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ABSTRACT: A series of LiFe; ,V,PO,/C samples have been
successfully prepared using a two-step solid-state reaction route.
The effect of vanadium incorporation on the performance of
LiFePO, has systematically been investigated with X-ray dif-
fraction, Raman spectroscopy, charge/discharge measurements,
and cyclic voltammetry tests. It is found that V incorporation
significantly enhances the electrochemical performance of LiFe-
PO,. Particularly, the LiFePO,/C sample with S at. % vanadium
doping exhibits the best performance with a specific discharge
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capacity of 129 mAh g~ " at 5.0 C after 50 cycles; the capacity retention ratio is higher than 97.5% at all C rates from 0.1 to 5.0 C.
X-ray absorption spectroscopy results show that the valence of V in LiFe( 95V 0sPO,/C is between +3 and +4. It is confirmed that
the samples with x < 0.03 are in single phase, whereas the samples with 0.05 < «x < 1.00 contain two impurity phases: Li;V,(PO,)3
and LiVOPO,. A clear feature of vanadium incorporation in LiFePO, has been specified.

B INTRODUCTION

Because of rapid depletion of fossil fuels and serious environ-
mental pollution caused by automobiles, more attention has been
focused on electric vehicles (EVs) or hybrid electric vehicles (HEVs).
Lithium-ion batteries (LIBs) are the key power source for EVs or
HEVs. For LIBs, the reversible capacity strongly depends on the
cathode material. Olivine-type LiFePOy, is regarded as one of the
most promising cathode materials due to its high theoretical ca-
pacity (170 mAh g '), low cost, nontoxicity, and environmental
friendliness." However, LiFePO, usually shows a poor rate capabil-
ity because of its low intrinsic electronic conductivity (~10° Scm™ ')
and slow lithium-ion diffusion.””* Accordingly, great efforts have
been devoted to improving the rate performance of LiFePOy,
and successful results showed that carbon coating® " or utiliza-
tion of nanosized electrode materials'®™ " is very efficient, but
the tap density drops dramatically when the carbon content in-
creases and/or particle size decreases. Therefore, doping with
supervalent cations”"*~'® is commonly used for the modification
of LiFePO, without tap density reduction. Regarding this, vanadium
modification is a hotspot because V can form a number of elec-
trochemically active compounds, such as V,0s," Na;V,(PO,),-
F,,>*' VOPO,, > LiVPO,F,* B-LiVOPO,,** and Li;V,(PO,) 3, %
which can intercalate/deintercalate lithium reversibly. Wen et al.*
obtained a reversible capacity of 130 mAh g ' at a charge—discharge

v ACS Publications ©2011 american chemical Society

13520

current of 80 mA g~ ' in LiFe, oV, ; PO, prepared via a solid-state
reaction. Liu et al.” found that doping with a heteroatom (Ti, Zr,
V, Nb, and W) could promote the performance of LiFePO, at
high current due to the enlarged lattice volume that provides
more space for lithium-ion transfer. Yang et al.>* and Sun et al.>*
confirmed with Rietveld refinement that V replaced Fe in the
LiFePO, matrix structure. However, Hong et al.** found that
vanadium in LiFeP sV 05O4 was incorporated into the olivine
structure at the phosphorus site instead of the iron site. Wu
et al.*® synthesized a multidoped LiFePO,/C with Mn, V, and Cr
ions by using steel slag as a raw material. As compared with
undoped LiFePO,/C prepared only from chemical reagents, the
multidoped LiFePO,/C exhibited a better rate capability due to
the improvement of the electrode reactivity by multidoping
particularly at high rates. Jin et al.*® also found that introduction
of a small amount of vanadium into the carbon-coated LiFePO,
particles led to significant improvement in rate capability and
low-temperature performance, which was attributed to the for-
mation of conductive V,0; nanograins. Recently, Ma et al¥’ studied
the effect of vanadium on physicochemical and electrochemical

Received:  April 14, 2011
Revised: ~ June S, 2011
Published: June 08,2011

dx.doi.org/10.1021/jp2034906 | J. Phys. Chem. C 2011, 115, 1352013527



The Journal of Physical Chemistry C

performances of LiFePO,4 and observed that, at different V-dop-
ing levels, different impurity phases (VO, or LizV,(PO,); phases)
can be formed. It is noted that Li;V,(POy,); is also a promising
cathode material with a high operating voltage (up to 4.0 V).
Moreover, it exhibits faster Li*-ion migration than LiFePO, due
to its open three-dimensional (3D) framework. Despite the
above-mentioned progress, it is still controversial about whether
vanadium can be doped into the crystal structure of LiFePO,.
Nevertheless, with a low doping level of vanadium, the electronic
conductivity and electrochemical performance of LiFePO,4 were
always enhanced.”****”3® Because V doping into the crystal
structure of LiFePO, or the formation of vanadium compound
impurities is a promising way to improve the electrochemical
performance, it is highly desirable to investigate the valence of V
in these compounds.

In the present work, we prepared a series of V-incorporated
LiFePO,/C samples using a two-step solid-state reaction route.
The physicochemical properties and electrochemical perfor-
mances have been studied using X-ray diffraction (XRD), X-ray
absorption spectroscopy (XAS), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Raman spec-
trometry, and electrochemical measurements. The nature of
vanadium incorporation in LiFePO, has been detected.

B EXPERIMENTAL SECTION

Li,CO;, NH,H,PO,, FeC,0,, and NH,VO; were used as
starting materials for the synthesis of nominal LiFe, ,V,PO,/C.
The molar ratio of Li/Fe/V/Pwas 1.02:(1—x):x:1.00 (x =0, 0.03,
0.05, 0.07, 0.10, 0.20, 0.50, 1.00). The materials were mixed and
ground for 6 h by wet ball-milling in ethanol to ensure homo-
geneous mixing. The mixture was dried at 50 °C for 12 h in air,
followed by calcination at 350 °C for 6 hin a nitrogen atmosphere,
and then cooled down to room temperature. Glucose (S wt %),
which serves as both the reductive agent and the carbon source,
was added to the resulting precursor and mixed by planetary ball-
milling for 3 h in ethanol. Subsequently, the mixture was heated
to 700 °C with a heating rate of 3 °C min~ ' and was sintered for
10hin N,.

X-ray diffraction patterns were measured with an X'Pert Pro
diffractometer (X'Pert Pro, PANalytical B.V.) using Cu Ko
radiation (4 = 1.5406 A). The morphology was observed with
the scanning electron microscope (Sirion 200, Holland) and
transmission electron microscope (JEM-2100, JEOL). Tap den-
sity was measured by the tap density measurement instrument
(JZ-1, China).

The valences of Fe and V were investigated by X-ray absorp-
tion spectroscopy (XAS). The Fe K-edge and V K-edge XAS
measurements were performed in fluorescence mode at beamline
X-19A of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. A standard (FeO for Fe K-edge
and V foil for V K-edge) was run in transmission mode simulta-
neously with all measurements for energy calibration. The energy
resolution (AE/E) of the X-19A beamline was 2 x 10 %
corresponding to about 1.4 and 1.1 eV at the Fe K-edge and V
K-edge, respectively. All of the XAS spectra presented in this
paper were background-subtracted and normalized to unity in
the continuum region about 100 eV above the edge.

Carbon coating on pristine and V-doped LiFePO,/C powders
was characterized by Raman spectrometry (VERTEX 70, Bruker).
Carbon content was determined by dissolving samples in hydro-
chloric acid and keeping them boiling for 30 min, then weighing
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Figure 1. XRD patterns of the prepared samples with different vana-
dium contents: (a) 0, (b) 3, (c) S, (d) 7, (¢)10, (f) 20, (g) 50, and (h) 100

at. % vanadium.

the remainder. Both pristine and V-doped LiFePO,/C powders
were pressed into disk-shaped pellets, and the electronic con-
ductivity was measured by the four-point dc method.

The working electrodes were prepared by mixing active material
with PVDF and acetylene black in a weight ratio of 75:15:10 in
N-methyl pyrrolidinone solvent. The slurry of the mixture was
coated on an aluminum foil (20 #m in thickness) using an
automatic film-coating equipment. The resulting film was dried
under an infrared light to remove volatile solvent, punched into
discs (¢, 14 mm) and then pressed under a pressure of 6 MPa.
After drying at 120 °C for 12 h in vacuum, the disk was transferred
into an argon-filled glovebox (Super 1220/750, Mikrouna) and
assembled as the working electrode in a 2025 coin cell using
Celgard 2400 as the separator and lithium foil as counter and
reference electrodes. A solution of 1 mol L™ ! LiPF4 in EC/DMC
(LB-301, China) was employed as the electrolyte. The cells were
cycled at different C rates between 2.5 and 4.2 V on a cell testing
system (LAND CT2001A, China). Cyclic voltammetry (CV)
measurements were performed on an electrochemical working
station (PARSTAT 2273, Princeton Applied Research, America)
at a slow scanning rate of 0.05 mV s~ within a voltage range of
3.0—4.2 V.

B RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the as-prepared samples
with different vanadium contents. All diffraction peaks of pristine
LiFePO,/C powders (Figure 1, pattern a) can be indexed with an
ordered orthorhombic LiFePO, phase (JCPDS, No. 40-1499).
For the sample with 100 at. % vanadium (Figure 1, pattern h), the
diffraction peaks for monoclinic Li;V,(PO,); can be observed,
though some impurities were detected, which resulted from the
nonstoicheometric synthesis process of LizV,(PO,)s. It was also
found that there was no visible difference between the XRD
patterns of pristine LiFePO, and low V-doped LiFePO,/C (3—7
at. % V) (Figure 1, patterns b—d), indicating that V had been
doped into the host lattice or the amount of the composites
formed from vanadium had been too low. In contrast, for those
high-level V-doped LiFePO,/C samples (10—50at. % V) (Figure 1,
patterns e—g), the peaks of Li3V,(PO,); impurities could be also
distinctly detected. A full Rietveld refinement was carried out on
LlFePO4/C, LiFe0.97V0,03PO4/C, and LiFe0,95V0.05PO4/C sam-
ples, and the results are listed in Table 1. The best refinement
model was chosen from a Pnma space group. Satisfactory and
acceptable reliability factors (R, < 12, S < 2) are only obtained
for LiFePO,/C and LiFey o,V o3P0,/ C. However, for LiFe os.
V0.0sPO4/C, the reliability factor, Ry, is greater than 12, indicating
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Table 1. Lattice Parameters of LiFePQ,, LiFe 9,V o3P0y,
and LiFe0.95V0.05P04

LiFeqg7- LiFeq s-
sample LiFePO, Vo.03PO4 Vo.0sPO4
lattice a 10.3334(10)  10.3330(10)  10.3286(10)
constant (A) b 6.0102(6) 6.0100(6) 6.0073(6)
¢ 4.6962(5) 4.6975(5) 4.6962(5)
lattice 291.66(5) 291.72(5) 291.38(5)
volume (A%)
interatomic Li—0O, 2.0933 2.0935 2.0929
distance (A) Li—0, 2.1623 2.1625 2.1618
Li—O; 2.1928 2.1930 2.1923
Li—Omean  2.1495 2.1497 2.1490
reliability Ry 11.87 10.64 12.35
factors (%) R, 8.92 8.36 9.38
S 1.23 1.35 1.20
1.6  Fe K-edge
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Figure 2. XAS spectra of pristine and S at. % V-doped LiFePO,/C powders.

that it is not appropriate to use only the Pnma space group for
refinement. A second phase could also exist, and a new refine-
ment model should be created in the meantime. Because of the
complexity of refinement on multiphases, the refinement was not
carried out on other V-doped LiFePO,/C samples. When com-
paring LiFe( 97V 03PO4 with LiFePOy, the ¢ axis elongates, but a
and b axes shrink, resulting in an enlarged lattice volume for
LiFe( 9,V 03PO,4. In addition, the incorporation of vanadium
results in the Li—O bond lengthening, indicating that the Li ions
would intercalate or deintercalate more easily. The changes in
lattice parameters prove that V was doped into the host lattice. It
is worth noting that no diffraction peaks from carbon were
detected, which indicates that the residual carbon is amorphous
or the carbon layer on LFP particles is too thin.

In Figure 2a, the Fe K-edge spectra for the pristine LiFePO,/C
and the LiFe( 95V 0sPO,4/C samples are shown along with the

spectra of reference compounds Fe**O and Fe**PO,-H,O for
comparison. The spectra for the pristine and V-doped samples
are almost identical, indicating that the valence value for Fe is the
same for both of them. The primary indicator of valence variation
is the chemical shift in the main portion of the edge to higher
energy with increasing valence. Figure 2a clearly shows that the
values of the edge energies (defined as the energy at absorption
coefficient u ~ 0.5) are almost the same (~7119 eV) for
LiFePO,/C, LiFeqosV00sP04/C, and Fe>*O but are shifted
about 6 eV below the edge for the Fe** compound, that is, Fe?
PO, H,O0. This leads to the assignment of a Fe** for LiFePO,/
C and LiFe( sV 0sPO,/C. The pre-edge feature (labeled by
letter A) located at about 7112 eV involves 1s — 3d quadrupole
transitions and 1s — p/3d hybridized states via dipole transitions.
The weakness of the pre-edge feature is consistent with the cen-
trosymmetric octahedral sites. The low onset energy of the A
feature®*' also supports the Fe** valence*' in the LiFePO,-
based materials. (The A feature of the Fe**PO,-H,O is shifted
up in energy.) Thus, both the main- and pre-edge portions of the
Fe K-edge XAS spectra clearly confirm that the valence state of Fe
in the pristine and V-doped LiFePO,, samples is Fe**. Therefore, V
incorporation in LiFePO,/C does not change the valence state of
Fe ions.

Figure 2b shows the V K-edge XAS spectra for LiFe 95Vo.os-
PO,/C and related reference compounds. The formal valence
values for V are +3 for standards V,0j3, La,FeVOg, Eu,VO,,
Li3V,(PO,)3, and LaVOs;; +4 for VO,, SrVO;, Sr3V,0,, and
La,NiVOg; and +5 for Sr3V,04. It can be seen that the edge
energy increases with the increase of valence from +3 to +5. The
edge energy for LiFe; 95V 0sPO,/C is between those of trivalent
and tetravalent V compounds, revealing that the valence of V in
this LiFe 95Vo,0sPO4/C specimen should be between +3 and +4.
The pre-edge features of V compounds are too complicated to
interpret due to the stronger d/p hybridization that accompanies
the larger spatial extent of the V 3d states.

SEM images of pristine and corresponding typical V-doped
LiFePO,/C powders under study are shown in Figure 3. V doping
slightly changes the particle size and morphology. For example,
the particle size of pristine and V-doped LiFePO,/C powders is
between ~50 and 500 nm (Figure 3a—d), whereas the sample
with 100 at. % vanadium presents irregular blocks with a wide size
distribution ranging from ~20 nm to 1.0 #m (Figure 3e).

TEM images of pristine and S at. % V-doped LiFePO,/C
powders are shown in Figure 4. Both pristine and 5 at. % V-doped
LiFePO,/C samples present a typical core—shell structure with
an amorphous carbon wrapping or connecting of the LiFePO,
particles. The thickness of the carbon layer is about 2—4 nm,
which is favorable to enhance the conductivity but does not affect
intercalation/deintercalation of Li" because the Li* ions can
readily penetrate through the thin carbon layer.

Tap density is an important parameter for the cathode
materials. The theoretical density of LiFePOy, is higher than that
of LizV,(PO,)s. In our case, the tap density of Li;V,(PO,);/C
(113 g cm ) is lower than that of LiFePO,/C (1.27 g cm ), but
5% V-doped LiFePO,/C shows a higher tap density (1.37 gcm ™).
With further increasing the V content, the tap density becomes
lower (for example, 1.19 g cm ™ for 10% V-doped LiFePO,/C
and1.17g em > for 20% V-doped LiFePQ,/C). It can be concluded
that a small amount of V incorporation can enhance the tap
density because a limited V can enter into the lattice of LiFePO,.
Excessive V incorporation may decrease the tap density due to
the formation of more Li3V,(PO,); phase in LiFePO,.
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Figure 3. SEM images of pristine and several typical V-doped LiFe-
PO,/C: (a) 0, (b) 3, (c) S, (d) 20, and (e) 100 at. % vanadium.

Figure 4. TEM images of samples: (a, b) pristine and (c, d) S at. %
V-doped LiFePO,/C particles.

CV profiles reflect the electrochemical properties of not only
the active material but also the entire electrode. Considering the
effect of electrode loading (thickness) on CV behaviors, the
electrodes with the same thickness (20 um) were used for CV
tests, and a slow scanning rate of 0.05 mV's ™' was employed. The
CV profiles of all samples are shown in Figure S. Only one anodic
peak and one cathodic peak at ~3.35 and ~3.52V, correspond-
ing to the phase-transition process between LiFePO, and FePO,,
are observed in the CV profiles of both pristine LiFePO, and the
3 at. % V-doped LiFePO, samples, which again indicates that V is
doped into the hostlattice when its content is low. For the sample
with 100 at. % vanadium, three redox potential pairs around

3.60/3.57, 3.70/3.65, and 4.10/4.02 V are observed. This is
consistent with the results previously reported for LisV,(POy4) 3>
In the range of 3.0—4.2 V, Li;V,(PO,); can intercalate/deinter-
calate two Li" ions reversibly based on the V**/V*" redox
couple.® %’ The two anodic peaks observed at 3.60 and 3.70
V correspond to the deintercalation of the first Li* with two steps
while the second Li" is removed via a single step corresponding
to the last anodic peak observed at 4.10 V.** In contrast, for
V-incorporated samples (x = 0.0S, 0.07, 0.10, 0.20, 0.50), not
only the redox potential peak of LiFePO, but also the three redox
potentials of LizV,(PO,); are observed, which matches well with
those of Li;V,(PO,)s/LiFePO, composites.”>** To our knowl-
edge, the three visible redox potential peaks simultaneously appear
only if vanadium exists in the form of Li;V,(PO,);. Nevertheless,
combined with the valence between +3 and +4 of V in the
LiFe95V0,0sPO,4 specimen from XAS analysis, it is reasonable to
speculate that, when the vanadium content reaches its limit in the
host lattice, the excessive vanadium has to form Li;V,(PO,); and
LiVOPOy,, whose valences are +3 and +4, respectively. The redox
potential waves around 4.0 V are supposed to be the overlapping
peaks of LiVOPO, and Li;V,(PO,);. Conclusively, the CV
profiles of the V-doped samples (x = 0.0S, 0.07, 0.10, 0.20, 0.50)
observed here are simply superimposed profiles of LiFePO,,
Li3V,(PO,)s, and LiVOPO,. It is reasonable to assume that
V-doped LiFePO,, Li;V,(PO,);, and LiVOPO, coexist in the
samples with high V-doping contents (x = 0.0, 0.07, 0.10, 0.20,
0.50). Compared with other samples, especially pristine LiFe-
PO,/C, the § at. % V-doped sample shows not only well-defined
and finely symmetric peaks but also a smaller difference between
reduction and oxidation potentials (0.17 V). This indicates that
the electrode reaction has a higher speed constant and a better
reversibility of the Li" extraction/insertion reactions. Further-
more, according to the Randles Sevcik equation42

I, = 2.69 x 10°n*2AD"*!/2C

where I, is the CV peak current (A), n is the number of electrons
involved in the redox process, A is the electrode area (cm?), D is
the Li" diffusion coefficient (cm”s™ '), v is the potential scan rate
(V s, and C is the shuttle concentration (mol cm ™). The
stronger the CV currents are, the larger the Li" diffusion coefficients
are. For the S at. % V-doped sample, the CV profile exhibits the
highest peak current, which facilitates the kinetic process of the
electrochemical reactions, indicative of a better electrochemical
performance.

The specific capacities of samples were measured by a constant
current charge/discharge test between 2.5 and 4.2 V (vs Li"/Li).
The discharge characteristics of the first cycle at 0.1 C and the
cyclic performances at different C rates are shown in Figures 6
and 7, respectively. As seen in the profiles of V-doped samples
(x=0.0S, 0.07, 0.10, 0.20, 0.50) (Figure 6), not only a couple of
charge/discharge plateaus at ~3.52/3.35 V for intercalation/
deintercalation of Li" into/from LiFePO, but also three typical
charge/discharge plateaus around 3.60/3.57, 3.70/3.6S, and
4.10/4.02 V for intercalation/deintercalation of two Li" rever-
sibly into/from LizV,(PO,); based on the V**/V*" redox couple
are distinctly observed, which matches well with the char%e/
discharge profiles of LizV,(PO,);/LiFePO, composites™®>">*
and agrees well with the CV profiles shown in Figure S. The
charge/discharge plateau of LiVOPOy, is regarded to be over-
lapped with that of Li3V,(PO,4); around 4.0 V. Furthermore,
the vanadium content is found to have a dramatic effect on the

13523 dx.doi.org/10.1021/jp2034906 |J. Phys. Chem. C 2011, 115, 13520~13527



The Journal of Physical Chemistry C

1.5
1.0} 3.52v 0% Vanadium
<
Eost
-
c
2 0.0
-
3
0.5
3.34v
1.0
30 32 34 36 38 40 4.2
Voltage (V)
1.5
3.52v 5% Vanadium
~10}
£
05}
£ 3.60Y 4.09V
€ 0.0 L
5 3.58V 3.66V 4.05V
(]
0.5
1or L 33 A A A
30 32 34 36 38 40 4.2
Voltage (V)
1.5
10% Vanadium
§ 1.0
S5 3.60V
-
c
£ 0.0
3 3.57V3.65V 4.03V
0.5
3.32v
1.0
30 32 34 36 38 40 4.2
Voltage (V)
1.5
,\1-0 | 50% Vanadium
<
Eost
= 33 pva.eev 4.08v
g 0.0 J\RVA
S 3.3py 357V3.65V 4.0av
Cosft
1.0
30 32 34 36 38 40 4.2
Voltage (V)

-
o

357V 3% Vanadium

-
o
T

o
2]
T

o
o

Current (mA)

L

o

o
T

1.0 331V

30 32 34 36 38 4.0 42

Voltage (V)
15

_ 10 3.52v 7% Vanadium
<

E

-

c

£

5 3.58V 3.66V

(&)

a0l 3.38v

30 32 34 36 38 40 42

Voltage (V)
1.5
1.0} 20% Vanadium
<
E 05l 3.5V
5
£ 0.0 3.57V3.65V
0.0.5 L 3.35V
1.0
30 32 34 36 38 40 42
Voltage (V)
1.5
ﬂa H
A1.0 | 100% Vanadium
‘é 11V,
a.
:0'5 i 3.62V 3,70V
c
go.
3 3.55V 3.63V
0.5 U 4.02v
-1.0

30 32 34 36 38 40 4.2
Voltage (V)

Figure 5. CV profiles of the samples at the scanning rate of 0.05 mV s ' and in a potential window of 3.0—4.2 V (vs Li"/Li).

electrochemical performances of the compound under study. The
capacities of the V-doped samples increase gradually at all rates
with the increase of vanadium content until the amount of
vanadium was more than S at. %, because not only the Li;V,(PO,);
with a higher theoretic capacitgr could enhance the electronic
conductivity of the LiFePO,*>** but also the open three-dimen-
sional (3D) framework of Li3V,(PO,); results in faster Li"
migration than that of LiFePO,.>%*° The § at. % V-doped sample
shows the best electrochemical performance, approaching 159
and 125 mAh g~ ' at 0.1 and 5.0 C for the first cycle with a
capacity retention ratio (Table 2) of more than 97.5% at all rates.
From Table 2, we can also observe that the rate capability is
significantly enhanced with V incorporation, and the S at. %
V-doped sample exhibits the highest capacity at high rates (e.g,,
the specific discharge capacity at the 50th cycle is 129 mAh g™ ' at
5.0 C). Moreover, as shown in Figure 6, the S at. % V-doped

13524

sample exhibits a stable and broad charge/discharge plateau. Its
charge plateau shifts to the negative direction and the discharge
plateau to the positive, indicating that the sample has a relatively
less voltage hysteresis than others. Obviously, the electrochemi-
cal performance of LiFePO, can be remarkably enhanced by
incorporation of a low amount of Li;V,(PO,)s, which further
corroborates the conclusions in the literature.”****® The capacities
of other samples with higher vanadium contents (7—100 at. %)
decreased gradually, and the sample with 100 at. % vanadium
showed a notably poor electrochemical performance compared
with LizV,(PO,)s,>>*** resulting from the nonstoicheometric
synthesis process of LizV,(PO,)s.

Table 3 shows the carbon content and electronic conductivity
of the as-prepared LiFe, _,V,PO,/C (x=0,0.03,0.05, 0.07, 0.10,
0.20, 0.50, 1.00). It is found that the carbon content decreases
with the increase of the vanadium content, because the pyrolytic

dx.doi.org/10.1021/jp2034906 |J. Phys. Chem. C 2011, 115, 13520-13527
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Figure 7. Cyclic performances of samples at different C rates (0.1, 1.0, 2.0, 5.0 C).

carbon was increasingly consumed for the reduction of V>* to V**
during the synthesis process. However, the electronic conduc-
tivity of the V-doped samples is higher than that of LiFePO,
when the vanadium content is less than 7 at. % because Li3V,-
(PO,); impurities could enhance the electronic conductivity of
LiFePO,,>*® but the electronic conductivity of the V-doped
samples gradually decreases. This is because the electronic con-
ductivity of the samples depends mainly on the residual carbon
content rather than the vanadium content. It is well known that
the higher electronic conductivity is , the better the electroche-
mical performance is. However, in our measurement, it is found

13525

that the sample with the best electrochemical performance is not
the 3 at. % V-doped sample that has the highest electronic
conductivity (7.48 x 107> S cm™ '), but the § at. % V-doped
sample that has a relatively lower electronic conductivity (6.72 X
10~*Scm™"). This is caused by the excessive carbon and the low
doping level of vanadium. The excessive carbon would be a
barrier for the diffusion of Li* ions during the charge/discharge
process, and the inactive carbon would reduce the ratio of the
active material, leading to a decrease in capacity. On the other
hand, when the amount of vanadium is too low, it is not easy to
form Li,V,(PO,); with higher electronic conductivity and higher

dx.doi.org/10.1021/jp2034906 |J. Phys. Chem. C 2011, 115, 13520-13527
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Table 2. Discharge Capacities of the 1st and the 50th Cycles at Different C Rates of the Samples

0.1 C (mAhg™) 1.0 C (mAh g ") 2.0C (mAhg ™) 50C (mAhg )
Ist Soth R (%)* Ist S0th R (%)* Ist Soth R (%)* Ist Soth R (%)*
0% V 135.3 140.9 104.1 124.7 118.3 94.9 120.2 107.9 89.8 98.7 90.6 91.8
3%V 151.4 150.9 99.7 136.6 134.5 98.5 132.7 128.7 97.0 113 110.4 97.70
5% V 159.4 159.0 99.7 148.7 145.0 97.5 138 144.4 104.6 124.6 128.8 103.4
7% V 146.1 145 99.3 136.5 133.4 97.7 126.3 125.9 99.78 117.8 116.7 99.1
10% V 145.2 141.5 97.5 136 130.1 95.6 125.9 125.2 99.4 1154 106.8 92.5
20% V 142.9 130.3 912 135.9 123 90.5 123.1 125.1 101.6 105 98.9 94.2
50% V 1394 129.8 93.1 127.5 117.8 92.4 118.7 113.1 95.3 70.4 66.6 94.6
100% V 114.6 112.6 98.3 112.5 107 95.1 108.7 101.7 93.6 60.9 56 92.0
“ Capacity retention ratios compared to the first cycle.
Table 3. Carbon Content and Electronic Conductivity of the Raman intensity ratios of D and G bands of the samples decrease
As-Prepared Samples in the order of carbon content with the increase in vanadium
} B - content, which indicates that the degree of graphitization of the
sample o gttt (i ) electronic conductivity (§ em™) residual carbon is enhanced with the increase of vanadium con-
LEP 343 <106 tent. However, the intensity ratios are not in agreement with the
3%V 327 748 % 1073 electronic conductivity of samples, because the electronic con-
5%V 114 672 x 10-* ductivity of the samples (.1epends not only on the residual carbon
706V 5o 854 x 10°5 but alvso or.1 the vanadium co_r}tent. Furthermore, 'the' small
0%V a8 10— intensity ratios of PO4 (953 cm™ ') and carbon bands in Figure 8
6 indicate a more uniform carbon coating on the surface of samples,
S0% v 265 <10 resulting in better electrochemical properties.
100% V 2.62 <107¢
B CONCLUSIONS
777777 e yanadium T B Y anadien LiFePO,/C samples with different vanadium contents were
5 successfully prepared via a two-step sintering route. The effect of
s vanadium incorporation on the performance of LiFePO, has
%' systematically been investigated with X-ray diffraction (XRD),
H Raman, charge/discharge measurements, and cyclic voltammetry
£ (CV) tests. It shows that Li;V,(PO,); could enhance the elec-
tronic conductivity of LiFePOy,, due to the increasing degree of
graphitization of the residual carbon with vanadium introduction.
800 10'00 12'00 1 4'00 16'00 18'00 Moreover, the open three-dimensional (3D) framework of LizV,-
Raman shift (cm™) (PO,); can result in a faster lithium-ion migration than that of
LiFePO,. Accordingly, the electrochemical performance of LiFe-
Figure 8. Raman spectra of the samples. PO,/C is enhanced by introducing vanadium. The vanadium
incorporation is found to have a dramatic effect on electrochemical
. : N .
capacity. Thus, it can be concluded that the enhancement of the gz;fi?:;l;mf:zﬁn?teo I;I;EEI? 1}/15 bs;rtn I:jz cthl)tCIL efmit;;I }/:er‘;?)?raf alrlizr;
electrochemical performance should be mainly due to the existence with a specific discharge capacity of 129 mAh g ' at 5.0 C after
ofa small amount of LizV(PO,); rather than the doping of V'in 50 cycles; the capacity retention ratio is higher than 97.5% at all C
the host lattice. ) o rates from 0.1 to 5.0 C. The XAS results show that the valence of
' Ramap spectroscopy 1s4 3“53311 for estln}atlr_lg the carbo_n coat- V in the LiFeq sV 0sPO4/C specimen is between +3 and +4. Com-
ing on LiFePO, powders. As ShSYm inF lgure 8, two 1nten§e bined with XRD, charge/discharge profiles, and CV tests, it is shown
broad bands (~1305 and 1590 em ™) are assigned to the dis- that vanadium can be doped into the host lattice when the doping
ordered (D) and graphene (G) bands of the residual carbon in level of vanadium is low (x < 0.03), whereas excessive vanadium can
the samples, respectively. Because the relative width and intensity form LisV,(PO,)5 and LIVOPO, i,mp urities at higher doping levels
of the D and G bands are related to the growth and size of dif- (0.05 < x < 1.00). Our results clarified the nature of V doping into
ferent carbon phases and the presence of functional groups and LiFePO, and are helpful for understanding the enhancement
impurities, the D/G ratio is useful for comparing samples to each mechanism of the electrochemical performance of LiFePO,.
other but is not a quantitative measure of the graphene and the
disordered carbon structure.*’ As shown in Figure 8, the posi- B AUTHOR INFORMATION
tions of D and G bands shift slightly among these samples, and
their intensity ratios change distinctly. The lower the intensity Corresponding Author
ratio of D and G bands is, the higher the electronic conductivity *Tel: +86-27-87558241. Fax: +86-27-87558241. E-mail: huan-
of the residual carbon is.***® However, in this study, the integrated gyh@mail hust.edu.cn.
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