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Abstract

Cobalt doped chromium oxides were synthesized and characterized as cathode materials for secondary lithium batteries. A small
amount of Co as dopant in the chromium oxides provides greater stability to the structure of CrO, and helps in improving the high-rate
behavior of these oxides. Optimized Co, ,CrO, exhibited an initial capacity of 290 mA h/g with an average discharge voltage of 3.0 V
vs. Li/Li*. Thelithiated Co,,CrO, exhibited an initial capacity of 230 mA h/g. Both lithiated and non-lithiated Co, ,CrO, were found
to be reversible in the entire intercalation range (2.0-4.2 V vs. Li /Li*). Compared with pure CrO,, Co doped CrO, is characterized by
better high-rate behavior (> 85% capacity for Co,,CrO, and > 75% capacity for LiCo,,CrO, at 0.65 C discharge rate). © 1999

Elsevier Science S.A. All rights reserved.
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1. Introduction

The most prominent cathode material used in Lithium-
ion industry is LiCoO,, in spite of its high cost [1]. Thisis
because of its stability and reversibility in the entire inter-
calation region and very small fade in capacity during
cycling. The other two prominent cathode materials
(LiMn,O, and LiNiO,) have not yet been commercialized
because of various problems [2,3]. Recently, various sub-
stitutions (Co, Ni, Al, Cr etc.) on the transition metal site
have been tried in LiMn,0, and LiNiO, to improve the
electrochemical and structural properties of these oxides
[4-6]. The doped Co helps in stahilizing the structure of
these oxides and reduces the capacity fade while compro-
mising slightly on the overall capacity [4]. Vanadium
oxides are also promising cathode materials because of
their high initia capacity (300 mA h/g or higher) [7-9].
The shape of voltage plateau and cycling life needs to be
improved before they can be used in commercia lithium
batteries.

Chromium oxides (CrO, ) are promising cathode materi-
alsfor secondary lithium batteries[10—12]. Recently, Arora
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et al. [11] showed that they exhibit high initial capacity
(240-260 mA h/g) when cycled at 0.1 mA /cm? with an
average discharge voltage of 3.0 V vs. Li/Li*. Chemi-
cally modified chromium oxide was also used as a precur-
sor to synthesize quaternary LiCr,Mn,_,O, at high oxy-
gen pressure [5]. The CrO, doped spinel were more stable
compared to Cr(ll1) doped spinel, both structurally and
electrochemically.

The stoichiometry of the CrO, samples was determined
using a Perkin Elmer TGA7 therma gravimetric anayzer.
The O/Cr ratio was determined by reducing the CrO,
samplesto Cr,O; in air a 1°C/min. The decomposition of
CrO, to Cr,0, starts at 385°C. The knowledge of fina
product stoichiometry (Cr,O;) and weight loss (corre-
sponding to O, lost or evolved) lead to O/Cr ratio. The
O/Cr ratio in CrO, and LiCo, ,CrO, were estimated to be
2.7 and 3.03, respectively. The purity of chromium oxides
was found to depend on the synthesis pressure and temper-
ature.

Both lithiated and non-lithiated chromium oxides (CrO,)
exhibit fade in capacity during cycling and poor high-rate
behavior. The poor high-rate behavior can be attributed to
a very small lithium diffusion coefficient in these oxides
[13-15]. In the previous work we have optimized the
synthesis conditions to produce a high capacity cathode
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material (CrO,) and characterized it both structurally and
electrochemically. The capacity fadesin CrO, and LiCrO,
indicated the structural instability of the material. This can
be overcome, by doping CrO, structure with foreign atoms
like Co. In this work, we extend our research into the
electrochemical characterization of Co doped CrO,, in
order to make it more stable and improve the high-rate
behavior of chromium oxides.

2. Experimental

Crystalline Co,CrO, (y=0.1, 0.2, 0.3, 0.4, 0.5) were
prepared by heating a mixture of CrO; (Aldrich, 99.9%),
Co(C,0,) - 2H,0 (Aldrich, 99.9%) and a small amount of
chemical additive (2.0% (NH,), SO, (Aldrich, 99.99%)) in
an autoclave under high pressure of oxygen for 24 h [8].
The additive was added to increase the dispersive state of
chromium oxides. This was followed by leaching five
times with deionized water and drying in a vacuum oven at
120°C for 20 h. The chemical lithiation of Co,,CrO, was
carried out by the reaction shown in Eq. (1).

3Lil 4+ 2Co, ,CrO, — 2LiCo, ,CrO, + Lil, (1)

Lithium in lithiated chromium oxide was quantitatively
determined by flame photometry. The method chosen for
chromium determination is that of Meier et a. [16]. The
procedure used has been previously described [17].

When CrO, prepared under high oxygen pressure is
cycled between 4.0 and 2.0 V vs. Li/Li Cr(VI) reduces
only to Cr(V) with very high reversibility and stable
capacity [11]. Thus, it is possible to reduce Cr(VI) to
Cr(V) with structure retention while structural breakdown
is expected by reduction to Cr(l11). From the capacity of
the initial charge curve and the amount of chromium,
caobalt and lithium in the active material, the sum of the
oxidation states of Co and Cr in LiCo,,CrO, was esti-
mated to be +5.

Co, ,CrO, was lithiated by stirring it in the solution of
Lil (Aldrich) dissolved in 100 ml acetonitrile (Aldrich)
solvent with ultra pure helium as purging gas. The lithiated
product was leached with anhydrous acetonitrile and dried
at 80°C for 10 h in a vacuum oven.

A roller-pressed round thin film cathode was prepared
from active material (Co,,CrO, or LiCo,,CrO,), carbon
black and binder (PTFE) in a weight ratio 1:0.1:0.05.
Electrochemica characterization of the cathode materials
was performed in Swagelok® three electrode cells (T-cell).
The anode and reference electrodes were discs of lithium
foil, separator was a sheet of Whatman™ glass fiber filter
paper and electrolyte was 1 M LiPF; in a 1:1:3 mixture of
propylene carbonate (PC), ethylene carbonate (EC), and
dimethyl carbonate (DMC). Other details regarding the
fabrication of electrodes and cells are discussed in detail
elsewhere [4,5,11].

Electrochemical impedance spectroscopy (EIS) experi-
ments were carried out at open circuit potential on

Co,,CrO, and LiCo,,CrO, after cycling the electrodes
certain number of times. The X-ray diffraction (XRD)
patterns were collected with a Rigaku 405S5 X-ray diffrac-
tometer using CuK « radiation. Cyclic Voltammograms
were obtained at a scan rate of 0.1 mV /s over a potential
range of 2.0-4.2 VV vs. Li/Li™. The cell performance was
evaluated galvanostatically at current density of 0.5
mA /cm? a room temperature. The cells were cycled
(charge—discharge) on Bitrode (Bitrode®, MO, USA) cy-
cler within the cut-off potentials.

3. Results and discussion
3.1. Sructure of the oxides

The synthesized Co,CrO, are black powders with parti-
cle size 1.0-8.5 wm. The X-ray diffraction patterns of both
lithiated and non-lithiated Co doped CrO,, and the com-
parison with those of undoped CrO, are shown in Fig. la
and b. The diffractograms are in good agreement with the
literature data. The d-spacing for CrO, is very close to that
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Fig. 1. X-ray diffraction patterns for () CrO, and Co,,CrO,, and (b)
LiCrO, and LiCo,,CrO,. The numbers above the peaks refer to peak
numbers in Tables 1 and 2. The crystallinity of the oxide host lattice
suffers severely on lithiation.
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Table 1
Comparison of X-ray diffraction data for CrO, and Co,,CrO,
Peak no. CrO, Co, ,CrO,
d-spacing Relative d-spacing Relative
A intensity A intensity
1 8.373 0.256 8.373 0.252
2 6.601 0.174 6.457 0.477
3 5.061 0.192 5.019 0.338
4 4.091 0.249 4.097 0.291
5 3.456 0.346 3.456 0.351
6 3.268 0.647 3.232 1.000
7 3.039 0.265 3.029 0.598
8 2.752 0.165 2,751 0.276
9 2.660 0.198 2.660 0.216
10 2136 0.110 2135 0.201
11 1.627 0.138 1.626 0.240

of the y-oxide identified by Wilhelmi [18]. Some addi-
tional pesks are present in the diffractogram of Co,,CrO,.
None of these peaks were identified as a known species by
the available powder X-ray diffraction data [19].

Table 1 lists the values of d-spacing (A) and relative
intensity from X-ray diffractometry for both CrO, and
Co, ,CrO,. The relative intensity is defined as

Relative Intensity
Intensity of CrO, or Co, ,CrO, peak
~ Maximum intensity of Co, ,CrO, peak

(2)

The maximum intensive pesk for Co,,CrO, is peak No. 6
as shown in Fig. 1a. It is clear from the results presented in
Table 1 that the doping of cobalt makes the material more
crystalline and reduces the d-spacing. For example, the
intensity of the highest peak (No. 6) for CrO, is only
64.7% of that for Co,,CrO,, and the d-spacing of this
peak for Co,,CrO, is 3.232 A which is smaller than the
d-spacing of 3.268 A for the strongest pesk of CrO,. More
work is being done to understand the structural differences
between pure and Co doped CrO, which will be subject of
future publication.

Comparison of the diffractograms (Fig. 1b) indicates
that the crystallinity of the oxide host lattice suffers severely
on chemical lithiation. The oxides undergo the transforma-
tion toward less crystalline and the d-spacing totally
changes during lithium insertion (Table 2). In fact, the
lithiation results in a character of amorphism (peak No. 1
in Fig. 1b). Only a very weak order was observed by the
appearance of peaks No. 2 and 3 in Fig. 1b.

Table 2
Comparison of X-ray diffraction data for LiCrO, and LiCo,,CrO,
Pesk no.  LiCrO, LiCo,,CrO,

d-spacing A | ntensity  d-spacing (A) Intens ty
1 4.04 vw 4.04 vw
2 2.05 m 2.05 m
3 145 w 145 w
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Fig. 2. The first discharge capacity (ordinate left) and open-circuit
potential (ordinate right) as a function of cobalt content in the chromium
oxides. Co, ,CrO, exhibit highest capacity and open-circuit potential.

Cobalt doped CrO, were synthesized with different
amount of Co (y=0.1, 0.2, 0.3, 0.4, and 0.5) to optimize
the Co content in Co,CrO,. All the synthesized cobalt
doped chromium oxides samples were characterized by
galvanostatic charge—discharge experiments over voltage
range of 2.0-4.2 V. Co,,CrO, exhibited highest capacity
(more than 250 mA h/g) when cycled at the rate 0.5
mA /cm?. Other samples show relatively low capacity,
say, less than 200 mA h/g. Fig. 2 shows first discharge
capacity and open circuit potential of synthesized oxides as
afunction of cobalt content in the oxides. It is seen that the
higher the open circuit potential of the nonlithiated oxides,
the higher theinitial discharge capacity. Because Co, ,CrO,
showed the best cycling performance, it was decided to
focus only on Co,,CrO, and lithiated Co,,CrO,. The
performance of Co,,CrO, samples will aso be compared
with undoped CrO,.

3.2. Cycling performance

It is very important to determine whether the structure
of the Co doped chromium oxides is stable in the entire
intercalation range or not. The cyclic voltammograms (Fig.
3) were carried out between 2.0 and 4.2V vs. Li/Li* a a

T T T T T

Current (mA)

Scan rate: 0.1 mV/s Cycle 1
3 | Cuttoff voltage: 2.0 - 4.2V
Li| 1 M LiPFg in PC:EC: DEC (1:1:3) | Cog ,CrO,

4 S S S S S S S S RS BR
18 20 22 24 26 28 30 32 34 36 38 40 42

Voltage (V vs. LilLi*)

Fig. 3. Cyclic voltammograms (first and second cycle) of Li/Co,,CrO,
cell at scan rate of 0.1 mV /s. Co,,CrO, is reversible in the entire
intercalation range.
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T T T T
Scan rate: 0.1 mV/s

Current (mA)

T I
18 20 22 24 26 28 30 32 34 36 38 40 42

Voltage (V vs. LilLi*)

Fig. 4. Cyclic voltammograms for Li /Co, ,CrO, cells after 3, 50, and 70
cycles. Scan rate: 0.1 mV /s.

scan rate of 0.1 mV /s to confirm the reversibility of
Co,,CrO,. A large peak was observed at 2.7 V during
first intercalation reaction. During subsequent intercalation
and de-intercalation reactions, peaks are observed at 2.7
and 3.5 V, respectively. The second and subsequent peaks
are smaller compared to first peak. It is clear from Fig. 3
that Co,,CrO, is reversible in the entire intercaation
range (2.0-4.2 V vs. Li/Li"). The capacity loss during
cycling was very small after first cycle.

To examine the stability of electrochemical reversibility
of Co,,CrO, during cycling, cyclic voltammograms were
measured after different number of cycles of galvanostatic
charge—discharge. Fig. 4 shows the cyclic voltammograms
after 3, 50, and 70 cycles. It is clear from the figure that
the shape of cyclic voltammogram change only dlightly
after 70 cycles. The cathodic current pesk at 3.25 V
becomes more apparent after cycling, indicating that the
intercalation reaction at 3.25 V is intensified to a certain
extent after extended cycling. At the same time, the ca
thodic current peak at 2.7 V somewhat lessens. However,
the electrode was still reversible in the entire intercalation
range.

The galvanostatic charge—discharge curves for
Co, ,CrO, composite electrodes are shown in Fig. 5. The
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Fig. 5. Galvanostatic charge—discharge profiles for Li/Co,,CrO, cells.
The numbers on the figure refer to cycle number.
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Fig. 6. Variation in the discharge capacity as a function of cycle number

for Li/Co,,CrO, cells. The cells were cycled at 0.5 mA /cm? between
20and 4.2 V.

cells were charged and discharged at the rate of 0.5
mA /cm? between 2.0 and 4.2 V vs. Li/Li*. Only one
plateau was observed during both charge and discharge. As
expected, big capacity loss was observed between first and
second discharge. During the subsequent cycles, the capac-
ity loss observed was much less. The initial discharge
capacity of Co,,CrO, is 290 mA h/g, which decreases to
250 mA h/g at the end of 20 cycles. The reduction of
Co, ,CrO, givesrise to a voltage plateau at approximately
3.0 V vs. Li/Li". Fig. 6 shows the change in discharge
capacity of Co,,CrO, as a function of number of cycles.
The capacity after 100 cycles is 240 mA h/g. It is clear
from the figure that doping with Co in the structure of
CrO, helps in stabilizing the structure and reduces the
capacity fade observed during cycling. The excellent ca-
pacity retention observed in Fig. 6 is particularly notice-
able if we take into account that we are working with a Li
metal anode and that the well known loss of battery
performance results from the poor reconstruction of the
lithium surface with cycling.

1.9 T T T T T T T T T
Li | 1 MLiPFgin PC:EC: DMC (1:1:3) | LiCoq ,CrO,
1.4 | Scanrate: 0.1 mV/s
Cutoff voltage: 2.0-4.2V
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Current (mA)

L ! I L I ! L L !

18 20 22 24 26 28 30 32 34 36 38 40 42
Voltage (V vs. LilLi*)

Fig. 7. Cyclic voltammograms (first and second cycle) of Li /LiCo, ,CrO,
cells a scan rate 0.1 mV /s. LiCoy,CrO, is reversible in the entire
intercalation range.
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Fig. 8. Cyclic voltammograms for LiCo,,CrO, after 20 and 50 cycles.
Scan rate: 0.1 mV /s.

In order to check the reversible behavior of
LiCo,,CrO,, cyclic voltammograms were carried out be-
tween 2.0 and 4.2V a 0.1 mV /s as shown in Fig. 7. First
de-intercalation peak was observed at 3.7 V while the
subsequent peaks were observed at 3.5V vs. Li/Li". The
intercalation peaks were observed at 2.8 V. It is seen from
the cathodic process that a very small capacity loss was
observed between first and second cycle. The cyclic
voltammograms of LiCo,,CrO, does not undergo much
change after extended cycling. As shown in Fig. 8, al-
though the capacity at cycle 50 drops a little compared
with cycle 20, the shape of the curves remains aimost the
same, indicating that the structure is reversible even after
extended cycling. Fig. 9 shows the first five galvanostatic
charge—discharge curves of LiCo,,CrO, when cycled be-
tween 2.0 and 4.2V vs. Li /Li* at 0.5 mA /cm?. It is seen
from the figure that the discharge capacity decreases from
230 mA h/g to 215 mA h/g during the first five cycles.

3.3. Electrochemical impedance spectroscopy

EIS experiments were carried out at open circuit poten-
tial on Co,,CrO, and LiCo,,CrO, in Swagelok three-

40
381
36
34
321
30
28
26
24
2.2 Cutoff Voltage: 2-4.2V b
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Voltage (V vs. LilLi*)
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Fig. 9. Galvanostatic charge—discharge profiles for Li /LiCo, ,CrO, cells.
The numbers on the figure refer to cycle number.
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Zge ()

Fig. 10. Nyquist plots for Co,,CrO, cathode after 20, 50, and 70 cycles
at open-circuit potential.

electrode cells (T-cells). The anode and reference eec-
trodes were discs of lithium foil. The impedance covered
the frequency range from 0.005 Hz to 20 kHz with an AC
voltage amplitude of 5 mV. Fig. 10 shows the Nyquist
plots for Co,,CrO, at open circuit potential 2.45 V vs.
Li/Li* after 20, 50, and 70 cycles. The ohmic resistance
was estimated as the value of intersection of the high
frequency end of the depressed semicircle with the ab-
scissa. The interfacia impedance was estimated as the
difference of intersections of the fitted semicircle with the
abscissa. A small increase in ohmic resistance was ob-
served between 20 cycles (8.21 ) and 70 cycles (9.12
Q). The interfacial impedance increases from 33.2 Q (20
cycles) to 435 ) after 70 cycles. This increase of
impedance during cycling is in accordance with the dight
capacity fade observed for cobalt doped chromium oxide
as shown in Fig. 6.

The Nyquist plots are shown in Fig. 11 for LiCo,,CrO,
at open circuit potential 2.71 V vs. Li/Li* after 10, 40,
and 50 cycles. Similar to Co,,CrO,, a small increase in
ohmic resistance was observed between 20 cycle (7.26 Q)
and 50 cycles (8.91 Q). The interfacial impedance in-
creases from 22.7 Q) (cycle 10) to 32.1 ) after cycle 50.

60 T

40 cycle 40

Zi (@)

20 -

Open circuit potential: 2.71V (vs. Li/Li*)

0 ! 1 1 ! 1 ! ! !
0 10 20 30 40 50 60 70 80 90 100

Zpe (@)

Fig. 11. Nyquist plots for LiCo, ,CrO, cathode after 10, 40 and 50 cycles
at open-circuit potential.
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This impedance change contributes importantly to the ca-
pacity fade of the lithiated cobalt chromium oxide.

To account for the increase of internal impedance with
the cycle number of the lithium/chromium oxide cells,
solid electrolyte interphase (SEI) model can be employed.
That is, charge—discharge cycling of the electrode results
in formation of an ionically conducting but electronically
insulating surface layer at electrode/electrolyte interface
[20]. Across the SEI, the ion transport may be represented
by the insertion ion resistance and polarization over the
SEI by a capacitance in parallel. The existence of the SEI
modifies the double layer capacitance, which is associated
with the mobile species in the SEI. Since the double layer
is confined to a small portion of the SEI, the relation that
double layer capacitance is larger than SEI capacitance can
be anticipated. In this case, Nyquist plot with two arcs
should be observed. However, when both capacitances are
very close, the Nyquist plot can no longer be separated as
two distinguished arcs. The curves turn out to be one
depressed semicircle as shown in Figs. 10 and 11.

3.4. Rate behavior

It is very important to characterize these materials for
their rate behavior as most of the applications demand
high-rate discharges during normal operation. The cycling
rates were varied over the course of the experiment to
examine the effect of high discharge rates on capacity and
cyclelife. The high-rate behavior of CrO, and LiCrO, was
found to be poor, which was attributed to small diffusion
coefficient of Li in CrO, solid [10-12]. Addition of small
amount of Co in the CrO, structure helps in improving the
high rate behavior of these oxides. Fig. 12 shows the
charge—discharge profiles of Co,,CrO, when discharged
at 2.0 mA /cm? (ca. 1.5 C). The discharge capacity is as
high as 170 mA h/g, and the capacity fade is very small
during cycling. The rate capability of these electrode mate-
rials was also determined by obtaining a signature curve.

4.7 T T T

39

31

Voltage (V vs. LilLi*)

Rate: 2 mA/cm? (1.5 C)
Cutoff voltage: 2.0 -4.2V
Li| 1M LiPFg in PC:EC:DMC (1:1:3) | Cog ,CrO, /f N

23

15 L I I 1 I I I Lo
0 20 40 60 80 100 120 140 160 180

Capacity ( mAh/g )

Fig. 12. High rate charge—discharge profiles for Li/Co,,CrO, cells
between 2.0-4.2 V. The numbers on the figure refer to cycle number.

100.0 [
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0.3 0.8 1.3 18
C Rate (1/h)

Fig. 13. The discharge capacity as a function of various discharging rates
for lithiated and non-lithiated cobalt doped chromium oxides. The high
rate behavior of pure chromium oxides is also shown for comparison.

In this method the cell is discharged at highest rate from
the fully charged state. The cell is then alowed to rest for
a specified time and then discharge at rate smaller than the
first rate. The above process is repeated until the lowest
discharge rate has been used. Fig. 13 summarizes the high
rate behavior of lithiated and non-lithiated pure and Co
doped CrO,. As shown in Fig. 13 more than 85% capacity
is observed for Co,,CrO, and more then 75% capacity is
observed for LiCo,,CrO, at 0.65 C rate. The high-rate
behavior of CrO, and LiCrO, is aso shown in the figure,
which is poor compared to Co doped CrO, .

4. Conclusions

The lithiated and non-lithiated cobalt doped chromium
oxides were found to be promising cathode material for
secondary lithium batteries. Co,,CrO, and LiCo,,CrO,
had an initial capacity of 290 and 230 mAh/g, respec-
tively with an average discharge voltage of 3.0 V. Both
lithiated and non-lithiated Co doped CrO, were found to
be reversible in the entire intercalation range (2.0-4.2 V
vs. Li/Li™). Substituting a small amount of Co in CrO,
and LiCrO, dramatically improves the stability and rate
behavior of these oxides. Co doped CrO, exhibited more
than 75% capacity at 0.65C rate. Lithiated and non-lithia-
ted Co doped CrO, can be used as positive electrodes in
secondary lithium batteries with carbon and lithiated car-
bon as negative electrodes, respectively.
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