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Mild and Cost-Effective One-Pot Synthesis of Pure Single-Crystalline
B-Ag,s;V,05 Nanowires for Rechargeable Li-ion Batteries

Wen Hu, Xin-bo Zhang,* Yong-liang Cheng, Chao-yong Wu, Feng Cao, and Li-min Wang*®

Much attention has been given to reversible electricity storage
in rechargeable batteries due to the potential applications in
electric vehicles and renewable energy systems based on inter-
mittent sources (e.g., wind and solar power). Among all ad-
vanced battery systems, lithium-ion batteries (LIBs) have taken
less than 20 years to successfully capture the portable elec-
tronics market. However, great improvements in storage ca-
pacity are required to conquer the upcoming electric transpor-
tation and renewable energy markets. Storage capacity is cur-
rently mainly limited by the electrode materials, especially at
the cathode side.!" Solutions require new concepts in order to
to break through the one-electron redox chemistry limitation
(i.e., Te™ per 3d metal) of classical lithium insertion/deinsertion
reactions.” Combination displacement/intercalation (CDI) elec-
trode reactions,”®! which enable multielectron charge transfers,
can lead to impressive capacity gains and thus greatly expand
the range of cathode choices. This is due to the ability of both
sites occupied by transition metals and vacant sites within the
host structure to provide sites for Lit ions, while traditional in-
tercalation pathways are only able to utilize sites that are al-
ready vacant.”’ Unfortunately, the initial crystal structure of the
electrode material is not fully recovered after repeated CDI
processes (due to decomposition and recrystallization), which
in theory prohibits a long cycle life.”! Therefore, the develop-
ment of new concepts to effectively retain the crystal structure
of high-capacity cathode materials upon continuous CDI pro-
cesses is very important.

Metal vanadates are one of the most important families of
functional inorganic materials, and owing to their layered
nature they have found numerous applications in the fields of
catalysis,” optical devices,” magnetic materials,® and battery
materials.**® Silver vanadium oxide (Ag,V,0,;; SVO) has been
used commercially as high-capacity cathode material, based
on the CDI mechanism, in medical primary LIBs.***'? Unfortu-
nately, the crystal structure of SVO can not be retrieved after
repeated CDI processes due to incompatibility between the
radii of Ag* (1.15 A, employed to sustain the (V,0,,), layered
structure in SVO) and Li* (0.76 A), and the large valence differ-
ence between V** and V3%, which theoretically impedes the ap-
plication of Ag,V,0,, in rechargeable lithium ion batteries.*> "
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To improve the retrievability of the crystal structure, we turn
to nonstoichiometric SVO: Ag,_,V,0;, 0 <x< 1. When the silver
content is decreased, a more rigid three-dimensional (V,0s),
tunnel framework, in which VO pyramids “glue” each (V,0,,),
layer, can be constructed. Hence, the preservation of the crys-
tal structure no longer depends solely on interlayer Ag* and,
once successfully synthesized, the Ag*/Li* displacement reac-
tion has less influence on the host framework. In addition, Ag*
doping would partially lower the valence state of V°* (because
of charge balance), which alleviates the valence change of va-
nadium during Li* insertion. Both could facilitate the recrystal-
lization of the initial structure and improve the reversibility of
the CDI process. Although several methods have been devel-
oped to prepare nonstoichiometric SVO (e.g., pulsed laser dep-
osition, sputtering, classical solid-state synthesis, the V,05 aero-
gel template method, and the surfactant-assisted hydrothermal
approach),"? all suffer from (more or less severe) drawbacks
such as the necessity of using special equipment or costly low-
valence vanadium precursors (e.g., V,0, or V,0;), complicated
preparation processes, energy- and/or time-consuming proce-
dures, inability of large-scale fabrication, and especially prod-
uct impurity, which is inherent to the agent employed to
reduce V** simultaneously reducing Ag* to Ag’, contaminating
Ag,_,V,0s with Ag® particles. In addition, it is recognized that
nanowire-based materials in LIBs can offer the potential for sig-
nificant improvements in power and energy density over bulk
electrodes, due to their very large surface-to-volume ratio to
contact the electrolyte, continuous conducting pathways for
electrons through the electrodes, facile strain relaxation during
battery operation, and other advantages."® Up to now, neither
the simple fabrication of pure nonstoichiometric SVO nor the
synthesis of 1D nanowires (NWs) of this material have been re-
ported. Thus, to explore new strategies to effectively synthe-
size pure Ag,_V,0; NWs in a time- and cost-effective manner,
and exploring its electrochemical performance, is highly desira-
ble.

Herein, we present a facile, mild, and efficient method for
the one-pot synthesis of pure B-Ag,s:;V,0s (B-SVO) NWs, in
which acetophenone, serving as reducing agent, plays a deci-
sive role. Electrochemical measurements show that the ob-
tained compound has a high discharge capacity (up to
239 mAhg™'). Most importantly, the B-SVO crystal phase is
maintained even after eight consecutive discharge/charge
cycles, clearly demonstrating that our proposed strategy to im-
prove the structure retrievability during the CDI process is very
effective. Furthermore, the data presented here can provide
helpful information for the operating mechanisms and cycle
life of lithium intercalation into transition metal vanadates
based on the CDI mechanism.
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AgNO; and V,05 were used as metal ion sources, and aceto-
phenone was employed as reducing agent in a hydrothermal
redox polymerization process for the preparation of the (3-SVO
NWs. Neither templates nor surfactants were used, and impor-
tantly all of the reagents used in the present reaction system
are very cheap. Although acetophenone has previously been
used as ligand and/or stabilizer agent," we are the first to ex-
ploit its reducibility and effectively synthesize B-SVO NWs.
Figure 1 shows the reaction process and formation mechanism
of the 3-SVO NWs. Large amounts of benzoic acid were found
in the final reaction solution (Figure S1). The oxidation of ace-
tophenone to benzoic acid might account for the formation of
the V** and V** in the B-SVO product from the V** precursors,
in which the appropriate reducing strength of acetophenone
plays a key role to ensure the high purity of the product. The
obtained B-SVO nuclei aggregated and grew into lamellar mi-
crostructures according to the well-known Ostwald ripening
mechanism.*>°J As the reaction proceeded the internal tension
induced a “splitting” process to lower the total energy, during
which the layered $-SVO gradually split into $-SVO nanosheets
and finally split into NWs.

X-ray diffraction (XRD) patterns (Figure 2a) show Bragg
peaks that are consistent with a monoclinic p-Ag,3;V,0; phase
(space group C2/m, JCPDS file number 01-081-1740). Interest-
ingly, no reflections that can be ascribed to Ag’, a contaminant
that generally exists in 3-SVO prepared by other methods as
described above, are detected, indicating the high purity of
the B-SVO material prepared here. High-resolution photoelec-
tron spectroscopy (XPS; Figure S3) reveals that the silver spe-
cies in the B-SVO sample is only Ag® with no signal of Ag’, and
that a small fraction of the V** is reduced to V** and even V',
This is in good agreement with the XRD results. Energy disper-
sive X-ray spectroscopy (EDS; Figure S4) shows that the as-syn-
thesized NWs are composed of Ag, V, and O and that the
atomic ratio of Ag to V is 0.172, which is close to the nominal
value. All of the these results indicate the successful synthesis
of pure 3-Agys;V,0s.

B-SVO
initial nuclei
reduction product

%sphmng ><sphmng l ot
nowires

split nanowires

Figure 1. lllustration of the chemical reaction mechanisms and morphological evolution in the synthesis of {3-

Ago33V,05 nanowires.
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Figure 2. a) XRD, b) SEM, c) TEM, and d) HRTEM images of the as-synthesized
B-Ago33V,05 nanowires. The inset in (b) is a magnified SEM image, that in

(c) is an overview image of a single nanowire, and that in (d) is the [103]
SAED pattern.

Typical SEM (Figure 2b) and TEM (Figure 2¢) images show
the morphology of the as-synthesized [-Ag,s;V,0s material: a
well-defined 1D material tens of micrometers long and with a
uniform diameter of ca. 70 nm. The microstructure of the prod-
uct was further studied by high-resolution transmission elec-
tron microscopy (HRTEM) and selected-area electron diffraction
(SAED). Figure 2d shows a HRTEM image of a single crystal
that reveals the (603) lattice planes of $-Ag,s;V,0s. In addition,
SAED patterns were measured along two different zone axes.
One measurement was taken along the [103] zone axis (Fig-
ure 2d, inset), deduced from an analysis of the distances and
angles of the array of discrete diffraction spots, while the other
taken along the [010] zone axis is unconventional but interest-
ing. A detailed analysis of the [010] SAED pattern is shown in
Figure S5. Both SAED patterns confirmed the single-crystalline
nature of the $-SVO. In conclusion, the as-synthesized product
comprises highly pure, single-crystalline $-Ag,s;V,05 nanowires
(see Figure S6 for a crystal structure), as confirmed by XRD,
XPS, EDS, SAED, and HRTEM results.

The cathode performance of
the B-Ag,335V,0s NWs was tested
with respect to lithium metal. A
typical galvanostatic signature
in the voltage window of 2-
36V at 20mAg™" is shown in
Figure 3a. Notably, the dis-
charge capacity at the third
cycle is 239 mAhg™" (1.95Lit
uptake), similar to that of the
first cycle. This is because the -
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SVO crystal structure is fully re-
covered once the electrode is
recharged to 3.4V, as evidenced
by the ex situ XRD pattern (Fig-
ure 4a) and Ag3d XPS spec-
trum (Figure S7a), showing the
return of Ag*™ as an indication
of metallic silver oxidation fol-
lowed by reinjection into the (-

lamellar structure

splitting

nanosheets
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Figure 3. a) Discharge-charge profiles of the 3-Ag,35V,0;s electrode at
20 mAg~' in the voltage range of 2-3.6 V. b) CV curve in the first cycle at a
scan rate of 0.01 mVs™' in the voltage range of 2-3.6 V.
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Figure 4. a) Ex situ XRD patterns of 3-Ag,s;V,Os electrode, as fabricated, dis-
charged or charged to different voltage depths and charged to 3.6 V after 8
cycles. The yellow Bragg peaks refer to the 3-Ag,35V,0s phase, indicative of
its crystalline structure preservation even after eight cycles testing. The red
Bragg peaks refer to metallic Ag. The blue Bragg peaks refer to the forma-
tion of the inert &-LiV,05 phase, and the green Bragg peaks refer to the in-
termediate y-Li,V,05 phase. The other panels show SEM images and EDS
patterns of b) bare electrode, c) electrode recharged to 3.4V, and d) charged
electrode to 3.6 V after 8 cycles.

SVO framework. This is in contrast to the closely related mate-
rial Ag,V,0,, where the reinjection of silver does not induce re-
crystallization into the original structure. Furthermore, multiple
voltage plateaus due to different redox reactions associated
with lithium insertion/extraction can be observed in the
charge and discharge curves, which presents a striking contrast
to the inclined profile of other SVO cathodes.*** ' These
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redox reactions can be better illustrated by using cyclic vol-
tammetry (CV) curves (Figure S8). In combination with the
ex situ XRD patterns of 3-SVO electrodes recovered from multi-
ple cells discharged or charged to selected voltage (Figure 4a),
the three main reduction peaks located at 3.29, 2.98, and
2.50 V for the first discharge (Figure 3b) can be reasonably as-
signed to successive phase transformations upon lithium ion
insertion into B-Agys;V,0s giving metallic Ag®, &-LiV,0s, and y-
Li,V,0s, respectively. Specifically, when the discharge progress-
es to 3.05V, all the silver in the -SVO is released as Ag*, but
only Ag° is detected by XPS (Figure S7b), indicating the dis-
charge rate of Ag™ to Ag® is faster than the reduction of V°*.
Notably, even after eight cycles of discharge and charge, the
crystal structure of the initial $-SVO can still be recovered (Fig-
ure 4a). This good retrievability highlights the feasibility and
strength of our proposed concept for improving the reversibili-
ty of decomposition and recrystallization of the initial electrode
material during repeated CDI process. The discharge capacity
deteriorates from the fifth cycle, which might be due to the
pulverization of partial crystalline grains, as evidenced by the
fracture and thus shortened NWs shown in Figure 4b-d de-
spite the preservation of the 1D NW morphology. NWs with
larger surface-to-volume ratios might possess better strain re-
laxation properties—relevant research work is in progress.

In summary, we report a facile, mild, cost-effective, one-pot
method for the large-scale synthesis of pure 3-Agys;V,0s nano-
wires. Neither template nor surfactant is used, while the appro-
priate reducing strength of acetophenone plays a decisive role.
When tested as cathode material, the [-Ag,s;V,0s nanowires
show a reversible uptake of 1.95 Lit ions per formula. Further-
more, the crystal structure of the nanowires reamins un-
changed, even after several cycles. These results provide useful
information on lithium intercalation into transition metal vana-
dates based on the combination displacement/intercalation
mechanism. The successful realization of our proposed strategy
in the case of B-Ag,;;V,05 can be extended to other systems,
so as to develop higher-capacity cathodes for high-capacity
lithium-ion batteries.

Experimental Section

Chemicals and materials: We used silver nitrate (AgNOs, Beijing
Chemical Works, AR), vanadium pentoxide (V,0Os, Beijing Chemical
Works, AR), acetophenone (CgHgO, Sinopharm Chemical Reagent
Co, Ltd., AR), dichloromethane (CH,Cl, Beijing Chemical Works,
AR), deionized water, Absolute alcohol, acetylene black (Hong-xin
Chemical Works), polyvinylidenefluoride (PVDF, DuPont company,
99.9%), N-methyl-2-pyrrolidinone (NMP, Aladdin Reagent, AR), sep-
arator (polypropylene film, Celgard), and electrolyte (1™ LiPF in
ethylene carbonate/dimethyl carbonate (EC/DMC) at a weight ratio
of 1:1, Zhangjiagang Guotai-Huarong New Chemical Materials Co.,
Ltd). All chemicals were used as-received.

Synthesis: Stoichiometric amounts of AgNO; (0.0163 g) and V,O;
(0.0436 g) were dispersed in 24 mL deionized water blended with
50 pL acetophenone. After the mixture had been stirred and after
ultrasonication for 10 min, the mixture was transferred into a
30 mL Teflon-linked stainless steel autoclave and maintained at
190°C for 1 day, then allowed to cool to room temperature. A
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greenish-black gel-like solid was obtained, which overflowed all of
the inner lining. The solid was collected by centrifugation, washed
with deionized water and ethanol, and then dried under vacuum
at 70°C for 12 h.

Characterization: To investigate the phase structure of the ob-
tained products, XRD patterns were recorded by a Bruker D8 Focus
power X-ray diffractometer with Cu Ko radiation. SEM was per-
formed by a Hitachi S-4800 field emission scanning electron mi-
croscopy instrument, whereas EDS was carried out by using a
Bruker AXS microanalysis instrument at an accelerating voltage of
20 kV. A Philips TF-F20 (200 kV) transmission electron microscope
with an energy-dispersive X-ray spectrometer was used to obtain
SAED patterns and local compositional information and to study
the phase microstructure. The oxidation states of the constituent
elements were measured by XPS using Thermo ESCALAB 250
system and the XPSPEAK software was used for the fitting of the
XPS spectra. GC-MS analysis was carried out by using an Agilent
6890N-5975 device. The final aqueous reaction solution after re-
moval of the solid precipitates was extracted with anhydrous di-
chloromethane three times, and then injected into the GC device.
Electrochemical measurement: The positive electrodes were fabri-
cated by mixing 80 wt% active materials, 10 wt% acetylene black,
and 10 wt% PVDF binder in an appropriate amount of NMP as sol-
vent. The resulting paste was then spread on an aluminum foil by
an automatic film coater with vacuum pump & micrometer doctor
blade (MTI). After the NMP solvent evaporation in a vacuum oven
at 120°C for 12 h, the electrodes were pressed and cut into disks.
A CR2032 coin-type cell was assembled with lithium metal as the
counter and reference electrode and polypropylene film as a sepa-
rator. The cells were constructed and handled in an argon-filled
glovebox. The charge-discharge measurements were carried out
using the Land battery system (CT2001A) at a constant current
density in a voltage range of 2-3.6 V versus Li/Li*. The cyclic vol-
tammetric measurements were performed using a VMP3 electro-
chemical workstation (Bio-logic Inc.). The cells, discharged/charged
to different voltages and maintained at that voltage for 3 h, were
opened in the glovebox, and the positive electrodes were washed
with DMC and dried in a vacuum oven at 90°C for 12 h. Then the
working electrodes were analyzed by XRD and XPS, and the mate-
rials scratched off the electrodes were analyzed by SEM—-EDX.
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