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A general strategy has been developed for the one-pot synthesis of Ag
nanoparticles uniformly anchored on silver vanadium oxides (SVOs)
including AgVOs, Ag,V4011, Agp 33V205 and Ag; ,V3Og. All the resulting
Ag/SVO hybrids demonstrated excellent lithium ion electrochemical
intercalation properties, due largely to the improvement in conduc-
tivity with the introduction of silver nanoparticles, the large accessible
surface area and possible catalytic effects. For instance, the as-
prepared Ag/AgVOs hybrid exhibits a superior rate capability, with a
high discharge capacity of 199 mA h g ' even atarate of 5A g~

Having the most complicated phases among the metal oxides,
silver vanadium oxides (SVOs) with a number of phases can be
obtained using variations in reaction conditions and material
stoichiometry. SVOs with different ratios of silver, vanadium,
and oxygen, may display subtly different physicochemical
properties, such as electrochemical properties, sensing prop-
erties, catalytic activity, optical properties, magnetic properties,
electrical properties, and so on.'” In particular, SVOs with a
variety of oxidation states have found a suitable application in
lithium batteries. SVOs as cathode materials possess a high
capacity and energy density, compared to traditional cathode
materials, and thus attract many researchers' attention.' SVOs
are considered firstly as cathode materials for primary lithium
batteries, because of their high energy density and unsatisfac-
tory cycling behavior. For example, Ag,V,0,; has been
commercially used as a cathode material in primary lithium
batteries for power implantable biomedical devices. Very
recently, many groups>'*** have developed nanostructured
AgVO; to improve the cycling performance and rate capability of
AgVO; materials. Other silver vanadium oxides, such as
Ag,33V,05 and Ag, ,V30g, have also been explored as cathode
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materials in rechargeable lithium batteries.*'*'> However, their
rate capability and cyclic stability are unsatisfactory and still
need further improvement.

It is believed that an effective approach to obtaining an
enhanced electrochemical performance is synthesizing SVOs
anchored with silver nanoparticles, because of the improve-
ment in conductivity caused by the metallic silver.'®* Moreover,
the Ag/SVO hybrids also can find applications in sensors, cata-
lysts, antibacterial agents, water-based paints, surface-
enhanced Raman spectroscopy, etc.>'*'** However, it is diffi-
cult to synthesise Ag nanoparticles anchored on metal oxides
with high oxidation states, such as SVOs. Moreover, to the best
of our knowledge, there is no general strategy for the prepara-
tion of a series of SVOs (AgVOs, Ag,V40;1, Ago33V,0s and
Ag;,V30g). Therefore, to develop a general method for the
synthesis of uniform Ag nanoparticles anchored on a series of
SVOs is challenging, and would be of great interest to the
scientific community.

In this work, we have developed a facile, general and scalable
strategy to prepare Ag nanoparticles anchored on silver vana-
dium oxides (SVOs), including AgVO3;, Ag,V,011, Ago33V,05 and
Ag; ,V304. In brief, NH,VO; powder first reacts with H,O, in de-
ionized water to form a bright-yellow solution, and this is fol-
lowed by the addition of a stoichiometric amount of AgNO;. The
resulting homogeneous solution is dried to get solid precursors,
which are further calcined in air at various temperatures to
obtain the final products. Various silver vanadium oxides
(AgVO3, Ag,V,011, AZ1,V30s, AZ.33V,05) can be fabricated by
tuning the ratio of V to Ag. A detailed experimental section can
be found in the ESI.t The as-synthesized Ag/SVO hybrids exhibit
enhanced electrochemical properties. For example, a high
specific discharge capacity of 199 mA h g can be delivered for
the Ag/AgVO; hybrid even at an ultra-high discharge current
density of 5 A g~ '. Additionally, a rechargeable Ag/Ag, 35V,05
hybrid electrode shows a remarkable capacity retention of
96.4% after 200 cycles at 300 mA g~ .

The AgVO; oxides have three typical crystallographic forms: o-
AgVO;, B-AgVO; and y-AgVO,.*” However, a-AgVO; is metastable
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and will irreversibly transform into the stable -AgVO; phase at
around 200 °C, and the fabrication of y-AgVO; always requires
high temperatures.”® B-AgVO; is structured as a strong three
dimensional network of V,0,, double chains, held together by
AgOg¢ octahedra and firmly interconnected by Ag,O5 and Ag;Os
square pyramids.**** Not only the structural stability, but also
the peculiar physicochemical properties of the stable phase of
B-AgVO; have attracted increasing attention in recent years. In
our work, the Ag-anchored B-AgVO; in the monoclinic system of
the space group of I12/m(12) can be synthesized at a wide range of
temperatures. TG-DSC results suggest that the Ag/AgVO; hybrid
can be readily synthesized at 350 °C (ESI, Fig. S1f), because no
obvious peaks have been detected between 329 °C and 468 °C.
This has been confirmed by the XRD patterns shown in Fig. 1a.
All diffraction peaks in the XRD patterns can be well indexed as
the monoclinic B-AgVO; phase (JCPDS card no. 29-1154),>>* and
no new phases are generated in the examined temperature range.
XPS techniques were further employed to study the B-AgVO;
phase (ESI, Fig. S21). It is interesting to find that the Ag 3d region
can be divided into two peaks, of Ag 3d (5/2) and Ag 3d (3/2),
indicating the presence of different valence states for the silver
species (Fig. 1b). The two strong peaks at the Ag regions of 367.4
and 373.4 eV can be assigned to Ag" Ag 3d (5/2) and Ag 3d (3/2),
respectively, while the two relatively weak peaks located at 368.4
and 374.4 eV can be attributed respectively to Ag® Ag 3d (5/2) and
Ag 3d (3/2)."* These results demonstrate the co-existence of Ag®
and AgVO; (Ag') in the obtained materials. Recently, many
groups have reported that the metallic silver in the active material
can result in a significant increase in conductivity, leading to an
enhanced electrochemical performance of the materials as
cathode materials for lithium ion batteries.'**>*°

Communication

The synthesized B-AgVO; is of a rod-like shape, with a
diameter of around 200-500 nm, and many white nanoparticles
are anchored on the surface of the material (ESI, Fig. S31). The
detailed structures were investigated using TEM, and the results
are shown in Fig. 1c. A large number of nanoparticles are
uniformly distributed on the surface of the AgVO; nanorod. The
diameter of an individual nanoparticle is less than 20 nm. The
corresponding high-resolution transmission electron micros-
copy (HRTEM) image (Fig. 1d) confirms that the nanoparticles
are Ag nanoparticles, due to the clear lattice spacing of =0.236
nm, corresponding well to the lattice spacing of the (111) plane
of the cubic Ag phase [JCPDS card no. 04-0783]. In addition, the
marked d-spacing of =0.276 nm and =0.305 nm of the lattice
fringes correspond to the distances of the (—411) and (310)
planes of the monoclinic B-AgVO; phase. These results corre-
spond well with the previous XPS result, which confirms the
existence of an Ag phase. It is safe to believe that the Ag/AgVO;
hybrid has been successfully prepared by our simple synthesis
approach.

The Ag/AgVO; hybrid calcined at 400 °C in air for 4 h is
assembled into coin-cells to evaluate its electrochemical prop-
erties. Fig. 2a shows the initial cyclic voltammetry (CV) curve for
the Ag/AgVO; hybrid. Three strong cathodic peaks at 2.97,
2.32, and 2.16 V vs. Li/Li" and one weak cathodic peak at 1.95 V
vs. Li/Li" are clearly observed. All the cathodic peaks are asso-
ciated with the continuous reduction of Ag" to Ag’; the cathodic
peaks at 2.32 and 2.16 Vvs. Li/Li" are attributed to the reduction
of V" to V** and the partial reduction of V** to V**, respec-
tively.1+122227,28 The weak cathodic peak at 1.95 V vs. Li/Li" may
be ascribed to the further reduction of vanadium from V** to
V**.2° Fig. 2b shows the discharge curves of the Ag/AgVO; hybrid
electrodes at different current densities. The electrodes deliver
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Fig. 1

(a) XRD patterns of Ag/AgVOs hybrids prepared at different temperatures; (b) X-ray photoelectron spectroscopy results for the Ag 3d

states in the Ag/AgVOs hybrid obtained at 400 °C for 4 h; (c) TEM image and (d) HRTEM image of an individual Ag/AgVOs nanorod prepared at

400 °C for 4 h.

11030 | J. Mater. Chem. A, 2014, 2, 11029-11034

This journal is © The Royal Society of Chemistry 2014



Communication

0.08 (a)
0.04
CJ
< 000}
t
[ 1.95
£.0.04
=3
o
0.08 |
2.16 2.97
—0.12 L 1 1 232 1 1 1
1.5 2.0 2.5 3.0 3.5
Potential (V vs Li/Li")
3.5
(b) —5mAg"’
——20mAg"
30l ——100mAg"
= ——500mA g’
- ——1000mA g
[’ A
2 | ——2000mA g
> 25 ——5000mAg”’
s
-
§ 20
o
o
15}
N N " N L N N
0 50 100 150 200 250 300
Specific capacity (mAh g)
600

(c)

500 '

400
£
S J
2 300 /
N 200 /'
J
100 /o U ]

0 100 200 300 400 500 600
Z' [ ohm

Fig. 2 (a) Initial cyclic voltammetry (CV) curve, (b) initial discharge
curves at different current densities and (c) Nyquist plot for the Ag/
AgVOs hybrid prepared at 400 °C for 4 h. The inset of (c) shows the
equivalent circuit model for the impedance spectra.

high specific discharge capacities of 325, 269, 259, 244, 227 and
215 mA h g~ " at the current densities of 5, 20, 100, 500, 1000 and
2000 mA g, respectively. Surprisingly, even at an ultra-high
discharge current density of 5000 mA g, the hybrid still
exhibits a high specific discharge capacity of 199 mA h g~ *. It
has a capacity retention of 74% when the current density is
raised from 20 mA g~ ' to 5000 mA g~ (ESI, Fig. S41), indicating
a superior rate capability for the silver nanoparticles anchored
on the AgVO; electrode. Electrochemical impedance spectros-
copy measurements were also carried out, and the simulation
charge-transfer resistance was found to be 117 Q. This is much
smaller than those reported for other AgVO; electrodes,
including AgVO,/PANI triaxial nanowires,' Ag/AgVO; hybrid
nanorods' and polyaniline-coated B-AgVO; nanowires.* This
smaller charge-transfer resistance may be due to the high
electronic conductivity of the as-prepared hybrid electrode,
resulting in faster electron transportation. The excellent rate
capability of the Ag/AgvVO; hybrid can be attributed to the
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following possible mechanisms: (1) Ag nanoparticles anchored
on AgVO; nanorods, and the Ag generated in situ from AgVO;
during the discharge process (ESI, Fig. S5t), result in an
enhanced electron conductivity, (2) ample space between the
nanostructured materials would facilitate electrolyte penetra-
tion, and (3) the Ag nanoparticles may have catalytic effects
which improve the intercalation-de-intercalation reaction at
the surface. As shown in Table S1,f many synthetic methods
have been exploited to improve the electrochemical properties
of SVO electrodes, and some do demonstrate desirable prop-
erties. When compared with the current SVO electrodes, the rate
capability of the as-prepared Ag/AgVO; hybrid is among the best
ever reported (ESI, Table S1t). We also evaluated its long-term
cycling performance. After 200 cycles, the capacity quickly
decreased to 50 mA h g ', which can be attributed to the
intrinsic irreversibility of the AgVO; electrodes (ESI, Fig. S6T).
This capacity fading is attributed to the irreversible phase
transition of crystallites upon cycling (ESI, Fig. S51). However,
the high specific discharge capacity and the excellent rate
capability of the Ag/AgvO; hybrid have proven that it is a
promising cathode candidate in primary lithium batteries for
implantable cardioverter defibrillators (ICDs).

Inspired by the successful preparation of the Ag/AgVO;
hybrid and its good electrochemical properties, other silver
vanadium oxides (Ag/Ag,V,011, AZ/AZ0.33V,05 and Ag/Ag; ,V30s)
were also generally prepared, using the same preparation
strategy and tuning the molar ratios of Ag to V. According to the
XRD results (ESI, Fig. S7-S9%), Ag,V4041, Ago33V.0s and
Ag, ,V30g are fabricated at various temperatures. The XPS
results also provide evidence of the existence of metallic silver
(Ag”) in the as-prepared Ag/SVO hybrids, including in Ag/
Ag,V4011, Ag/AZ0.33V,05 and Ag/Ag, ,V;0s.

The Ag nanoparticles anchored on silver vanadium oxides
(SVOs) were further characterized by transmission electron
microscopy (TEM), and the results are shown in Fig. 3. As clearly
displayed in the TEM images, all the SVOs are uniformly
decorated with many small nanoparticles. The SVOs and the
individually anchored nanoparticles were further characterized
by HRTEM. The clear lattice fringes with interplanar spacings of
=~0.237 nm (Fig. 3b), =0.2056 nm (Fig. 3d) and =0.323 nm
(Fig. 3f) correspond well to the distances of the (410) plane of
the Ag,V,0;; phase (JCPDS card no. 49-0166), the (204) plane of
the Ag.33V,05 phase (JCPDS card no. 81-1740), and the (110)
plane of the Ag; ,V504 phase (JCPDS card no. 88-0686), respec-
tively. The HRTEM images of the anchored nanoparticles
display clear lattice fringes. This confirms the existence of silver
nanoparticles with diameters ranging from 2 to 10 nm.

Ag,V,0,; material has been commercially used in primary
lithium batteries for ICDs because of its high power and long-
term (>10 years) stability.*** In the typical Ag,V,0;; two-
dimensional (2D) layered structure, the Ag" ions are located
between the layers, and infinite [V,0;,], quadruple strings,
consisting of two in-equivalent vanadium sites, are linked by
corner-shared oxygen atoms to provide continuous V-O layers
along the (001) plane.*® In our work, the Ag nanoparticle-
anchored Ag,V,0,; electrodes exhibit relatively high specific
capacities of 309 and 272 mA h g~ at 20 and 50 mA g |,
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Fig. 3 TEM images and corresponding HRTEM images of the Ag/SVO
hybrids: (a and b) Ag/Ag,V401; prepared at 500 °C for 2 h; (c and d)
Ag/Ago 33V>0s5 prepared at 450 °C for 4 h and (e and f) Ag/Ag;,VsOg
hybrid prepared at 450 °C for 4 h.

respectively (ESI, Fig. S107). This electrochemical performance
is superior to rheological phase® and hydrothermally prepared”
Ag,V,04,. However, the capacity of Ag,V,0;; above 3 V is rela-
tively low when compared to AgVO; (see Fig. S10t and 2). As
ICDs work most efficiently above 3 V, it is important to achieve a
higher capacity in this high voltage region, to improve perfor-
mance for ICDs." In this respect, the Ag/AgVO; hybrid
described in this work, with a superior electrochemical perfor-
mance, may be more suitable as a cathode for ICDs.
Ago33V,0s5, with a monoclinic system and space group of
C2/m(12), is composed of V,05 layers and interstitial Ag ions.**
There are three in-equivalent vanadium sites in the structure of
the Ag,33V,0s, and the V(3) forms infinite zigzag chains to
connect the [V,04], layers by corner-shared oxygen atoms
along the b-axis, but in a five-fold square pyramidal coordina-
tion (V(3)Os).** This unique crystal structure is different from
the 2D layered structure of Ag,V,0;; and results in the 3D
tunneled structure of the Ag,33;V,0s. Compared to Ag,V,014
and AgVO;, Ag,33V,0s is much more stable during the lith-
iation—delithiation process, because the novel 3D tunneled
structure can alleviate structural collapse and crystallinity loss.
Therefore, among the silver vanadium oxides (SVOs), Ago 35V,05
material has the most potential for use as a cathode material in
rechargeable lithium batteries. The electrochemical perfor-
mance of the Ag/Ag,33V,0s hybrid as a cathode material in
rechargeable lithium batteries was evaluated. The initial cyclic
voltammetry (CV) curve displays four cathodic peaks and four
anodic peaks, indicating the multi-step intercalation-dein-
tercalation of the lithium ions. This is in good agreement with
the charge-discharge curves, which have four distinct plateaus
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observed at about 3.3 V, 3.0 V, 2.5 V and 2.0 V (ESI, Fig. S117).
Fig. 4a shows the cycling performance of the Ag/Ag, 33V,0s
hybrid at 100 mA ¢~ . A high initial specific capacity of 220 mA h
g~ ' can be obtained for the Ag/Ag, 35V,Os electrode, and 194 mA
h g is maintained after 50 cycles, with a capacity retention of
88%. The long-term cycling performance (Fig. 4b) indicates that
the hybrid exhibits a high specific capacity of 137 mA h g ' at
300 mA ¢!, and 132 mA h g~ " still can be retained after 200
cycles. This equates to 96.4% of its initial capacity, which is
amazing for SVO electrodes. What's more, a high coulombic
efficiency of around 99% can be reached. Recent studies have
demonstrated good retrievability of the crystal structure of the
initial Ag,33V,Os, as it can be recovered after several cycles.®**
The integrity of the crystal structure of the Ag, ;;V,0s remains
even after 50 cycles (ESI, Fig. S12t). Therefore, the superior
electrochemical performance of the Ag/Ag,33V,0s hybrid is
attributed to its good structural reversibility and the enhance-
ment in its conductivity with the introduction of Ag
nanoparticles.

The typical layered structure of Ag;.,V3Og is isostructural
with Li;,,V30g in a monoclinic system with the space group of
P2;/m.* In the Ag;.,V3Og layered structure, the [V;Og],
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framework is built up around three independent vanadium
sites. Two of these are octahedrally coordinated and one has
trigonal-bipyramidal coordination, containing two structural
units with a double chain of edge-shared trigonal bipyramids
connecting the double chains of edge-shared VO octahedra
infinitely along the [010] direction. The Ag" ions mainly reside
in weakly distorted octahedral sites, which is due to the main
Li" ion sites observed in Li;,V;0s.7% During the electro-
chemical lithiation process, the Ag" in the Ag; ,V;0g structure
will be continuously deposited on the surface of the active
material as anchored metallic silver, and the metallic silver is
not inserted into the layers during the subsequent lithiation—-
delithiation process.’>*” In our recent study, we found that Li"
ions may replace the Ag' ions at the octahedral sites in
Ag; ,V;04 to form Li;4,V30s, and that this structure is reversible
upon cycling, which is confirmed by the ex situ XRD for the
electrodes after the charge-discharge process.”® The superior
cycling performance of Ag; ,V;0g over AgVO; can be attributed
to the good structural stability of the Li;., V304 formed after the
first discharge process. The Ag/Ag, ,V;0;g hybrid is reported for
the first time, and its cycling performance as evaluated at 100
mA g is displayed in Fig. 4c. A high initial discharge capacity
of 246 mA h g~' can be achieved for the electrode, which
decreases to 190 mA h ¢~ in the second cycle. This may due to
the successive phase transformations which occur upon lithium
ion insertion into the Ag;,V;0g, forming the new phase of
metallic Ag® and Li,,V;0.° A stabilized specific discharge
capacity of 164 mA h g~ can be obtained after 50 cycles. This
good performance is ascribed to the good structural stability of
the as-formed Li;,V;0g.

Silver vanadium oxides (SVOs), including AgVO;, Ag,V,041,
Ago33V,0s and Ag;,V;0g, have been obtained by a general
strategy in this work. In the past few years, AgVO; and Ag,V,0;4
materials have been generally investigated as cathodes for
primary lithium batteries, while Ag, 33V,05 and Ag, ,V;0g have
been investigated for rechargeable lithium batteries. This is
because there are irreversible phase transformations and the
formation of an amorphous phase after the first cycle for AgvO;
and Ag,V,0;;, leading to unsatisfactory cycling behavior.*>**
However, Ag, 33V,05 demonstrates excellent structural stability
and Ag;,V;0s transfers to the good structural stability phase
of Liy+,V30g, which makes them potential cathodes for lithium
ion batteries.*'>*” As is shown in Table S2,7Ag/AgVO; and
Ag/Ag,V,04, exhibit high initial discharge capacities and good
rate capabilities; especially Ag/AgVO;, for which a high specific
discharge capacity of 199 mA h g™" can be achieved even at an
ultra-high discharge current density of 5 A g~ ', which is desir-
able for ICDs. Meanwhile, for Ag/Ag, 33V,05 and Ag/Ag; ,V304
electrodes, although lower initial discharge capacities are
observed at different current densities, good cycling stabilities
are displayed, and results are superior to those for Agg 33V,05
nanowires,®  Ag33V,0s nanorods,* channel-structured
Ag.33V,05 nanorods,*® and belt-like Ag; ,V;04."

In summary, a general strategy has been reported for the
one-pot synthesis of Ag nanoparticles uniformly anchored on a
series of silver vanadium oxides (SVOs), such as Ag/AgVOs;,
Ag/Ag,V,011, Ag/AZ0.33V,05 and Ag/Ag, ,V;0g. The as-obtained
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Ag/SVO hybrids have demonstrated highly improved electro-
chemical properties because of the enhanced electron conduc-
tivity. For example, the Ag/AgVO; hybrid exhibits an excellent
rate capability: a high specific discharge capacity of 199 mA h
g ' can be reached at an ultra-high discharge current density of
5 A g~ . In particular, this method is cost-effective, environ-
mentally benign and scaleable. It is believed that our strategy
could probably be applicable for the preparation of other metal
vanadium oxides, with great promise for various applications.
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