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H2O2-Aided One-Pot Hydrothermal Synthesis
of Nanocrystalline LiMn2O4 Cathode

for Lithium Batteries
K. Sathiyaraj, Gangulibabu, D. Bhuvaneswari, N. Kalaiselvi, and A. John Peter

Abstract—A simple and H2 O2 -aided hydrothermal (HDT)
method has been deployed to synthesize nanocrystalline LiMn2 O4
at 140 ◦C using an in-house-made hydrothermal reaction vessel.
Phase pure, highly crystalline, and uniformly distributed nanorods
of 100 nm length are obtained from the H2 O2 aided exothermic
oxidation of precursor mix, especially when an excess amount of
lithium (Li: Mn as 2:1) is used. The crystalline nature of LiMn2 O4
and the growth of nanorods along (111) crystallographic direction
are understood from powder x-ray diffraction (PXRD) and selec-
tive area electron diffraction (SAED) analysis, respectively. The
synthesized cathode exhibited an initial capacity of 118 mAh g−1

with a slightly higher initial capacity fade (9%) and a progres-
sively stabilized (<3% capacity fade) specific capacity behavior
upon cycling. An equivalent circuit model is proposed to fit with the
observed impedance behavior of LiMn2 O4 cathode. The exploita-
tion of low temperature assisted one-pot hydrothermal synthesis
to prepare nanocrystalline LiMn2 O4 compound and the suitabil-
ity of the same to exhibit better lithium intercalation behavior are
demonstrated in this communication.

Index Terms—Hydrothermal method, LiMn2 O4 , lithium bat-
teries, nanocrystalline cathode.

I. INTRODUCTION

S PINEL LiMn2O4 , possessing a 3-D interstitial space for
Li+ ion transport and bestowed with advantages like ecobe-

nign nature, economic viability, and the abundant availability of
manganese resource is one of the potential cathodes exploited
in rechargeable lithium battery applications. However, the ma-
jor limitation of LiMn2O4 electrode material, viz., unaccept-
able capacity fade upon electrochemical cycling is due to fac-
tors such as: 1) fracture of the particle surface due to local
Jahn-Teller distortions at high rates of discharge [1]; 2) dissolu-
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tion of manganese from lithiated [2] and delithiated spinels [3];
3) electrolyte oxidation on the spinel surface [4]; 4) cation mix-
ing, or Li/Mn site exchange [5]; 5) loss of oxygen from the
spinel [6]; and 6) structural failure in the two-phase reaction
region [7]. Several attempts are being made to alleviate the
aforesaid problems, which include the selection of compatible
electrolytes, coating of spinel particles with chemically stable
species, tuning of physical parameters such as phase purity,
particle size, surface area, etc., by way of adopting optimized
synthesis procedure and partial substitution of suitable dopants
for manganese/oxygen ions [8]. Among these approaches, the
effect of synthesis methodology has a direct impact on mor-
phology, size, and distribution of particles that are the critical
parameters to facilitate faster lithium ion diffusion kinetics [9].

Spinel lithium manganese oxide, when prepared by solid-
state reaction, produces inhomogeneity of composition, irregu-
lar grain shape, and larger grain size. Solution-assisted synthesis
methods such as sol-gel [10], combustion [11], pechini [12], and
emulsion-drying [13] approaches are reported to form submi-
cron sized LiMn2O4 particles, due to the atomic level distri-
bution of reactants in the homogenous solution. On the other
hand, nanocrystalline LiMn2O4 material with larger surface-to-
volume ratio that allows for larger electrode-electrolyte contact
and by reducing the lithium ion diffusion path length is reported
to exhibit an improved electrochemical performance [14] than
conventional LiMn2O4 cathodes [15]. Toward this direction,
template method [16], hydrothermal solid-state method [17],
self-seeded surfactant directed growth process [18] are reported
to form growth controlled LiMn2O4 nanoparticles [19].

Generally, phase pure and homogenous distribution of
nanocrystalline particles with larger surface area is desired for
any lithium intercalating cathode material to exhibit better elec-
trode performance [9]. Even though solution-assisted synthesis
approaches of the aforesaid category are known for phase pure,
homogenous distribution of particles and formation of submi-
cron particles, requirement of higher calcination temperature
in all these methods [10]–[12] is unavoidable. On the other
hand, a low temperature requiring hydrothermal method is cho-
sen for the present study, which is an energy saving approach
to prepare nanocrystalline powders and thus gains importance.
In other words, a low temperature involving H2O2-based hy-
drothermal approach has been followed to synthesize nanocrys-
talline LiMn2O4 cathode, wherein a perfect control over particle
size and surface morphology is obtained by way of adjusting the
total internal pressure of the in-house made hydrothermal reac-
tion vessel (Fig. 1). Not requiring an autoclave for pressure

1536-125X/$26.00 © 2011 IEEE



SATHIYARAJ et al.: H2 O2 -AIDED ONE-POT HYDROTHERMAL SYNTHESIS OF NANOCRYSTALLINE LiMn2 O4 CATHODE 315

Fig. 1. In-house made hydrothermal reaction vessel.

adjustments in the hydrothermal synthesis, the currently used
in-house made reaction vessel is helpful in maintaining the re-
quired internal pressure by way of keeping an optimum volume
of hot solution containing H2O2 and precursor mix. Further,
unlike the solvo thermal preparation of LiMn2O4 at 750 ◦C that
involves a two stage synthesis mechanism or carbonate precur-
sor based solid state synthesis approach that requires a temper-
ature of 700 ◦C to form LiMn2O4 compound [20], the present
study deals with a simplified hydrothermal approach, wherein
nanocrystalline LiMn2O4 with a homogenous distribution of
nanorods of 100 nm length has been obtained more readily at a
temperature as low as 140 ◦C. In short, the study has a major
focus on the cost-effective hydrothermal synthesis approach to
prepare nanocrystalline LiMn2O4 compound and an investiga-
tion on the suitability of thus prepared LiMn2O4 cathode for
application in rechargeable lithium batteries.

II. EXPERIMENTAL DETAILS

A. Synthesis

Spinel LiMn2O4 was synthesized by a low temperature
hydrothermal method with starting materials such as LiOH
(Merck), Mn(NO3)2 (Merck), and H2O2 (Alfa Aesar). An aque-
ous solution of 1M LiOH and 3.5% of H2O2 was added drop
wise in to a solution of 0.5M Mn(NO3)2 under vigorous stirring.
A black viscous solution was obtained, which was then trans-
ferred to an in-house made hydrothermal setup (Fig. 1) and kept
aside at room temperature for 2 h. The total volume of precur-
sor solution was optimized and maintained as 80% of the total
capacity of the hydrothermal vessel in order to realize an inter-
nal pressure of the order of ∼25 MPa, needed for the reaction.
Subsequently, the setup was sealed tightly and transferred to a
preheated oven and heat treated at 140 ◦C for 12 h. The oven
was then allowed to cool to room temperature and the formed
precipitate was separated and washed twice with double dis-
tilled water. The washed precipitate was dried at 110 ◦C for 10 h
and ground well. The resultant nanocrystalline LiMn2O4 com-
pound was subjected to systematic physical and electrochemical

characterizations. Possible mechanism involved in the formation
of LiMn2O4 is given as under:

Mn(NO3)2 + H2O2 → Mn(OH)2 + 2NO2 + O2 ↑
Mn(OH)2 + 1/2H2O2 → MnOOH + H2O

2MnOOH + LiOH + 1/2H2O2 → LiMn2O4 + 2H2O.

B. Physical and Electrochemical Characterizations

Phase characterization was done by powder X-ray diffraction
technique on a Philips 1830 X-ray diffractometer using Ni-
filtered Cu Kα radiation (λ = 1.54 A◦) in the 10–90◦ range at
a scan rate of 0.04◦/s. The surface morphology and microstruc-
ture of synthesized samples were examined by scanning electron
microscopy (SEM, HITACHI S–3000 H, and Japan) and trans-
mission electron microscopy (TEM, FEI-Tecnai-20G2). The
chemical composition of LiMn2O4 compound was confirmed
by X-ray photoelectron spectroscopy (XPS, VG electron spec-
troscopy) using an Mg Kα excitation source. Fourier transform
infrared spectroscopy (FTIR) was performed on a Perkin–Elmer
Paragon-500 FTIR spectrophotometer using a pellet containing
a mixture of KBr and the response of active material in the region
400–1200 cm−1 was recorded. Room temperature electrochem-
ical studies such as cyclic voltametry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were performed
using an auto lab electrochemical workstation, wherein CV scan
rate was fixed as 0.5 mV/s and the impedance analysis was done
over a frequency range of 100 KHz–0.1 Hz. Electrochemical
charge–discharge study was carried out using Arbin instruments
(BT 2000).

C. Electrode Preparation and Coin Cell Fabrication

Coin cell was fabricated using HDT synthesized LiMn2O4
material as cathode, lithium metal as anode, and a solution
consisting of 1M LiPF6 dissolved in 1:1 v/v EC: DEC as elec-
trolyte along with celgard separator. The detailed procedure for
electrode preparation and coin cell fabrication is described else-
where [21].

III. RESULT AND DISCUSSION

A. Phase Analysis—PXRD Studies

Fig. 2 shows the XRD pattern recorded for LiMn2O4 com-
pound synthesized via HDT approach with a slight variation in
the reaction conditions, viz., usage of stoichiometric and excess
amount of lithium in the precursor mix. The PXRD patterns
of LiMn2O4 compound synthesized with the stoichiometric
amount of lithium [Fig. 2(a) and (b)] correspond to the formation
of MnO2 compound (JCPDS No: 65-2821), wherein the appear-
ance of (111) peak at 2θ = 18.9◦, corresponding to the presence
of cubic spinel LiMn2O4 is missing. Hence, the partial occu-
pation of lithium ions in the Li site of LiMn2O4 [22], resulting
from the washing and nonwashing of precipitates obtained from
the usage of stoichiometric amount of lithium in HDT method
is understood. Further, it is obvious from the PXRD pattern
of Fig. 2(a) and (b) that an excess concentration of lithium in
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Fig. 2. XRD pattern of LiMn2 O4 synthesized using hydrothermal method
with different conditions: (a) Stoichiometric amount of lithium with the wash-
ing of precipitate. (b) Stoichiometric amount of lithium without washing the
precipitate. (c) Excess concentration of lithium with washing of formed precip-
itate. (d) JCPDS file no. 88–1030.

TABLE I
PHYSICAL PARAMETERS OF LiMn2 O4 CALCULATED FROM XRD

the precursor mix is essential to obtain phase pure LiMn2O4
compound, especially when HDT method is deployed. Ac-
cordingly, the PXRD pattern of spinel LiMn2O4 synthesized
from a mixture containing 2:1 molar ratio of Li:Mn precursor
matches exactly [Fig. 2(c)] with the standard JCPDS pattern
(File No: 88-1030), confirming the phase pure formation of title
compound.

All the Bragg peaks were indexed to the cubic spinel struc-
ture of LiMn2O4 with an Fd3m space group [23]. The peak
broadening observed in all the three attempts of HDT method
[Fig. 2(a)–(c)] is attributed to the formation of nanocrystalline
LiMn2O4 compound. Particularly, Fig. 2(c) corresponds to the
formation of nanocrystalline LiMn2O4 compound with an aver-
age grain size of 30 nm, as derived from the Scherrer equation.
The calculated values of lattice parameter and physical constants
are in good agreement with the reported values (Table I).

Interestingly, the (111) peak has smaller FWHM (full width
at half maximum) value and larger crystallite size compared to
other peaks, which is an indication that the formed nanoparticles
grow preferentially along the (111) direction to form nanorods
[17]. Further, presence of intense and sharp peaks [Fig. 2(c)]
evidences the crystalline nature [24] of LiMn2O4 compound
prepared at a temperature as low as 140 ◦C. The internal pressure
created within the in-house made hydrothermal vessel due to the
H2O2−aided exothermic oxidation of precursor mix is believed

Fig. 3. Fig. 3 SEM images of LiMn2 O4 synthesized by HDT method showing
a) uniform distribution of particles. b) growth controlled particles.

Fig. 4. TEM image and SAED pattern recorded for LiMn2 O4 nanorod.

to impart crystallinity to the final product [25] at 140 ◦C itself,
which is noteworthy.

B. Surface Morphology and Particle Size—SEM
and TEM Studies

Fig. 3(a) evidences the formation and uniform distribution of
size-reduced cubic particles possessing definite inter-particle
grain boundaries. Presence of growth-controlled nanorods
[Fig. 3(b)] is also seen from the SEM image, which is
noteworthy.

TEM images [Fig. 4(a) and (b)] of LiMn2O4 compound con-
firm the presence of nanorods possessing ∼100 nm length and
a diameter 50 nm. The controlled growth of nanorods along the
(111) crystallographic direction is confirmed from SAED re-
sults [26], which is in agreement with the XRD results. Further,
the crystal lattice parameter values calculated for (111), (400),
(422), and (311) planes in SAED are found to match well with
those calculated from XRD results (Table II).
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TABLE II
COMPARISON OF PHYSICAL PARAMETERS DERIVED FROM XRD AND SAED

(TEM) ANALYSIS

Fig. 5. FTIR spectrum of LiMn2 O4 compound.

C. Cationic Environment—FTIR Analysis

FTIR spectroscopy is an effective technique in differentiat-
ing the ordered versus disordered structures of the LiMn2O4
cathode materials. Fig. 5 shows the room temperature FTIR
absorption spectra of spinel LiMn2O4 that consists of a series
of broad bands between 450 and 650 cm−1 , corresponding to
the F1u symmetry modes [27]. However, the FTIR spectrum of
LiMn2O4 spinel is dominated by two strong absorption bands at
613 and 513 cm−1 , corresponding to the displacement of oxide
ions and are attributed primarily to the asymmetric stretching
modes of MnO6 octahedra. It is obvious that such vibrations
are not resulting from an isolated MnO6 octahedra, because
the MnO6 octahedra of spinel LiMn2O4 are connected to other
MnO6 octahedra and LiO4 tetrahedra [28]. Since the Li-O re-
lated vibrations lie far below 400 cm−1 [10], the same is not
discussed in this communication.

D. Oxidation State of Elements—XPS Study

The chemical composition of spinel LiMn2O4 has been ex-
amined by XPS, as the measurement is suitable for quantitative
analysis of Li–Mn–O compounds, wherein a first-order process

Fig. 6. XPS spectra of (a) Li 1 s and Mn 3p, (b) Mn 2p and (c) O 1 s of
LiMn2 O4 compound.

is involved in the photoelectron emission. Quantitative analy-
sis of LiMn2O4 is made from the integrated intensities of the
Mn 2p and Li 1 s lines, which are observed with the peaks at-
tributed to oxygen in the XPS spectrum. Fig. 6 displays the
deconvoluted XPS spectra of Mn 2p, O 1 s, Li 1 s, and Mn 3p
core-level photoemission peaks for spinel LiMn2O4 . The Li 1 s
core level of LiMn2O4 has a low intensity with a binding energy
located at 54.0 eV [Fig. 6(a)], which is close to that of Li metal
(54.6 eV) [29]. The deconvolution carried out in the peak of
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Fig. 7. Cyclic voltammogram of LiMn2 O4 cathode upon cycling.

Mn 3p core level shows peaks of Mn3+ and Mn4+ at 48.3 and
49.8 eV [Fig. 6(a)], respectively. Similarly, the deconvoluted
Mn 2p3/2 peak in LiMn2O4 [Fig. 6(b)] also exhibits two peaks
at 641.6 and 643.0 eV, corresponding to the presence of Mn3+

and Mn4+ , respectively [30].
The observed energy separation of 11.5 eV between the Mn

2p3/2 and Mn 2p1/2 states and the intensity ratio 2:1 of Mn 2p3/2
and Mn 2p1/2 confirm that the LiMn2O4 compound synthesized
using HDT method is in agreement with the stoichiometric
spinel material [31]. Fig. 6(c) shows that peaks at 529.6 and
531.1 eV are related to the line of O 1 s core level, which is also
in agreement with the stoichiometric formation of LiMn2O4 .

E. Cyclic Voltammetry Studies

Fig. 7 shows the cyclic voltammogram (CV) of LiMn2O4
cathode recorded at a sweep rate of 0.1 mV s−1 for about 20
cycles.

The CV of LiMn2O4 cathode consists of two anodic (a1 and
a2) and two cathodic (c1 and c2) peaks [32], [33], corresponding
to the two-step reversible deintercalation and intercalation of
lithium according to the following reactions:

LiMn2O4 ↔ Li0.5Mn2O4 + 0.5Li+ + 0.5e− (1)

and

Li0.5Mn2O4 ↔ λ−MnO2 + 0.5Li+ + 0.5e−. (2)

The first pair of peaks, viz., a1 and c1 at 4.2 and 3.8 V corre-
sponding to (1) is attributed to the removal/addition of Li ions
from/into a half of the tetrahedral sites in which Li/Li+ inter-
action occurs [33], [34]. The second redox pair, viz., a2 and c2
observed at 4.3 and 3.9 V corresponding to (2) is attributed to
the intercalation/deintercalation of lithium in to the other half
of the tetrahedral sites [35]–[37]. It is well known that these
processes are accompanied by the reversible Mn3+/Mn4+ redox
reactions [32] and, hence, the cycling reversibility of LiMn2O4
cathode could be understood. The potential difference corre-
sponding to the separation of redox pairs is found to be insignif-
icant, which is a desirable property for any lithium intercalating

Fig. 8. Cycling performance of spinel LiMn2 O4 cathode.

electrode to exhibit better electrochemical properties [35]. Fur-
ther, the electrochemical cycling stability of HDT synthesized
LiMn2O4 cathode upon extended cycling is better understood
from the closely overlapping CV peaks (Fig. 7) of the same
during the first and after the 20th cycle.

F. Charge-Discharge Behavior

Fig. 8 shows the charge/discharge behavior of the LiMn2O4
cathode at C/20 rate. The initial discharge capacity of
Li|electrolyte|LiMn2O4 cell is around 118 mAhg−1 , which is
found to decline to 104 mAhg−1 after 50 cycles, with a capac-
ity loss of 11.83%. Herein, an initial capacity loss of 9.0% is
observed up to 10 cycles and a reduced capacity loss of about
2.8% is observed from 11–50 cycles. Such a decreasing dis-
charge behavior during first few cycles and the progressively
stabilized capacity behavior of LiMn2O4 cathode are already
reported [36], [37]. It is well known that the decreasing dis-
charge capacity values of LiMn2O4 cathode upon cycling may
be corroborated to the dissolution of Mn3+ into the electrolyte
and also to the Jahn-Teller effect associated with the Mn3+ ions
in the lattice [38], [39].

However, the magnitude of specific capacity exhibited
by HDT synthesized LiMn2O4 cathode (118 mAh g−1) is
found to be better than the microemulsion [37] synthesized
(100 mAh g−1) and solid-state [38] synthesized (90–100 mAh
g−1) LiMn2O4 and is in closer agreement with the commercial
sample [40] reported by Park et al. (115 mAh g−1) and the
ceramic process synthesized LiMn2O4 cathode [41] (115 mAh
g−1). Hence, the dependence of discharge capacity values on
the method of preparation of LiMn2O4 compound, as reported
by Sinha et al [37], is understood from the present study also. In
addition, a progressively increasing coulombic efficiency behav-
ior of LiMn2O4 cathode [37], [39] is observed (Fig. 8), which
may be correlated to the advantages of HDT synthesis method
in producing nanocrystalline LiMn2O4 particles that reduces
the capacity fade upon cycling via improved and facile lithium
diffusion kinetics.
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Fig. 9. Nyquist plot of LiMn2 O4 recorded after different cycles.

G. Impedance Measurements

Nyquist plots of the spinel LiMn2O4 cathode after different
cycles are shown in Fig. 9. Each Nyquist plot is composed of
deformed semicircle region in high and medium frequencies and
a Warburg region followed by a steep sloping line at the lowest
frequencies [42]. The first semicircle (at high-frequency region)
is ascribed to lithium-ion diffusion through the surface layer,
the second semicircle (at medium-to-low frequency region) is
assigned to charge-transfer reaction, and the slope at the low-
frequency region is attributed to the solid state diffusion of
lithium ion in the active material [43].

It is evident from Fig. 9 that the width of the first semicircle
decreases and the width of the second semicircle increases with
the increasing number of cycles. The reduced width of the first
semicircle is attributed to the advantageous effect of nanocrys-
talline nature of LiMn2O4 cathode and the same is an indi-
cation of significantly reduced resistance of lithium diffusion
that occurs through the surface layer. The increasing charge-
transfer resistance of LiMn2O4 cathode upon cycling (enlarged
second semicircle) attributes to the unavoidable fade in capac-
ity observed with the currently synthesized LiMn2O4 cathode.
However, the total internal resistance of the cell decreases with
the increasing number of cycles, which is in accordance with
the reduced capacity fade behavior of nanocrystalline LiMn2O4
cathode upon cycling.

In order to simulate the lithium intercalation behavior of
LiMn2O4 cathode, a possible equivalent circuit model is pro-
posed and the same is depicted in Fig. 10(a). Fig 10(b) corre-
sponds to the simulated impedance spectra and evidences the
fact that the simulated intercalation behavior is in good agree-
ment with the experimentally observed one.

The impedance spectrum in Fig. 10(b) consists of two semi-
circles corresponding to the two pairs of parallel resistances and
capacitances [44]. R is the ohmic electrolyte resistance, R1 is
the resistance for Li+ ion migration through the surface layer,
C1 corresponds to interfacial capacitance corresponding to R1 ,
R2 , and C2 , respectively, denote the double-layer capacitance
and charge transfer resistance, and W is an infinite length War-
burg impedance that reflects the solid-state diffusion of Li+

ion [45]. It is observed that the proposed equivalent circuit fits

Fig. 10. (a) Proposed equivalent circuit model and (b) simulated impedance
spectra of LiMn2 O4 cathode.

with the experimentally observed impedance spectral behavior
satisfactorily.

IV. CONCLUSION

Phase pure and nanocrystalline LiMn2O4 rods possessing a
diameter of 50 nm have been prepared at a temperature as low as
140 ◦C by adopting H2O2-assisted one-pot hydrothermal syn-
thesis, with an excess concentration of Li:Mn precursor ratio
(2:1). An in-house made hydrothermal reaction vessel has been
exploited in the study, wherein an optimized total volume of 80%
of precursor solution containing H2O2 is found to be effective in
maintaining the internal pressure required to form the product at
such a lower temperature of 140 ◦C. The mixed valent oxidation
state of Mn is confirmed from XPS study and the SAED pattern
evidences the growth of nanorods along (111) crystallographic
direction. The observed capacity of 118 mAh g−1 with an ac-
ceptable capacity fade noticed upon extended cycling is substan-
tiated from the closely overlapping CV peaks and the decreasing
total internal resistance value of Li|electrolyte|LiMn2O4 cell
with the increasing number of cycles. A self-explanatory equiv-
alent circuit model is also proposed for the observed impedance
behavior of LiMn2O4 cathode. The possibility of exploiting hy-
drothermal method to synthesize nanocrystalline LiMn2O4 and
the effect of nanocrystalline LiMn2O4 cathode in reducing the
diffusion path length and to exhibit desirable lithium intercala-
tion behavior are understood from the study.
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