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Abstract

The advantages of Cr substitution in lithium manganese oxide (LiMn,O,) for cathode of rechargeable battery were
investigated. LiCr,Mn, ,O4 (x<0.3) thin films were deposited on Pt/Ti/SiO,/Si substrates via a sol-gel process. The
LiCr,Mn,_,O, specimens were found to have the spinel structure of pristine LiMn,0,4 with no detectable secondary phase.
The Cr ions were found to be trivalent and to occupy the octahedral sites of the spinel lattice. The Cr-substituted specimens
exhibited a new phonon mode near 570 cm ™~ in the Raman spectrum. It is ascribed to octahedral Cr>*—O bonding (Tyg) that
is located close to the mode due to octahedral Mn®*—O bonding (580 cm™"). According to charge-discharge (C-D) cycling
data on the LiCr,Mn, O, cathodes, the specimens of x =0.02 and 0.05 kept larger capacities than that of the pristine
LiMn,0, cathode up to 700 cycles. The x = 0.05 cathode showed initial capacity close to that of x = 0.02. Above 100"
cycle, the x = 0.05 cathode showed better capacity retention than that of x = 0.02. Possible reason for the improved capacity
retention by the Cr substitution was discussed.
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Highlights

e LiCr,Mn, .04 (x<0.3) thin films were fabricated on Pt/Ti/SiO,/Si substrates by using a sol-gel technique and post-

annealing in air for 6 h at 700 °C.

e The LiCr,Mn,,0O4 specimens were found to have the spinel structure of pristine LiMn,O4 with no detectable

secondary phase.

e The Cr ions were found to be trivalent and to occupy the octahedral sites of the spinel lattice.
e A new phonon mode (8) near 570 cm™' observed in the Raman spectra of the Cr-substituted specimens confirms the

octahedral Cr*™ occupation in the spinel lattice.

e The LiCr,Mn, O, cathodes with small Cr’* compositions (x < 0.1) exhibited better capacity retention than the pristine

LiMn,Oy, cathode.

1 Introduction

Recently, rechargeable lithium batteries (RLBs) have been
applied to heavy industries such as transportation vehicles
and large-scale energy storage systems. The RLBs for such
purposes need to be superb in energy density, thermal sta-
bility, and durability. Among the candidates for cathodes of
such RLBs, LiMn,0, and its derivatives have been under
attention for their potential merits in charge capacity,
operational safety and cost efficiency [1-3].

LiMn,QO, has cubic spinel structure where the tetrahedral
(8a) and the octahedral (16d) sites are occupied by Li* and
Mn**/Mn** ions, respectively. The 8a and 16d sites are
surrounded by four and six oxygen anions (O°") at the 32¢
sites, respectively. LiMn,0O4 (LMO) cathode has theoretical
charge capacity of 148 Ah kg~ ' and effective cell potential
of ~4.1V vs. Li metal, leading to the energy density up to
304 Whkg~!. However, the practical charge capacity and
the related energy density of the LMO cathode tend to be
rather below the theoretical value [4].

During charging (Li" deintercalation) and discharging
(Li" intercalation) in the LMO cathode, the Li" ions can
migrate to the neighboring 8a sites via vacant octahedral
16c sites in the spinel lattice [5]. The inherent three-
dimensional diffusion pathways in the spinel lattice of LMO
need to facilitate Li™ transport for ensuring charge capacity
of the cathode. However, RLBs with the LMO cathodes
have been reported to reveal rapid decay in charge capacity
with repeated charge-discharge (C-D) cycle [3-6].

The capacity decay in LMO cathodes has been attributed to
two reasons: decomposition and Jahn-Teller effect. Firstly, the
decomposition of LMO cathode was found to be due to Mn
dissolution in liquid electrolyte through the disproportionate
reaction, 2Mn>"(solid) — Mn**(solid) + Mn**(solution), at
the cathode-electrolyte interface [7]. The resultant loss of
cathode volume gives rise to a reduction in the charge capacity.
Secondly, the Jahn-Teller distortion is caused by the appear-
ance of high-spin Mn3+(t2g3eg1) ions at the octahedral sites
during the discharging process [8—11], resulting in inefficient
Li" insertion into the 8a sites that leads to a reduction in the
charge capacity. There have been attempts to suppress the Mn
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dissolution such as impurity substitution of other elements and
surface coating of some metal oxides. With appropriate choice
of the guest metal ions, the interactions between guest and host
(Mn) ions of the LMO cathode can reinforce lattice energy to
discourage the side reaction of the octahedral Mn" ions with
liquid electrolyte [12].

In this investigation, structural and electrochemical
properties of Cr-substituted LMO (LiCr,Mn,_,O,4) cathodes
prepared as thin films using a sol-gel method are investi-
gated in comparison with those of pristine LMO cathode.
The thin-film cathodes ensure compositional uniformity that
is necessary for reliable measurements of quantitative
electrochemical parameters, while powder-based composite
ones that are coated by conductive particles and binder are
likely to face difficulty in measuring the intrinsic properties
of the cathodic compound. Future development in micro-
electronic devices that are operable with minimal current
and power consumption will open the feasibility of thin-film
microbatteries [13, 14] as power supplies. The sol-gel
method has been reported to be advantageous over other
techniques such as sputtering and spray deposition in fab-
ricating the cathodes with high deposition rate, easy control
of impurities, and low process cost.

The structural properties of the LiCr,Mn,_,O, cathodes were
investigated through X-ray diffraction (XRD) for crystal
structure, X-ray photoelectron spectroscopy (XPS) for the
charge valence of the metal ions, and Raman spectroscopy for
finding new lattice-vibrational modes in comparison with those
of the LMO cathode. The electrochemical properties of the
LiCr,Mn,_ O, cathodes were evaluated by measuring cyclic
voltammetry (CV), C-D profile, and cycling performance in
comparison with those of pristine LMO cathode.

2 Experimental

The LiCr,Mn,_O4 (x<0.3) specimens were provided by
using a sol-gel deposition method under the following
sequence. (1) Preparation of precursor solution by dis-
solving manganese acetate tetrahydrate ((CH3COO)
»Mn-4H,0), lithium acetate (CH3;COOLIi), and chromium
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nitrate nonahydrate (Cr(NO3);-9H,0) powders together
in a mixed solution composed of 25ml of
2-methoxyethanol (CH30(CH,),0H; 99%) and 2 ml of
ethanolamine (NH,(CH,),OH; 99%) maintained at
200 °C. The weights of the ingredients of the specimens
are listed in Table 1. (2) Spin-coating the solution on the
substrate at 4000 rpm for 20 s followed by pre-heating at
300°C for 5min. After the gel formation, the spin-
coating process was repeated to increase the film thick-
ness. The LiCr,Mn,_ O, films were deposited on (111)-
oriented Pt thin film with the thickness of 150 nm grown
on multi-layered Ti/SiO,/Si substrate. (3) Post-annealing
in air for 6 h at 700 °C for transforming the gel into solid
LiCr,Mn,_,O, film. The thicknesses of the LiCr,Mn,_Oy4
films measured from the side-view of their scanning-
electron-microscopy images were close to 150 nm.

The crystal structure of the specimens was monitored
by using XRD (Cu K, line, wavelength = 0.15418 nm) in
the grazing-incidence geometry with fixed light incidence
angle of 4° with the film plane. The diffraction data (260)
were collected with a step width of 0.02°. The lattice-
vibrational modes of the specimens were investigated by
Raman scattering spectroscopy employing a diode laser
(wavelength = 514 nm, power = 1 mW). The XPS mea-
surements were performed using the Al K, line (photon
energy = 1486.7 eV).

Electrochemical tests on the LiCr,Mn,_ O, cathodes were
conducted on Li/LiCr,Mn,_ O, cells [14] that were assem-
bled in an argon-filled glove-box. The electrochemical cell
consisted of a cathode, a metallic Li foil working as the
reference electrode, and a porous membrane as the separator
to isolate the cathode from the reference electrode. The
cathode films had active area of ~1.0 cm”. The liquid elec-
trolyte for Li* diffusion consisted of 1 M LiPF dissolved in
1:1 vol% mixture of ethylene carbonate, (CH,0),CO, and
diethyl carbonate, (C,Hs50),CO. In the C-D measurement at
room temperature, the cell was electrochemically cycled in
the 3.5-4.5 V potential range with a constant current density
of 0.1 mA cm 2, equivalent to ~10 C rate (corresponding to
charge/discharge of 148 Ah kg™' in ~6 min) for 700 cycles.
At all the C-D cut-off steps, the cell potential was poten-
tiostated until the current decreased to 0.02 mA cm 2. In the
CV measurement at room temperature, the current density
in the cell was measured with the cell potential scanned at
1.0mV s~! between 3.5 and 4.5 V.

Table 1 Lists of wights of ingredients for LiCr,Mn,_, O, films

Cr composition 0.02 0.05 0.1 0.3

(CH3CO0),Mn-4H,0 2426¢g 2.390¢g 2328¢g 2.083g
Cr(NO3);-9H,0 0.040 g 0.100 g 0.200 g 0.600 g
CH;COOLI 0.351g 0.351g 0351g 0351g

3 Results and discussion
3.1 Structural properties

XRD patterns of the Cr-doped LMO films are exhibited in Fig.
1. All the indexed diffraction peaks in the patterns are coin-
cident with those expected from cubic spinel structure (space
group Fd 3 m). The XRD patterns show no secondary phase in
the specimens. Also, the diffraction peaks are seen to hardly
shift with increasing Cr composition (x) from those of
LiMn,Oy (e.g., JCPDS 88-1030) as shown by dotted straight
lines passing the (311), (400) and (440) peaks. The lattice
parameters of the LiCr,Mn,_ O, specimens estimated by using
a least-squares method were close to 0.822 nm.

In Fig. 2, Cr 2p-electron binding-energy (B-E) spectra of
the LiCr,Mn, O, specimens obtained by the XPS mea-
surements are exhibited. The electron B-E was calibrated by
using the C 1s peak (254.8eV) as a reference. The B-E
spectrum consists of spin-orbit-split 2p;, and 2p;, peaks
separated by ~10eV (575.3 and 585.8eV), implying the
valence of the octahedral Cr ion to be +3. At higher B-E to
the 2ps,» peak another peak (o) appears at 576.3 eV. The
shift of B-E can be explained in terms of a magnetic
exchange interaction between a 2p;,, hole and 3d electrons
of the Cr’" ion [15]. The absence of the (220) peak near
20 =31° in the XRD patterns of the Cr-doped specimens
(Fig. 1) indicates that the Cr’" ions mostly occupy the
octahedral sites of the spinel lattice.

The vibrational modes of spinel LiCrMn, O, lattice
structure were investigated by Raman scattering spectroscopy
as shown in Fig. 3. Firstly, the strongest peak for the LMO
specimen is located near 630 cm ™! and such peak exists at the
same energy for the LiCr,Mn, O, specimens. It has been
assigned to Aj, phonon mode representing symmetric
stretching vibration of O*~ ions at the tetrahedral sites

LiCrMn, O,
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Fig. 1 XRD patterns of LiCr,Mn, O, cathodes in comparison with
that of LiMn,0, cathode
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Fig. 3 Raman spectra of LiCr,Mn, O, cathodes in comparison with
that of LiMn,O, cathode

[11, 16, 17]. The fixed A, peak position for the Cr-substituted
specimens to that of LMO supports the result of the XRD
analyses indicating little change in the lattice parameter by the
octahedral Cr’* substitution. The peak (B) near 660 cm™! is
attributable to A,, phonon mode representing asymmetric
stretching vibration of O®~ ions at the tetrahedral sites. It is
Raman-inactive for pristine LiMn,O, but a breakdown in
crystal symmetry due to the Cr'" occupation in the spinel
lattice is likely to make it Raman-active [11].

At the lower energies to the A, peak, two phonon peaks
exist near 600 and 480cm~! for LMO. They have been
assigned to T2g(1) (600 cm™") and ng(z) (480 cm™") phonon
modes representing Mn—O stretching vibrations of MnQOg
octahedron [16—18]. The broadened nature of the peaks
compared to the A, peak is ascribed to the multivalence of
the octahedral Mn ions, Mn** and Mn*" (Mn**—O mode
has higher energy than Mn>*—O mode). As shown in Fig.
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Fig. 4 CV curves of LiCr,Mn,_ O, cathodes in comparison with those
of LiMn,0, cathode

3, the ng(l) peak can be resolved to two lines at
600 cm™' (Mn**—0) and 580 cm™! Mn**—0).

As the Cr composition increases, the ng(') peak is seen
to pick up strength. It is attributable to a new T,, phonon
mode near 570 cm™! originating from Cr’**—O stretching
vibration of CrOg octahedron as denoted by & [19]. The
observed boosting of the mode & implies the higher Raman
scattering cross section of the octahedral Cr**—O bond
compared to that of the Mn*"—O bond [20]. The appear-
ance of the Cr-related Raman-scattering peak for the
LiCr,Mn,_,O4 specimens supports the Cr’t substitution in
the octahedral sites of the spinel lattice.

3.2 Electrochemical properties

In Fig. 4, CV curves of the Li/LiCr,Mn,_O, cells are com-
pared with those of the LMO cell (x = 0). The CV patterns for
the x=10.02, 0.05 and 0.1 cathodes exhibit two well-refined
peaks for both charging and discharging that are comparable to
those of the LMO cathode. It indicates that the substituting
Cr’* ions do not alter the two binary equilibrium systems
during the Li* extraction or insertion. The two-peak pattern of
the current indicates that Li* extraction (charging) and the
corresponding insertion (discharging) at the tetrahedral sites of
the spinel lattice happen in two stages. For the Li* extraction,
LiMn204 d Li()_sMIl204 (# 1) and Li()_5MI1204 d Mn204 (#2)
at the 8a sites associated with oxidation Mn>" — Mn*"), takes
place with increasing cell potential, while for the Li" insertion,
Mn204 - Li()_5Ml’1204 (#3) and Li0_5Mn204 - LiMIl204 (#4)
associated with reduction (Mn4+ - Mn3+), takes place with
decreasing cell potential. For the LMO cathode, the current
shows two peaks near 4.05 and 4.19eV (separated by
140 meV) for charging and near 3.95 and 4.08 eV (separated
by 130 meV) for discharging. It is notable that the strength of
the two charge/discharge peaks is significantly reduced for
x=0.3, especially for the ones at the higher potential. It
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implies a significant decrease in the cathode capacity that can
be understood primarily in terms of a significant reduction in
the quantity of oxidizable Mn>" ions as the Cr’* concentration
increases. The area under a peak is likely to be proportional to
Li" concentration involved in the stage. For the LMO cathode,
the area of the two peaks are quite alike for both charging and
discharging. However, for the Cr-substituted cathodes, the two
peaks have different areas: except for x = 0.3, the peak at the
higher (lower) potential has the larger area for charging (dis-
charging). The dependence of the peak current density 7, (A
cm™2) on the potential scanning rate v (V s~!) can be applied
to determine the diffusion coefficient Dy; of Lit ion on the
basis of the following equation [21]:

I, = (2.69 x 10%)n¥2D}/*v' 2y

where n is the number of electrons per reaction species (=1 for
Li") and Cy; is the bulk concentration of Li" ions in the
electrode (=0.02378 mol cm > for LMO). Using the equation
the value of Dy; (diffusion coefficient of Li") for Cr-
substituted (x =0.02) cathode from the peak #2 (charging,
I,=389x 107°A cmfz) is calculated to be 1.9 x 1073 cm? s 71,
It implies that a Li* ion moves 4.4 nm (equivalent to 5.4 lattice
spacings of spinel LMO) in 1.0 s (diffusion length L in time ¢
is L= (Dy; )'”). On the other hand, from the peak #2 for the
pristine LMO cathode (charging, I, =56 x 10°° Acm™),
D;=7.6x10"" cm? s7!, where a Li" ion moves 2.8 nm
(equivalent to 3.4 lattice spacings of spinel LMO) in 1.0s.
In Fig. 5a, b, and c, representative galvanostatic C-D curves
of the Cr-substituted LMO cathodes are exhibited in compar-
ison with those of pristine LMO cathode at the 1%, 200®, and
400™ cycle, respectively. The charging and discharging curves
reveal two plateaus corresponding to the two stages of LiT
extraction and insertion mentioned for the CV patterns in Fig.
4. For the 1% cycle, the charge and discharge capacities of two
Cr-substituted specimens (x =0.02 and 0.05) are larger than
those of the LMO specimen. The two Cr- substituted speci-
mens also showed better C-D capacities at higher (200" and
400™) cycles than those of the LMO specimen. The coulombic
efficiencies of the specimens at the 1% cycle were 95, 93, 97,
98, and 91% for the LMO, x=0.02, x=0.05, x=0.1, and
x=0.3, respectively. At the later 200 (400™) cycles, they
were 98% (96%), 98% (97%), 98% (98%), 99% (95%), and
94% (99%) for the LMO, x=0.02, x=0.05, x=0.1, and
x=0.3, respectively. All the specimens are seen to exhibit
good coulombic efficiencies at higher cycles as in the 1% cycle.
In Fig. 6, cycling performance (variation of discharge
capacity with C-D cycles) curves of the Li/LiCr,Mn,_,Oy4 cells
are exhibited in comparison with that of LMO. The initial
discharge capacity of the LMO cathode is 0.41 Ah cm 3,
equal to 64% of the theoretical capacity of 0.64 Ah cm >
(=148 Ah kg’l) for spinel LiMn,Q,. For the LiCr,Mn,_,O4
cathodes, the initial discharge capacities of the x = 0.02 and
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Fig. 5 Galvanostatic C-D curves of LiCr,Mn,_ O, cathodes at (a) 1%
cycle, (b) 200" cycle, and (c¢) 400" cycle in comparison with those of
LiMn,0, cathode

0.05 cathodes are 0.50 and 0.49 Ah cm*3, larger than that of
pristine LMO cathode. On the other hand, it is 0.39 and
0.33 Ah cm™ for the x=0.1 and 0.3 cathode, respectively.
Such a reduction in the initial capacity is primarily attributable
to a reduction of octahedral Mn®* population in LiCr,Mn,_,O4
compared to LMO.
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It is notable that the x=10.02 and 0.05 cathodes show
better capacity retention capability than the LMO cathode for
all the C-D cycles up to 700. For the x=0.02 and 0.05
cathodes, the discharge capacity reaches to 0.40 Ah cm™>
(82% of its 1*t cycle) and 0.45 Ah cm™> (90% of its 1% cycle),
respectively, at the 300" cycle. At the 700" cycle, they are
reduced to 0.21 Ah cm™> (42% of its 1% cycle) and 0.34 Ah
ecm ™ (69% of its 1% cycle) for x=0.02 and 0.05, respec-
tively. For the LMO cathode, on the other hand, the capacity
fading looks significant with increasing cycle: the discharge
capacity reaches 0.29 Ah cm ™ (74% of its 1* cycle) at the
300" cycle and it is reduced to 0.09 Ah cm™ (22% of its 1%
cycle) at the 700" cycle. For the x=0.3 cathode, the dis-
charge capacity is maintained near ~0.3 Ah cm™ (close to the
initial discharge capacity) all the way to 700" cycle.

The galvanostatic C-D cycling data indicate that the
octahedral Cr’" substitution improve the capacity retention
capability of the LMO cathode. The increase in the Ty, (8)
strength in the Raman spectrum of the Cr-substituted cathode
(Fig. 3) implies the octahedral substitution of Cr’" ions. The
binding energy of octahedral Cr—O bonding in delithiated
(Cr0O,) state was estimated to be 1142 kJ mol ™/, being larger
than that of Mn—O (946 kJ mol ") in «-MnO, [22, 23]. Thus,
the stronger Cr—O bonding is expected to be supportive for
stabilizing the LMO-based spinel lattice. The improved
capacity retention of the Cr-substituted LMO cathodes is
primarily ascribed to the lattice stabilization through octahe-
dral Cr—O bonding that can be effective for resisting to the
Mn®" dissolution at the cathode-electrolyte interface.

4 Conclusions
A series of LiCr,Mn,_O4 cathodes have been success-

fully fabricated as single-phased thin films on Pt(111)/Ti/
SiO,/Si substrates for rechargeable battery tests. The
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XRD, XPS, and Raman data indicate that the Cr’" ions
mostly occupy the octahedral sites of the spinel lattice.
The electrochemical cycling data for the LiCr,Mn,_O4
(x=0.02 and 0.05) cathodes indicate a suppression of
capacity deterioration compared to those of the LiMn,0y4
cathode. The improved electrochemical properties of the
LiCr,Mn,_,O, cathodes are explainable in terms of the
appearance of octahedral Cr’™—O bonds that boost
structural stability for discouraging the disproportionate
reaction of the Mn>" ions.
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