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Abstract

The influence of 6% Co substitution in LiCoVO4 for Fe, Cr and Cu was investigated to determine the influence on the structural and
electronic properties of the substituted inverse spinel. It was found that the lattice parameter of the inverse spinel structure changed and that
no second phases were found. The oxidation state of the different ions were determined by XPS and it was found that for both the Fe3+ and
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r3+ substitution the oxidation state of the Co2+ did not change. The XPS results showed that the oxidation state of vanadium was 5
he only cation that partly changed to an oxidation state of 4+, for charge compensation. This change in the oxidation state led to
n the electrical conductivity by a factor of 10. The Cu2+ substitution also led to an increase in the electrical conductivity but smaller. Ri
efinement analyses of the inverse spinel led to the conclusion that no large reorientation occurred for the different cations at th
ites.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The rapid development of modern electronic technology
reates a strong demand for portable power sources. Lithium
atteries are considered to be the best choice, as they pro-
ide high output power and moderate lifetime. The limit-
ng factor in the capacity is the cathode material. In this
espect, much effort has been made to improve the perfor-
ance of the electrode materials. Electrode materials are
ased on the redox potential difference of the electrode in

he course of intercalation/deintercalation reactions.1 They
re generally well-crystalline host compounds either with

ayered structure such as graphite,2 LiCoO2
3 and LiNiO2,4

r with tunnel structure like LiMn2O4.5 Generally, com-
ounds with a three-dimensional framework are more stable
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than two-dimensional compounds.1 Lithium ion diffusion is
clearly easier in a three-dimensional framework than in a
dimensional framework, because in the former structur
number of contact points of the diffusion paths for lithi
ions is larger than that in the latter. The spinel phase
terials are of extreme interest as the cathode active m
als for their high energy density. Most of the high volt
(>4.5 V) cathodes have the spinel structure with the ge
formula Li1−xMn2−yMyO4 (M = Cr, Fe, Co, Ni, and Cu)6–14

or the inverse spinel LiMVO4 (M = Ni, Co).15 The charge
and discharge voltage in the 5 V region depend on the tr
tion metal ion M and the amount of cation substitution
Li1−xMn2−yMyO4. As a result, the high voltage (>4.5
capacity of these manganese-based Li1−xMn2−yMyO4 cath-
odes has generally been attributed to the other transition
ion redox couples such as Fe3+/4+, Ni2+/3+/4+, Cu2+/3+.

The inverse spinel material, LiCoVO4, has not bee
studied intensively, despite the high theoretical capaci
148 mAh/g. Van Landschoot et al.16 showed that the us
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of certain dopants (Fe, Cr and Cu) improves the electrical
conductivity and increases the cycle efficiency of LiCoVO4.
From a structural point of view it was still unclear what caused
the increase in the electronic conductivity. In this paper we
partly substituted 6 mol% Co in LiCoVO4 for either Fe, Cr
and Cu. The structural parameters have been examined by X-
ray diffraction (XRD) and fitted using Rietveld refinement.
X-ray photoelectron spectroscopy (XPS) is used to determine
the influence of the dopants on the oxidation state of the
cations and electrochemical impedance spectroscopy (EIS)
was used to investigate the electronic parameters.

2. Experimental

LiCo0.94M0.06VO4 (M = Co, Cu, Cr, and Fe) was prepared
via a citric acid complex method.16 Appropriate amounts
of Li2CO3 (Baker Analyzed, >99%), CoCO3·H2O (Merck,
>99%), NH4VO3 (Acros Organics, >98%) were mixed to-
gether in 100 ml of distilled water under constant magnetic
stirring at 80◦C. As dopants, C4H6CuO4·H2O (Riedel de
Haen, >99%), FeCl2·4H2O (Acros Organics, >98%), and
Cr3(OH)2(CO2CH3)7 (Acros Organics, >98%) were used.
To the solution 100 ml of a 0.3 molar citric acid solution was
slowly added to the dispersion. The solution was then kept
at 100◦C for 1 h forming a gel. Subsequently, the gel was
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subtracted from the spectra using a Shirley method.20 To ex-
clude any effects on the values of binding energies due to a
charging of the sample during the XPS analysis, all data are
corrected by a linear shift such that the peak maximum of
the C1s binding energy of adventitious carbon corresponds
with 284.80 eV. Then the spectra were fitted with symmetrical
mixed Gauss–Lorentz functions using a linear least-squares
method to resolve the chemical states of the constituting com-
ponents. The value of the kinetic energy is obtained as fol-
lows. The spectrum was first shifted using the C1s peak, and
then, the spectra of the Auger line regions were differenti-
ated twice to obtain the minimum which is the position of the
auger line maximum was taken at the second derivative.

For the conductivity measurements, the LiCo0.94M0.06
VO4 (M = Co, Cu, Cr, and Fe) powders were pressed into
pellets with a diameter of 10 mm and an average thickness of
1 mm at a pressure of 1500 kg/cm2. The pellets were then sin-
tered at 500◦C for 16 h in air. After the sintering step, the pel-
let surfaces were sputtered with gold for 10 min on both sides
using a sputter coater (Edwards). The electrical conductivity
measurements were performed using a Schlumberger Sola-
tron 1260 Frequency Response analyser. The applied ac volt-
age was 10 mV peak-peak in the frequency range 1–10 MHz.
The temperature range was between 50◦C and 160◦C. The
obtained spectra were fitted afterwards using Zview 2.21
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eated at 120◦C in a vacuum furnace for 3 h. The obtain
recursor was fired at 500◦C in air for 2 h with intermediat
all milling.

X-ray diffraction was used to determine the phase p
nd structural parameters of the powdered materials w
ruker D8 Advance X-ray diffractometer with Cu K� radi-
tion. The X-ray powder diffraction patterns were collec
t a step size of 0.007◦ with a step time of 5 s in a rang
f 15–140◦ in 2θ. The single-phase spectra were refined

ng Topas R,17 a Rietveld refinement program, to obtain
tructural parameters.

On the powdered samples XPS measurements wer
ormed with a PHI 5400 ESCA equipped with a dual Mg
node X-ray source, a spherical capacitor analyser (S
nd a 5 keV ion-gun. The sample surface was tilted 30◦ with
espect to the optical axis of the input lens of the elec
nalyser. The input lens aperture used was 3.5 mm× 1.0 mm.
he spectra were recorded using non-monochromatic
� (1253.6 eV) or Al K� (1486.3 eV) radiation. The X-ra
ource was operated at 15 kV and 400 W. The energy sc
he SCA was calibrated according to a procedure desc
n ref.18 The instrument was set at constant analyzer
nergy of 44.75 eV recording a survey spectrum from

o 1000 eV binding energy (BE) with a step size of 0.25
he individual photoelectron spectra were measured us
tep size of 0.2 eV. The spectra were corrected for the
onochromatic nature of the X-ray source19 and also fo

he kinetic energy (KE) dependent transmission of the s
rometer by multiplying each spectral intensity with its co
ponding kinetic energy. Next, the background intensity
. Results and discussion

The X-ray diffraction patterns for the 6 mol% substitu
iCoVO4 could be assigned to a cubic symmetry and it
tted by the Rietveld refinement method. All the obser
eflections could be indexed in the space groupFd3m (No.
27) in which all cations were distributed on the tetrahe
8a) and octahedral (16d) sites. The structural fitted pa
ters for the pure and substituted LiCoVO4 are reported i
able 1. Fig. 1 shows the Rietveld refinement of the XR
atterns. The refined XRD patterns showed no impur

ndicating that the materials were phase pure. The re
atterns all showed good fit parameters as seen inTable 1.
he inverse spinels were very difficult to fit due to the
erse structure. To simplify the fitting procedures boun
onditions were used and these are also listed inTable 1.

The refinement results showed that the dopants ar
ated on the octahedral site, which was expected fo
nd Fe because they have a tendency to occupy octa
ositions.24,25The refinement of the Cu-substituted mate
how that the Cu ions also occupy the octahedral pos
lthough, the Cu ions also have the tendency to occup

etrahedral sites.26To rule out the possibility of any dopants
he tetrahedral sites, neutron diffraction measurements
een performed at ISIS and these results will be publish
forthcoming article. The Fe substituted spinel shows a

rease of the lattice parameter when compared to LiCo4,
ndicating that the ionic radius of the dopant is most lik
maller than that of the Co2+ (0.75Å) ion. Thus, the dopan
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Table 1
Crystallographic data, including lattice parameters, site occupancy for LiM0.06Co0.94VO4 (M = Fe, Cr, and Cu) determined via the Rietveld analysis

Sample LiCoVO4 LiFe0.06Co0.94VO4 LiCr0.06Co0.94VO4 LiCu0.06Co0.94VO4

Space group Fd-3m [O7
h
] Fd-3m [O7

h
] Fd-3m [O7

h
] Fd-3m [O7

h
]

a (Å) 8.281 8.278 8.275 8.285
Volume (Å3) 567.87 567.25 566.63 568.69

Site occupancy
Li16d 0.98 0.99 0.95 0.96
Co16d 0.97 0.86 0.82 0.89
V16d 0.05 0.07 0.10 0.07
M16d – 0.06 0.06 0.06
Li8a 0.01 – 0.05 0.02
Co8a 0.04 0.07 0.04 0.05
M8a – – – –
V8a 0.95 0.93 0.90 0.93
O32e 1.00 1.00 1.00 1.0

Rwp; Rbragg 5.36; 7.59 4.34; 4.05 2.58; 3.65 2.88; 3.15
Formula obtained Li0.98Co0.97V0.05

[Li 0.01Co0.04V0.95]O4

Li0.99Fe0.06Co0.86V0.07

[Co0.07V0.93]O4

Li0.95Cr0.06Co0.82V0.10

[Li 0.05Co0.04V0.90]O4

Li0.96Cu0.06Co0.89V0.07

[Li 0.02Co0.05V0.93]O4

Strains: Co16d= 2− Li16d− V16d− M16d, V8a= 1− V16d.

ions must have an oxidation state of Fe3+ and an ionic radius
of 0.645Å. The lattice parameter of the Cu-doped samples
increased indicating that the ionic radius of the dopant ion is
larger than Co2+ −0.91Å and 0.86Å for the Cu+ and Cu2+

ions, respectively. The lattice parameter of the Cr-doped ma-
terial decreases possibly indicating a Cr3+ valence state. The
valence state of the dopant ions should have an effect on the
valence states of the other 3d metals, which was further in-
vestigated using XPS.

The obtained cell parameter for LiCoVO4 (8.281Å) for
this sample is consistent with reported data15 and the lattice
parameters for the substituted spinels are 8.278Å, 8.275Å,
and 8.285̊A for the Fe, Cr and Cu-substituted spinels, re-
spectively. The lattice parameter is an important parameter
as it influences the 3d pathway of a Li ion in these inverse
spinels. The Li-ion pathway through the inverse spinel is via
the 16d–8b–16d sites. The lattice distance between the 16d
site and the vacant 8b or 48f site is (

√
3/8)a22 with a being

the lattice parameter. The reduced lattice parameter for the
Cr and Fe-substituted inverse spinel should give an increase
in the ionic conductivity and should lower the activation en-
ergy. Using the same argument for the Cu-substituted inverse
spinel an decrease is expected based on the increased lattice
parameter.

Fig. 2 shows the XPS photoelectron spectra of the (a)
Fe2p , (b) Cr2p , and (c) Cu2p photoelectron lines for
t mea
s en-

T
T ameter

S LMM

L 725
L 554
L 337
L 337

ergy, kinetic energy, and modified Auger parameter (AP)
are summarized inTable 2. The solid lines in the figures
are the fitted curves of the different XPS spectra. The mea-
sured BE value of the Fe2p3/2 photoelectrons is 711.17 eV
and the corresponding shake-up satellite at 719.19 eV, show-
ing, that Fe is tri-valent in agreement with reported values in
the NIST Tables23 (approximately 711 eV (Fe3+) and 709 eV
(Fe2+). This slightly higher BE value was also observed in Fe-
substituted LiFe0.5Mn1.5O4 by Amine et al.27 Tri-valent Fe
ions also possess a shake-up structure. The tri-valent state is
also in good agreement with the change in the lattice param-
eter as observed with the Rietveld refinement analyses. The
tri-valent state is also confirmed by M̈ossbauer spectroscopy
and will be discussed in a forthcoming article. The BE value
of Cr2p3/2 of 576.8 eV and the AP value of 1104.6 eV indi-
cate that Cr is tri-valent (approximately 577 eV for Cr3+ and
579 eV for Cr6+.23 This tri-valent nature is in good agree-
ment with the lattice parameter as calculated. The BE value
of Cu is 934.5 eV and the shake-up structure, as shown in
Fig. 2c, both show that Cu is di-valent.22 It is observed that
only during the XPS measurement the line shape changes
due to the X-ray bombardment of Cu2+ to Cu+, adding two
2p-peaks with no satellite structure as shown inFig. 2c.
This phenomenon has also been observed by Fleisch et al.28

The binding energies in the case of LiCo0.94Cu0.06VO4 are
about 0.5 eV lower than for the other dopant and the orig-
i every
m

3/2 3/2 3/2
he substituted inverse spinels. These results have been
ured using the Mg anode. The values for the binding

able 2
he binding energy (BE), kinetic energy (KE) and modified Auger par

ample 2p3/2 (eV) 2p1/2 (eV)

iCr0.06Co0.94VO4 576.79 586.18
iFe0.06Co0.94VO4 711.97 724.59
iCu0.06Co0.94VO4 (Cu2+) 934.49 952.31
iCu0.06Co0.94VO4 (Cu+) 932.39 952.31
-

s (AP) for the dopants of the substituted inverse spinel materials

(eV) AP (eV) 2p3/2 shake up 2p1/2 shake up

.77 1104.62 – –

.25 1411.32 718.80 –

.32 1850.77 942.25 962.13

.32 1848.69 – –

nal substance. This observation can be reproduced
easurement.
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Fig. 1. X-ray diffractograms for: (a) LiCoVO4; (b) LiFe0.06Co0.94VO4; (c) LiCr0.06Co0.94VO4; (d) LiCu0.06Co0.94VO4. The lines in the diffractograms are
calculated by the Rietveld analysis. The differences between the calculated and the observed patterns are represented below the corresponding diffractograms.
The vertical bars represent the positions of the diffraction peaks.
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Fig. 1. (Continued).

Fig. 3shows the XPS emission of the Co2p lines (a) and
Auger LMM lines (b) of the pure and substituted spinels.
These results were measured using the Mg anode at 400 W
and corrected for charging with the C1s energy of 284.80 eV
as a reference value. The values for the binding energy, kinetic

energy and modified Auger parameter of Co ions are sum-
marized inTable 3. The shake-up lines point unambiguously
to Co2+ and the BE of Co2+(2p3/2) is 780.4+/−0.3 eV (ac-
cording to several values presented by NIST).23 The dopants
have no influence on the valence state of the Co2+ ions in the
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Fig. 2. The structure of the dopants in the substituted inverse spinels for: (a) Fe2p lines, (b) Cr2p lines, and (c) the Cu2p lines. The chemical shift isthe
indication that Fe ions are trivalent. The shake-up satellite of the Fe2p3/2 peak belongs to Fe3+ ions. The shake-up satellites are the indicator for Cu2+ ions. The
Cu+ is not a component of the original material but is formed during the XPS measurement due to the reduction of Cu2+ to Cu+ under X-ray bombardment.

present inverse spinel structure. No traces of mono-valent
Co were found for the Fe3+ and Cr3+ substituted spinel as
possible charge compensation. The modified Auger param-
eter shows little variation so it can be concluded that there

Table 3
The binding energy (BE), kinetic energy (KE), and modified Auger parameters (AP) for cobalt in the inverse spinel materials

Sample Co2p3/2 BE (eV) Co2p1/2 BE (eV) Co2p3/2 shake up Co2p1/2 shake up Co LMM KE (eV) Mod. AP (2p3/2)

LiCoVO4 780.40 796.52 787.12 803.19 480.49 1553.51
LiCr0.06Co0.94VO4 780.49 796.85 787.40 803.20 480.56 1553.53
LiFe0.06Co0.94VO4 780.66 797.01 787.54 803.47 480.64 1553.62
LiCu0.06Co0.94VO4 780.21 796.44 786.93 803.02 480.18 1553.63

is no detectable influence of the dopant ions on the chemi-
cal environment of the Co2+ ions. This is in agreement with
the Rietveld refinement where no substantial reorientation of
the cobalt ions took place or a possible phase transition. For
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Fig. 3. The line shapes of the cobalt 2p lines (a) and auger LMM lines
(b) indicate that there is no chemical change of cobalt (II) ions due to the
presence of dopants.

charge compensation, it is very unlikely that the inverse spinel
system accepts oxide ion vacancies of more than 3% and,
therefore, it is suggested that the vanadium ions change in
oxidation state. The values for the binding energy of oxygen
and vanadium of the compounds LiCo0.94X0.06VO4 (X = Co,

Table 4
The binding energy (BE), kinetic energy (KE) for oxygen and vanadium in th

Sample O1s V2p3/2

LiCoVO4 529.90 516.58
LiCr0.06Co0.94VO4 530.04 516.84
LiFe0.06Co0.94VO4 530.15 516.87
LiCu0.06Co0.94VO4 529.70 516.45

Table 5
The values for the binding energy (BE), kinetic energy (KE), and modified
Auger parameter (AP) of oxygen and the binding energy of lithium of the
compounds LiCo0.94X0.06VO4 (X = Co, Cr and Fe)

Sample O1s (eV) O KVV Mod. Ap. O1s Li1s (eV)

LiCoVO4 530.08 974.26 1042.42 54.53
LiCr0.06Co0.94VO4 530.27 974.41 1042.46 54.54
LiFe0.06Co0.94VO4 530.22 974.23 1042.59 54.95

Cu, Cr and Fe) are measured using the Mg anode (as shown in
Fig. 4). The measured values for O2p3/2 correspond well with
those of V2O5 and other oxides as shown inTable 4. The lower
value for Cu corresponds to CuO. The shape of the V2p lines
do not change with the dopant. The BE values of V3+, V4+,
and V5+ are 512.4 eV, 515.5 eV and 517.4 eV, respectively.29

The values of the BE of V2p3/2 are slightly lower compared
tot the BE of V5+. This may indicate the presence of V4+ al-
though the width and shape of the V2p3/2 peak do not change
much as the dopant concentration is too low.

The values for the binding energy, kinetic energy, and
modified Auger parameter of oxygen and the binding en-
ergy of lithium of the compounds LiCo0.94X0.06VO4 (X = Co,
Cr and Fe) are shown inTable 5. These results were mea-
sured using the Al anode. The Li+ BE values for the different
substituted spinels are close to the value observed for Li2O
(Fig. 4).30

Fig. 5shows the impedance spectra of the various pellets
measured at 160◦C and the equivalent circuit is presented in
the spectra. The sample dimensions have been used in the
analyses of the measurements. Since LiCoVO4 is a mixed
ionic and electronic conductor (MIEC), two parallel branches
representing ionic–electronic conduction pathways are ex-
pected. The use of Li+-ion blocking electrodes results in a
DC conduction pathway for electrons and blocking behaviour
for Li+-ions under DC conditions.31 The data can be fitted
i ance
Z

d ex-
c ).
T to
0 els
a rse
s erse
s n-
d -
t
7 ch
e inverse spinel materials

V2p1/2 Difference
(V2p1 − V2p3)

Difference
(O1s− V2p3)

524.22 7.64 13.32
524.17 7.33 13.20
524.26 7.39 13.28
523.88 7.43 13.25

ncluding a constant-phase element (CPE) with imped
CPE=k(iω)−α to allow for depression of the arc.

The spectra recorded at higher temperatures reveale
ellent fit results (χ2 < 10E−5 for the various powders
he α value for the LiCoVO4 is 0.64 and decreases
.61 at 160◦C. The α values for the substituted spin
re slightly higher 0.70 for the Cu-substituted inve
pinel and 0.69 for both Fe and Cr-substituted inv
pinels.Fig. 6 shows Arrhenius plots of the electrical co
uctivities of the pellets derived fromRbulk. The elec

ronic conductivity, obtained fromRbulk, for LiCoVO4 is
× 10−9 S/cm at 50◦C, this value is also found by Fleis
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Fig. 4. The line shapes of the vanadium 2p lines and oxygen O1s line show
that there is no chemical change as the dopant elements are incorporated in
the original material.

et al.28 The electronic conductivity for the substituted in-
verse spinels derived fromRbulk is for LiCo0.94Cr.06VO4
10−7 S/cm, 4× 10−8 S/cm for the LiCo0.94Cu0.06VO4 ma-
terial, and 4× 10−8 S/cm for LiCo0.94Fe0.06VO4. The acti-
vation energies forRbulk are 0.32± 0.02 eV for LiCoVO4,
0.22± 0.02 eV for LiCo0.94Cu0.06VO4, 0.19± 0.02 eV for
LiCo0.94Cr0.06VO4, 0.21± 0.02 eV for LiCo0.94Fe0.06VO4.
For electrode materials conditions for electron transport,
especially at low electrical conductivity in the order of
10−7 S/cm, is related to small polaron hopping which

F
A
/ z.
T in the
a

Fig. 6. Electrical conductivities in (S/cm) of the pristine, LiCoVO4, and the
substituted inverse spinel, LiCo0.94M0.06VO4 (M = Fe, Cr, Cu), pellets as a
function of the reciprocal temperature.

is related to relative high migration activation energies
0.2–0.3 eV.33,34In the spinel-type LiMn2O4 the polaron hop-
ping mechanism is not altered by changes in oxygen non-
stochiometry or other chemical deintercalation or by the in-
troduction of different dopants (Cu, Cr, Fe, and Ni). A similar
charge transport mechanism is found for the inverse spinel-
type LiCoVO4. The charge transport mechanism is not altered
by the introduction of the dopants. The decrease in the activa-
tion energy of the substituted inverse spinels indicates that the
carrier mobility increases upon substitution. The Fe3+ (3d5)
and Cr3+ (3d3) substitution for Co2+ (3d7) lowers the valence
state of the V5+ (3d0) to V4+ (3d1) but increases the carrier
mobility. The lattice parameter of these materials also de-
creases which benefits the electronic transport. For the Cu2+

(3d9) substitution the valence state of the V5+ ion does not
change but the electronic activation energy does decrease and
the lattice parameter of the Cu-doped LiCoVO4 increases.
The position of the 3d states of Cu is below the 3d states of
Co.33 This lowers the Fermi level of the material, as seen
by the XPS results where the BE values of the Cu-doped
LiCoVO4 is 0.5 eV lower compared to the other materials.
The lowering of the Fermi level enhances the charge trans-
port. The lowering of the Fermi level has a beneficiary effect
on the potential of the material during charging. This increase
in the potential is observed and reported previously by Van
Landschoot et al.16

4

the
e ts
6 rials
w were
p ld re-
fi ated
o f the
ig. 5. Impedance spectra of the cells: (a) Au //LiCoVO4// Au, (b)
u //LiCo0.94Cu0.06VO4// Au, (c) Au //LiCo0.94Fe0.06VO4// Au, (d) Au

/LiCo0.94Cr0.06VO4// Au, measured at 160◦C between 1 Hz and 10 MH
he sample geometry and thickness have been taken into account
nalyses of the measurements.
. Conclusions

A structural investigation of the influence of dopants on
lectronic conductivity on LiCoVO4 was done. As dopan
mol% Co was substituted for Cu, Cr and Fe. The mate
ere prepared using a citric-acid assisted synthesis and
hase pure as seen from the XRD patterns. The Rietve
nement showed that all the different dopants were loc
n the octahedral sites and that no large reorientation o
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different cations occurred. The XPS results showed that both
Fe and Cr had an oxidation state of 3+ and Cu had an oxida-
tion state of 2+. The Co2+ cations did not change in oxidation
state and it was assumed that the V5+ cations reduced partly
to V4+, but this was not corroborated by XPS measurements,
due to the fact that the BE-values of V5+ and V4+ are quite
similar.
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