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ABSTRACT: We designed and successfully synthesized the
silver vanadium oxides/polyaniline (SVO/PANI) triaxial nano-
wires by combining in situ chemical oxidative polymerization
and interfacial redox reaction based on -AgVO; nanowires.
The f-AgVO; core and two distinct layers can be clearly
observed in single triaxial nanowire. Fourier transformed infra-
red spectroscopic and energy dispersive X-ray spectroscopic
investigations indicate that the outermost layer is PANI and the
middle layer is Ag,VO (5 5,0.5,) (x < 1), which may result from
the redox reaction of Ag” and aniline monomers at the interface.
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The presence of the Ag particle in a transmission electron microscopy image confirms the occurrence of the redox reaction. The
triaxial nanowires exhibit enhanced electrochemical performance. This method is shown to be an effective and facile technique for
improving the electrochemical performance and stability of nanowire electrodes for applications in Li ion batteries.
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ilver vanadium oxides (SVO) have drawn much attention
Ssince Ag,V40;; was used as the cathode active material in
lithium primary batteries for implantable cardioverter defibrilla-
tors owing to its high energy density and long-term stability."
B-AgVOj; has a higher Ag:V molar ratio, which is supposed to
have better electrochemical performance.” However, few re-
searchers have focused on its electrochemical performance and
the modification methods in recent years.

Nanowires have attracted increasing interest because one-
dimensional (1-D) nanomaterials can offer a range of unique
advantages in electrochemical and energy related fields.* > Com-
plex nanostructures have been increasingly reported in recent
years because they could offer better electrochemical performance
than single-structured materials.’ '® Among these complex
structures, core/multishell nanowires have drawn much atten-
tion. 114 p-Si/i-Ge/SiO,./p-Ge core/multishell nanowires were
prepared by Lieber's group for the field-effect transistor, whose
high transconductance lead to improvements in transistor
performance.'® They also prepared core/multishell nanowires
with an n-GaN core and In,Ga, ,N/GaN/p-AlGaN/p-GaN
shells, which show the tunable emission from 365 to 600 nm
and high quantum efficiencies.'* To improve the electrochemical
property, coaxial nanowires with conducting polymer shell have
been widely studied.">~"® Polyaniline (PANI) is one of the most
used conducting polymers due to its high conductivity, chemical
stability, facile process ability, ease of synthesis, and low cost. Recently,
aniline was also used to synthesize PANI/silver nanocomposite
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through a facile one-step redox reaction between Ag" and aniline
monomers, which exhibits potential applications.'” >

In this work, combining the in situ chemical oxidative polym-
erization and the interfacial redox reaction between Ag" and
aniline, we propose a rational route to synthesize SVO/PANI
triaxial nanowires with enhanced electrochemical properties as
cathode materials of a Li ion battery.

All chemicals were commercially available and used as re-
ceived. A typical synthetic route is as follows: 3-AgVO; nano-
wires were first synthesized by a simple hydrothermal reaction
using AgNOj3 and NH,VOj; at 180 °C for 24 h. The as-prepared
B-AgVO; nanowires were dispersed in deionized water under
stirring and ultrasonic vibration. Liquid aniline monomers with
50% weight percentage of 3-AgVO;3 nanowires were slowly
injected into the solution during vigorous magnetic stirring.
After 12 h, ammonium persulfate with 1:1 mol ratio to monomer
was then added to the solution. The mixture was allowed to react
for another 12 h under constant stirring at room temperature.
The resulting product was filtered and washed with deionized
water and ethanol and then dried at 80 °C for 12 h to obtain
SVO/PANI triaxial nanowires.

An X-ray diffraction (XRD) measurement was performed to
investigate the crystallographic information using a D/MAX-III
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Figure 1. FESEM images of 3-AgVOj5 nanowires (A) and SVO/PANI
(B) triaxial nanowires. TEM and HRTEM images of SVO/PANI triaxial
nanowires (C, D). EDS spectra of the selected areas in solid line (E) and
dotted line (F) in panel D.

X-ray diffractometer with graphite-monochromatized Cu Ka
radiation. Fourier transformed infrared (FTIR) spectra were
recorded using the 60-SXB IR spectrometer to characterize the
bonding properties. Field emission scanning electron microscopy
(FESEM) images were collected with a Hitachi S-4800 at an
acceleration voltage of 20 kV. Transmission electron microscopy
(TEM), high-resolution transmission electron microscopy (HRTEM)
images, and energy dispersive X-ray spectra (EDS) were re-
corded by using a JEM-2100F STEM/EDS microscope.

The electrochemical properties were carried out by assembly
of coin cells with lithium pellet as the anode, 1 M solution of
LiPFs in ethylene carbon (EC)/dimethyl carbonate (DMC) as
electrolyte, and a pellet made of the active material, acetylene
black, and poly(tetrafluoroethylene) (PTFE) in a 70:25:5 weight
ratio as the cathode. Galvanostatic charge/discharge cycling was
studied with a multichannel battery testing system (Neware).
Cyclic voltammetry (CV) and electrochemical impedance spec-
trometry (EIS) were tested with an electrochemical workstation
(Autolab Potentiostat 30).

Figure 1 shows the SEM and TEM images of (-AgVO;
nanowires and SVO/PANTI triaxial nanowires. Figure 1A shows
the large quantities of bending -AgVOj; nanowires with the
lengths of several tens of micrometers. Compared with 3-AgVO;
nanowires, the obtained SVO/PANI nanowires are shorter and
thicker because of the stirring during the reaction and the PANI
layer polymerized on the surface of nanowires (Figure 1B). Just
as what we designed, typical triaxial nanowires with 3-AgVO;
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Figure 2. XRD (A) and FTIR (B) patterns of 5-AgVO3 nanowires and
SVO/PANI nanowires with different adding weight of aniline.

core and two distinct layers can be obviously observed in TEM
and HRTEM images (Figure 1C,D). The diameter of the triaxial
nanowire is about 80 nm with the thickness of outermost PANI
layer and middle layer both about 8 nm. Clear lattice fringes along
the longitudinal direction of the nanowire with an interval of
approximately 0.44 nm are observed, which corresponds to the d
spacing of (400) lattice planes (Figure S1, Supporting In-
formation). EDS spectra of the selected areas in the core
(Figure 1E) and middle layer (Figure 1F) both indicate the
presence of Ag, V, and O elements, which confirm that the middle
layer of the triaxial nanowire is one form of the silver vanadium
oxides existing between the 3-AgVOj; core and the PANI layer.

From Figure 1C we can also see a particle with a PANI layer
attaching on the triaxial nanowire. The diameter is about 30 nm,
and it is confirmed to be metallic silver, which is the product of
the interfacial reaction between Ag"” and aniline monomers. The
formation of a silver particle has also been reported when Ag”
reacted with aniline monomers.”"** It has been reported that
metallic silver nanoparticles could in situ form under bombard-
ment of high-energy electrons during TEM observation of
B-AgVO5.>® However, except for the PANI coating silver parti-
cles formed before TEM observation, no extra silver particles can
be observed under the electron beam irradiation, which indicates
that the structure stability of 5-AgVOj; is improved by the
PANI coating.

Control experiments with different aniline amounts have also
been carried out. With other synthetic parameters unchanged,
when the aniline weight percentage of -AgVO; nanowires
changed from 50% to 20%, an obvious PANI layer was not
observed on nanowires surface. When the aniline weight percen-
tage was up to 100%, the PANI layer was much thicker and
relatively uneven. In order to investigate the relationship be-
tween the structure and property of SVO/PANI nanowires,
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Figure 3. Schematic illustration of the formation of SVO/PANI triaxial
nanowire.

XRD, FTIR, and battery performance of these two control
samples were studied below for comparison.

XRD patterns of ﬁ—AgVO3 nanowires and SVO/PANI nano-
wires with different aniline weights are shown in Figure 2A. All the
diffraction peaks of as-prepared AgVO3 nanowires can be readily
indexed to pure phase of 5-AgVO; with the monoclinic structure
space group: 12/m (No. 12),JCPDS-ICDD Card No. 29-1154. No
peaks from other phases have been detected, indicating that the
products are of high purity. The characteristic peaks of SVO/PANI
nanowires have a consistent position with pure 3-AgVO3, whereas
the peak density decreases with the increasing amount of aniline.
The consistent peak position shows that the formation of PANI on
nanowires surface does not dramatically destroy the structure of
p-AgVO;, and the intensity decrease can be explained by the
formation a PANI layer on the nanowire surface. The peaks of
SVO/PANI nanowires have no shift, which indicates that the PANT
did not intercalate into the interlayers of 3-AgVO3 but just forms
on the surface of nanowires. The phase of metallic silver is not
observed in XRD patterns of SVO/PANI nanowires, which may be
because the amount of product silver is much less than the principal
phase 3-AgVOs;.

Figure 2B displays FTIR spectra of 3-AgVO; nanowires and
SVO/PANI nanowires with different adding weight of aniline. For
pure 3-AgVO3, the characteristic absorption peaks are mainly in the
range from 400 to 1000 cm ', including the symmetric and
asymmetric stretching vibration peaks of the V—O band and the
stretching vibration mode of the V=0 band. The peaks at 3448
and 1630 cm ™" are the stretching and flexural vibrations of the
O—H in free water, respectively.”* All these peaks can also
be observed in SVO/PANI nanowires, yet with weaker density.
The characteristic peaks of PANI appear in SVO/PANI nanowires.
The number and the density of the peaks increase with the amount
of adding aniline. Taking 100 wt % SVO/PANI nanowires (aniline
weight percentage of 3-AgVOj; is 100%) for instance, four char-
acteristic peaks at 1147, 1304, 1500, and 1589 cm™ ' canbe assigned
as C—H plane-bending vibration, C—N stretching vibration,
benzenoid ring stretching mode, and quinoid ring stretching mode,
respectively. The characteristic peaks strongly show the successful
polymerization of PANI on a nanowire surface. The band at
1043 cm ™" can be designated as the split peak of C—H plane-
bending vibration, indicating the strong interaction between the
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Figure 4. Capacity vs cycle number curves (A) and first discharge
curves (inset of A) of -AgVO; and SVO/PANI nanowires. CV curves
(B) and ac-impedance spectra (C) of 5-AgVO; nanowires and SVO/
PANI triaxial nanowires.

Figure 3 is the schematic illustration of the formation of a triaxial
nanowire. From the above results, it is understandable that the core of
the triaxial nanowire is 3-AgVOj; and the outermost layer is PANL
When the liquid aniline monomers were added in the solvent, some
of them first adsorbed on the surface of solid 3-AgVO; nanowires
and dispersed uniformly (Figure 3B). At the solid—liquid interface, a
small amount of Ag" dissolved from the 3-AgVO; nanowire and took
part in the oxidation reaction with aniline monomers, which lead to
the formation of a middle Ag,VO ;5,05 (% < 1) layer (Figure 3C).
As a result, some of the aniline monomers transformed to liquid
oligomers and small amounts of metallic silver particles formed. After
the addition of ammonium persulfate, the polymerization was further
carried out completely to form the PANI layer and the triaxial
nanowire was finally obtained (Figure 3D). The formation of
AgVO (25405 (x < 1) is indicated by EDS spectra. Ag, V, and O
elements are observed in both the core and the middle layer, while
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the relative intensity of Ag peak in the middle layer is weaker than that
in the core (Figure 1EF), indicating the loss of Ag on a -AgVO;
nanowire surface. An Ag particle is also observed in the TEM image
(Figure 1D), which confirms the occurrence of the redox reaction.

The higher capacity and better cycling stability of SVO/PANI
nanowires were demonstrated as cathode materials of a recharge-
able Li ion battery (Figure 4A). The batteries were cycled
between 1.5 and 4 V at a charge/discharge current density of
30 mA/g. A S0 wt % SVO/PANI triaxial nanowire cathode
possesses the highest initial and 20th discharge capacities, which
are 211 and 131 mAh/g (with 20th cycle capacity retention of
62%), both higher than those of 3-AgVO3 nanowires, which are
199 and 76 mAh/g (with 20th cycle capacity retention of 41.7%).
The rechargeable battery performance improvement can be
attributed to SVO/PANI triaxial nanowires with uniform PANI
shell offering better conductivity, less structure degradation, and
less unwanted reactions during cycling, such as dissolution of
transition metal in electrolyte.*®™*’ Although 20 and 100 wt %
SVO/PANI nanowires also have better battery performance than
pristine 3-AgVOj; nanowires, the improvement is not as good as
that with triaxial nanowires and the battery with 100 wt % SVO/
PANI nanowire cathode has even been damaged after 16 cycles,
indicating that the enhanced battery performance highly depends
on the triaxial nanostructure. Our preliminary results also show
that the battery performance of SVO/PANI triaxial nanowires
may be improved by optimizing the synthetic parameters to
adjust the thickness of the layers, the redox state of PANI, etc.

To further investigate the enhanced electrochemical perfor-
mance of triaxial nanowires, CV and EIS tests of -AgVO;
nanowires and S0 wt % SVO/PANI triaxial nanowires were
carried out. Figure 4B shows the CV curves of both samples for
the first cycle at a scan rate of 0.2 mV/s. For both active materials,
two pairs of cathodic/anodic peaks can be observed, correspond-
ing to the lithium insertion/extraction reactions. For 3-AgVO3
nanowires, the oxidation/reduction peaks appear at 2.94/2.03 V
and 3.45/2.66 V. The oxidation/reduction peaks of SVO/PANI
nanowires are located at 2.96/2.02 V and 3.54/2.63 V, which are
quite similar to -AgVOj; nanowires. However, it can be ob-
served that the redox currents of SVO/PANI nanowires are
much higher than those of f-AgVO3; nanowires, which demon-
strates faster kinetics and higher capacity of SVO/PANI triaxial
nanowires. PANI can not only provide more pathways for charge
transfer but also relieve the volume change durin(g cycling, thus
resulting in better electrochemical performance.””>!

The Nyquist plots of -AgVO; nanowire and SVO/PANI
triaxial nanowire electrodes are shown in Figure 4C, which both
show two separated arcs in the high-frequency range and a sloped
line in the low-frequency region. It is generally accepted that the
two arcs are mainly caused by the formation of a solid electrolyte
interface (SEI) film and the charge transfer reaction at the
electrode/electrolyte interface, respectively. The straight line is
associated with lithium ion diffusion in the electrode.”* ** A
simple equivalent circuit model (inset of Figure 4C) is built to
analyze the impedance spectra of the two materials. In this circuit,
Rg presents the Ohmic resistance of the electrode system, which
is due to the electrolyte and the cell components. Rggy stands for
the SEI resistance while R, represents the charge transfer
resistance. CPE;, CPE,, and Z,, are the SEI capacitance, double
layer capacitance, and the Warburg impedance, respectively. The
primary simulation parameters are listed in Table 1. It can be
concluded from the Table 1 that R, of SVO/PANI decreased a
lot compared with the pristine material, indicating much higher

Table 1. The EIS Simulation Parameters of f-AgVO; Nano-
wires and SVO/PANI Triaxial Nanowires

samples Ro (Q) Rsgr (Q) Rt (Q)
B-AgVO; 4.653 49.4 1388
SVO/PANI 3.358 112.5 839.7

electronic conductivity with the PANI layer, which could result in
a faster charge transfer reaction. Rgg; of SVO/PANI triaxial
nanowires is higher than that of 3-AgVO; nanowires, indicating
the polymer coating can facilitate the formation of a SEI layer and
prevent charge transfer through the layer. However, as the stable
SEI layer would not shrink during the cathode lithiation/
delithiation, it can act as a shelter for cathode material and
improve the structure stability, which is good for the long-term
stability of the electrode material.>> > Totally, the SVO/PANI
triaxial nanowires possess lower resistance and faster kinetics
than 3-AgVOs3, which agrees with the CV result. [V tests of
B-AgVO; and SVO/PANI were performed via assembly of a thin-
film device, and the result also indicates the conductivity increase of
SVO/PANI triaxial nanowires (Figure S2, Supporting Information).
In summary, we successfully synthesized SVO/PANTI triaxial
nanowires with enhanced electrochemical performance by a one-
step method based on f3-AgVOj; nanowires. The formation
mechanism of the triaxial nanowires was proposed. CV
investigation shows that the triaxial nanowires exhibit much
higher current density than that of -AgVOj; nanowires, which
indicates faster kinetics and higher capacity. The enhanced
electrochemical performance of the triaxial nanowires may
result from the decrease of the charge transfer resistance from 1388
to 839.7 Q. This work demonstrates that our method is an
effective and facile technique for synthesizing complex nano-
structure and improving the electrochemical performance of
nanowire electrodes for applications in Li ion batteries.
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