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Abstract

X-ray and electrochemical studies of spinel-related manganese chromium oxides,
LiCr,Mn,_,0O, (0<x<1) were carried out in a lithium nonaqueous cell. X-ray diffraction
spectira indicated that the substitution of manganese in LiMn,O, by trivalent transition
metals (Cr’*) cause the linear decrease of lattice parameter with the x in the LiCr,Mn,_.C,.
Some discharge-capacity loss was obtained due to the lattice contraction of LiCr,Mn,_,O,,
but it has a better rechargeability than LiMn,O,. Cyclic voltammetry and electrochemical
impedance experiments have shown that the excellent rechargeability of LiCr,Mn,_.O,
may be attributed to the good reversibility of the change in its crystal structure for the
insertion and extraction of lithium ions.

Introduction

In recent years, manganese dioxide has been widely used as a cathode in a lithium
nonaqueous cell. A detailed electrochemical and structural investigation on spinel
LiMn;O; has been reported because of its good rechargeability [1-4]. The substitution
of manganese in LiMn,0, by trivalent transition metal may also effect its structure
and rechargeability. In this paper, we reported the results of the electrochemical
discharge, X-ray diffraction, cyclic voltammetry and electrochemical impedance spectrum
of LiCr,Mn,_, O, in which Mn** at the octahedral site was substituted for Cr* jon.

Experimental

Spinel LiCr,Mn;_,0, {0<x<1) was prepared by heat-treating the mixture of
Li,CO;, Mn,0, and CrO, at a given atomic ratio Li:Mn:Cr, at 650 °C for 12 h, then
at 900 °C for 24 h.

The crystal structure was determined by X-ray diffraction analysis (XRD) (Cu
Ka), the x values of LiCr,Mn,_,O, were obtained by chemical analysis.

The cathode was prepared from a mixture of 88 wt.% active material (w/o),
10 wt.% acetylene black, and 2 wt.% Teflon organic binder pressing on a 1 cm® nickel
screen. The clectrolyte was 1 M LiClOy/propylene carbonate (PC)-1,2-dimethoxy-
ethane (DME) (1:1) solution.

The experimental cells were assembled in a dry box (VAC). The discharge and
charge experiments were examined with a flat cell, consisting of lithium foil anode,
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studied cathode and porous polypropylene as a separator. The cyclic voltammetry and
a.c. impedance experiments were conducted in a three-electrode cell, lithivm foil served
as a reference and counter electrodes. The impedance measurements were carried
out by a 5208 two-phase lock-in analyzer and potentiostat/galvanostat Model 273
controlled by IBM-PC microcomputer. Experiments were usually performed in the
frequency range of 10° Hz-0.1 Hz.

Results and discussion

Table 1 gives the results of the chemical analysis of the mixed metal oxides. The
prepared LiCr, Mn,_, O, {(0<x <1) was characterized by XRD as shown in Fig. 1. The
crystal structure of LiCr,Mn,_,O, was determined to be a cubic lattice having a space
group Fd3m(oh”) in which Mn**, Mn** and Cr’* jons are at 16(d) and O®  ions
are at 32(c) site identical to LiMn,O, structure, but the lattice constants are different.
The determined values of lattice constants are smaller than that of LiMn,0, as described
in Table 2, The lattice constant decreases as a linear function of molar chromium-
doped in LiCr,Mn._,O, as displayed in Fig. 2.

Figure 3 shows the continuous discharge curve of LiMn,O, and LiCry,Mn, O,
at 250 pAjem? at 25 °C. The cutoff voltage was 2.0 V. The working voltage of LiMn,O,

TABLE 1
Chemical analysis of the mixed metal oxides LiCr,Mn,_,O,

Target Analytical values (wt.%) Approximate chemical
materials composition
Li Cr Mn
LiMn, O, 3.85 0 60.96 Li; poMny00Q3 57
LiCry,Mn,; 30, 3.78 3.20 55.30 Lip 0aCrg 1sMn 5301 08
LiCry4Mn; ,0, 3.88 11.34 49.52 Li; 06Crg30Mny 5,04 4
LiCrysMn; O, 3.87 17.00 44.03 Lij 09Crg sgMny 4,03 59
LiCrygMn; 0, 3.80 22.30 38.49 Lipg7Crp.26Mn; 240392
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Fig. 1. X-ray diffractional pattern of LiCr,Mn,_,O, (0gx<1) (a) x=0; (b) x=0.2; (c) x=0.4;
(d) x=0.6, and (e) x=038.
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Fig. 2. Lattice constants of LiCr,Mn,_,0, (0gx<1).
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Fig. 3. Discharge curve of (a) LiMn,O, and (b) LiCry Mn, O, discharge current: 250 pAjcm®
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Fig. 4. Discharge capacities of LiCr,Mn,_,O,.

was ~ 100 mV higher than that of LiCrg 4Mn; ¢O,. Both samples exhibited a flat portion
in the discharge curve at 2,75 and 2.65 V for LiMn,O4 and LiCrg 4JMn, sO., respectively.
The discharge capacities were corresponding to 120 and 50 mA h/g for LiMn;O4 and
LiCrg4Mn; (O4. The discharge capacities of LiCr,Mn, ,Q, decrease as a function of
the amount of chromium doped in LiCr,Mn,. ,0, shown in Fig. 4. The possible
explanation was that the contraction of lattice in chromium-doped samples was not
favored for Li* insertion.
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Cycle tests were carried out to characterize the rechargeability of LiMn,O, and
LiCrgsMn, 4O, in a voltage range between 2.0 and 3.8 V. Figure 5 shows the examples
of rechargeable behavior of LiMn,04 and LiCry4Mn, O, The shape of the charge
and discharge curves obtained frem LiMn,O, and LiCr,Mn,_,Q, was quite similar.
But the working voltage and first discharge capacity of LiMn,O, was higher than that
of LiCrg4Mn,; O, However, less rechargeable capacity loss was obtained for
LiCrg4Mn, O, than for LiMn,0,, therefore the LiCr,,Mn; 4O, has a better recharge-
ability, which may be contributed to the good reversible change of its crystal structure
for the insertion and extraction of lithium ions.

In order to confimm the rechargeability of LiMn,0O, and LiCry,Mn, 4Q,, cyclic
voltammetry measurements were taken, and the results are presented in Fig. 6. In
Fig. 6(a) the oxidation peak 1 at 3.5 V corresponds to the reaction reported in the
literature [5):

(Liz)uct(MnZ)ucto4 h— Liml(an)octod (1)
rock salt composition spinel composition

The cyclic voltammogram of LiCry 4Mn, 0, shows similar feature to the LiMn;O,,
the lithium ions insertion and extraction reaction associated with LiCryMn, (O, may
believed to be:

Voltage (v)

¥ in LiiwyCriMnz-0e

Fig. 5. Cycle performances of LiMn,O, and LiCry ,Mn, (O, (a), (b) for LiMn,O,; (c), (d) for
LiCrMMnLGO‘.
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Fig. 6. Cyclic voltammogram of (a} LiMn,O, and (b) LiCr, Mn, O,; scan rate: 1 mV/s.
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(Liz)ocl(crﬂ.4Mn1.6)oclo4 -_— Lilet(crOAMnl.ﬁ)octo4

rock salt composition spinel composition

(%)

There was an apparent difference between LiMn,0, and LiCroMn; O,, the peak
current of LiMn, O, decreases faster than that of LiCry,Mn, (O, as a the cycle numbers
increase. This also indicated that the LiCr,Mn,; O, has a good rechargeability.

The problem of the a.c. impedance spectrum for a simple insertion electrode
reaction with either charge-transfer or diffusion-limited kinetics, involving desolvation
and transfer of an ion from the electrolyte has been considered by several authors
[6-8). The equivalent circuit is a series combination of the charge-transfer resistance,
R,,, and the Warburg diffusion impedance, Z,,, shunted by the double-layer capacity,
Ca. The diffusion-controlled migration, in the electrolyte or the solid, may be described
by the Warburg impedance [7):

Zo=Z(1 -~ " 3
Va(dE) 1
lzi=| —Z—F(.aD—I—-?zy) w 7 4

The so-called chemical diffusion coefficient D can be determined from eqn. (4),
Vo is the molar volume of the solid and dE/dy is the slope of the open-circuit voltage
E versus mobile ion concentration obtained by differentiating the coulombmetic titration
curve. Figures 7 and 8 show the complex impedance data change with a progressive
reduction and oxidation of LiMn,Q, and LiCry,Mn, (O,. It may be clearly seen that
the impedance diagrams show a well-defined response with a semicircle at high frequency
which was related to electrolyte solution/cathode interface (which is associated with
a charge resistance, R,) and a 45" Warburg line at low frequency (related to the
diffusion of the intercalated lithium into the LiCr,Mn; _,Q,). The diameter of semicircle
increased as the discharge proceeds, which indicated the charge-transfer controiled
kinetics became difficult as more lithium is added to the lattice. At low frequency,
the rate of lithinm intercalation is always diffusion controlled, as lithium ions insertion
lattice increases, the diffusion coeflicient is decreasing. The values of chemical diffusion
coefficient D and charge-transfer resistance R, were analyzed (Table 3). It is clear
that the chemical diffusion coefficient D of the state from (b) to (d) could not be
determined, because the value of dE/dy is equal to zero due to the two-phase reaction
[9], but D can be obtained by potentiostatic or galvanastatic pulse measurements [10,
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Fig. 7. (A) A.c. impedance spectrum for different discharge and charge depth of Li;, Mn,Q,:
(@) x=0; (b) x=0.2; (c) x=0.5; (d) x=0.8; (e) after discharge to x=0.8 then charge to x=0.5,
and (f) further charge to x=0.2. (B) only represents the discharge states of (A).
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Fig. B. A.c. impedance spectrum for different discharge and charge depth of Li,,,CrsMn; 4O,:
{a) x=0; (b) x=0.2; (c) x=04; (d} x=0.6; (&) discharge to x=0.6 then charge to x=0.4, and
(f) further charge to x=0.2.

TABLE 3
Thermodynamic and kinetic data of analysis of Figs. 7 and 8

Samples x y in Voltage dE/dy R.. D
Li; ,,Cr,Mn,_, O, vs. Li (V) [£4)) (cm?/sec)
x=0 y=1.0 342 2.36 55 1.15x 107
y=12 3.00 0.52 100 2.90x 1012
y=15 298 0.00 140
y=18 2.97 0.00 155
y=L5" 3.07 0.00 150
y=12° 3.40 0.00 135
x=04 y=10 330 227 50 3.30x10°"
y=12 2.87 0.62 75 3.67x107%
y=1.4 2.86 0.00 80
y=16 2383 0.00 95
y=14* 2.87 0.00 95
y=12% 300 0.00 80

"Discharge then charge.

11}, which will be reported in another paper. Comparing Figs. 7 and 8, we can see
the impedance diagrams changes are smaller either in R, or D for LiCry,Mn;¢0,,
and the diagrams of charge state does not change so much, which also indicates that
LiCr,Mn,_,0O, has a good reversible stracture for Lithium jons insertion or extraction.

Conclusions

This paper has shown that the substitution of manganese (Mn®*) at 16(d) in
LiMn,O, by trivalent transition metal ion (Cr’*) which has a little larger ion diameter
than that of Mn’*, decreased the lattice constant. This leads to a capacity loss, but
the rechargeability increases. Several electrochemical studies have shown that this
phenomenon may contribute to the good reversibility of the crystal structure
LiCr,Mn; ,Q, for the insertion and extraction of lithium ions.
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