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We report high capacity and rate capability of titanium-added LisV2(PO4)s (LVP) as a cathode material for
lithium ion batteries (LIBs). Titanium-added LisV,_,Tix(PO4)s/graphene (Ti-added LVP/graphene, x = 0O,
0.01, 0.03, and 0.05) composites were synthesized through a sol—gel route by using titanium dioxide

(TiO,) and graphene to improve the electrochemical performance. The addition of graphene and
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This led to the higher specific capacity of 194 mA h gt at 0.1 C in the potential range of 3.0-4.8 V. The
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1. Introduction

The paradigm shift in the use of Li-ion batteries (LIBs) has
moved from portable devices to higher-volume applications
such as electric vehicles' energy storage systems."” There are
still many issues to be resolved before the wide use of LIBs. LIBs
should have high energy density, be long-lasting, and cost less.
LiCo0O,, which is currently used in commercial LIBs, suffers
from safety issues and being expensive and toxic.>* Thus,
considerable efforts are needed to replace these cathode mate-
rials. To date, the transition metal phosphates (LIMPO,, where
M = Fe and Mn) discovered by Padhi et al. have been regarded
as alternative cathode materials owing to their higher capacity,
stability and safety.>® Monoclinic LizV,(PO,); (LVP) has also
been considered as a potential cathode material because of its
high capacity, operating voltage and highly safe perfor-
mance.”* The Li ions are inserted/extracted through the host
framework of V,(PO,);, which consists of the slightly distorted
VOsg octahedra and PO, tetrahedra sharing the oxygen vertices.
Three lithium ions inserted/extracted from the V,(PO,); lattice
enable the theoretical capacity to achieve 197 mA h g™ in the
potential range of 3.0-4.8 V, which is the highest of the poly-
anion framework materials. In addition, the large polyanion can
aid stabilization of the structure and allow fast ion migra-
tion.***** However, in spite of the advantages of LVP, such as
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high capacity, safety and environmental compatibility,*® the
development of phosphate-based cathode materials with high
energy density is still needed. The low electric conductivity
(about 2.3 x 107% S cm ™" at room temperature) of LVP limits its
higher capacity and further practical applications. Over the
years, efforts have been devoted to overcoming this obstacle in
three ways. First, nano-sized LVP particles are beneficial for
improving the electrode kinetics owing to an enhanced reaction
interface and decreased diffusion length for both electron and
Li ions."" Second, the method of surface coating with
conductive materials has been widely used to improve the
intrinsic electric conductivity of LVP cathode materials."*>*
However, it is difficult to make uniformly a conductive coating
layer on active materials. The inhomogeneous surface coating
results in a decrease in the charge-discharge capacity at higher
current rates because of the lack of the conducting network.
Third, transition metal doping is a useful way to improve the
electrochemical performance of LVP. Several cations, such as
AP 22 Fe?* 23 Cr** 2 Mg?" > Co”",?° and Ti*",”” doped in the LVP
can be replaced at the V site, resulting in improved utilization of
materials, high rate capabilities, electric conductivity and cyclic
stability. Although there are a lot of reports regarding cation
doping in LVP, the discharge capacity at low current density is
still lower. So, further work should explore the goal of achieving
high LVP capacity.

Graphene, which is a single sheet of carbon atoms packed
into a hexagonal lattice, has been considered for improving the
electrical performance of LVP, being a great network for an
electron path because of its high electrical conductivity, high
surface area, good mechanical strength and chemical stability.
Even though the LVP/graphene composite has been reported as
a cathode material for LIBs,*"**?° it required multiple steps for
sample preparation and was not suitable for large scale
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production. Besides, the large amount of carbon may decrease
the volumetric energy density of the electrode. Very recently, we
reported a LVP/Ag-graphene composite synthesized by a facile
sol-gel route to improve the electric conductivity of the LVP.*
The LVP/Ag-graphene composites exhibited reasonable
discharge capacity at 0.1 C and capacity retention (78%) at 0.5 C
in the potential range of 3.0-4.8 V. Moreover, an exceptional
discharge capacity of 134 mA h g~ " was achieved at 10 C, which
is the highest value for graphene-based LVP composites.”"**3°
Considering our approach for high capacity and rate capability,
we have synthesized the Ti-added LizV,_,Ti,(PO,)s/graphene
(x=10.01, 0.03, 0.05) composite through a facile sol-gel method.
The effect of graphene and Ti atoms was investigated through
physical and electrochemical measurements. The Ti-added
LVP/graphene composite did not influence the LVP structure,
but it reduced the particle size and improved the electrical
conductivity, resulting in high capacity and rate capability.

2. Experimental

All the solvents and chemicals are commercially available and
were used as received unless otherwise stated.

2.1 Synthesis of Ti-added LVP/graphene composites

The Ti-added LVP/graphene composites were synthesized
through the sol-gel method by using V,0s, C,H,04, NH,;H,PO,,
Li,CO;, TiO, and graphene powder as starting materials. Briefly,
V,05 and H,C,0, in a stoichiometric ratio of 1:3 were dis-
solved in deionized (DI) water at 80 °C until a clear blue solution
was formed. Oxalic acid was used not only as a reducing agent,
but also as a chelating agent. After magnetic stirring for 1 h, the
stoichiometric amount of NH,H,PO,, Li,CO; and TiO, (0.01,
0.03, 0.05 M) was added to the solution, and the mixture was
vigorously stirred for 1 h to form the LVP precursor. Hereafter,
the Li;V,_,Ti,(PO,4)s/graphene (x = 0, 0.01, 0.03 and 0.05) will be
referred to as pristine LVP, LVP-Til, LVP-Ti3 and LVP-Ti5,
respectively. Simultaneously, 50 mg of graphene nano-powder
was dispersed in another beaker with DI water and then soni-
cated for 90 min. The LVP precursor solution was poured into
the graphene solution and stirred by using a magnetic stirrer for
24 h. The mixture was heated at 80 °C, and the resulting slurry
was dried at 100 °C, followed by sintering at 350 °C for 4 h and
then 800 °C for 8 h under argon atmosphere in a tube furnace.

The ramping rate was 5 °C min ™.

2.2 Physical measurements

The morphology and elements of the samples were investigated
by a field emission scanning electron microscopy (FE-SEM, S-
4800, Hitachi) working at 30 kV and energy-dispersive spec-
trum (EDS), respectively. Transition electron microscopy (TEM)
images were observed using a TF30ST at a 300 kV acceleration
voltage. The powder X-ray diffraction (XRD, X-pert PRO MPD,
Philips) patterns of composites were detected with Cu Ko
radiation (1 = 1.5406 A) operating at 40 kV and 30 mA between
10° and 90° at a scan rate of 0.01°, 26 min ™', In order to measure
the electric conductivity of the electrode, four-probe
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measurement was used with a Keithley 2400 electrometer.
Raman measurement (NTEGRA SPECTRA, NT-MDT) was con-
ducted with a laser wavelength of 532 nm. X-ray photoelectron
spectroscopy (XPS, VG Multilab ESCA 2000 system) was
employed to measure the chemical or electronic state of each
element. The carbon content of the samples was measured by a
CHNS Elemental Analyzer (EA, 2400 series 2).

2.3 Electrochemical measurements

The electrochemical performance of the LVP-Ti/graphene was
evaluated using 2032 coin cells assembled in a dry room. The
electrode was prepared with active material (70%), Super P
(20%), and polyvinylidene fluoride (PVdF, 10%) as a binder
using N-methyl-2-pyrrolidone as a dispersant. Consequently,
the paste was casted onto Al foil and dried at 100 °C in a vacuum
oven overnight. The Li metal was used as the counter and
reference electrode. The 1 M LiPFs dissolved in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1 : 1 in volume)
and polypropylene 2400 were used as electrolyte and separator,
respectively. Galvanostatic charge-discharge was performed in
a potential range of 3.0-4.8 V (vs. Li'/Li) using a battery cycler
(TOCAT-3100, TOYO System). The C-rates were based on the
theoretical capacity of the LVP (1 C = 197 mA h ¢ ). The cyclic
voltammetry (CV) was recorded at a potential range of 3.0-4.8 V
at a scan rate of 0.1 mV s '. Electrochemical impedance
measurement (EIS) was also conducted after the 20th charge-
discharge cycle by using a Biologic VMP3 multichannel system,
and the applied frequency range was from 100 kHz to 10 mHz
with an amplitude of 5 mV. The typical electrode mass and
thickness were about 2.5 mg cm > and 30 pm, respectively. All
of the electrochemical measurements were carried out at room
temperature, and all capacity values were calculated based on
the weight of the LVP active material.

3. Result and discussion

Fig. 1 shows the XRD patterns of the obtained LVP composites.
The sharp peaks reflect high crystallinity of the samples. All
reflections can be well indexed to a monoclinic space group P24/

LVP-Ti5
LVP-Ti3
LVP-Ti1

Pristine LVP

Intensity(a.u.)

10 20 30 40 50 60
26 (degree)

Fig. 1 XRD patterns of pristine LVP and Ti-added LVP/graphene
composites.
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n, indicating that TiO, does not influence the monoclinic
structure of LVP." In addition, no diffraction peaks of carbon or
graphene are observed. This indicates that the carbon source is
amorphous, or its content is too low to be detected. Moreover,
oxalic acid and V,05 were absolutely reacted in a stoichiometric
ratio, implying that oxalic acid plays a role as a reducing agent
in reducing V°* to V** during the heat treatment process under
Ar?? In the pristine sample, an impurity peak (Li;PO,) at
approximately 22° is observed. It is due to either the possible
loss of vanadium during the heat treatment, or excess Li source
in raw materials.**** However, no impurity peak is observed in
Ti-added samples, indicating the high crystallinity of the LVP. It
has been reported that the Ti atoms could be replaced in the
vanadium site within the MO6 octahedra.*®?*® Thus, it is
important to know whether the Ti atoms were substituted in the
V site or disordered. In order to investigate the atomic sites in
the Ti-added LVP/graphene samples, XRD pattern refinement of
the pristine LVP, LVP-Ti, LVP-Ti3 and LVP-Ti5 was carried out.
Fig. 2 and S17 show the refined XRD data for the Ti-added LVP/
graphene samples. The calculated pattern matches well with the
observed one. The refined lattice parameters and atomic coor-
dination are listed in Table 1, S1 and S2 (see ESI}). The reli-
ability factor x* and the weighted factors Ry, R, and R are less
than 3%; therefore, the Rietveld refinement data are expected to
validate the reliable results. There is no significant deviation of
the lattice parameters of Ti-added samples compared with the
LVP. For example, the lattice constants a, b and ¢ were 8.6102,
8.5917 and 12.0420 A for pristine LVP and 8.6090, 8.5975 and
12.0413 A for LVP-Ti3. Liu et al. reported that the formation of
the three-dimensional framework of V,(PO,); is dependent on
the presence of carbon or graphene.” However, Ti-added
samples in LVP/graphene do not significantly influence the
lattice parameters of the LVP in our study. The Rietveld analysis
did not clearly indicate that Ti substitution on the V1 or V2 site
in the LVP occurred. The monoclinic unit cell of the LVP
contains three independent lithium sites and redox-active metal
sites.” The three lithium ions can be reversibly extracted or
reinserted from the monoclinic structure of vanadium phos-
phate. From the calculated Rietveld refinement data, the atomic
sites of Li, V and P of fractional coordinates in the pristine LVP,
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LVP-Til, LVP-Ti3 and LVP-Ti5 show minor deviation among
the samples. Delacourt and Ellis reported that Nb and Zr do not
act as internal dopant, and both elements are primarily located
on the surface of the particles.’”*® It was also reported that an
excessive amount of dopants could affect the disordered struc-
ture or impurities in bulk materials.>® Therefore, the results
without any impurities in XRD data imply that Ti doping in LVP
has not taken place. Elemental analysis of the residual carbon
content on the Ti-added LVP was determined to be 3.12%,
which is the overall carbon content, including graphene and
other carbon sources.

The SEM images of all Ti-added LVP/graphene samples are
shown in Fig. 3. The morphology of LVP particles is different
with Ti and graphene. The pristine LVP is composed of irregular
particles, and the particles are agglomerated with a broad
particle size distribution. The particle size of the Ti-added LVP/
graphene samples is smaller than that of the pristine LVP. For
example, the LVP-Ti3 sample has a smaller particle size distri-
bution ranging from 0.5 to 2.0 pm. The smaller particle size can
shorten the diffusion path of the Li ions and enlarge the active
surface area of the electrode reaction, which is advantageous for
improving the electrochemical performance. The particle sizes
of Ti-added LVP/graphene samples are investigated via particle
size analyzer (Fig. S2, ESIt). The LVP-Ti3 shows the smallest
particle size with an average size of 22.3 um, whereas the pris-
tine LVP has a much larger particle size. EDX elemental
mapping studies were carried out to further investigate the
distribution of each element (V, P, O and Ti) and are shown in
Fig. S3 (see ESIt). The Ti element is homogeneously distributed
in the LVP-Ti3 sample, which clearly shows the existence of Ti
atoms. The observation, therefore, indicates the presence of Ti
atoms in the LVP surface or within the grain boundaries.

Fig. 4 shows the TEM images of the pristine LVP and LVP-Ti3
samples. The pristine LVP presents a large primary particle with
a size of ca. 30 pm. Fig. 4(b) clearly reveals the successful
wrapping of graphene on the LVP surface. Compared with the
conventional carbon-coated LVP, graphene-wrapped LVP has
better electrochemical performance due to the high intrinsic
electric conductivity of graphene. Moreover, graphene reduces
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Fig. 2 Rietveld refinement XRD profiles for Ti-added LVP/graphene: (a) pristine LVP and (b) LVP-Ti3.
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Table 1 Lattice parameters of pristine LVP and LVP-Til, LVP-Ti3 and LVP-Ti5 samples

a (A) b (A) c(A) Beta (°) Vol. (A%
LVP 8.61024(2) 8.595176(18) 12.04207(2) 90.59051(4) 891.14(2)
LVP-Ti1 8.608755(9) 8.595864(9) 12.040598(12) 90.57299(3) 890.96(3)
LVP-Ti3 8.60900(5) 8.59754(3) 12.04134(3) 90.55836(3) 891.21(3)
LVP-Ti5 8.60683(5) 8.59820(3) 12.03926(4) 90.52826(14) 890.91(3)

(a) VP,
(%% €

(b) LVP-Ti1

$4800110.0kV.B4in.X6. 00k SE(M) e f/54890.10,0K 7.3mm x5.00k SE(M)

Fig. 3 SEM images of Ti-added LVP/graphene: (a) pristine LVP, (b)
LVP-Til, (c) LVP-Ti3 and (d) LVP-Ti5.

(a) LVP

Fig. 4 TEM images of the pristine LVP (a) and LVP-Ti3 (b).

the LVP particle size and prevents the agglomeration of the LVP
during the sintering process.

In order to investigate the change of chemical environment
by adding Ti in LVP/graphene, XPS analysis was conducted to
determine the oxidation states of V, Ti, C and O of the materials
and is illustrated in Fig. 5. The scale of binding energy was
calibrated according to the binding energy of the C1s peak at
284.8 eV. It is reported that the oxidation state of vanadium and
titanium in the Ti-doped LVP sample is typically 3+ and +4,%*3¢
respectively. In our XPS study, however, V2p has shown two
peaks at 516.5 eV and 522.7 eV, which is assigned to the V2p;,,
and V2p;,,.>** The Ti(2ps/,) XPS showed a single peak at 454.2
eV. The XPS peak at 454.2 eV indicates the binding energy of
Ti2ps/, in TiN from other XPS studies.*>** The oxidation state of

This journal is © The Royal Society of Chemistry 2015

V in Ti-added LVP is +4, which is higher than V**.3* It is reported
that the Ti and Mg co-doped LVP sample can partially be
compensated by the higher oxidation state of vanadium.*® This
indicates that the oxidation state of vanadium could be changed
from V** to V** or V** in order to maintain the charge neutrality
in Ti-added LVP because of the substitution of the higher
oxidation state of vanadium. As we know, XPS analysis can only
detect the surface and provide information on the chemical
oxidation state of elements. Combined with XPS and XRD
results, we conclude that the titanium addition could lead to a
shift to a higher binding energy of vanadium, and it is reason-
able to consider that V** ions are formed due to the Ti" ion on
the surface of LVP, not inside the form of LVP.

The presence of carbon content in Ti-added LVP/graphene
was observed by Raman spectroscopy. As shown in Fig. 6,
there are two intense broad peaks at 1345 cm ™" and 1585 cm ™,
which correspond to the D-band (disorder-induced phonon
mode) and G-band (E,, vibration of graphite) of carbon,
respectively.” The presence of D-band and G-band indicates the
existence of graphite-like carbon. The intensity ratio of I, to I
band (Ip/Ig) of LVP-Ti1, LVP-Ti3 and LVP-Ti5 is 1.06, 1.03 and
1.04, respectively. The lower the intensity ratio, the higher the
electric conductivity of the graphene.**** Therefore, the electric
conductivity of the LVP-Ti3 sample is expected to be the highest
among the samples, resulting in the best electrochemical
performance. The peaks denoted by stars in Fig. 6 indicate the
vibration of LizV,(PO,);.* These results well agree with four-
probe measurement data. The conductivity was measured in
three different regions, and average electric conductivity was
calculated. The electric conductivity of pristine LVP, LVP-Til,
LVP-Ti3 and LVP-Ti5 was 2.46 x 10~ %,2.26 x 10~ %, 1.93 x 10°
and 2.01 x 10”* S em ™', respectively.

CV measurement was carried out at a scan rate of 0.1 mV s~
to understand the electrochemical behavior of the pristine and
Ti-added LVP/graphene samples. We compared the second
cycle of the CV profile, since the electrolyte penetration into the
electrode, structure change and solid electrolyte interface (SEI)
formation could be completed within the second cycle.*” Fig. 7
shows the CV profiles of Ti-added LVP/graphene samples in the
potential range of 3.0-4.8 V, and it is apparent that the CV
curves, except for pristine LVP, are very similar. There are four
oxidation peaks and three reduction peaks, corresponding to
the relative Li" ion extraction and reinsertion. The difference in
oxidation and reduction peaks is attributed to the initial Li" ion
in V,(PO,);, which is in a solution of two phases during
discharge."***® Compared with the pristine LVP, the Ti-added
LVP/graphene samples show higher and distinct current
peaks. Moreover, Ti-added LVP/graphene samples present

1
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Fig. 5 XPS spectra of V2p, Ti2p, Cls and Ols in the LVP-Ti3 electrode.
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Fig. 6 Raman spectra of LVP-Til, LVP-Ti3 and LVP-Ti5 composites.

smaller potential differences between anodic and cathodic
peaks, indicating the good reversibility of the Li* ion extraction/
reinsertion and lower ohmic resistance in the electrode.
According to the Randles-Sevcik equation, I, = 2.69 x
10°n*?AD"*v'C (I, is the CV peak current, n is the number of
the electrons, A is the electrode area, D is the Li" diffusion
coefficient, v is the potential scan rate, and C is the shuttle
concentration),* the higher the peak current, the larger the Li"
diffusion coefficient. On the basis of the CV measurement, the
LVP-Ti3 electrode exhibits a well-defined, highest peak current
and Li" ion diffusion coefficient.

4876 | RSC Adv., 2015, 5, 4872-4879
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Fig. 7 CV curves of the pristine LVP, LVP-Til, LVP-Ti3 and LVP-Ti5
composites.

In order to evaluate the electrochemical performance, the
pristine and Ti-added LVP/graphene composite was galvanos-
tatically charged and discharged in the potential range of 3.0-
4.8 V. Fig. 8 shows the first charge-discharge curves of the
pristine LVP and LVP-Ti1, LVP-Ti3 and LVP-Ti5 composites at
0.1 C. As shown in Fig. 8, all the composites obviously showed
three charge and discharge plateaus, which are identified as the
two-phase transition processes during electrochemical reac-
tions.>*>*>% The first oxidation peaks around 3.6 and 3.7 V
correspond to the removal of the first Li* ion in two steps. The

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 First charge—discharge profiles of the pristine LVP, LVP-Til,
LVP-Ti3 and LVP-Ti5 electrodes at 0.1 C.

second Li" ion is extracted at around 4.1V, corresponding to the
oxidation of V** to V**. The oxidation peak at 4.6 is the extrac-
tion of the third Li* ion, associated with the phase transition
from LiV,(PO,4); to V,(PO,4);. Even though all the composites
show a similar voltage profile, the capacities of Ti-added LVP/
graphene are higher than pristine LVP. In addition, the
voltage difference is smaller than pristine LVP, resulting from
the lower electrode polarization. The initial discharge capacity
of LVP-Ti3 is 194 mA h g™, which is higher than 160, 182 and
186 mA h g~ for pristine LVP, LVP-Ti1 and LVP-Ti5, respec-
tively. This capacity value of LVP-Ti3 is close to the theoretical
value of 197 mA h g™ ..

A high C-rate performance is an important factor in making
high-powered, fast Li ion batteries. The rate capability of all the
composites was also investigated at different current rates from
0.1 C to 10 C (Fig. S41). With the high current rate, the voltage
profiles become gradually indistinct due to electrode polariza-
tion. It is noticed that the rate capability of the LVP-Ti3
composite is higher than other composites. LVP-Ti3 delivered
the highest discharge capacities of 194, 183, 176, 166, 155, 139
and 124 mA h ¢~ ' at current rates of 0.1, 0.2, 0.5,1,2, 5and 10 C,
respectively. The extraction of three Li ions in a wide voltage
window (3.0-4.8 V) results in a slight expansion of the unit cells
of V,(PO,); compared with LiV,(PO,);.”* Moreover, there are
some inevitable capacity losses due to electrolyte oxidation and
electrode decomposition when the three Li ions are re-inserted
in the discharge reaction. We conclude that the enhanced rate
capability with graphene and Ti evidences good structure
stability and better electrochemical performance at high
current rates.

Capacity retention of the pristine LVP, LVP-Ti1, LVP-Ti3 and
LVP-Ti5 versus cycle number was investigated. The cycling test
was conducted at 0.5 C after 2 cycles at 0.1 C and recorded at the
third cycle. As shown in Fig. 9, LVP-Ti3 shows the best elec-
trochemical performance among the samples. The initial
specific capacity of LVP-Ti3 at 0.5 C is 175 mA h g~ ', whereas
the specific capacity of the pristine LVP is 129 mA h g, which
is much higher than pristine LVP. After 100 cycles at 0.5 C,
however, the capacity retention ratio of the pristine, LVP-Ti1,

This journal is © The Royal Society of Chemistry 2015
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Fig.9 Cycling performance of the pristine LVP, LVP-Til, LVP-Ti3 and
LVP-Ti5 electrodes at 0.5 C.

LVP-Ti3 and LVP-Ti5 was 76, 73, 72 and 70%, respectively,
indicating that the capacity fading of the Ti-added LVP/
graphene samples is faster than that of the pristine LVP. This
is probably due to the instability of the carbonate-based elec-
trolyte at 4.8 V. The reason for the relatively poor capacity
retention ratio is as follows. First, progressive dissolution of
vanadium in electrolyte and/or electrolyte decomposition at
high voltage may have occurred. Second, Ti addition can change
the cation distribution and cause structure deformation during
the cycle, which will lower the utilization of V.*® Third, as-
obtained Ti-added LVP/graphene cannot prevent the wide-
spread problem of peeling off or adhesion of the LVP particles
on graphene sheets. Detailed study is needed to deal with this
phenomenon, which can improve the capacity retention at
initial cycles.

We have also investigated the effect of different amounts of
graphene in the LVP-Ti3 composite. The charge-discharge
profile of LVP-Ti3 with different graphene amounts is depicted
in Fig. S4.7 The carbon content in LVP-Ti3 detected by the
elemental analyzer was 1.2, 3.0 and 7.1 wt%, respectively. As
shown in Fig. S5,7 the discharge capacity of LVP-Ti3 with 1.2,
3.0 and 7.1 wt% of graphene are found to be 183, 194 and
167 mA h g, respectively. The above result indicates that
3.0 wt% graphene in LVP exhibits a higher discharge capacity
compared with those of 1.2 and 7.1 wt% graphene. Typically,
specific capacity could be improved as a function of increasing
carbon content. However, our observed result is not linear with
increasing carbon content. We concluded that the graphene
amount in LVP is a critical factor in determining the electro-
chemical performance of Ti-added LVP/graphene composite,
and the graphene amount of 3.0 wt% is the optimum content to
achieve exceptional electrochemical performance.

EIS analysis of Ti-added LVP/graphene composites was
conducted at the same discharge state after 20 cycles at 0.5 C
(Fig. 10). The EIS profiles of all the samples are shown as
semicircles and an inclined line. The intercept on Z, in the
high-frequency region corresponds to the contact resistance of
the electrolyte and electrode (R.), which are almost the same. A
semicircle in the high-frequency region corresponds to the
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Fig. 10 EIS spectra of the pristine LVP, LVP-Til, LVP-Ti3 and LVP-Ti5
electrodes after 20 cycles.

contact resistance at the electrode/electrolyte interface and the
double-layer capacitance between the electrolyte and cathode.
The straight line in the low-frequency region is assigned to the
lithium ion diffusion process within the electrodes.*** The
higher charge resistance indicates the slower the kinetics of the
electrodes. As shown in Fig. 10, all of the Ti-added LVP/
graphene samples show lower R, value than that of the pris-
tine LVP, implying that the electrode possesses a high electric
conductivity and a rapid charge-transfer reaction due to the
smaller particle size, graphene and Ti elements. Compared with
the pristine LVP, LVP-Ti3 shows the lowest R value of 28 Q,
indicating a faster kinetics for electrochemical reactions. After
20 cycles, there are broad semicircles at the medium-frequency
region. It is mainly attributed to the interface reaction between
the electrode and the electrolyte. As described in the cycle
performance, the carbonate electrolyte can decompose at high
voltage, which results in a side reaction between the graphene
and electrolyte. This is consistent with the significant capacity
fading at the initial cycle in Fig. 9. A more detailed study of the
capacity fading at initial cycle is currently underway.

Based on the above observations, our study implies that the
Ti-added LVP/graphene composites show both high specific
capacity and rate capability. Our result is comparable with that
of reported metal-doped LVP/C.**?' The possible reason for this
finding is as follows: first, the addition of titanium and gra-
phene did not affect the crystal structure of LVP without
impurity, and the size of the primary particle is significantly
decreased, resulting in the large surface area of the LVP elec-
trode. Second, the conductive materials of both graphene and
titanium atoms improve the electrical conductivity of the Ti-
added LVP/graphene composites, thus providing the elec-
tronic conductive network for fast electron transport in the
graphene and titanium matrix. Third, the large surface area of
Ti-added LVP/graphene makes more electron pathways and
better contact with the electrolyte, which is favorable for high
rate capabilities. It can be observed from the EIS measurement
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that the charge transfer resistance was significantly decreased
compared with the pristine LVP. Furthermore, the amount of
graphene is optimal for fast electron transport in order to
maximize the specific capacity of Ti-added LVP/graphene
composite. Thus, the 3 wt% graphene in Ti-added LVP is
desirable to facilitate electron conductivity and improve the
electrochemical behavior.

4. Conclusion

In summary, we have synthesized Ti-added LVP/graphene
composites via a facile route. Physical measurement using
XRD, SEM, TEM, XPS, and Raman spectroscopy indicates that
the Ti-added LVP/graphene composite has fewer impurities and
has a smaller particle size compared to the pristine LVP. In
addition, the oxidation state of V is 4+ because of the Ti addi-
tion, and V** ions are formed on the surface of LVP, not inside
the form of LVP. In the electrochemical test, LVP-Ti3 exhibits
the best specific capacity of 194 mA h g* at 0.1 C in the
potential range of 3.0-4.8 V. The Ti-added LVP/graphene
composites also show higher rate capability and cycle perfor-
mance compared with the pristine LVP. This is mainly attrib-
uted to the smaller particle size and the electron conducting
network with graphene and titanium elements. In addition, 3.0
wt% of graphene is optimal to maximize the specific capacity at
0.1 C. The conducting matrix of graphene and titanium could
play a critical role in decreasing the charge transfer resistance of
Ti-added LVP/graphene composites. Finally, our results indicate
that the synthesis is easy and expected to be applicable for other
phosphate-based cathode materials in advanced lithium-ion
batteries.
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