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Chromium Oxides and Lithiated Chromium Oxides.
Promising Cathode Materials for Secondary Lithium Batteries

Pankaj Arora,* Dong Zhang,* Branko N. Popov,** and Ralph E. White**

Center for Electrochemical Engineering, Department of Chemical Engineering, University of South Carolina, Columbia, South
Carolina 29208, USA

Chromium oxides and lithiated chromium oxides were synthesized by thermal decomposition of chromium triox)dat (g0
temperatures and oxygen pressures. Synthesis temperature and pressure markedly affect the performance of these cathode material
Higher pressures lead to a higher O/Cr ratio and fewer impurities in the final product. These materials are stable mters@&latio

for lithium, and exhibit a higher capacity than any of the prominent positive electrodes used in secondary lithium rpetedies.

has a capacity of 255 mAh/g, whiteLiCrO, has a capacity of 210 mAh/g, during the first discharge. The average voltage of these
cells is 3.0 V vs. Li/Lf that gives an average energy density of approximately 650 Wh/Kg.

© 1998 The Electrochemical Socie§1099-0062(98)07-090-All rights reserved.
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Rechargeable lithium batteries based on chromium oxides as the
active cathode material are of considerable interest because of the
very high theoretical specific energies of these compobivdsta
developed a primary Li/CrQcell which has a specific energy of 270

Table I. Synthesis conditions for different chromium oxides pre-
pared in this study.

Wh/kg and with an energy density of 675 Wh/L at low drain rates. Sample no. Temperature (°C) (Fl)Dsrsssure treat(ri?:rr\? oal
Toyoguchi et aP developed a coin-type LigDs secondary battery

with an energy density of 170 Wh/L and a cycle life of over 400 320 50 No
cycles. According to Yamamoto and co-worképsthe best perfor- B 270 50 No
mance of the chromium oxide cathode was obtained with amorphous ¢ 270 400 No
Cr30g cathodes due to the higher surface roughness of the amorphous D 270 500 No
cathode. Primary Li/AgCr@cells, utilizing organic electrolytes, are m-CrO, 270 500 Yes

manufactured by SAF?.Bessenhard et &I7 studied chromium

oxides as cathodes for secondary high energy density lithium batter-

ies. According to these studies,Og and CgOg have an average dis- h. The chemical treatment (as described above) helps in increasing the

charge voltage of approximately 3.0 V vs. L¥land a maximum  dispersive state and active surface arga-biCrO,,.

charge transfer exceeding one electron per Cr atom. Electrochemical characterization of the cathode materials was
The objectives of this work are to synthesize chromium oxidescarried out in Swagelok three-electrode cells (T-cell). The anode and

(CrQ,), lithiated chromium oxidesn¢LiCrO, and LiCrOg), and to reference electrodes were disks of lithium foil, and the separator was

characterize these materials as positive electrodes for secondary litta-sheet of Whatman glass fiber filter paper. The cathode consisted of

um batteries. a mixture of 87% CrQ(or m-LiCrO,), 8.7% carbon black, and 4.3%

Experimental poly(tetrafluoroethylene) which was pressed into a thin film 50-60

. ; . . m thick.
Crystalline CrQ was obtained by heating C§QAldrich, 99.9%) H S . T

. . : The electrolyte used in this study was 1 M LjR#a 1:1:3 mix-
in an autoclave for 24 h at high temperatures under high oxygen Pre¥ire of propyle?/]e carbonate ethyleyne carbonzLif'![e and dimethyl car-
;grrgtu-l;gecgﬁttgﬂg;/fovﬁg n(i:t%rr]r;icc}ecdox\t”rg ?hgrgrsessusrﬁrgaalé%et :lr?w(:) ;?%_ﬂdnate (EM Industries). The procedure for the fabrication of elec-

- : des and cells are almost the same as those described previously in
E_ure. -::he syntheﬁ,ls tgmpera_t(l;res and prestszrt_es .?Sbeld |In éhe prlep:cigiail.&lo Handling of materials and cell assembling was carried out
ion of various chromium oxides are reported in Table I. Sample )

o . an Ar-filled glove box (Vacuum Atmospheres, < 5 ppgOj
was prepared at 32_0 C, while all other samples were prepared 4 The X-raygdiffraction( (XRD) patterr?s were coIFepcted with a
?00% I(?Oe sygtgggls pr;assure uisedcvvas(;:% 50 psi fo_r slam_lprl]es A Pgaku 405S5 X-ray diffractometer using Cu Kadiation. The sur-
,an an psi for samples C and D, respectively. The prog- . ; ) "

uct was a mixture of CrQand residual Cr@ The reaction was ace area of these oxides was measured using Micrometrics 270 BET

. - ; N, adsorption).
stopped by quenching the steel cylinder in cold water followed by( Cyclic voltammograms fam-Cr0,, m-LiCrO,, and LiCrOg were
cooling in a stream of cold air. X

Chemically modified CrQ (m-CrQ,) was prepared by thermal obtained us_lng+a scan rate of 0.05 mV/s over a potential range of 2.0-
e . - 4.3 V vs. LilLi*. The cell performance was evaluated galvanostati-
decomposition of Cr@in the presence of 2% (N}$SO, (Aldrich, .
o - . . cally at current density of 0.1 and 0.5 mAFat room temperature.
99.999%) at 270°C and 500 psi. The gi@purity was removed by . : :
. I R . The cells were cycled (charge-discharge) on Bitrode (Bitrode Co,
leaching the product five times in distilled water for 1 h. The cheml-MO USA) cycler within the cutoff potentials
cal treatment given ton-CrO, modifies the dispersive state of the ' Y p o
cathode material and reduces the traces of;Gr@tamination. Results and Discussion
Chemically modifiedn-CrQ, has different properties than GyOt is The stoichiometry of the CrOsamples was determined by a
neither hygroscopic nor soluble in water and thus is not a biohazardPerkin Elmer TGA7 thermal gravimetric analyzer. The O/Cr ratio was
The chemical lithiation of-CrO, was carried out from active Lil  determined by reducing the Cy€@amples to GO3 in air at 1°C/min.
dissolved in acetonitrile to produneLiCrO,.8 LiCr3Og was prepared ~ The decomposition of CrQo Cr,05 starts at 385°C. The knowledge
by heating a molar ratio mixture of Cg@nd LL,Cr,0; in a quartz cru-  of final product stoichiometry (6D3) and weight loss (corresponding
cible to 350°C for 2 h. The Cedmpurity fromm-LiCrO, and LiCrOgq to O, lost or evolved) lead to O/Cr ratio as reported in Fig. 1a. A sam-
was removed by leaching the product five times in distilled water for Iple thermal gravimetric analysis (TGA) curve (sample C) and atomic
ratios of O/Cr for other chromium compounds are also shown in the

E:ectrocnemica: Society itu'den'\t/l Meaﬂber- figure. The purity of chromium oxides was found to depend on the
2 F;f.tg%cg_s?;fgzggc'ew ctive Member. synthesis pressure and temperature. By increasing the oxygen pres-
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Figure 1. (a) O/Cr ratios X values) as a function of weight loss observed
from TGA. Samples A, B, C, and D were prepared at different temperature
and pressures amaCrO, refers to chemically modified CyOSome chromi-

um oxides are also shown in the graph as reference. A sample TGA curve s
(sample C) shows how the analysis was done. (b) XRD pattem<CoO,

and m-LiCrO,. The crystallinity of them-CrO, oxide host lattice suffers

severely during chemical lithiation.

gigure 3. Cyclic voltammograms aft-CrO, obtained at a sweep rate of 0.05
S.

=4
) ‘E :\\-ntmu.mﬂw meCr,
sure more pure productaw obtained (see sample D am€rO,). As g i Rl R S
shavn in Fig. lathe electrode with the highest O/Gtio (2.653) has ] C B e
a stoichiometry close to gg. Thediffractogram®f m-CrO, andm- ] YouE e
LiCrO, are shan in Fig. 1b The crystallinity of them-CrO, oxide w | x”’\ué—:go?
host lattice stférs seerely on chemical lithition. LiMno0, z
The particle size of both lithiated and nonlithiated chromium oxide Li | 1M LIFF in EC:PC:OME (1:1:3} | GrO,
is in the range of 2-gm. The particle size of lithiated Cr@ppears to e o
be slightly smaller than that of CgCBrunauefEmmett-Eller (BET) ! b ;:EIB th:: “ =

surface area determinations ffddsorption) sho surface areas of 2
and 3.45 g for CrQ, andm-LiCrO,, respectiely. Themorphology Figure 4. Capacity vs. cycle number for various chromium oxides. The initial
of chromium oxide particles is not cleartlit may be described as an capacity of other prominent cathode materials is also shown for comparison.
aggreation of small particlesApparently the size and shape of the
particles hge not changed considerably by lithiation.

Figure 2 shws the irst dischage cures for \arious chromium  which may result in structural breakuo11
oxides prepared at di#rent temperatures and pressures. Sample D Figure 4 shas the capacity ofi-CrO, as a function of ycle
and chemically modiéd chromium oxiden-CrO, were prepared at number The capacity after 50ycles is still 210 mA/gThe initial
higher pressures compared to samples B arth€.initial capacity — capacities of commercial cathode materials (Ljly LiCoO,, and
of m-CrQ, is 255 mA/g.The oxides prepared atwer pressures ke LiNiO,) are also shen for comparison in the same graph. Cycling
impurities,which result in a small plateau at the start of disphds of samples BC, and D vas stopped after thedt few cycles because
shavn in Fig. 2,the plateau decreases as the pressure increaskes, their capacity \as laver than the capacity of-CrO,. All electrodes
disappears completely in the casee€rO,. Also, the average wvlt- were gcled at the dischge rate of 0.1 mA/ch High capacity and
age depends on the synthesis temperature and pressure ofwie acmall capacity dde mak m-CrQO, an attractie cathode material in
material. The \oltage increases from 2.5 to 3/0as the pressure in  secondary lithium batteries.

the autoclee is increasedThe reversibility of m-CrO, cathode mate- Figures 5a and b shocyclic voltammograms of LiGOg andm-
rial was tested usingyclic voltammetry Figure 3 shas a gclic LiCrO,, respectiely, obtained at a sweep rate of 0.05 mVise \olt-
voltammogram for CrQobtained at 0.05 mV/3he \oltage vas \ar- age vas \aried between 1.0 and AOfor LiCr3Og and between 2.0

ied between 2.0 and A8 As shavn in Fig. 3,this cathode material and 4.3V vs. Li/Li* for m-LiCrO,. As shavn in Fig. 5atwo peaks
is very reversible wer the entire intercalation range with a small are obsered at 1.6 and 3.28 during intercalationand two peaks at
capacity loss after ther$t dischage. The structural change during 2.1 and 3.8V during deintercalationThe separation between the
intercalation vas aoided by not alleing Cr(VI) to reduce to Cr(lll),  peaks indicated high irversibility with a lage capacity loss between
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Figure 5.Cyclic woltammograms of (a) LiGDg and (b)m-LiCrO, obtained
at sweep rate of 0.05 mV/s.

the frst and secondycle. Figure 5b shes that only one peakas
obtained during intercalation (at 3§ in m-LiCrO, and one peak
during deintercalation at 3\2vs. Li/Li*. The small peak separation
indicates that this cathode material igamsible @er the entire inter-
calation range.

Figures 6a and b shothe chage-dischage cunes obtained for
LiCrz0g andm-LiCrO,. The electrode in Fig. 6aas gcled between
1.0 and 4.(/ vs. Li/Li* reference electrodds shavn in this fgure,
the LiCrOg structure is not stable and after thestf ¢ycle two
plateaus appear with a dgr capacity loss. Similar results were
obsered by Koksbang et at2 They found that the Li insertion/dein-
sertion reaction in LiGOg involves irreversible structural changes
with the presence of three plateaus at ca22h,and 1.8V.

The chage-dischage cunes form-LiCrO, shavn in Fig. 6b when
cycled between 2.0 and A2at the rate of 0.1 mA/cAshaved an
initial capacity of 210 mAh/g. Only one plateaaswbsersd during
chage and dischge indicating that the structure is stable and
reversible @er the entire intercalation rangéhe results clearly indi-
cate tham-LiCrO, has diferent electrochemical characteristics than
LiCr30g reported in literaturem-LiCrO, can be used as a posdi
electrode with ap carbon ngative electrode in a lithium-ion cell,
while CrQ, can be used with lithium or lithiated carbon as gatiee
electrode in lithium or lithium-ion secondary cells.

Conclusions

Chemically modiled m-CrO, was synthesized by heating Grid
an autoclge under high oxygen pressuréhe CrG, impurity was
removed by leaching and by chemically treating the prodints
making CrQ ervironmentally friendly This compound is neither
hygroscopic nor soluble inater Synthesis temperature and pressure
marledly afected the performance of Cy(Higher pressures result-
ed in higher O/Cr ratio and less impurities in timalf product.The
shape of the dischge cunes and gclic voltammograms indicate no
structural changes during lithium insertidime dischage capacity of
m-CrO, exceeded 250 mAh/gyhen gcled between 2.0 and 42
and the engy density of this electrode is ca. 600-880/kg. The
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Figure 6.Chage-dischage cunes of (a) LiCgOg and (b)m-LiCrO,. The
numbers onifure refer to gcle number

180 200 X20

electrode prepared from-CrO, exhibited neligible capacity &de
when gcled between 2.0 and 4\ at a current density of 0.1
mA/cme. This material can be used as a pusitilectrode with lithi-
um or lithated carbon as agaive electrode in secondary lithium
cells.

The chemical lithiation of CrQwas carried out using aeé Lil
in acetonitrile. Chaye and dischage studies indicated that this mate-
rial is stable and wersible @wer the entire intercalation range with a
initial capacity of 210 mAh/gm-LiCrO, can be used as a pogéi
electrode with a carbon gative electrode in the lithium-ion cell.
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