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1. INTRODUCTION

Although lithium-ion batteries based on LiCoO2 cathodes are
being widely used in portable electronics, safety and toxicity
concerns have led to demand for new cathode materials, espe-
cially for use in the transportation sector. Cathodes based on
polyanions such as Fe2(SO4)3 and Fe2(MoO4)3 were first
pursued by Manthiram and Goodenough in the late 1980s.1,2

It was recognized that the covalently bonded polyanion groups
lower the energy of redox couples through the inductive effect.
This shifts the redox energy of couples like Fe2þ/3þ into a useful
range. The covalently bonded polyanion groups also lead to
higher thermal stability, which is a very important attribute for
large battery packs. Several polyanion-based cathode materials
have since then been developed, but of particular interest is the
discovery of olivine LiFePO4 by Padhi et al.3 Since it was
discovered in 1997, LiFePO4 has been widely studied in the
literature and has also been commercialized.4-6

LiFePO4 is a particularly promising cathode material for lithium-
ion batteries because iron is inexpensive, abundant, and environ-
mentally benign. LiFePO4 also has a high theoretical capacity of
170 mAh/g and a discharge plateau at 3.45 V vs Li/Liþ. Because
of poor electronic and ionic conductivities, however, the high
capacity can only be realized after coating LiFePO4 with carbon
or other conductive materials and by reducing the effective
diffusion length by synthesizing small particle sizes.7-17 Our
group has recently demonstrated that LiFePO4 can be synthe-
sized at low temperatures (<300 �C) by a microwave-solvothermal

(MW-ST)method.13-17 This process results in single crystalline,
uniform size LiFePO4 nanorods and is advantageous for reducing
energy consumption during synthesis as well as manufactur-
ing cost.

Although LiFePO4 is the most promising of the polyanion
cathodes to date, there are several other candidate polyanion
cathode materials, including LiVOPO4, which have been studied
to a much lesser extent than LiFePO4. With a slightly lower
theoretical capacity than LiFePO4 (159 mAh/g) but with a
higher voltage (3.7-4.0 V vs Li depending on the phase), LiVOPO4

offers higher theoretical energy density than LiFePO4.
18-24 How-

ever, vanadium is toxic andmore expensive than iron, so LiFePO4

may always remain more desirable as a cathode material than
LiVOPO4. Regardless, we were interested in substituting the
vanadyl (VO2þ) ion for Fe2þ in LiFePO4 for the purpose of
increasing energy density and understanding the crystal chemistry.

LiVOPO4 forms several different phases, but olivine LiVOPO4

has not been successfully synthesized, which means that LiVO-
PO4 and LiFePO4 do not have the same structure.18-20 How-
ever, LiFePO4 and the β phase of LiVOPO4 both belong to the
space group Pnma and have three-dimensional structures con-
sisting of channels for lithium removal and insertion during the
charge and discharge process.5,6,18,21-23 Figure 1 compares the
structures of LiFePO4 and β-LiVOPO4. Since the structures of
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ABSTRACT: Vanadyl ion substituted LiFePO4 cathodes of the form
LiFe1-x(VO)xPO4 for 0e xe 0.25 have been synthesized by a rapid
microwave-solvothermal process at <300 �C within 10 min. Clear
evidence of vanadyl ion substitution is demonstrated, despite a large
size difference between Fe2þ and (VO)2þ, by characterizing the
products structurally, spectroscopically, and electrochemically. The
vanadyl ion substitution is accompanied by the formation of iron
vacancies in the lattice and Fe3O4 impurity phase, which increases
with increasing (VO)2þ substitution for Fe2þ and could be removed
with a magnetic stir bar. The formation of iron vacancies, along with
the oxidation of some Fe2þ to Fe3þ to maintain charge neutrality,
results in a decrease in the unit cell volume with increasing x despite
the substitution of larger (VO)2þ for Fe2þ. Charge-discharge data
of the vanadyl ion substituted samples suggest suppression of the
two-phase plateau behavior that is characteristic of LiFePO4. Elec-
trochemical data collected without any carbon coating reveal that the capacity and rate capability decreases, but the capacity
retention improves with (VO)2þ substitution.
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LiFePO4 and β-LiVOPO4 are different and the vanadyl ion is
larger than the iron ion, it may be difficult to form vanadyl
substituted LiFePO4 by conventional high-temperature synthesis
processes. Interestingly, owing to the low synthesis temperatures
involved, the microwave-assisted synthesis could lead to meta-
stable phases that are not otherwise accessible. Accordingly, we
have extended the MW-ST process to synthesize vanadyl sub-
stituted LiFePO4 with the formula LiFe1-x(VO)xPO4 for 0 e x
e 0.25 and x = 1. These samples were synthesized to study the
crystal chemistry and to determine if the energy density of
LiFePO4 could be improved because of the redox behavior of
the vanadyl ion, which is higher in potential than the iron ion.
Furthermore, similar to LiFePO4, the rate capability of LiVOPO4

can be improved by decreasing the particle size.19 Thus, MW-ST
synthesis could be a promising method to make LiVOPO4 since
the particle size in the MW-ST process can be tuned easily to
create nanoparticles of different sizes.16

2. EXPERIMENTAL SECTION

2.1. Microwave Solvothermal Synthesis. LiFe1-x(VO)xPO4

samples were synthesized by a rapid MW-ST method. Stoichiometric
ratios of lithium hydroxide (Fisher), iron acetate (STREM), phosphoric
acid (Fisher), and vanadium tri-isopropoxide oxide (VO(OC3H7)3, Alfa
Aesar) precursors were dissolved in tetraethylene glycol (Alfa Aesar) to
obtain LiFe1-x(VO)xPO4 with 0 e x e 0.25 and x = 1. The resulting
brown (for 0e xe 0.25) and red (for x = 1) solutions were transferred
and sealed in high pressure quartz vessels. These vessels were secured on
a rotor which was placed on a turntable in a microwave reaction system
(Anton Paar Synthos 3000). The turntable was spun during synthesis to
ensure uniform microwave heating, and stir bars were placed in each
vessel to obtain uniform reactant mixing. The power was programmed to
a constant level of 600 W. It took 20-30 min to ramp the temperature
up to 260 �C, at which point the products formed. After reaching 260 �C,
the constant power of 600 W was applied for 5-10 additional min,
during which time the temperature remained between 260 and 280 �C.
The temperatures of the vessels weremonitored by infrared temperature
sensors. The pressure was alsomonitored andwas always kept below 30 bar
throughout the synthesis. Because the particle size is dependent on the
concentration of the precursors, the concentrations of lithium and phos-
phate ions were kept constant at 0.17 M. After synthesis, the microwave
system went into convective cooling mode, and when the temperature
was below 50 �C, the vessels were removed. A schematic of the synthesis
process is depicted in Figure 2.

The magnetic stir bars in the vessels had varying amounts of a dark
brown powder impurity stuck to them after syntheses of the LiFe1-
x(VO)xPO4 samples. This impurity was removed by stirring the solution

repeatedly with a magnetic rod until the rod came out of the solution
clean. The amount of magnetic impurity increased with increasing x in
LiFe1-x(VO)xPO4. The magnetic impurity was collected, dried, and
analyzed by X-ray diffraction (XRD). It was identified as Fe3O4

(magnetite).
The Fe3O4 impurity was present despite careful analysis to ensure

that the precursors were added to the solution in the intended ratios.
Thermogravimetric analysis (TGA) and inductively coupled plasma
(ICP) analysis were utilized to determine the water content of the iron
acetate and lithium hydroxide precursors. The TGA and ICP results
agreed with each other within 2%. The phosphoric acid precursor
concentration was confirmed by ICP and acid-base titration, which
also agreed within 2%. The vanadium tri-isopropoxide oxide concentra-
tion was also confirmed by ICP. Adjusting amounts of precursors based
on the ICP and TGA data ensured that the correct concentrations were
being added to the reactant solutions.

After removing the Fe3O4 impurity, the precipitates were washed
with acetone and centrifuged several times until the decanted solution
was clear. Then the products were dried overnight at 160 �C in a vacuum
oven. The LiFePO4 powder was light gray in color, and the LiFe1-
x(VO)xPO4 compositions were gray with an increasingly brownish-pink
tint with increasing (VO)2þ substitution. The LiVOPO4 sample was
reddish-brown in color.
2.2. Sol-Gel Synthesis of β-LiVOPO4. The LiVOPO4 prepared

by theMW-STmethod was found to be amorphous, so β-LiVOPO4 was
also synthesized by a sol-gel (SG) method24 for use as a comparison in
FTIR and X-ray photoelectron spectroscopy (XPS) experiments. The sol-
gel synthesized LiVOPO4 will hereafter be referred to as SG LiVOPO4

so as to not be confused with microwave products. To prepare the SG
LiVOPO4, V2O5 (Alfa Aesar) and oxalic acid (Fisher) were dissolved in
water in a 1:3 ratio and stirred at 70 �C until the solution turned blue.
Lithium nitrate (Acros Organics) and ammonium dihydrogen phos-
phate (Acros Organics) were then added, and the resulting solution was
stirred for 4 h. The solution was then dried in an air oven at 100 �Cuntil a
green powder was formed. The powder was heated in air at 300 �C for 4
h and then at 500 �C for 4 h. The relevant reactions are given below.24

V2O5 þ 3H2C2O4 f 2VOC2O4 þ 3H2Oþ CO2 ð1Þ

VOC2O4 þ LiNO3 þNH4H2PO4 f LiVOPO4 þ 2COþ 2NOþ 3H2O

ð2Þ

2.3. Structural, Physical, Chemical, and Spectroscopic Char-
acterizations. XRD was performed on a Philips X-ray diffractometer

Figure 1. Crystal structures of LiFePO4 (left) and β-LiVOPO4 (right).

Figure 2. Illustration of the microwave-solvothermal synthesis of
LiFe1-x(VO)xPO4.
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with filtered Cu KR radiation, and scanning electron microscopy (SEM)
images were obtained with a LEO 1530 SEM. Fourier Transform
Infrared (FTIR) spectra were collected with a PerkinElmer BX FTIR
spectrometer. Pellets for FTIR analysis were prepared by grinding and
pressing samples with dried KBr powder. A Varian 715-ES ICP optical
emission spectrometer was used for elemental analysis. XPS spectra were
acquired by a Kratos AXIS Ultra DLD machine with monochromatic
Al KR radiation. The pass energy was set to 20 eV, and automatic charge
neutralization was used for all samples. Carbon spectra were collected
for each sample, and the peaks were shifted such that the largest carbon
peak was centered at 284.5 eV. Sputtering was done on the SGLiVOPO4

sample at a beam energy of 4 keV for 50 s leading to an estimated 3 nm of
material removal. Peak fitting was performed using CasaXPS software
with Shirley type background removal and 30% Gaussian-70% Lor-
entzian curves.
2.4. Electrochemical Characterization. Cathodes were pre-

pared by grinding 75 wt % active material with 12.5 wt % conductive
carbon and 12.5 wt % teflonated acetylene black (TAB) in a mortar and
pestle. TAB consists of polytetrafluoroethylene (PTFE) and acetylene
black. The resulting composites were rolled into thin sheets and cut into
0.64 cm2 area circles using a punch. The electrodes had approximately
7 mg of active material and were dried overnight in a vacuum oven at
115 �C before constructing cells. CR2032 coin cells were assembled in
an argon filled glovebox using a metallic lithium anode, Celgard
polypropylene separators, and 1 M LiPF6 in 1:1 diethyl carbonate/
ethylene carbonate as the electrolyte.

The coin cells were cycled on an Arbin battery cycler within a range of
2.0-4.3 V for the LiFe1-x(VO)xPO4 samples. SG LiVOPO4 was cycled
in the range of 2.0-4.3 V to be consistent with the rest of the study, but it
was also cycled between 3.0 and 4.5 V since that is the typical range for
LiVOPO4. Open-circuit voltage curves were collected by charging the
cells at a C/50 rate in small increments. After each increment, the cell
was left at open circuit until the voltage was stable. Voltage stability
generally was achieved after resting at open circuit for several days to
weeks depending on the state of charge. Cyclic voltammetry data was
obtained using a two electrode coin cell assembly on a Radiometer
Analytical Voltalab PGZ402 Potentiostat with a step of 0.1 mV/s.

3. RESULTS AND DISCUSSION

3.1. XRD and ICP Characterizations. XRD patterns for the
LiFe1-x(VO)xPO4materials are shown in Figure 3a-d for 0e x
e 0.25. The LiFe1-x(VO)xPO4 patterns resemble the LiFePO4

pattern very closely. Impurity peaks for Fe3O4 are not detectable,
demonstrating that the impurity has been adequately removed by
stirring with a magnetic bar, as discussed previously. Figure 3e
compares the patterns for the LiFe1-x(VO)xPO4 samples over a
smaller range of 2θ to demonstrate the clear shift to higher angles
with increasing x in LiFe1-x(VO)xPO4 and to illustrate the lack
of impurities. Table 1 gives the lattice parameter values of the
samples. It is clear that there is a systematic decrease in unit cell
volume with increasing (VO)2þ substitution for Fe2þ. Since the
(VO)2þ ion is larger than Fe2þ, one would expect an opposite
trend, that is, one would anticipate the unit cell volume to steadily
increase with increasing (VO)2þ substitution. This contradictory
behavior can be explained by examining the ICP results given in
Table 2 for the vanadyl ion substituted samples.
Table 2 clearly shows that the V/P ratios are nominally equal

to the expected ratios for the intended samples. Similarly, the Li/
P ratios are close to unity for all of the vanadyl ion substituted
samples, as expected. However, substitution of more than 5 mol
percent of (VO)2þ for Fe2þ results in consistently lower Fe/P
ratios than expected.
Stoichiometric amounts of precursors were mixed to form

each of the samples according to the formula LiFe1-x(VO)xPO4.
As discussed earlier, great care was taken to ensure that the
precursors were added in the intended ratios. Despite this, as the
value of x increased in LiFe1-x(VO)xPO4, increasing amounts of
Fe3O4 impurity were formed, and they were removed from the
synthesis products.
These observations suggest that the lattice can only incorpo-

rate a small amount of (VO)2þ for Fe2þ before iron vacancies
form. The excess iron in solution that cannot be incorporated
into the lattice forms Fe3O4. Even when synthesizing pristine
LiFePO4, excess iron acetate leads to the formation of Fe3O4.
This has been tested by synthesizing LiFePO4 with 5%, 10%, and
15% excess iron acetate. ICP analysis confirms that the excess
iron does not wash out of solution and remains in ratios propor-
tional to the amount of extra iron precursor taken in the reaction

Figure 3. XRD patterns of (a) LiFePO4, (b) LiFe0.95(VO)0.05PO4,
(c) LiFe0.85(VO)0.15PO4, and (d) LiFe0.75(VO)0.25PO4, and (e) a com-
parison of several LiFe1-x(VO)xPO4 patterns over a smaller 2θ range.

Table 1. Lattice Parameters of LiFe1-x(VO)xPO4 with 0 e
x e 0.25

compound a (Å) b (Å) c (Å) volume (Å3)

x = 0.0 10.326(15) 5.98(2) 4.694(9) 289.85

x = 0.05 10.299(19) 5.965(14) 4.685(9) 287.82

x = 0.10 10.281(16) 5.962(12) 4.687(8) 287.29

x = 0.15 10.28(2) 5.944(16) 4.687(11) 286.40

x = 0.25 10.245(19) 5.932(10) 4.693(10) 285.21

Table 2. Elemental Ratios Obtained from ICP Analysis of
LiFe1-x(VO)xPO4 (0 e x e 0.25)

compound Fe/P V/P Li/P

LiFePO4 0.99 1.00

LiFe0.95(VO)0.05PO4 0.96 0.05 0.99

LiFe0.90(VO)0.10PO4 0.86 0.10 0.97

LiFe0.85(VO)0.15PO4 0.77 0.16 1.02

LiFe0.75(VO)0.25PO4 0.70 0.24 0.99
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mixture. XRD confirms that the excess iron is in the form of
Fe3O4.
For the LiFe1-x(VO)xPO4 samples, we believe that iron

vacancies are formed, and the excess iron acetate in solution in
turn forms Fe3O4. The iron vacancies explain why the unit cell
volume decreases, rather than increases, with increasing x in
LiFe1-x(VO)xPO4. Even though (VO)

2þ is larger than Fe2þ, the
unit cell volume decreases because iron vacancies, and the
corresponding oxidation of some larger Fe2þ to smaller Fe3þ

to compensate for the charge imbalance, cause the unit cell to
contract. Furthermore, the formation of iron vacancies could
help to accommodate the larger VO2þ ions in the lattice.
3.2. FTIR Characterization.Although it is unclear exactly how

iron vacancies may be distributed and how the (VO)2þ ions
arrange themselves in the lattice, XRD data clearly suggest
vanadyl ion substitution rather than a two-phase mixture or
coating. Further evidence of vanadyl ion incorporation into the
lattice is provided by the FTIR data shown in Figure 4. The FTIR
spectra for LiFePO4 and SG LiVOPO4 are consistent with the
spectra found in the literature.25-27 Because bands in the FTIR
spectra arise primarily from bending and stretching modes of the
PO4

3- groups, the spectrum of SG LiVOPO4 is not vastly
different from that for LiFePO4.
IR spectra of the LiFe1-x(VO)xPO4 samples closely resemble

the LiFePO4 spectrum, but have several features which shift
toward the SG LiVOPO4 spectrum with increasing x. The
asymmetric stretching modes of the P-O bond are between
ν2 = 468 and ν2 = 503 cm-1 for LiFePO4 and are between ν2 =
453 and ν2 = 467 cm-1 for SG LiVOPO4. As x increases in
LiFe1-x(VO)xPO4, the LiFePO4 doublet becomes less pro-
nounced and the curves flatten in the ν2 region, as illustrated
by the dotted line arrows in Figure 4. The flatter profile in this
region shows more resemblance to the SG LiVOPO4 spectrum.
A similar pattern is seen for the asymmetric bendingmodes of the
O-P—O bond, which are in the regions between ν4 = 583 and
ν4 = 652 cm-1 for LiFePO4 and between ν4 = 619 and ν4 =
637 cm-1 for LiVOPO4. In particular, obvious shifting is seen as
the vanadyl ion is substituted for iron in the peak at ν4 = 635 cm-1

for LiFePO4. As x increases in LiFe1-x(VO)xPO4, the peaks

move toward the peak for LiVOPO4 at ν4 = 637 cm-1. This is
indicated by the solid, colored lines in Figure 4, and a black line
indicating the peak position for LiFePO4 is shown on each plot
for a comparison.
There is also a peak associated with the VdO bond in the SG

LiVOPO4 spectrum at ν = 909 cm-1. The broad peak between
ν1 = 944 and ν1 = 962 cm-1 for LiFePO4 (which is a symmetric
stretching vibration) extends to lower frequencies, and the
plateau between 680 and 880 cm-1 gradually shrinks as x
increases in LiFe1-x(VO)xPO4. The shrinking plateau, illu-
strated by the dotted line arrows in Figure 4, is due to the
influence of the VdO bond in the samples and should be at
around 909 cm-1. Furthermore, LiFePO4 has antisymmetric
stretching modes of the P-O bond between ν3 = 1078 and ν3 =
1134 cm-1, and LiVOPO4 has comparable modes over a much
wider range between ν3 = 996 and ν3 = 1166 cm

-1. Correspond-
ingly, as x increases in LiFe1-x(VO)xPO4, the ν3 peaks occur
over an increasingly larger range than for LiFePO4. This is illustrated
by the solid line arrows in Figure 4. These features are all
consistent with vanadyl ion substitution for iron in LiFePO4.
It should be noted that in attempting to synthesize LiFe1-

x(VO)xPO4, it might also be possible for V5þ to substitute in the
anion site for P5þ rather than the cation site, leading to VO4

3-

ions. Because the FTIR spectra is so dominated by the polyanion
group, we would expect to see large differences in the spectra if
LiFeP1-xVxO4 is formed, rather than only the small shifts evident
in Figure 4. For example, the FTIR spectra of LiCoVO4 and
LiNiVO4 look very different from that of LiFePO4.

28,29 There-
fore, the small shifts evident from Figure 4 are more consistent
with cation substitution than with anion substitution. Also,
attempts to mix precursors in stoichiometric ratios to form
LiFeVxP1-xO4 resulted in much higher amounts of Fe3O4

impurity, which further leads us to believe that LiFe1-x-
(VO)xPO4 rather than LiFeVxP1-xO4 is formed. Additionally,
the substituted cation should be the vanadyl ion rather than a
vanadium ion because the vanadium tri-isopropoxide oxide
precursor used (structure shown in Figure 2) contains a very
strong VdO, which is unlikely to be broken during the synthesis.
3.3. XPS Characterization. Although the oxidation state of

vanadium in the vanadium tri-isopropoxide oxide precursor used
in this study is 5þ, tetraethylene glycol is capable of reducing V5þ

to V4þ. This is verified by the XPS data shown in Figure 5. The
vanadium peaks are shown in Figure 5a for MW-ST LiFe0.85-
(VO)0.15PO4 and SG LiVOPO4. It is first necessary to analyze
the peaks for SG LiVOPO4 to determine the expected peak
locations for V4þ/5þ in the vanadyl ion. The 2p1/2 and 2p3/2
peaks for the SG LiVOPO4 sample were not well fit with single
peaks, so two peaks were used for each core line. The two peaks
for the 2p3/2 electrons were at binding energies of 516.5 and
517.1 eV. To our knowledge, there is no XPS data for vanadium
in β-LiVOPO4, so the identification of the peaks can only be
approximated by comparing to vanadium binding energies in
other materials. The binding energies for V3þ, V4þ, and V5þ

differ by only about 1.5 eV, and literature values vary significantly.
This is compounded by the fact that some researchers shift their
peaks so that the carbon 1s peak is at 284.5 eV, some shift carbon
to 285.0 eV, and others shift the oxygen peaks to a certain value to
standardize the measurements. Silversmit et al.30 compared
several vanadium oxidation states among various studies and
included their standardization conditions. The average value
among the studies they examined were 517.2 eV for V5þ in
V2O5 and 516.0 for V

4þ in VO2. The peaks at 516.5 and 517.1 eV

Figure 4. FTIR spectra of (a) LiFePO4, (b) LiFe0.95(VO)0.05PO4,
(c) LiFe0.90(VO)0.10PO4, (d) LiFe0.85(VO)0.15PO4, (e) LiFe0.75-
(VO)0.25PO4, and (f) SG LiVOPO4.
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in the SG LiVOPO4 sample agree reasonably with the average
V4þ and V5þ values in Silversmit et al.30 Titration of the SG
LiVOPO4 sample against potassium permanganate confirmed an
oxidation state of 4.10 for the vanadium in the SG LiVOPO4

sample, further suggesting a combination of V4þ and V5þ

oxidation states. As shown in Figure 5b, sputtering the sample
led to an increase in the amplitude of the peak for V4þ and a
decrease in the peak for V5þ. This suggests that the peak for V5þ

is present because of surface oxidation of the vanadium.
The 2p1/2 and 2p3/2 peaks for LiFe0.85(VO)0.15PO4 were

easily fit to single peaks. The 2p3/2 peak was located at 516.5
eV. This agrees well with the location of the V4þ peak for the SG
LiVOPO4 sample and corroborates our claim that we have
substituted (VO)2þ for Fe2þ rather than VO4

3- for PO4
3-

because we have an oxidation state of V4þ rather than V5þ for
LiFe0.85(VO)0.15PO4. Furthermore, the V/P ratio on the surface
of the LiFe0.85(VO)0.15PO4 sample was found to be V/P = 0.16.
This value agrees well with the intended V/P ratio and also agrees
well with the bulk V/P ratio determined by the ICP analysis. This
shows that the vanadium is not a surface coating; rather, the
vanadyl ion substitutes uniformly for iron in the olivine lattice.
Examination of the oxygen peaks provides further evidence of

vanadyl ion substitution into LiFePO4. The oxygen data were all
fit to two peaks, as shown in Figure 5c. The large oxygen peak for
LiFePO4 agrees well with literature values, and the smaller peaks

in the oxygen spectra are generally attributed to surface
contamination.31,32 The main peak for LiFe0.85(VO)0.15PO4 is
centered between the LiFePO4 and LiVOPO4 peaks, as sum-
marized in Table 3. The shift in the oxygen peak relative to
LiFePO4 is likely due to the influence of oxygen in the vanadyl
ion; the electrons from the oxide ions in LiFe0.85(VO)0.15PO4 are
ejected at slightly different energies than in pure LiFePO4

because the chemical environment has been altered by the
presence of (VO)2þ. Shifts in the oxygen peaks for LiFe0.85-
(VO)0.15PO4 from the LiFePO4 peak locations toward the SG
LiVOPO4 peak locations are indicative of vanadyl ion substitu-
tion for iron in LiFePO4.
The 2p1/2 and 2p3/2 iron peaks are shown in Figure 5d, each of

which were fitted to two peaks. The iron peaks for LiFePO4 at
710.1 and 723.7 eV agree well with the literature values for Fe2þ,
and the peaks at 713.6 and 727.5 eV agree well with the literature
values for Fe3þ.33,34 The presence of Fe3þ is likely due to surface
oxidation. The peaks for LiFe0.85(VO)0.15PO4 are at similar
locations to those for LiFePO4, but are shifted slightly to lower
binding energies, likely because of the different chemical envir-
onment imposed by (VO)2þ substitution and vacancies in the
Fe2þ site.
The phosphorus data for LiFePO4, shown in Figure 5e, was fit

to two peaks corresponding to the 2p1/2 and 2p3/2 core lines as is
consistent with the literature,33,34 and the peaks for LiFe0.85-
(VO)0.15PO4 were found to be in the same locations as for
LiFePO4. The phosphorus peak locations for LiFePO4 and
LiVOPO4 are in very similar locations, so it is as expected that the
LiFe0.85(VO)0.15PO4 peaks were not shifted from the LiFePO4

peaks. Note that lithium data are not shown here because the Fe
3p electron binding energies overlap with the Li 1s electron
binding energies, making the data difficult to interpret and less
meaningful. The C 1s peaks are shown in Figure 5f to illustrate
that the largest carbon peak in each sample was shifted to 284.5
eV, and the data for the other elements were shifted by the same
amount.
3.4. SEM Characterization. The morphologies of LiFePO4

and LiFe0.85(VO)0.15PO4 were also characterized by SEM, as
shown in Figure 6. LiFePO4 forms uniform nanorod particles
which have been analyzed by TEM in previous work, in which
they were shown to be single crystals with an average size of
about 40 nm by 100 nm.15,17 Conversely, LiFe0.85(VO)0.15PO4

has several types of shapes including rods, plate-like particles, and
spheres. The particle size is less uniform as well, but the particles
are still at the nano scale.
3.5. Electrochemical Characterization. The vanadyl ion

substituted samples were also characterized electrochemically
by cyclic voltammetry (CV) to determine the activity of the iron
and vanadium redox couples. The CV curves are shown in

Table 3. XPS Binding Energies (eV) of LiFe1-x(VO)xPO4

V V O P P Fe Fe

compound 2p3/2 2p1/2 1s 2p3/2 2p1/2 2p3/2 2p1/2

LiFePO4 531.6 132.9 133.7 710.1 723.7

713.6 727.5

LiFe0.85
(VO)0.15PO4

516.5 523.8 531.0 132.9 133.6 709.8 723.4

712.9 726.8

SG LiVOPO4 516.5 523.9 530.7 132.7 133.4

517.1 524.4

Figure 5. XPS data of LiFe1-x(VO)xPO4: (a) V 2p, (b) V 2p sputtered,
(c) O 1s, (d) Fe 2p, (e) P 2p, and (f) C 1s. Large symbols indicate raw
data, dots correspond to the various peak fits to the data, and solid lines
correspond to the sum of the peak fits.
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Figure 7a-f and a summary of the charge and discharge peak
locations are presented in Table 4. The second CV cycle is
analyzed in detail because the CV peak locations stabilize after
one cycle. LiFePO4 has charge and discharge peaks centered
around 3.45 V and the SG LiVOPO4 sample has peaks centered
around 4.0 V. The samples all have peaks centered around 3.45 V,
which correspond to the activity of the Fe2þ/3þ couple. The
vanadyl ion substituted samples also exhibit very broad peaks
between 3.9 and 4.3 V that increase in size with increasing x in
LiFe1-x(VO)xPO4. These peaks are illustrated in more detail by
the insets (all drawn to equal scale), which are located on the
bottom, right corner of each CV plot. The peaks centered at 3.45
V in the vanadyl ion substituted samples are closer together in
voltage and less broad than those in LiFePO4, indicating less
polarization. Increasing substitution of (VO)2þ for Fe2þ leads to
decreasing iron peak intensity for the peaks centered at 3.45 V
and increasing current density in the region between 4.0 and 4.3
V. The latter current density can be attributed to the redox
activity of the V4þ/5þ couple since LiVOPO4 has a peak in the
same region. Because of this activity in the region between 3.9

and 4.3 V, we can conclude that the vanadyl ions in the vanadyl
substituted samples are redox active. Also, the Fe2þ/3þ peaks for
the vanadyl ion substituted samples systematically shift to higher
discharge potentials and lower charge potentials with increasing
x in LiFe1-x(VO)xPO4, as summarized in Table 4.
The SG LiVOPO4 curve also has small peaks close to 2 V.

Because this is difficult to see from the scale in the plot, the region
between 2.0 and 2.6 V has been expanded in insets shown on the
top, left corner of each CV plot. SG LiVOPO4 has been cycled
between 2.0 and 4.3 V in this study to be consistent with the
LiFePO4 and the other samples tested, but typically LiVOPO4 is
cycled between 3.0 and 4.5 V. The activity seen near 2 V in SG
LiVOPO4 can be attributed to oxidation and reduction of the
V3þ/4þ couple. LiVOPO4 can accept a second Liþ ion to form
Li2VOPO4, which has activity near 2 V.

33-35 It is clear that as x
increases, the LiFe1-x(VO)xPO4 samples also have a small
amount of activity near 2 V. The separation between charge
and discharge CV curves increases in size with increasing
substitution of (VO)2þ for Fe2þ. Like the activity between 3.9
and 4.3 V, there are not sharp peaks between 2.0 and 2.5 V.
However, this activity is still likely attributable to the activity of
the V3þ/4þ couple since Li2VOPO4 also shows activity in this
voltage range. It should be noted that the Fe3O4 impurity was
removed with a magnetic stir bar before the electrochemical
measurements. Also, even if any trace amount of Fe3O4 is
present, it will not contribute to the electrochemical performance
as the lithium insertion into Fe3O4 occurs below 2 V and our
electrochemical tests were carried out above 2 V.
Further evidence of vanadium redox activity is evident from

the first charge-discharge curves shown in Figure 8a-e with
charge and discharge rates of C/10, C/2, and 2C for LiFe1-
x(VO)xPO4. The SG LiVOPO4 is also presented and was cycled
at 2.0-4.3 V and 3.0-4.5 V, as shown in Figures 8f and 8g,
respectively. The LiFe1-x(VO)xPO4 curves generally exhibit
behavior characteristic of LiFePO4. The capacity is shown to
decrease with increasing x in LiFe1-x(VO)xPO4, which is
partially due to the lower theoretical capacity of LiVOPO4 and
could be due to iron vacancies as well.
The charge curves exhibit a change in slope around 4 V. They

flatten out at higher voltage, and this feature increases in extent
with increasing x in LiFe1-x(VO)xPO4. The capacity at 4 V is
present because of the activity of the V4þ/5þ couple. LiVOPO4

clearly exhibits a plateau at 4 V, as shown in Figures 8e and 8f. It is
also clear that the discharge curves for LiFe1-x(VO)xPO4 have a
change in slope at around 2.5 V and flatten out between 2.0 and
2.5 V. This can be attributed to the activity of the V3þ/4þ couple
by comparison to Figure 8f, the curve for SG LiVOPO4.
As x increases, the LiFe1-x(VO)xPO4 samples also show gradual

suppression of the two-phase behavior that is typical for LiFe-
PO4. For LiFePO4, shown in Figure 8a, the two-phase plateau

Figure 6. SEM micrographs of LiFePO4 (left) and LiFe0.85-
(VO)0.15PO4 (right).

Figure 7. CV data of (a) LiFePO4, (b) LiFe0.95(VO)0.05PO4, (c)
LiFe0.90(VO)0.10PO4, (d) LiFe0.85(VO)0.15PO4, (e) LiFe0.75-
(VO)0.25PO4, and (f) SG LiVOPO4 with the insets showing the regions
between 2.0 and 2.6 V as well as 3.9 to 4.3 V.

Table 4. CV Charge and Discharge Peak Voltages of LiFe1-
x(VO)xPO4

compound

Fe2þ/3þ charge

peak voltage (V)

Fe2þ/3þ discharge

peak voltage (V)

LiFePO4 3.62 3.27

LiFe0.95(VO)0.05PO4 3.54 3.33

LiFe0.90(VO)0.10PO4 3.54 3.33

LiFe0.85(VO)0.15PO4 3.53 3.34

LiFe0.75(VO)0.25PO4 3.52 3.36
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begins immediately upon discharge, so there is only a very small
single-phase region for LiFePO4. For LiFe0.75(VO)0.25PO4,
however, there is considerable single-phase behavior at the begin-
ning of the discharge curve, and the two-phase region is decreased
greatly.
The suppression of the two-phase behavior is best demon-

strated through examination of the open-circuit voltage curve for
LiFe0.75(VO)0.25PO4, shown in Figure 9. LiFePO4 is notorious
for its very flat voltage curve at 3.45 V. In contrast, the LiFe0.75-
(VO)0.25PO4 sample exhibits a continuously sloping open-circuit
voltage curve. A sloping voltage versus capacity curve suggests a
single-phase reaction mechanism, rather than a two-phase me-
chanism. The sloping voltage curve could be caused by the
substitution of (VO)2þ for Fe2þ or it could be due to iron
vacancies in the samples. A single sloping voltage curve for
LiFePO4 has been reported previously for a sample with small
particle size and 10% iron vacancies, indicating that nonstoichio-
metry combinedwith small particles sizemay lead to single-phase
behavior.36

Single phase charging and discharging is of interest because it
allows for greater coexistence of Fe2þ and Fe3þ species in the
lattice without the presence of a phase boundary. This has rate
implications since electronic conductivity in LiFePO4 is achieved

by small polaron hopping of Fe3þ holes or Fe2þ electrons. These
charge carriers increase in concentration in a single-phase
system.37,38 Also, although battery materials with flat voltage
curves are beneficial because they can supply power at a constant
voltage, sloping charge-discharge curves make state of charge
determination easier for batteries.36

Although the capacity and rate capability decrease with
increasing (VO)2þ substitution in LiFe1-x(VO)xPO4, the capa-
city retention during extended cycling is better for all of the
vanadyl ion substituted samples compared to LiFePO4, as shown
in Figure 10. It is possible that the improved cyclability could be
due to the iron vacancies in the samples; the iron vacancies may
suppress anti-site disorder between lithium and iron, and thereby
enhance the lithium diffusivity. By 50 cycles, the capacities of all
of the substituted samples except LiFe0.75(VO)0.25PO4 are fairly
stable and exceed the capacity of pristine LiFePO4. Because of
redox activity at higher voltage and the increased capacity, the
energy densities of the vanadyl ion substituted samples are also
higher than for LiFePO4 after 50 cycles. It should be noted that
all of the data presented here are for samples without any carbon
coating, and MW-ST LiFePO4 with carbon coating has been
shown before to exhibit very good capacity retention.15 There-
fore, the trend in the cyclability results shown in Figure 10 may
differ in the presence of carbon coating.
Finally, the LiFe1-x(VO)xPO4 samples were made by a

unique MW-ST process. The samples are difficult to make by
conventional synthesis methods because LiFePO4 generally
requires heating in a reducing atmosphere to avoid the oxidation
of Fe2þ, but LiVOPO4 synthesis generally requires heating in an
oxidizing atmosphere. Initial results from heating these LiFe1-x-
(VO)xPO4 samples in reducing and oxidizing environments

Figure 8. First charge-discharge curves of (a) LiFePO4, (b) LiFe0.95-
(VO)0.05PO4, (c) LiFe0.90(VO)0.10PO4, (d) LiFe0.85(VO)0.15PO4, (e)
LiFe0.75(VO)0.25PO4, and (f) SG LiVOPO4 cycled at 2.0-4.3 V (note
change of capacity scale), and (g) SG LiVOPO4 cycled at 3.0-4.5 V.

Figure 9. Open-circuit voltage curve of LiFe0.75(VO)0.25PO4.

Figure 10. Cycle life data of LiFe1-x(VO)xPO4 with 0 e x e 0.25.
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show that the vanadyl ion substituted samples are metastable and
the phases are difficult to access by conventional methods, as will
be discussed in future work.

’CONCLUSIONS

We have synthesized vanadyl ion substituted LiFePO4 sam-
ples of the form LiFe1-x(VO)xPO4 with 0e xe 0.25 by a rapid
microwave-solvothermal process at less than 300 �C within 10
min. The vanadyl ion substitution in the olivine lattice is
evidenced by shifts in XRD and FTIR peaks. XPS data confirm
that the oxidation state of vanadium is 4þ in LiFe1-x(VO)xPO4,
and ICP data suggest that iron vacancies are formed upon
substituting more than 5% (VO)2þ for Fe2þ. CV and charge-
discharge curves show that vanadium is electrochemically active,
and the typical two-phase plateau behavior characteristic to
LiFePO4 is found to be suppressed in the vanadyl ion substituted
samples. Although the capacity and rate capability decrease with
increasing x in LiFe1-x(VO)xPO4, the cycle life improves;
however, the samples examined are not coated with carbon. As
will be shown in future work, LiFe1-x(VO)xPO4 is thermally
unstable, and is thus a metastable phase that may be difficult to
synthesize by conventional methods.
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