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Abstract The serial Zr-modified lithiated vanadium oxides
LiV;_,Zr,Og (x=0.00, 0.02, 0.04, 0.06, and 0.08) as cathode
materials were prepared using a sol-gel method. The syn-
thesized cathode materials have been characterized by X-ray
diffraction, scanning electron microscopy, galvanostatic
charge—discharge test, cyclic voltammetry, and electrochem-
ical impedance spectroscopy. The results indicate that doped
Zr ion does not destroy the lattice structure of LiV;0g, while
enlarging the (100) plane spacing. The discharge—charge
tests show that LiV, 9471, 06Oz has the best electrochemical
properties. The LiV, 9471 0sOg electrode exhibits a high
discharge capacity of 269.7 mAh g ' at a charge—discharge
rate of 0.1 C in the voltage range of 1.8—4.0 V and maintains
a stable capacity of 246.9 mAh g ' within 50 cycles. AC
results indicate after Zr*" doping, the charge—transfer resis-
tance and the resistance of lithium-ion diffusion reduce
greatly compared to the undoped LiV;Og, which is favor-
able to the lithium-ion fast intercalation/deintercalation in
bulk materials.

Keywords LiV;Og - Sol—gel - Cathode materials -
Lithium-ion batteries - Zr doping

Introduction

Lithium trivanadate, as a potential cathode material for

rechargeable lithium-ion batteries, has been extensively
studied for many years, due to its potentially high reversible
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capacity, acceptable cyclability, low cost, and facile prepa-
ration [1, 2]. It is found that the electrochemical perform-
ances of LiV3;Og cathode material, such as discharge
capacity, rate capability, and cycle ability are strongly influ-
enced by the preparation method and posttreatment condi-
tion. Numerous synthetic methods have been used including
the solid state reaction [3], sol-gel method [4], hydrothermal
reactions [5], flame synthesis [6], and ultrasonic treatment
techniques [7].

For the successful application of LiV;0g as a cathode in
lithium-ion batteries, the discharge capacity and cyclability
of LiV3;0g need to be increased. In order to improve the
electrochemical performance of LiV;0g, many cations have
been tried to be doped into LiV;0g. Some cations such as
Na, K, Cu, and Ag were doped to substitute lithium [8—11],
while other cations such as Mo, Si, Mn, Ni, and Cr were
doped to substitute vanadate [12—16]. A small number of
anions such as F and Cl were doped to substitute oxygen
[17, 18]. After doping, the interlayer distance will undergo
an expansion, leading to a much easier lithium-ion interca-
lation/deintercalation. All of those indicate that doping is an
effective method to improve the properties of LiV;Og.

According to the previous study [19], the capacity fading
of lithium trivanadate was ascribed to the local damage of
the crystal structure, which was caused by the great change
in cell lattice and the partial dissolution of the active mate-
rial in the liquid electrolyte during the cycling. Zirconium is
one of the common dopant materials reported in many
literatures [20, 21] because Zr*" is usually believed not to
participate in the electrochemical reactions and they can act
as a structural pinpoint to maintain the original hexagonal
structure during the charge—discharge process.

In this work, Zr was introduced into LiV;Og simulta-
neously as substitutes for V through a sol-gel route (the
radius of Zr*" is 61.5 pm, by Zr doping, Zr*" may substitute
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V>* (59 pm) which occupies the interlayer site of LiV;Og
structure). In addition, the effects of Zr substitution on the
structural, morphology, and electrochemical properties of
LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06, and 0.08) compounds
were studied in detail.

Experimental
Preparation of LiV;_,Zr,Og composite

The cathode materials of the layered structure, LiV;_,Zr,Og
(x=0, 0.02, 0.04, 0.06, and 0.08), were prepared by a citrate
sol—gel reaction. The starting materials were analytically
pure CH3;COOLi-2H,0, NH4VO3, Zr(NO3), and citric acid.
Stoichiometric amounts of CH;COOLi-2H,0, NH;V O3,
and Zr(NOj)4 were accurately weighed. NH4VO;
(0.03 mol) were dissolved into 100 ml distilled water which
was kept in the temperament of 80 °C to form a solution,
then, CH;COOLi-2H,0O (0.01 mol) solved into 50 ml dis-
tilled water and Zr(NOj3), with different molar ratios were
added into the solution and stirred for an hour. The citric
acid (0.04 mol) solved into 50 ml distilled water was
dripped into the mixed solution while stirring slowly. The
color of solution changed into nacarat immediately, then
varied from nacarat to dark green. Finally, the solution was
dried in air at 80 °C to evaporate the water till an orange gel
was prepared. The obtained mixed precursors were kept in
an oven at 100 °C for 24 h and then calcined at 550 °C for
12 h.

Characterization of the product

X-ray diffraction (XRD) analysis of the samples was
performed using Bruker D8 Advance (Germany) X-ray
diffractometer system with graphite monochromatized Cu
Ko irradiation source in the 26 range 10—70°, at the scan
rate of 1° min~' and voltage of 40 kV. The morphologies
of the samples were studied using a scanning electron
microscope (SEM), Hitachi model S-3400 N, equipped
with Noran instruments (455A-1SPS) for energy disper-
sive spectroscopy.

Electrochemical measurements

The composite cathode was prepared by mixing 80 wt.%
synthesized LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06, and
0.08) with 15 wt.% acetylene black as a conducting
agent and 5 wt.% polyvinylidene fluoride as a binder in
N-methyl-2-pyrrolidone solvent to form a homogeneous
slurry, which was then spread onto an aluminum foil.
The coated electrodes were dried in a vacuum oven at 80 °C
for 5 h and then pressed into 15 mm wafers. Lithium foils
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(analytical grade, >99.9%) were used as the anodes. The
separator was a microporous membrane (Cellgard 2300 poly-
ethylene (PE)/polypropylene/PE) and the electrolyte used was
1 mol I"' LiPF; dissolved in a 50/50 vol.% mixture of ethyl-
ene carbonate and diethyl carbonate, provided by MERCK.
Electrochemical characterizations were carried out using coin
cells assembled in an argon-filled glove box (UNILab2000 M.
Braun Co.) where the H,O and O, concentrations were less
than 1 ppm.

Electrochemical cycling tests were performed galvanos-
tatically on a multichannel battery test system (Land
BS9300, Wuhan, China) between 1.8 and 4.0 V vs. Li/Li".
A CHI660A electrochemical workstation system (CH Instru-
ment, USA) was used for cyclic voltammetry (scan rate,
0.1 mV s ™', 1.8-4.0 V) and electrochemical impedance spec-
troscopy (EIS) experiments (open circuit potential, amplitude
0.1 mV, 10° to 10 2 Hz). All the tests were performed at room
temperature.

Results and discussion

The X-ray diffraction patterns of LiV;_,Zr,Og (x=0, 0.02,
0.04, 0.06, and 0.08) samples are shown in Fig. 1. Table 1 is
received by analyzing the XRD data with software of Jade
5.0. It shows that materials can form a solid solution at the
range of 0<x<0.08 as the formula of LiV;_,Zr,Og. All
samples with different amount of Zr*" have very strong
diffraction peaks and well-developed structure. Most of
which were well matched with the standard JCPDS data
(PDF card #72-1193). And all of them have monoclinic
structures with the space group P21/m. The peak near
12.3° was attributed to Liy3V,0s(marked by v), which is
probably related to the charge compensation [22]. The major
difference between the samples with different amount of Zr**
was the relative intensity of the diffraction line corresponding
to (100) plane. The peak of (100) plane got weaker with the
increase amount of doped Zr**. According to West et al. [23],
the low intensity of the (100) line indicates that the crystalli-
zation is weak, which would be propitious to gain good
electrochemical performance.

The radius of Zr*" is larger than that of V>, so after the
intercalation of Zr ion, the interlayer distance increases (see
dgo values in Table 1,). It shows that the interlayer distance
increases monotonously with increasing amount of doping
Zr until x=0.06. These materials form LiV;_,Zr Og solid
solution [24]. When x=0.08, the interlayer distance de-
creased, due to the additive atoms exceeding the solid solu-
tion limit.

Elemental mapping of LiV, 9471 06Og particles was
achieved by energy dispersive spectroscopy. Figure 2a shows
the SEM of LiV; 9471 06Og which was chosen to do energy
dispersive spectroscopy experiment. Figure 2b—d shows the
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elemental mapping of V, O, and Zr in LiV, 9471 0s0g com-
pound. A homogeneous distribution of the V, O, and Zr
elements was observed in LiV; 9471y 06Og structure with a
uniform distribution of the Zr-dopant element on the surface
of the individual crystals. This observation confirms the
advantages of the sol—gel synthesis process.

Figure 3 shows the initial discharge curves of LiV3_,Zr,Og
(x=0, 0.02, 0.04, 0.06, and 0.08). The shapes of these curves
are similar. It can be seen that samples x=0 to x=0.08 have an
initial cycle discharge capacity of 211.7, 235.7, 194.1, 262.7,
and 230.3 mAh f:{1 , respectively. Sample LiV 9471 0¢Og has
the highest initial discharge capacity. As seen in Fig. 3, there
are several charge/discharge plateaus in the voltage profiles
whose shapes are similar to each other, which correspond to
the intercalation/deintercalation of Li" ions into/out of the
layered materials. There are two main plateaus around
2.8 and 2.5 V, which is the electrochemical characteris-
tic of Li;;, V304 as cathode material [25]. As to sample
LiV.94Z19060s, it can be seen that the main two plateaus
almost merge into one plateau. It seems that there is only a

Table 1 The d and FWHM values of (100) line for LiV;_,Zr,Og (x=0,
0.02, 0.04, 0.06, and 0.08)

Sample dioo/A (£0.002) FWHM/°2Th (+0.002)
LiV;0g 6.312 0.098
LiV3.08Z10,0208 6.322 0.126
LiV3.06Z10,0408 6.329 0.129
LiVs 047100605 6.332 0.133
LiV3.02Z10,080s 6.324 0.125

FWHM full width at half maximum

smooth slope-like discharge curve, which is a characteristic of
amorphous substances [26].

Figure 4 shows the discharge capacity of LiV;_,Zr,Og
(x=0, 0.02, 0.04, 0.06, and 0.08) materials with different
contents of doping zirconium at the charge and discharge
rates of 0.1 C. It indicates that the zirconium doping would
improve the electrochemical performance. It can be seen
that the product LiV, 9471 0sOg gives the best cyclability.
The LiV, 947100603 electrode shows a high discharge ca-
pacity of 269.7 mAh g ' and maintains a capacity of
246.9 mAh g ! after 50 cycles, which is much better than
that of the pristine LiV;0g (the lower initial discharge
capacity and worse cycling stability).

Figure 5 shows the discharge capacity of LiV;_,ZrOg
(x=0, 0.02, 0.04, 0.06, and 0.08) at a charge—discharge rate
of 1.0 C. LiV; 9471 06Og sample exhibits the highest revers-
ible capacity among the prepared LiV;_,Zr,Og (x=0, 0.02,
0.04, 0.06, and 0.08) powders. The initial specific discharge
capacity of LiV; 9471 0Og is 169 mAh g71 and still remains
173.1 mAh g ' after 150 cycles. Meanwhile, the initial
specific discharge capacity of the undoped material is
139.3 mAh g ' and only remains 124.7 mAh g ' at cycle
150. The LiV; 94719 06O sample shows much more improved
rate performance than the undoped. Thus, it is obvious
that Zr doping significantly improves both a cycling
stability and a rate performance especially at higher
discharge current densities. These improvements might
be caused by higher lithium-ion mobility during charge/
discharge processes, which is likely due to the expansion
of the crystal’s (100) plane spacing. Comparing to the
recent work about LiV3Og, the electrical performance of
LiV; 047100603 electrode is excellent [17, 27].
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Fig. 2 SEM micrograph and
elemental mapping of
LiV3 947100605 (a—d)
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Figure 6 shows the electrochemical performance of
LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06, and 0.08) at different
high temperatures (45 and 60 °C) and a charge—discharge rate
of 1.0 C. The results show that the discharge capacity of all
samples increase quickly with the temperature arising. The
LiV;.94Z10,060g sample shows higher discharge capacity and
better cycling ability than the undoped sample.

To provide more information for the improved electro-
chemical properties, AC impedance measurements are per-
formed on all the samples at the charged state after two
cycling. Electrochemical impedance spectroscopies of the
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Fig. 3 Initial charge—discharge curves of LiV;_,Zr,Og (x=0, 0.02,
0.04, 0.06, and 0.08) (discharge, 4.0-1.8 V at 0.1 C rate)
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fresh electrodes of all the samples were measured in the
frequency range from 100 kHz to 10 mHz in a three-
electrode cell with lithium foil as counter and reference
electrodes. Figure 7 shows the typical Nyquist plots of all
samples composite electrodes. All profiles exhibit a semi-
circle in the high-frequency region and a straight line in the
low-frequency region, which are the same as reported in the
literature [15]. The high-frequency range corresponds to the
double layer response at the electrode/sample interface, and
the inclining line in the low-frequency range reflects the
diffusion of lithium ions in the solid matrix. The impedance
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Fig. 4 Cycle performance of LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06, and
0.08) at a charge—discharge rate of 0.1 C
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Fig. 5 Cycle performance of LiV;3_,Zr,Og (x=0, 0.02, 0.04, 0.06, and

0.08) at a charge—discharge rate of 1.0 C

plots were fitted using the equivalent circuit model (Fig. 8),
and the fitted impedance parameters were listed in Table 2.
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Fig. 6 Cycling performance of LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06,
and 0.08) at different high temperatures (45 and 60 °C) and a charge—
discharge of 1.0 C
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Fig. 7 Nyquist plots and the fitting data plots at room temperature for
LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06, and 0.08)

The equivalent circuit model includes electrolyte solution
resistance R, a constant phase element associated with the
interfacial resistance, charge—transfer resistance R, and the
Warburg impedance (Z,,) related to the diffusion of lithium
ions in the solid oxide matrix. The electrolyte solution
resistance (R.) values of Zr-doped LiV3;0g are much lower
than those of non-doped LiV;0g. According to Fey’s studies
[28] on EIS of lithium-ion cells, solution resistance (R,) is
not an important factor for the charge—discharge process
because it is independent of the voltage at which the meas-
urements were made. The charge—transfer resistance (R
values of Zr-doped LiV;0g are much lower than those of
non-doped LiV;0g, and the same result can be seen in the
EIS fitting data. From Fig. 7, it is obvious that there is a
remarkable decrease in R after Zr doping, indicative of the
increase of the conductivity of Zr-doped LiV3;Og as com-
pared to that of LiV;0g. The charge—transfer resistance
(R.) value of LiV; 9471 06Og is lowest of all, which is in
agreement with its best electrochemical characteristics.
What is more, the Warburg impedance decreases greatly
after Zr doping. It means the lithium ion is easier to diffuse
in the solid oxide matrix.

AC impedance measurements at different temperatures
(45 and 60 °C) are performed on all the samples at the
charged state after two cycling. Electrochemical impedance
spectroscopies of the fresh electrodes of all the samples
were measured in the frequency range from 100 kHz to
10 mHz in a three-electrode cell with lithium foil as counter
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AN A\ L

VAVA >> WA
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Fig. 8 Equivalent circuit used to model EIS data of LiV3_,Zr,Og (x=0,
0.02, 0.04, 0.06, and 0.08)
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Table 2 Impedance parameters for LiV;_,Zr,Og (x=0, 0.02, 0.04,
0.06, and 0.08)

Sample RJQ em? (£0.4) R./Q cm? (+6)  Z,/Q cm? (£8)
LiV30g 8.3 238 1,356
LiV;.08Zr00208 6.6 127 383
LiVs06Z10.0a05 5.6 203 434

LiVs 047100605 6.0 94 404

LiV; 027190803 6.0 157 389

and reference electrodes. Figure 9 shows the typical Nyquist
plots of all samples composite electrodes at different temper-
atures (45 and 60 °C). The charge—transfer resistance (R.)
values of samples x=0 to x=0.08 are about 101, 64, 69, 48,
and 60  cm?, respectively, at 45 °C. Their values reduce to
about 80, 27,35, 19, and 21 Q2 cm?, respectively, at 60 °C. The
charge—transfer resistance (R.;) values of all sample reduce
greatly with the temperature arising. High temperature is
favorable to the lithium-ion fast intercalation/deintercalation
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Fig. 9 Nyquist plots at different high temperatures (45 and 60 °C) for
LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06, and 0.08)
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in bulk materials. Combine with the electrochemical perfor-
mance data of LiV;_,Zr,Og (x=0, 0.02, 0.04, 0.06, and 0.08)
at different high temperatures, the charge—transfer resistance
(R value varies inversely with the third discharge capacity to
some extent.

Figure 10 shows the third cyclic voltammograms of
LiV5_,Zr,Og (x=0, 0.02, 0.04, 0.06, and 0.08) measured at a
scan rate of 0.1 mV s ' in the voltage range of 1.8-4.0 V at
room temperature. For LiV3Og, there are four main anodic
peaks at 2.52, 2.82, 2.86, and 3.69 V (vs. Li/Li+) and several
main cathodic peaks at 3.63, 2.79, 2.70, 2.63, and 2.52 V (vs.
Li/Li") present, which indicates multiple discharge plateaus.
The doped materials also have similar anodic and cathodic
peaks, but the peak position and its intensity are slight differ-
ent. The anodic peaks of sample x=0.04 are larger and lower
than those of undoped sample. What is more, the anodic
peaks of sample x=0.02 and x=0.08 are larger and
higher than those of undoped sample. After doping, the anodic
peaks around 2.82 V of doped sample shifted toward lower
potential than those of undoped sample. For the doped mate-
rial LiV,94Z1060g, the peak areas are the largest and the
difference between the potentials of predominant anodic and
cathodic peak are the smallest of all the materials tested. It
concludes that LiV; 9471y 0sOg has the highest specific
charge—discharge capacity and holds the best reversibility, in
agreement with that obtained from the charge—discharge cycle
test at 0.1 C.

Conclusion

In this work, a series of Zr-modified lithiated vanadium oxides
(LiV5_,Zr,Og, x=0.00, 0.02, 0.04, 0.06, and 0.08) were pre-
pared by a sol-gel method, and the impacts of the zirconium
substitution for V in LiV3Og on the electrochemical properties
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-0.02 4
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. . . . . .
1.5 2.0 25 3.0 3.5 4.0
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Fig. 10 The third cyclic voltammograms of LiV3_,Zr,Og (x=0, 0.02,
0.04, 0.06, and 0.08)
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and conductivity have been investigated. The results reveal
that the zirconium doping tends to increase the interlayer
spacing of the bulk material and make it more stable during
charge—discharge cycling, which may improve the electro-
chemical performance significantly. Compared with undoped
LiV30g, LiV;.947Z19060g shows higher discharge capacity,
better cycling stability (the discharge capacity remains
252.7 mAh g ' even after 50 cycles), and lower impedance.
The charge—transfer resistance (R.) value varies inversely
with the third discharge capacity to some extent. Overall,
zirconium substitution is an effective way to improve the
electrochemical performance of LiV;0g cathode materials.
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