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As a promising cathode material for lithium-ion batteries (LIBs), olivine-structured LiFePO4 has been
increasingly studied due to its high capacity, excellent thermal stability, cycling stability and
environmental friendliness. Nevertheless, the main challenge of LiFePOs is its poor conductivity and Li"
diffusion coefficient. Herein, a V-doped LiFePO4/C composite is prepared via a solid-state method. The
electronic structures of the samples are obtained by first-principles calculations based on density
functional theory. V2 exhibits enhanced electrochemical performance, demonstrating discharge
capacities as high as 155.6, 150.2, 136.0, 122.4 and 93.1 mA h g! at 0.1, 0.2, 0.5, 1.0 and 3.0C,
respectively, and approximately 100% capacity retention after 100 cycles at 1.0C.
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1. INTRODUCTION

Under the background of an energy crisis and increasing environmental pollution, the
development of lithium-ion batteries (LIBs) are of great interest as an ideal energy source in the 2 1st
century due to their long cycling life, high power density and notable safety [1-4]. Olivine-structured
LiFePOs has been considered one of the most competitive cathode materials for LIBs owing to its high
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theoretical capacity of 170 mA h g!, excellent thermal stability, cycling stability and environmental
friendliness [5]. However, the poor conductivity and Li" diffusion coefficient of the above material limits
its use in high-power applications. Enormous efforts have been devoted to enhancing conductivity, such
as preparing nanoscale materials, coating with conductive carbon and doping other elements into the
crystal lattice [6-12]. Nevertheless, it has been found that both increasing the content of a carbon coating
and decreasing the particle size will result in a decreased tap density of the material [13]. Furthermore,
the addition of electrochemically inert materials will lead to LiFePO4 having a low energy density.
Doping, first proposed by CHUNG et al. [14-17], has been proven to be able to enhance the electrical
conductivity of LiFePO4 by approximately 8 orders of magnitude. Thus, it has been considered one of
the most effective methods to improve the conductivity of LiFePO4 and has attracted the attention of
many researchers. Liu et al. [18] reported that doping with Ni would improve the electrochemical
performance of LiFePOs. This research demonstrated that doped Ni enhanced the electrical conductivity
of the material, resulting in a high capacity retention ratio of 93.9% after 200 cycles at 10C. At the same
time, the electronic structures of pure and doped LiFePO4 have been investigated by first-principles
calculations [19-21].

Recent studies [22-24] have shown that proper V doping is beneficial for improving the
electrochemical performance of LiFePO4 cathode materials, especially the rate performance and cycling
performance. Additionally, V205 has become a research focus as an electrochemically active compound.
Chiang et al. [25] described that V substitutes at the lithium site in LiFePO4, as shown by X-ray powder
diffraction and neutron powder diffraction characterization, as well as increasing the volume of the unit
cell since V acts as a nucleating agent to promote crystal growth. Presently, V occupying Fe sites in
LiFePOg4 has been confirmed [26-28], and the volume of the unit cell is slightly larger on account of the
change in lattice parameters. To date, the true roles of V-doped LiFePO4 remain unclear and controversial.
More importantly, little research has been reported on V-doped LiFePO4 with theoretical calculations.
Therefore, in this work, V-doped LiFePO4/C samples are synthesized successfully via the solid-state
method, and the electronic structures of all samples are calculated by first-principles calculations that
are based on density functional theory. The effects of V doping on the crystal structures, electronic
structures and electrochemical performance of LiFePO4/C are explored through experimental studies
combined with theoretical calculations.

2. EXPERIMENTAL

2.1. Computational method

Total energy and electronic structure calculations were explored through the use of the first-
principles plane-wave pseudopotential method using the Cambridge serial total energy package
(CASTEP) program in Materials Studio. A supercell was utilized for calculation. The traditional
generalized gradient approximation (GGA) was limited to precisely compute the electronic structures of
transition metal materials, ignoring the Coulomb repulsion between electrons. Hence, all calculations
were carried out with the GGA+U and ultrasoft pseudopotential methods. Plane waves with a cutoff
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energy of 340 eV and a 3x4x5 k-point were used to ensure convergence of the total energy of the ground
state and corresponded to an energy of 1.0x107 eV atom.

2.2. Material preparation and characterization

LiFe1xVxPO4/C (x=0, 0.01, 0.02, 0.03) samples were prepared by the solid-state method. To
obtain the precursor, stoichiometric amounts of Li2CO3 (99.5%), FeC204-2H20 (99.7%), (NH4)H2PO4
(99.25%), and V,05 were mixed with glucose by ball milling for 4 h in ethanol. Then, the sample was
dried at 35 °C for 24 h to evaporate the ethanol. The dried mixture was ball-milled again for 30 min.
Eventually, the LiFei«VxPO4/C (x=0, 0.01, 0.02, 0.03) cathode materials (VO, V1, V2, V3) with 3 wt.%
carbon were formed by calcining at 400 °C for 6 h and then 750 °C for 15 h in No.

The crystal structures of all samples were observed via X-ray diffraction (XRD, Rigaku D/Max
200PC, Japan) with a graphite monochromator and a Cu Ka radiation source (A=0.154505 nm). The
morphology and elemental mapping results were obtained for VO and V2 by scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS; OXFORD 7426, 20 kV)).

2.3. Electrochemical measurements

A CR2025 coin-type cell was used for electrochemical measurements. The as-prepared
composites, acetylene black and polyvinylidene fluoride, were mixed at a weight ratio of 80:10:10, and
the resulting slurry was coated on an Al-metal foil collector. A Celgard 2400 separator was used. The
CR2025 coin-type cells (with VO, V1, V2 and V3 loadings of 4.00 mg-cm) were assembled with a
lithium-metal foil as the counter electrode in an argon-filled glovebox. The electrolyte was LiPFs (1.0
M)/ethylene carbonate + dimethyl carbonate (in a 1:1 volume ratio). Constant current-constant voltage
(CC-CV) charge and galvanostatic discharge experiments were conducted over a voltage range of 2.5 to
4.1V onaLand system (BT2001A). The electrochemical impedance spectroscopy (EIS) characterization
of the composites was carried out in the frequency range of 10 mHz - 10° Hz using a CHI660B
electrochemical workstation (Chenhua, Shanghai, China), with the perturbation amplitude controlled at
+5 mV.

3. RESULTS AND DISCUSSION

Table 1. Lattice parameters of VO, V1, V2 and V3 based on their XRD patterns

Sample a[A] b[A] c[A] Cell volume [A]?
V0 10.3208 6.0046 4.6854 290.37
Vi 10.3527 6.0099 4.6965 292.21
V2 10.3594 6.0085 4.7003 292.57

V3 10.3417 6.0161 4.6955 292.14




Int. J. Electrochem. Sci., 16 (2021) Article ID: 21053 4

As shown in Fig. 1, the XRD patterns of the VO, V1, V2 and V3 composites can be indexed to
olivine LiFePO4 with an orthorhombic crystal structure and the Pama space group (JCPDS No. 81-1173);
additionally, there are no impurity peaks after comparing to the VO sample. Furthermore, no new phases
exist, showing that a small amount of doped V will not change the crystal structure of LiFePOa.
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Figure 1. XRD patterns of VO, V1, V2 and V3
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Figure 2. SEM images of (a) VO, (b) V2 and (c-f) the elemental mapping of V2 based on (b)
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The lattice parameters of all samples, based on their XRD patterns, are presented in Table 1. Both
the lattice parameters and volumes of all V-doped samples increase because the added V acts as a
nucleating agent to promote crystal growth, which is consistent with a previous report [25]. As presented
in Table 1, V2 has the largest a, ¢ and V parameters, which expands the Li" diffusion path. Additionally,
its small b parameter shortens the diffusion length of Li*, which is better for the intercalation and
deintercalation of Li".

As seen in the SEM images (Fig. 2a and 2b), V doping does not change the particle morphology
and even makes the particles distribute more uniformly. Furthermore, V can be detected according to the
EDS mapping results (Fig. 2d). Therefore, combined with the above XRD analysis, V is successfully
doped into the LiFePOj4 crystal structure.
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Figure 3. Band structures of the V0, V1, V2 and V3 samples as provided by first-principles calculations

To investigate the effects of V doping on the electronic structure and conductivity of LiFePO4
cathode materials, we conducted first-principles calculations for the band structures of the VO, V1, V2
and V3 samples with the GGA+U method. As shown from the band structures (Fig. 3), the computational
bandgaps (E,) of VO, V1, V2 and V3 are 0.765, 0.673, 0.633 and 0.573 eV, respectively. Moreover, Eg
decreases with an increasing amount of doped V, showing that V doping decreases the bandgap of
LiFePOs. A narrow bandgap can effectively reduce the transfer barrier of electrons, thereby leading to a
material with higher electrical conductivity. However, V3 with a low Eg shows poor electrochemical
properties. This result demonstrates that other factors also affect the electrochemical properties, such as
the charge transfer impedance, which will be discussed later in this paper.
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The effects of doping on the electronic structures of LiFePO4 have attracted extensive attention
by theoretical calculations. The electronic structures of pure and doped LiFePOs are evaluated via
comparison with present first-principles investigations results based on DFT within the GGA or GGA+U
level. Furthermore, the calculated bandgaps are listed in Table 2. The bandgaps of pure LiFePO4 with
0.74 and 1.38 eV were acquired [29-30]. Xu’s group [31] used first-principles calculations for exploring
the electronic structure of doped LiFePOs at cation and anion sites. It has been found that doping caused
narrower bandgaps (0.58, 0.39 and 0.05 eV for NausLii-18FePOas, LiMnygFer-1/8PO4 and LiFePO4.
132F 1132, respectively). Similarly, the smaller bandgaps were obtained for N-doped LiFePO4 (0.65 e¢V)
[32] and LiFe1-11sMo01sPO4 (0.13 eV) [21]. Interestingly, the different calculation methods and parameter
sets result in pure LiFePO4 having various bandgaps. More importantly, it is rational to pay attention to
the relative values. Compared with pure LiFePOs, the bandgap is diminished by doping. Consequently,
an appropriate doping is an effective method to improve the conductivity of LiFePO4 materials.

Table 2. This work compared with other LiFePO4 materials studied by first-principles calculations

GGA (Eg, eV) GGA+U (Eg, eV) Reference
LiFePO4 0.74 [29]
LiFePO4 1.38 [30]
Nay/sLi1-1/8FePO4 0.58 [31]
LiMnygFe1.18PO04 0.39 [31]
LiFePO4.1/32F 1722 0.05 [31]
N-LiFePO4 0.65 [32]
LiFe1-1.8M018PO4 0.13 [21]
V2 0.633 ours

The spin-polarized total density of states (DOS) and partial density of states (PDOS) of VO (Fig.
4a)and V2 (Fig. 4b) were calculated with the GGA+U method to investigate the origin and relationship
between the bandgaps and constituent elements. It is clear that the valence maximum and conduction
band minimum are mainly contributed by the 3d electron of Fe in the lattice for V0. While it is mainly
contributed by the 3d electrons of Fe and V for V2; furthermore, the PDOS of Li, P, and O shows almost
no changes. Therefore, V doping decreases the bandgap of LiFePOa.
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Figure 4. Total density of states (DOS) and partial density of states (PDOS) for (a) VO and (b) V2

The galvanostatic charge and discharge tests of VO, V1, V2 and V3 were performed at 0.1C in a
voltage range of 2.5-4.1 V at room temperature. As shown in Fig. 5a, the initial charge and discharge
voltage profiles show a voltage plateau at 3.45 V for all samples, which corresponds to initial discharge
capacities of 153.2, 146.8, 155.6 and 135.8 mA h g! for VO, V1, V2 and V3, respectively. The sample
delivers the highest capacity of 155.6 mA h g'! with a 2 wt% amount of doped V. Therefore, the most
appropriate content of doped V is 2 wt%. To improve the electrochemical performance of LiFePOu,
vanadium modification has become one of the research hotspots. The V2Os and NH4V O3 are frequently
used as dopants to enhance electrochemical capacity and cyclic stability [33-39], as shown in Table 3.
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Xu’s group [34] confirmed the optimized sample by V,0s doping delivered high discharge capacity of

154.3 mA h g* at 0.1C rate and capacity retention of approximately 100% at 1C rate. Chen’s group [37]

found that vanadium was entered into LiFePOs lattice to replace Fe** and improved electronic

conductivity, giving rise to superior rate capability. In summary, the vanadium is doped at the Fe site,

the above results are consistent with this theoretical and experimental results. Nevertheless, compared

with other V-doped LiFePO4 in Table3, V2 displays higher discharge capacity at 0.1C. As a consequence,

the appropriate reaction conditions for V-doped LiFePO4 benefit to excellent electrochemical properties.
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Figure 5. (a) Initial charge and discharge voltage profiles of VO, V1, V2 and V3 at a rate of 0.1C; (b)
rate capabilities of VO and V2 at rates from 0.1 to 3C; (c) cycling performance of VO and V2 at
1C for 100 cycles; and (d) EIS of VO, V1, V2 and V3

Table 3. This work compared with other VV-doped LiFePO4 materials

Dopant Discharge capacity at 0.1 C rate  Reference
V2 V205 155.6mAhgt ours
LiFeo.98V0.02PO4 V205 138 mAhg! [33]
V*°* doping LiFePO4 V205 1543 mAhg? [34]
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LiFeo.96V004PO4 NH.VO3 1465 mAh gt [35]
LiFe0.96V004PO4 NHzVOs3 141.1mAhg? [36]
LiFeo.97V003POs NH4VOs3 1504 mAhg? [37]
LiFeo.97Vo003PO4 NH,VOs3 151.4mAhg? [38]
Lioo7Fe093Vo.07PO4 NHVOs3 1535mAhg? [39]

Fig. 5b shows the discharge capacities of VO and V2 on the grounds of various rates from 0.1 to
3.0C in the potential range of 2.5-4.1 V. It is clearly observed that the rate capability of V2 is superior to
that of VO, especially at high rates. At a high rate of 3.0C, the reversible capacity of V2 can still reach
93.1 mA h g!, while VO obtains only 66.0 mA h g'!. This superior rate capability is attributed to the
excellent electrical conductivity and improved Li* diffusion due to the doped V.

The cycling performances of VO and V2 are evaluated at a 1C rate between 2.5 and 4.1 V. As
shown in Fig. 5c, the initial discharge capacities of VO and V2 at 1C are 111.5 and 120.1 mA h g’!,
respectively. Nevertheless, the discharge capacity of VO is only 98.7 mAh g™! (11.1% capacity loss) after
100 cycles. The capacity retention of V2 is approximately 100% after 100 cycles, which demonstrates
that the proper content of doped V improves the cycling stability of the materials.

To compare the electrode kinetics of VO and V2, we conducted electrochemical impedance
spectroscopy (EIS) (Fig. 5d). The charge transfer resistance (Rc) is applied to the electrolyte/active
particle interface. The slope at the low frequency is attributed to Li" diffusion in the LiFePO4/C particles,
which indicates the Warburg impedance (Zw). A simplified equivalent circuit model is established to
study the impedance spectra, and the R values of VO, V1, V2 and V3 are 337.5, 365.1, 155.2 and 446 .4
Q, respectively. The low Re indicates the high electrochemical activity and improved electrode kinetics
of V2; thus, V2 has better electrochemical performance.

4. CONCLUSIONS

In summary, the VO, V1, V2 and V3 samples were successfully synthesized by the solid-state
method, and the electronic structures of all samples were obtained by first-principles calculations based
on density functional theory. V doping improves the electrical conductivity and electrode kinetics of the
materials. V2 delivers a high specific capacity along with excellent rate capability and stability in
successive electrochemical cycling. The theoretical calculations further confirm that V doping can
enhance the electrical conductivity of materials, thus leading to superior rate capability.
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