles, which
confirms that β-AgVO3 nanowires present better cycling
stability at the higher current density. This result is in

Figure 4. (A) Capacity vs cycle number of β-AgVO3 nanowire cathode synthesized with different reactants. (B) Capacity vs cycle number of β-
AgVO3 nanowire cathode at different current densities. (C) The battery of β-AgVO3 nanowire cathode was discharged at different rates from 20
mA/g to 500 mA/g.
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agreement with Figure 4B, which can be attributed to the
shallow charge/discharge at the higher current density, leading
to the less structure damage. As a result, the active site and
lithium ion pathway would still be available in the following
cycle.
In summary, a facile hydrothermal method is developed to

synthesize radial β-AgVO3 nanowire clusters, which may be the
first time to achieve large-scale β-AgVO3 nanowire films directly
on an ITO conductive substrate by controlling the initial
reactant type. According to the results, the introduction of F− is
the dominant factor to determine the β-AgVO3 growth on ITO
conductive substrate. Compared with the electrochemical
performance of β-AgVO3 with different morphology, moundlily
like β-AgVO3 nanowires show higher discharge capacity and
better cycling performance, which may be mainly attributed to
the effect of reduced self-aggregation. Moreover, β-AgVO3 at a
high-rate discharge exhibits excellent cycling stability, making it
a promising cathode candidate in the field of energy storage
devices. Significantly, this preparation is quite convenient for
constructing film devices without any extra electrode
preparation process and promotes the development of film
devices.
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