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a  b  s  t  r  a  c  t

A  sol–gel  method  was  employed  to synthesize  LiMn2O4 cathode  for lithium  ion  batteries.  Calcination
treatment  with  citric acid  results  in  the reduction  of  external  active  materials  of the  cathode,  finally  a
novel  layer  coating  of MnO  was  proposed  on the surface  of LiMn2O4. The  structures  and  morphologies
of the  as-prepared  samples  were  characterized  by  XRD,  Raman,  SEM  and  HRTEM  techniques.  It  was
found that  the  reaction  between  LiMn2O4 and  citric  acid  derived  carbon  occurred  during  coating  process,
eywords:
iMn2O4

nO
ycling performance
n  dissolution

and  the  resultant  layer  was  verified  to be  MnO  uniformly  coated  onto  the  cathode.  Electrochemical
performances  show  that  the  amount  of  coating  exhibits  a significant  effect  on  LiMn2O4 performance,  and
the  optimized  MnO  coating  could  exhibit  improved  battery  performance  of the LiMn2O4 cathode.  The
obtained  improvement  is attributed  to decreased  Mn  dissolution  into  electrolyte  upon  cycling  resulting
from the  MnO  coating.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lithium ion batteries are a promising power source for a wide
ange of electronic applications including mobile phones and
aptops. Furthermore, the high energy density and excellent cycla-
ility of lithium ion batteries make them well suited for use in
erospace and electric vehicle applications [1–4]. Recently, spinel
hase lithium-manganese oxide (LiMn2O4) has gained significant
ttention due to its low cost, low toxicity, minimal environmental
mpact [5–8]. However, LiMn2O4 undergoes severe capacity fading,

hich can be attributed to two main issues: (1) Jahn–Teller dis-
ortions occurring within the crystal lattice due to the electronic
onfiguration of Mn3+, t2g

3–eg
1 [9], and (2) increased surface reac-

ivity between electrolyte and highly delithiated cathode material,
eading to dissolution of Mn3+ into the electrolyte during the
harge process [10]. Moreover, increasing the charge cutoff poten-
ial of LiMn2O4 may  result in a dramatic increase of interfacial

issolution occurring [11]. Therefore, during the charge/discharge
rocesses, LiMn2O4 cathode undergoes significant deterioration in
ycling performance and rate capability, ultimately hindering its

∗ Corresponding authors. Tel.: +86 13502042013; fax: +86 22 23766503.
E-mail addresses: xfli2011@hotmail.com, xli494@uwo.ca (X. Li),

ejunli@mail.tjnu.edu.cn (D. Li).

ttp://dx.doi.org/10.1016/j.apsusc.2014.08.034
169-4332/© 2014 Elsevier B.V. All rights reserved.
potential application in low-emission hybrid electric vehicle (HEV)
and plug-in hybrid electric vehicle (PHEV) batteries.

In order to overcome these challenges, two  strategies have
been proposed to improve the electrochemical performance of
the spinel LiMn2O4: (i) doping the spinel structure by replac-
ing Mn,  with Co, Zn, Fe, Ni, Cr, Ti, Ru, Mg,  Al, etc. [12–15];
(ii) coatings on the spinel particles with LiCoO2, organic poly-
mer, SiO2 [16], ZnO [17], ZnMn2O4 [18], etc. Recent publications
have indicated that the coating method is particularly advanta-
geous, resulting in LiMn2O4 demonstrating excellent performance
[19]. To date, a variety of approaches have been reported to
coat various materials on the cathodes [19–24]. Recently, our
group applied ultrathin TiO2, ZrO2 and Al2O3 by atomic layer
deposition onto LiCoO2 material resulting in improved battery
performance [19]. Thackeray et al. [20] demonstrated the use
of a sol–gel technique to deposit amorphous ZrO2, Al2O3 and
SiO2 coatings on LiMn2O4. Bai et al. [21] reported that the Y2O3-
coated LiMn2O4 was  prepared via precipitation method, the results
showed that the 1 wt% Y2O3-coated LiMn2O4 electrode reveals
excellent cycling performance with 80.3% and 76.7% capacity reten-
tion after 500 cycles at 1 C at 25 ◦C and 55 ◦C, respectively. Zhang

et al. [22,23] have demonstrated a wet  coating strategy to obtain
LaF3 and YPO4 coatings. Another report by Kim et al. [24] have
described that the Mn2O3 thin film prepared using a sol–gel method
was coated onto the pristine LiMn2O4 cathode film through the

dx.doi.org/10.1016/j.apsusc.2014.08.034
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Scheme 1. Schematic illustration of the forma

nnealing process. To a certain extent, the mentioned coatings
bove resulted in increased electrochemical performance. How-
ver, all aforementioned approaches are based on post-treatment
oating processes, which typically have a weak adhesion between
he coatings and the cathodes. Unlike post-treatment processes, the
oating technique reported here offers the significant advantage
f increased adhesion between coatings and cathodes, resulting in
levated electrochemical performance. Unfortunately, little work
as reported to focus on this coating on the cathodes in lithium
on batteries.
In this study, we reported an innovative coating technique

o enhance the cycling performance of the LiMn2O4 cathode. As
escribed in Scheme 1, pristine powders were initially coated with

ig. 1. (a) Raman spectra of (1) LMO-0, (2) LMO-10, (3) LMO-20, and (4) LMO-30. (b) XRD
repared by using over amount of citric acid. (c) XPS spectra of the Mn 2P special region f
f a novel coating MnO  on the spinel LiMn2O4.

a thin carbon film using citric acid as carbon source, these powders
were then subsequently heated resulting in a novel coating layer
(MnO) on the surface of active material. The MnO  coating is pro-
posed to be derived from LiMn2O4, leading to a strong adhesion
between the coating and the cathode. It is expected that the MnO
coating may  serve as an active HF scavenger and prevent direct
contact of HF acid with LiMn2O4 particles, resulting in increased
cycling performance.
2. Experimental

LiMn2O4 was  synthesized using stoichiometric amounts of
lithium acetate (Acros, 98.5%), and manganese acetate (Acros, 99%)

 patterns of (1) LMO-0, (2) LMO-10, (3) LMO-20, (4) LMO-30, and (5) the cathode
or LMO-30. (d) The fitted Mn  2P3/2 spectrum.
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Fig. 2. SEM images of (a) LMO-0, (b) LMO-10, (c) LMO-20, and

n a 1.03:2 molar ratio, respectively. These two materials were
issolved in distilled water, while citric acid was added in a molar
ation of 1:1 with the total metal ions. After mild stirring, the pH
alue was adjusted to 7.0 with the slow addition of ammonium
ydroxide. The solution was then heated at 80 ◦C with stirring. The
esultant gel was  dried in an oven for 48 h at 60 ◦C. The obtained

owder was pre-heated at 450 ◦C for 5 h, and calcined at 750 ◦C
or 10 h in air in a muffle furnace. After cooling to room tempera-
ure, the pristine LiMn2O4 sample which was labeled as LMO-0 was
btained.
MO-30; HR-TEM lattice images of (e) LMO-0 and (f) LMO-30.

The modified samples were prepared as follows, various con-
centration of citric acid (10%, 20%, and 30%) was dissolved in ethyl
alcohol to which LiMn2O4 powder was added. These samples were
labeled as LMO-10, LMO-20 and LMO-30, respectively. After sonica-
tion, the mixture was  vigorously stirred for several hours and then
dried at 70 ◦C for 4 h. The samples were finally calcined at 600 ◦C

for 1 h in air.

The resultant material was  ground into a fine powder using
agate mortar. X-ray diffraction (XRD) was  carried out to identify
crystal structure of all the samples on a PANalytical’s Empyrean
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Fig. 3. Cyclic voltammograms of (a) LMO-0, (b) LMO-10, (c) LMO-20, and (d) L

nit with a Cu K� radiation. The morphology was  examined by
canning electron microscopy (SEM) which was performed on a
ova NanoSEM. High resolution transmission electron microscopy

HRTEM) measurements were conducted by JEOL JEM-3000F.
aman spectra were recorded using LabRAM HR800 and XPS spec-
ra were conducted by PHI5000VersaProbe.

The working electrodes were prepared by slurry-casting on
5 �m-thick Al foils that served as current collectors. The
lurry contained 80 wt% the active materials, 10 wt% carbon
lack and 10 wt% polyvinylidene fluoride binder in the N-
ethylpyrrolidinone (NMP) solvent. The obtained electrodes were

ried in a vacuum at 90 ◦C overnight.
The electrochemical performance of the materials was inves-

igated using 2032 type coin cells. The coin cells were assembled
n an argon-filled glove box (moisture and oxygen level less than
.0 ppm). The LiMn2O4 electrodes and lithium foil were used as the
orking electrode and counter electrode, respectively. The elec-

rolyte was composed of 1 M LiPF6 salt dissolved in a 1:1 mass
atio of ethylene carbonate (EC) and dimethyl carbonate (DMC).
he assembled cells were allowed aged for 12 h before electri-
al measurements were taken. Charge–discharge characteristics

ere galvanostatically tested between 3.5 and 4.3 V (vs. Li/Li+) at

oom temperature using LANHE CT2001A. Cyclic voltammograms
0.1 mV s−1; 3.5–4.3 V vs. Li/Li+) and electrochemical impedance
pectra (the frequency was varied from 0.1 MHz  to 0.01 Hz with
0 in the voltage range of 3.5–4.3 V (vs. Li/Li+) at a scanning rate of 0.1 mV s−1.

potential amplitude of 5 mV)  were performed on Princeton Applied
Research VersaSTAT 4.

3. Results and discussion

Raman spectra of LMO-0, LMO-10, LMO-20 and LMO-30 are pre-
sented in Fig. 1(a). The strong band at 624 cm−1 may be assigned
to the A1g mode corresponding to Mn  O stretching vibrations in
MnO6. The weak shoulder band at 592 cm−1 is assigned to the
T2g mode [25]. These two  bands can also be found in all the ones
that were treated with citric acid. Interestingly, no carbon signals
related to G and D bands were observed. As it is designed, dur-
ing the process of calcination treatment, the formed carbon which
was decomposed onto the surface of cathode could fully react with
the LiMn2O4 to produce a novel protective layer on the LiMn2O4
cathode [26].

The XRD patterns of LMO-0, LMO-10, LMO-20 and LMO-30 are
shown in Fig. 1(b) with diffraction peaks appearing at 2� = 18.6◦,
36.1◦, 37.7◦, 43.9◦, 48.0◦, 58.1◦, 63.8◦, 67.1◦, 75.5◦, 76.5◦, which can
all be assigned to cubic spinel LiMn2O4 with the space group of
Fd-3m (PDF#035-0782). Moreover, the sharp well defined Bragg

lines correspond to a good spinel structure. Unfortunately, the
existence of a secondary phase is negligible under the resolution
utilized by the diffractometer due to the thinness of the coating.
In order to further analyze the novel coating layer, a sample was
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Fig. 4. Charge–discharge profiles of (a) LMO-0, (b) LMO-10, (c)

repared using an excessive amount of citric acid. The XRD pat-
ern for this sample, as show in Fig. 1(b) (5), exhibits diffraction
eaks at 2� = 20.2◦, 21.5◦, 36.3◦, 38.2◦, 52.5◦ and 56.7◦, which
re consistent with MnO. This provides confirmation that during
he heating process a thin layer of MnO  is formed due to car-
on thermal reduction occurring at the surface of LiMn2O4 (see
cheme 1). As described above, the carbon layer which adhered
o the surface of LMO particles was utmost thin. Therefore, just
he external active materials of the electrode had been reacted
ith the carbon during the heating process, but the bulk of LMO

nside was not affected completely, which can be confirmed in
ig. 1(b).

Fig. 1(c) and (d) presents the XPS spectra of LMO-30 for the Mn
P spectral region and the fitted Mn  2P3/2 spectrum, respectively.
he difference between the binding energy for Mn  2P1/2 and Mn
P3/2 is called the spin-orbit splitting which is the characteristic of
nO, the value obtained here is 11.9 eV and in accord with other
eport [27]. Furthermore, the fitted Mn  2P3/2 spectrum Fig. 1(d)
isplays multiplet peaks at 640.0, 641.2, 642.0, 642.9, 647.5 eV and

 satellite peak at 645.0 eV which can be attributed to Mn2+ in MnO
28].
20, (d) LMO-30 at different cycles at 1 C at room temperature.

Fig. 2(a)–(d) presents SEM images of pristine and modified
LiMn2O4 samples. All samples display an agglomerated morphol-
ogy with particle sizes ranging between 200 and 600 nm.  As seen in
Fig. 2(a), pristine LiMn2O4 demonstrates well-defined crystalline
nature, however, after modification treatment an alternate mor-
phology is observed with the appearance of burrs on the surface, as
seen in Fig. 2(d). HR-TEM was employed, to determine the thickness
of the novel coating. As shown in Fig. 2(e) and (f), HRTEM images of
the pristine LiMn2O4 display clear a lattice profile with a d-value of
0.48 nm,  corresponds to the hkl (1 1 1) plane of the spinel LiMn2O4.
The images display homogeneous features outside and inside the
particle with no alterations to the surface of LiMn2O4. As shown in
Fig. 2(f), a difference can be clearly observed for the surface of LMO-
30. That is a layer coating formation during the synthesis process,
which was proved to be MnO  based on the XRD and XPS results.
Moreover, the formed layer was  uniformly coated on the LiMn2O4
particle and the coating thickness is estimated about 7.1 nm.
Fig. 3(a)–(d) compares the CV profiles of the pristine and modi-
fied LiMn2O4 cycled between 3.5 and 4.3 V (vs. Li/Li+), with a sweep
rate of 0.1 mA s−1 at room temperature. Two redox peaks located
at around 4.09/4.21 V and 3.91/4.05 V (vs. Li+/Li) can be found
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ig. 5. (a) Cycling performance and (b) columbic efficiency vs. cycle number of LMO
c)  rate capability of LMO-0, LMO-10, LMO-20 and LMO-30 at various current rates r
f  LMO-0, LMO-10, LMO-20 and LMO-30 electrodes at different discharge rate at ro

or all samples and are characteristic of spinel LiMn2O4 [29,30].
urthermore, the coupled redox peaks observed in the CV curves
orrespond to a two-step electrochemical processes where lithium
ons are extracted and inserted from/into the spinel phase [31,32]:

iMn2O4 ↔ Li1−xMn2O4 + x0.5Li+ + x0.5e− (x < 0.5)

i1−xMn2O4 ↔ 2MnO2 + (1 − x)Li+ + (1 − x)5e− (x > 0.5)

It can be seen that in all samples, the intensity of anodic peaks
re higher than that of the cathodic peaks indicating that: (i) the
oulombic efficiency is lower than 100%, and (ii) the anodic pro-
ess is more facile and its process is diffusion with good reversibility
33]. In addition, there was almost no obvious difference in the sep-
ration of peak potentials in all CV curves of the samples, indicating

hat the modification process did not affect the lithium insertion
nd exaction process. However, the peak splitting observed in LMO-
0 gives strong indication that a thick layer of MnO  exists on that
urface.
O-10, LMO-20 and LMO-30 at 1 C rate between 3.5 and 4.3 V at room temperature;
g from 0.2 C to 2 C (1 C = 148 mA g−1); (d) the comparison of the discharge capacities
mperature, between 3.5 and 4.3 V.

Fig. 4 presents charge–discharge curves of four samples at a
current rate of 1 C (assuming 1 C = 148 mA  g−1) in a voltage rang
of 3.5–4.3 V at room temperature. As observed in Fig. 4(a) and
(b), two defined plateaus, one at the average potential of 4.10 V
and the other at the average potential of 3.95 V, also verified the
two-step electrochemical Li+ insertion/extraction processes [18].
Interestingly, Fig. 4(d) demonstrates that as concentration of citric
acid solution increases, the charge and discharge plateaus become
less resolved. All samples exhibit a similar trend of obtaining the
highest discharge capacity after several cycles due to an activation
process. The capacity retention for LMO-0, LMO-10, LMO-20 and
LMO-30 between the 8th and the 100th cycles was determined to
be 79.5%, 88.8%, 92.7%, 90.8%, respectively. The modified LiMn2O4
typically exhibited a lower discharge capacities compared to LMO-
0, but demonstrated higher capacity retention, up to 100 cycles,
at 1 C. This is mainly because the pristine electrode LMO-0 was

eroded by the electrolyte during the cycling, which resulted in
serious capacity decay. However, as for the modified electrodes,
after high temperature reaction between LiMn2O4 and the formed
carbon, a coating layer MnO  was  formed on the active materials
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ig. 6. (a) Electrochemical impedance spectra of LMO-0, LMO-10, LMO-20 and LMO
ycle; (b) the relationship between Zre and ω−1/2 at low frequencies of LMO-0, LMO

o completely protect the electrodes from direct contact with the
F acid in the electrolyte as following: MnO  + 2HF → MnF2 + H2O,
hich suppresses dissolution of spinel into the electrolyte to obtain

he better capacity retention [34].
Fig. 5(a) displays the cycling performance of LMO-0, LMO-10,

MO-20 and LMO-30 at a rate of 1 C in the voltage region of 3.5–4.3 V
t room temperature. After activation in the first several cycles,
he highest discharge specific capacities obtained for LMO-0, LMO-
0, LMO-20, and LMO-30 were 117.5, 108.7, 100.9, 94.4 mA h g−1,
espectively. LMO-0 displayed the highest value, as compared
o all modified samples. However, after 100 charge–discharge
ycles, LMO-10 and LMO-20 exhibit a higher discharge capacity
96.5 and 93.5 mA  h g−1, respectively) with decreased capacity fade
0.13 and 0.08 mA  h g−1 cycle−1, respectively), when compared to
MO-0 (92.6 mA  h g−1 and 0.25 mA  h g−1 cycle−1), demonstrating
ncreased cycling performance. In particular, LMO-10 provided a
elatively high discharge specific capacity of 108.7 mA  h g−1 after
lectrochemical activation, and still maintained 88.8% of its capac-
ty in the 100th cycle. Fig. 5(b) displays coulombic efficiency vs.
ycle number. The data presented shows that during the first few
ycle, the coulombic efficiency of LMO-0, LMO-10, LMO-20 and
MO-30 are relatively low, around 95%, which may  be due to the for-
ation of a solid electrolyte interphase (SEI) layer, preventing the

lectrode material from becoming fully activated. However, after
everal cycles, this values increases to the range of 97–100%.

Fig. 5(c) and (d) compare the rate capability of all the sam-
les charged and discharged at a rate of 0.2–2 C (1 C = 148 mA g−1)
t room temperature. All samples displaying decreasing discharge
apacity with increasing C-rate as a result of decrease Li-ion dif-
usion from the host LiMn2O4 particles [35]. LMO-0 displays the
ighest initial discharge capacity of 125 mA  h g−1 at 0.2 C, but
ecreases rapidly with increasing current density. On the contrary,
MO-10 demonstrates slower capacity decay with increasing cur-
ent rates, reaches high capacity of around 65 mA  h g−1. In addition,
MO-10 displays the highest discharge capacity at 1 C, 1.5 C and 2 C

ates compared to LMO-0, LMO-20 and LMO-30. The improved per-
ormance observed for LMO-10 under elevated current rates may
e because this coated sample was more resistive to electrolyte
tching than LMO-0, furthermore, the appropriate amount of
 the frequency range between 0.01 Hz and 0.1 MHz  at 4.1 V during the first charge
MO-20 and LMO-30.

citric acid (10%) results in suitable thickness of coating film, which
not only successfully protected the active material from erosion of
electrolyte, but also allow the lithium ions migrate more freely to
obtain relative high discharge capacity while in comparison with
other modified samples [36].

Impedance spectral measurements can offer important ele-
mental information upon cycling, such as electrolyte resistance,
charge-transfer resistance and surface film. Fig. 6(a) shows the EIS
of the cathode samples at a voltage of 4.1 V in the first charge cycle.
The spectra consist of a single semicircle in the high frequency
region, an arc in the middle frequency region, and a tail line in the
low frequency region. The semicircle in the high frequency region
is related to the migration of Li ions in the SEI layer, while the arc in
the middle region originates from charge-transfer resistance. The
line in the low frequency region is a result of Warburg impedance
[37,38]. It is evident that the widths of the semicircle for modified
LiMn2O4 are smaller than that found for LMO-0. This observation
reflects that the impedance of modified LiMn2O4 samples, which
were coated by a novel MnO  layer, is less than that of LMO-0. This
higher impedance seen for LMO-0 can be attributed to the increased
capacity fade seen with increasing cycling, as observed in the sam-
ples cycling performance and rate capability. In addition, a plot
of Zre vs. the reciprocal square root of lower angular frequencies
(ω−1/2) of LMO-0, LMO-10, LMO-20 and LMO-30 is plotted and pre-
sented in Fig. 6(b). The slope of the linear fit corresponds to the
Warburg coefficient, and the lower value indicates the faster dif-
fusion rate of Li ions on the surface of electrode [39,40]. This data
indicates that line slope of LMO-10 is the lowest, which also proves
that its electrode electrochemical polarization is the lowest during
the charge–discharge cycling.

As mentioned earlier, spinel LiMn2O4 undergoes severe deteri-
oration as a result of Mn3+ dissolution into the electrolyte during
the charge/discharge process. In this research, a reduction of activ-
ity materials process was proposed to coat a novel layer MnO  on
the surface of LiMn2O4 cathode, more importantly, this approach

results in excellent adhesion between the coating and the cath-
ode. The resultant coating serves as an active HF scavenger and
decreases the local concentration of HF acid near the LiMn2O4
surface as following: MnO  + 2HF → MnF2 + H2O. The novel coating
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revents LiMn2O4 particles from direct contact with HF acid in the
lectrolyte, resulting in reduced Mn3+ dissolution into the elec-
rolyte. As is seen in Fig. 6, during charge–discharge cycling the
ovel coating decreases the impedance value of the cathode and the
lectrode electrochemical polarization. Therefore, the novel MnO
oating increases the cycling performance and rate capability of the
iMn2O4 cathode.

. Conclusions

For the first time we report a novel coating process to coat
nO  on spinel LiMn2O4. The homogeneous layer of MnO  pro-

ided enhanced protection against interfacial side reactions from
ccurring between LiMn2O4 surface and the electrolyte. The coat-
ng also effectively suppressed the dissolution of Mn3+ ion into
he electrolyte. Moreover, since the surface coating was a result
f a reaction between carbon and LiMn2O4, the obtained layer
emonstrated a strong adhesion to the surface of the material. Elec-
rochemical testing determined that LMO-10 exhibited the best
ycling performance, compared to LMO-0, LMO-20 and LMO-30. Up
o 100 cycles at 1 C rate, LMO-10 showed relatively high discharge
pecific capacity but only 0.13 mA  h g−1 decay per cycle. Moreover,
MO-10 delivered the best rate capability when discharged at var-
ous current rates. It is found that the novel coating layer helped
o reduce the impedance value, and the increased cycle perfor-

ance was confirmed. This convenient and successful modified
ethod proposed in this study shows some promising application

n enhancing lithium ion battery performance.
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