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Abstract

The influence of 6% Co substitution in LiCo\Gor 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 Botimthe Fe
Cr¥* substitution the oxidation state of the €alid not change. The XPS results showed that the oxidation state of vanadium was 5+ and is
the only cation that partly changed to an oxidation state of 4+, for charge compensation. This change in the oxidation state led to an increase
in the electrical conductivity by a factor of 10. The Tsubstitution also led to an increase in the electrical conductivity but smaller. Rietveld
refinement analyses of the inverse spinel led to the conclusion that no large reorientation occurred for the different cations at the different
sites.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction than two-dimensional compoundd.ithium ion diffusion is
clearly easier in athree-dimensional framework than in a two-
The rapid development of modern electronic technology dimensional framework, because in the former structure the
creates a strong demand for portable power sources. Lithiumnumber of contact points of the diffusion paths for lithium
batteries are considered to be the best choice, as they projons is larger than that in the latter. The spinel phase ma-
vide high output power and moderate lifetime. The limit- terials are of extreme interest as the cathode active materi-
ing factor in the capacity is the cathode material. In this a|s for their high energy density. Most of the high voltage

respect, much effort has been made to improve the perfor-(>4.5 V) cathodes have the spinel structure with the general
mance of the electrode materials. Electrode materials areformula Liz_xMnz_yMyO4 (M =Cr, Fe, Co, Ni, and cér4

based on the redox potential difference of the electrode in or the inverse spinel LiMV@ (M =Ni, Co).1° The charge

the course of intercalation/deintercalation reactibi$iey and discharge voltage in the 5V region depend on the transi-

are generally well-crystalline host compounds either with tion metal ion M and the amount of cation substitution in

layered structure such as grapHiteiCoO,* and LiNiO,,* Li1—xMn_yM,Oq4. As a result, the high voltage (>4.5V)

or with tunnel structure like LiMpO4.> Generally, com- capacity of these manganese-based \¥in,_yM,O;4 cath-

pounds with a three-dimensional framework are more stable odes has generally been attributed to the other transition metal

ion redox couples such as®&+, Ni2+/3+4+ C2+/3+,

mpondmg author. The i.nversg spinel material, .LiCo\ép ha; not begn
E-mail addressN.VanLandschoot@TNW. TUDelft.nl studied intensively, despite the high theoretical capacity of

(N.V. Landschoot). 148 mAh/g. Van Landschoot et Hi.showed that the use
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of certain dopants (Fe, Cr and Cu) improves the electrical subtracted from the spectra using a Shirley met{ob ex-
conductivity and increases the cycle efficiency of LiCaVO  clude any effects on the values of binding energies due to a
From a structural point of view it was still unclear what caused charging of the sample during the XPS analysis, all data are
the increase in the electronic conductivity. In this paper we corrected by a linear shift such that the peak maximum of
partly substituted 6 mol% Co in LiCoVgXor either Fe, Cr the C1s binding energy of adventitious carbon corresponds
and Cu. The structural parameters have been examined by Xwith 284.80 eV. Then the spectra were fitted with symmetrical
ray diffraction (XRD) and fitted using Rietveld refinement. mixed Gauss—Lorentz functions using a linear least-squares
X-ray photoelectron spectroscopy (XPS) is used to determinemethod to resolve the chemical states of the constituting com-
the influence of the dopants on the oxidation state of the ponents. The value of the kinetic energy is obtained as fol-
cations and electrochemical impedance spectroscopy (EIS)ows. The spectrum was first shifted using the C1s peak, and
was used to investigate the electronic parameters. 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.
2. Experimental For the conductivity measurements, the LiGgMo.06
VO4 (M=Co, Cu, Cr, and Fe) powders were pressed into

LiC0g.94M.06VO4 (M =Co, Cu, Cr, and Fe) was prepared pellets with a diameter of 10 mm and an average thickness of
via a citric acid complex methotf. Appropriate amounts 1 mm ata pressure of 1500 kg/ériThe pellets were then sin-
of LioCOs (Baker Analyzed, >99%), CoC£H>0 (Merck, tered at 500C for 16 h in air. After the sintering step, the pel-
>99%), NH,VO3 (Acros Organics, >98%) were mixed to- let surfaces were sputtered with gold for 10 min on both sides
gether in 100 ml of distilled water under constant magnetic using a sputter coater (Edwards). The electrical conductivity
stirring at 80°C. As dopants, gHgCuOy-H20 (Riedel de measurements were performed using a Schlumberger Sola-
Haen, >99%), FeGl4H,O (Acros Organics, >98%), and tron 1260 Frequency Response analyser. The applied ac volt-
Cr3(OH)2(CO,CH3)7 (Acros Organics, >98%) were used. age was 10 mV peak-peak in the frequency range 1-10 MHz.
To the solution 100 ml of a 0.3 molar citric acid solution was The temperature range was betweeriG@nd 160C. The
slowly added to the dispersion. The solution was then kept obtained spectra were fitted afterwards using Zviei 2.
at 100°C for 1 h forming a gel. Subsequently, the gel was
heated at 120C in a vacuum furnace for 3 h. The obtained
precursor was fired at 50C in air for 2 h with intermediate 3. Results and discussion
ball milling.

X-ray diffraction was used to determine the phase purity =~ The X-ray diffraction patterns for the 6 mol% substituted
and structural parameters of the powdered materials with aLiCoVO4 could be assigned to a cubic symmetry and it was
Bruker D8 Advance X-ray diffractometer with CucKradi- fitted by the Rietveld refinement method. All the observed
ation. The X-ray powder diffraction patterns were collected reflections could be indexed in the space gré&aBm (No.
at a step size of 0.00Awith a step time of 5s in a range 227) in which all cations were distributed on the tetrahedral
of 15-140 in 260. The single-phase spectra were refined us- (8a) and octahedral (16d) sites. The structural fitted param-
ing Topas RY” a Rietveld refinement program, to obtain the eters for the pure and substituted LiCoy@re reported in
structural parameters. Table 1 Fig. 1 shows the Rietveld refinement of the XRD

On the powdered samples XPS measurements were perpatterns. The refined XRD patterns showed no impurities,
formed with a PHI 5400 ESCA equipped with a dual Mg/Al indicating that the materials were phase pure. The refined
anode X-ray source, a spherical capacitor analyser (SCA),patterns all showed good fit parameters as seérable 1

and a 5keV ion-gun. The sample surface was tilteth@ith The inverse spinels were very difficult to fit due to the in-
respect to the optical axis of the input lens of the electron verse structure. To simplify the fitting procedures boundary
analyser. The input lens aperture used was 3.5« mm. conditions were used and these are also listethlrie 1

The spectra were recorded using non-monochromatic Mg  The refinement results showed that the dopants are lo-
Ka (1253.6eV) or Al kx (1486.3 eV) radiation. The X-ray cated on the octahedral site, which was expected for Cr
source was operated at 15 kV and 400 W. The energy scale ofand Fe because they have a tendency to occupy octahedral
the SCA was calibrated according to a procedure describedpositions?#2°The refinement of the Cu-substituted material
in ref.18 The instrument was set at constant analyzer passshow that the Cu ions also occupy the octahedral position,
energy of 44.75 eV recording a survey spectrum from 0 eV although, the Cu ions also have the tendency to occupy the
to 1000 eV binding energy (BE) with a step size of 0.25eV. tetrahedral site€® To rule out the possibility of any dopants at
The individual photoelectron spectra were measured using athe tetrahedral sites, neutron diffraction measurements have
step size of 0.2 eV. The spectra were corrected for the non-been performed at ISIS and these results will be published in
monochromatic nature of the X-ray sout®eand also for a forthcoming article. The Fe substituted spinel shows a de-
the kinetic energy (KE) dependent transmission of the spec- crease of the lattice parameter when compared to LiCQVO
trometer by multiplying each spectral intensity with its corre- indicating that the ionic radius of the dopant is most likely
sponding kinetic energy. Next, the background intensity was smaller than that of the Go (0.75,&) ion. Thus, the dopant
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Table 1
Crystallographic data, including lattice parameters, site occupancy fag ¢®bp 94VO4 (M =Fe, Cr, and Cu) determined via the Rietveld analysis
Sample LiCoVvQ LiFeo.06C0p.94V04 LiCrg.06C0p.94VO4 LiCug.06C0p.94VO4
Space group Fd-3m[0]] Fd-3m[0]] Fd-3m[0]] Fd-3m[O]
a(A) 8.281 8.278 8.275 8.285
Volume (A3) 567.87 567.25 566.63 568.69
Site occupancy

Liied 0.98 0.99 0.95 0.96

Co16d 0.97 0.86 0.82 0.89

V164 0.05 0.07 0.10 0.07

M1gd - 0.06 0.06 0.06

Liga 0.01 — 0.05 0.02

Coga 0.04 0.07 0.04 0.05

Msga - - - -

Vsga 0.95 0.93 0.90 0.93

O32e 1.00 1.00 1.00 1.0
Rwp; Roragg 5.36; 7.59 4.34; 4.05 2.58; 3.65 2.88; 3.15
Formula obtained loiogC00.97V0.05 Lio.99F€n.06C0.86V0.07 Lio.95Cr0.06C0.82V0.10 Li0.96Cl0.06C00.89V 0.07

[Lio.01C00.04V0.95]04 [C00.07V0.93]04 [Li0.05C00.04V0.90104 [Li0.02C00.05V0.93104

Strains: C@sq=2— Lized— Vied— Misd, Vea=1— Viea.

ions must have an oxidation state offand an ionic radius  ergy, kinetic energy, and modified Auger parameter (AP)
of 0.645A. The lattice parameter of the Cu-doped samples are summarized iffable 2 The solid lines in the figures
increased indicating that the ionic radius of the dopant ion is are the fitted curves of the different XPS spectra. The mea-
larger than C&" —0.91A and 0.86A for the Cu" and C&#* sured BE value of the Fegp photoelectrons is 711.17 eV
ions, respectively. The lattice parameter of the Cr-doped ma-and the corresponding shake-up satellite at 719.19 eV, show-
terial decreases possibly indicating &Cvalence state. The  ing, that Fe is tri-valent in agreement with reported values in
valence state of the dopant ions should have an effect on thethe NIST Table$? (approximately 711 eV (Fe) and 709 eV
valence states of the other 3d metals, which was further in- (F€2*). This slightly higher BE value was also observed in Fe-

vestigated using XPS. substituted LiFgsMn1 504 by Amine et a’ Tri-valent Fe

The obtained cell parameter for LiCo\(Q8.281A) for ions also possess a shake-up structure. The tri-valent state is
this sample is consistent with reported détand the lattice also in good agreement with the change in the lattice param-
parameters for the substituted spinels are 8RB 275A, eter as observed with the Rietveld refinement analyses. The

and 8.28%A for the Fe, Cr and Cu-substituted spinels, re- tri-valent state is also confirmed byddsbauer spectroscopy
spectively. The lattice parameter is an important parameterand will be discussed in a forthcoming article. The BE value
as it influences the 3d pathway of a Li ion in these inverse of Cr2ps/, of 576.8 eV and the AP value of 1104.6 eV indi-
spinels. The Li-ion pathway through the inverse spinel is via cate that Cr is tri-valent (approximately 577 eV for€and
the 16d—8b—16d sites. The lattice distance between the 1665679 eV for CF*.23 This tri-valent nature is in good agree-
site and the vacant 8b or 48f site ig3/8)a®? with a being ment with the lattice parameter as calculated. The BE value
the lattice parameter. The reduced lattice parameter for theof Cu is 934.5eV and the shake-up structure, as shown in
Cr and Fe-substituted inverse spinel should give an increaseFig. 2c, both show that Cu is di-valeAt.It is observed that
in the ionic conductivity and should lower the activation en- only during the XPS measurement the line shape changes
ergy. Using the same argument for the Cu-substituted inversedue to the X-ray bombardment of €uto Cu*, adding two
spinel an decrease is expected based on the increased latticep-peaks with no satellite structure as shownFig. 2c.
parameter. This phenomenon has also been observed by Fleisctt&t al.
Fig. 2 shows the XPS photoelectron spectra of the (a) The binding energies in the case of Li&Cuy 0gVO4 are
Fe2p2, (b) Cr2p2, and (c) Cu2p, photoelectron lines for  about 0.5eV lower than for the other dopant and the orig-
the substituted inverse spinels. These results have been mednal substance. This observation can be reproduced every
sured using the Mg anode. The values for the binding en- measurement.

Table 2

The binding energy (BE), kinetic energy (KE) and modified Auger parameters (AP) for the dopants of the substituted inverse spinel materials
Sample 2p2 (eV) 2p12 (eV) LMM (eV) AP (eV) 2ps/2 shake up 2p2 shake up
LiCro,06C0p.904VO4 576.79 586.18 725.77 1104.62 - -
LiFen.06C00.04V04 711.97 724.59 554.25 1411.32 718.80 -
LiCug.06C00.94V0O4 (Cuz*) 934.49 952.31 337.32 1850.77 942.25 962.13

LiCuo.06C00.04V04 (Cu*) 932.39 952.31 337.32 1848.69 - -
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Fig. 1. X-ray diffractograms for: (a) LiCoV& (b) LiFey 06C0p.94VO4; (c) LiCrg 06C00.94VO04; (d) LiCug06C0p.04VO4. The lines in the diffractograms are
calculated by the Rietveld analysis. The differences between the calculated and the observed patterns are represented below the corresgtogdamydiff
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 energy and modified Auger parameter of Co ions are sum-
Auger LMM lines (b) of the pure and substituted spinels. marized inTable 3 The shake-up lines point unambiguously
These results were measured using the Mg anode at 400 Wo Cc&?* and the BE of C&"(2pz/2) is 780.4+/-0.3 eV (ac-
and corrected for charging with the C1s energy of 284.80 eV cording to several values presented by NI3¥Jhe dopants
as areference value. The values for the binding energy, kinetichave no influence on the valence state of thé"Gans 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 chemibal shift is
indication that Fe ions are trivalent. The shake-up satellite of thegzg®ak belongs to P& ions. The shake-up satellites are the indicator fot'Gons. The
Cu* is not a component of the original material but is formed during the XPS measurement due to the reduct@rt@fiTii under X-ray bombardment.

present inverse spinel structure. No traces of mono-valentis no detectable influence of the dopant ions on the chemi-
Co were found for the Fé and CP* substituted spinel as  cal environment of the G6 ions. This is in agreement with

possible charge compensation. The modified Auger param-the Rietveld refinement where no substantial reorientation of
eter shows little variation so it can be concluded that there the cobalt ions took place or a possible phase transition. For

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

Sample Co2p, BE (eV) Co2ps2 BE (eV) Co2p/» shake up Co2p, shake up Co LMM KE (eV) Mod. AP (24)
LiCoVOy 780.40 796.52 787.12 803.19 480.49 1553.51
LiCro.06C00.904V04 780.49 796.85 787.40 803.20 480.56 1553.53
LiFep.06C0p.94V0O4 780.66 797.01 787.54 803.47 480.64 1553.62
LiCug.06C00.04VO4 780.21 796.44 786.93 803.02 480.18 1553.63
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2 T T T T T T T 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 LiCgg4X0.06VO4 (X=Co, Cr and Fe)

Co 2p3i2 ] Sample Ols(eV) OKVV Mod. Ap.Ols Lils (eV)

141 Co2pti2  shaka-up 1 LiCoVO, 530.08 97426  1042.42 54.53
12 Cr? Qkp”z LiCro0sC09aVOs  530.27 974.41  1042.46 54.54
: shake-up LiFep0eC0.0aV0s  530.22 97423 104259 54.95

181 Co 2p3i2 E

-

Cu, Crand Fe) are measured using the Mg anode (as shownin

Fig. 4). The measured values for Ogpcorrespond well with

those of \bOs and other oxides as showniliable 4 The lower

value for Cu corresponds to CuO. The shape of the V2p lines

do not change with the dopant. The BE values 8f \W4*,

02 parent and \P* are 512.4eV, 515.5eV and 517.4 eV, respectigely.

The values of the BE of V2, are slightly lower compared

e tot the BE of _\f’*. This may indicate the presence of*al-

@ Binding Energy (eV) though the width and shape of the \_éZ;;cpeak 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 LiG®4X0.06V04 (X =Co,

Cr and Fe) are shown ifable 5 These results were mea-
sured using the Al anode. The'LBE values for the different

substituted spinels are close to the value observed f@ Li
(Fig. 4).30

Fig. 5shows the impedance spectra of the various pellets
measured at 160 and the equivalent circuit is presented in
the spectra. The sample dimensions have been used in the
analyses of the measurements. Since LiCg\W¥)a mixed
ionic and electronic conductor (MIEC), two parallel branches
representing ionic—electronic conduction pathways are ex-
pected. The use of Liion blocking electrodes results in a
DC conduction pathway for electrons and blocking behaviour
for Li*-ions under DC conditiond: The data can be fitted

including a constant-phase element (CPE) with impedance

S0 a5 a0 4es a0 475 470 465 e Zcpe=k(iw)™* to allow for depression of the arc.
(b) Binding Energy (eV) The spectra recorded at higher temperatures revealed ex-
Fig. 3. The line shapes of the cobalt 2p lines (a) and auger LMM lines cellent fit results k2< ].'OE_5 f.or the various powders).
(b) indicate that there is no chemical change of cobalt (Il) ions due to the The a value for the LiCoVQ is 0.64 and decreases to
presence of dopants. 0.61 at 160C. The « values for the substituted spinels
are slightly higher 0.70 for the Cu-substituted inverse

charge compensation, itis very unlikely that the inverse spinel spinel and 0.69 for both Fe and Cr-substituted inverse
system accepts oxide ion vacancies of more than 3% and,spinels.Fig. 6 shows Arrhenius plots of the electrical con-
therefore, it is suggested that the vanadium ions change inductivities of the pellets derived fronRyk. The elec-
oxidation state. The values for the binding energy of oxygen tronic conductivity, obtained fronRyyi, for LiCoVOy is
and vanadium of the compounds LigsxX.06V04 (X =Co, 7 x 1072 S/cm at 50C, this value is also found by Fleisch
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Table 4

The binding energy (BE), kinetic energy (KE) for oxygen and vanadium in the inverse spinel materials

Sample Ols V2§, V2p12 Difference Difference
(V2p1 —V2pg) (O1s—V2pg)

LiCoVO4 529.90 516.58 524.22 7.64 13.32

LiCro.06C0p.04V04 530.04 516.84 524.17 7.33 13.20

LiFeo.06C0p.94V04 530.15 516.87 524.26 7.39 13.28

LiCug.06C00.04V04 529.70 516.45 523.88 7.43 13.25




3476

W 2p3i2

V2p1i2

Y

Normalized Intensity
o
@

=
m

04

parent

D 1 1 1 1 1
535 530 525 520

Binding Energy (eV)

N.V. Landschoot et al. / Journal of the European Ceramic Society 25 (2005) 3469-3477

m LiCoVO A
o L?COO.94CUO,06VO4
o L!COO.SNFeOvOGVOAt
10~6 o A LICOO.94crO 06V04
€
)
25
o
2 107
|
10°4
T T T T
0.0022 0.0024 0.0026 0.0028 0.0030 0.0032
1T K

Fig. 6. Electrical conductivities in (S/cm) of the pristine, LiCo¥.@nd the
substituted inverse spinel, LiggsMo.06VO4 (M =Fe, Cr, Cu), pellets as a
function of the reciprocal temperature.

is related to relative high migration activation energies

Fig. 4. The line shapes of the vanadium 2p lines and oxygen O1s line show j 2_(.3 e\#3:34|n the spinel—type LiMROy the p0|aron hOp-

that there is no chemical change as the dopant elements are incorporated i
the original material.

et al?® The electronic conductivity for the substituted in-
verse spinels derived froRyyk is for LiC0g.g4CrogVO4
10~ S/cm, 4x 10-8 S/cm for the LiC@ 94Clg 08VO4 Ma-
terial, and 4x 108 S/cm for LiCqy g4Fey 06VOa. The acti-
vation energies foRyk are 0.32:0.02 eV for LiCoVQ,
0.22+0.02 eV for LiC@.94Cuy 0gVOs4, 0.19+0.02¢eV for
LiC00_94Ci‘o_06VO4, 0.214+0.02 eV for LiCQ)_94FQ)_06VO4.

For electrode materials conditions for electron transport,
especially at low electrical conductivity in the order of
10-7S/cm, is related to small polaron hopping which

-1.25e6
R bulk
Cal
'—
Ri

-7.50e5 o —
’é\ Radl CPE1
=
°
N
E
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7.50e5
Re (Z)(ohm)

0 2.50e5 1.25e6

Fig. 5. Impedance spectra of the cells: (a) Au //LICoWOAuU, (b)
Au //LiC0g 94CUp 06VO4/l Au, (c) Au /ILiCop oaFen 0eVOall Au, (d) Au
/ILiC0g.94Crp.06VO4// Au, measured at 160 between 1 Hz and 10 MHz.

'hing 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 LiCoVQy. The charge transport mechanismis 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. Thé F8dP)

and CP* (3d®) substitution for C8* (3d”) lowers the valence
state of the ¥+ (3d?) to V4* (3d) but increases the carrier
mobility. The lattice parameter of these materials also de-
creases which benefits the electronic transport. For t& Cu
(3d?) substitution the valence state of th€"\ion does not
change but the electronic activation energy does decrease and
the lattice parameter of the Cu-doped LiCoMDcreases.
The position of the 3d states of Cu is below the 3d states of
Co22 This lowers the Fermi level of the material, as seen
by the XPS results where the BE values of the Cu-doped
LiCoVOg4 is 0.5eV 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®

4. Conclusions

A structural investigation of the influence of dopants on the
electronic conductivity on LiCoV@was done. As dopants
6 mol% Co was substituted for Cu, Cr and Fe. The materials
were prepared using a citric-acid assisted synthesis and were
phase pure as seen from the XRD patterns. The Rietveld re-

The sample geometry and thickness have been taken into account in thefinement showed that all the different dopants were located

analyses of the measurements.

on the octahedral sites and that no large reorientation of the



different cations occurred. The XPS results showed that both13.
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Fe and Cr had an oxidation state of 3+ and Cu had an oxida-

tion state of 2+. The C8 cations did not change in oxidation
state and it was assumed that th¥ \¢ations reduced partly

to V**, but this was not corroborated by XPS measurements,

due to the fact that the BE-values oPVand V** are quite

similar.
17.
18.
19.
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