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a  b  s  t  r  a  c  t

Cobalt  free,  eco-friendly  layered  Li1.2(Mn0.32Ni0.32Fe0.16)O2 compounds  were  synthesized  using  the adipic
acid  assisted  sol–gel  method.  The  structure  and  morphology  of  the  prepared  materials  were  examined
by  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM)  and  transmission  electron  microscopy
(TEM).  The  XRD  results  revealed  that  all of  the  materials  possess  a layered  �-NaFeO2 structure  with  R3̄m
space  group.  The  TEM  images  confirmed  the  presence  of  carbon  on  the surface  of the  synthesized  material.
eywords:
ayered materials
i1.2(Mn0.32Ni0.32Fe0.16)O2

obalt free cathodes
i2MnO3

olid solution

Galvanostatic  charge/discharge  studies  demonstrated  that  the cyclic  performance  and  rate  capability
of the  materials  were  improved  by the presence  of  carbon  and  the  crystalline  nature  of  the  material.
Among  the  synthesized  materials,  the sample  prepared  with  1 M adipic  acid  exhibited  not  only  a  high
discharge  capacity  of 160  mAh  g−1, but  also  excellent  cycling  performance  with  a capacity  retention  of
over 92%  after  25  cycles.  In  addition,  electrochemical  impedance  spectroscopy  (EIS)  was  used  to  confirm
the improvement  in the  electronic  conductivity  and  the  results  are  discussed  in  detail.
. Introduction

Lithium ion batteries (LIBs) have become the predominant
ower sources for consumer electronic devices, such as cellular
hones, and laptops, due to their high energy density, long cycle

ife and light weight. However, their limited high rate capability
as restricted their use in electric vehicle applications, which are
eing considered to solve issues such as air pollution combined
ith the foreseen oil shortage. Although LiCoO2 has been commer-

ialized as a cathode material in practical LIBs, numerous attempts
ad been made to find an appropriate alternative candidate, due
o the high cost, toxicity and instability of cobalt at high poten-
ial windows greater than 4.3 V [1,2]. The layered materials, LiNiO2
nd LiMnO2, have been extensively studied as an alternative for
iCoO2, but they possess various practical limitations, such as the
ifficulty to synthesize phase pure materials, structural changes
uring cycling, thermal instability of LiNiO2 and structural degra-
ation of LiMnO2, leading to poor electrochemical performance
3–5]. Meanwhile, candidates such as LiMn2O4 and LiFePO4 have

lso been proposed and widely investigated. However, the former
uffers from problems during operation at elevated temperatures,
ecause of the possible Mn3+ dissolution and subsequent attack on

∗ Corresponding author. Tel.: +82 62 530 1904; fax: +82 62 530 1904.
E-mail address: leeys@chonnam.ac.kr (Y.S. Lee).

013-4686/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier Ltd. All ri
oi:10.1016/j.electacta.2012.02.076
Crown Copyright ©  2012 Published by Elsevier Ltd. All rights reserved.

the counter electrode, which deteriorates the performance of the
cell. The latter is affected by its inherent conductivity issue, which
restricts the rate performance of the cell and also limits the oper-
ating voltage (3.4 V vs. Li) of the electrode [6].  Hence, the search is
still on for high performance cathodes, preferably with a layered
structure, which can exceed the combined advantages of the exist-
ing cathodes with superior electrochemical performance, low cost
and eco-friendly material.

Ohzuku et al. [7,8] proposed the new layered materials,
LiNi1/2Mn1/2O2 and LiNi1/3Co1/3Mn1/3O2, which were synthesized
by the co-precipitation method. Dahn et al. [9] reported that
Li[NixMnxCo1−2x]O2 (1/4 < x < 3/8) materials delivered a discharge
capacity of 160 mAh  g−1. Another Mn  based material proposed
as a possible alternate was  Li2MnO3, but it was  found to be
electrochemically inactive and the capacity obtained was mainly
due to the exchange of H+ ions [10,11]. It was  believed that the
oxidation of Mn4+ to Mn5+ is not easier due to the tetravalent
arrangement of Mn.  At the same time, numerous studies have
been devoted to the development of Mn  based cathodes, due to
its high specific capacity, low-cost and environmentally benign
nature. To overcome the electrochemical inactivity of Li2MnO3,
the concept of preparing a one to one solid state solution with

other layered materials has been adopted. Recently, many solid
state solutions have been widely studied, such as Li2MnO3–LiMO2
(M = Ni, Cr and Co) [12–15],  LiNiO2–Li2MnO3–LiCoO2 [16],
Li2MnO3–LiNi1−xCoxO2 [17], LiNi0.5Mn0.5O2–Li2MnO3–LiCoO2

ghts reserved.
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18], and Li2MnO3–LiCo1/3Ni1/3Mn1/3O2 [19]. Of late, layered
aterials containing lithium rich compositions, Li(LixM1−x)O2,
here M is Mn,  Ni or Co have attracted the attention of researchers.

or instance, Zhang et al. [13] and Shin et al. [20] demonstrated
hat Li–Mn–Ni–O materials with excess lithium delivered a

uch higher capacity than that of the stoichiometric composi-
ion, LiMn0.5Ni0.5O2, due to the structural stabilization formed
etween the LiMn0.5Ni0.5O2 and Li2MnO3 solid solutions. More
ecently, Ma  et al. [21] also reported the preparation of an
i1+z(Mn0.4Ni0.4Co0.2)1−zO2 solid solution without any secondary
hase materials, unlike in the case of Li2MnO3.

The above-mentioned Li2MnO3 based solid solutions compris-
ng Co and Cr doped materials exhibited good electrochemical
erformances, however, their high cost and relatively high toxicity,
hen compared to the native compound, have restricted their uti-

ization in practical LIBs. Utilizing LiFeO2 is thought to be the best
ay to reduce the cost and amount of toxic elements in such layered
aterials [22]. Recently, Tabuchi et al. [23,24] reported the devel-

pment of iron based Li2MnO3 as a 4 V cathode material prepared
sing a combination of co-precipitation followed by hydrothermal
eaction and, finally, the solid state method to synthesize these
aterials. The results suggested the possibility of using this new

athode material in the 4 V region, because of its unique Fe4+/3+

edox couple at ∼4 V. In spite of their apparently good structural
roperties, these materials exhibited poor cycle performance, due
o their preparation method which involved three complicated
teps and may  affect their electrochemical performance. In addi-
ion, an oxidizer is used during the hydrothermal step, which
ncreases the production cost as well. It is generally believed that
he utilization of such a redox couple is impractical in layered type
xides, for example, LiFeO2, Li2MnO3–LiFeO2 solid solutions, etc. Of
ate, the preparation of “cobalt free” layered oxides comprising solid
olutions of the type mentioned above was attempted with other
ransition metal elements such as Mn  and Ni. This study sparked
ur motivation to develop Fe substituted layered cathode materials
ith improved electrochemical performance via simple synthe-

is routes such as the sol–gel or solid state methods, and to scale
his procedure up further. In this connection, we  prepared a lay-
red manganese oxide solid solution of Li1+x(Mn0.4Fe0.2Ni0.4)1−xO2
0 < x < 0.4) materials with three end members, viz. Li2MnO3, LiNiO2
nd LiFeO2, using a simple adipic acid assisted sol–gel technique.
lthough the optimization of the x value and calcination tempera-

ure was not discussed in this paper, the materials prepared with
 = 0.2 (Li1.2(Mn0.32Ni0.32Fe0.16)O2) at 700 ◦C, which exhibited the
est electrochemical properties among the compositions prepared,
ere described in detail. It is worth mentioning that the presence of
i-carboxyl groups (COOH) in adipic acid effectively suppresses the
article growth during the synthesis procedure when compared to
he other members of the group, such as oxalic acid, malonic acid,
uccinic acid, suberic acid and sebacic acid [25]. Furthermore, the
owders obtained by the adipic acid assisted technique exhibited
xcellent hexagonal ordering and, moreover, sub-micron sized par-
icles with a narrow particle-size distribution were observed for the
iNi0.8Co0.2O2 system. In line with this research, we adopted adipic
cid as a chelating agent and its influence on the electrochemical
roperties of Li1.2(Mn0.32Ni0.32Fe0.16)O2 are studied and described

n detail.

. Experimental

The sol–gel method was adopted to synthesize Li1.2
Mn0.32Ni0.32Fe0.16)O2 (LMNFO) using adipic acid (AA) as a

helating agent, though it can also act as source of carbon. In the
resent study, various molar ratios of adipic acid to total metal

ons were used, viz. 0, 0.25, 0.5, 0.75 and 1 M.  In the synthetic
rocess, appropriate amounts of Li(CH3COO)2·H2O (Wako, Japan),
ica Acta 68 (2012) 246– 253 247

Fe(CH3COO)2·H2O (Aldrich), Ni(CH3COO)2·4H2O (Aldrich), and
Mn(CH3COO)2·4H2O (Aldrich) were dissolved in distilled water
and then added to a continuously stirred aqueous solution con-
taining C6H10O4 (Sigma–Aldrich). The pH of the solution was kept
neutral by incorporating ammonium hydroxide (NH4OH) solution.
The resultant solution was  evaporated at 80 ◦C until a transparent
sol was obtained. After the evaporation of water, the sol turned
into a viscous transparent gel. The resulting gel precursors were
decomposed at 400 ◦C for 4 h in air to eliminate the organic
moieties, such as acetate and carboxylic groups. The decomposed
powders were ground, pressed into pellets and fired at 700 ◦C for
10 h in an oxygen atmosphere to obtain nanocrystalline powders.
The samples prepared with 0.25, 0.5, 0.75 and 1 M AA were named
samples A, B, C and D, respectively.

The phase analysis of all of the synthesized powders was car-
ried out by X-ray diffraction using Cu K� radiation (XRD, Rint
1000 Regaku, Japan) with a scan speed of 2◦ min−1 between 10
and 80◦ at an applied potential of 40 kV and current of 30 mA.
The surface morphology of the powders was observed by scan-
ning electron microscopy (SEM, S-4700 microscope, Hitachi, Japan)
and transmission electron microscopy (TEM, TecnaiF20, Philips,
Holland). Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) studies were performed using an electrochem-
ical analyzer (SP-150, Bio-Logic, France). A Micromeritics ASAP
2010 surface analyzer (Micromeritics, USA) was used to calculate
the Brunauer–Emmett–Teller (BET) surface area of the prepared
powders. The carbon content in the samples was  determined by
elemental analysis (Elementar Analysensysteme GmbH, Germany).
Galvanostatic charge/discharge tests were performed using CR
2032 coin cells. The composite cathodes were prepared by press-
ing a mixture of accurately weighed samples consisting of 20 mg
of the prepared material, 3 mg of Ketzen black and 3 mg of Teflo-
nized acetylene black (TAB) on a 200 mm2 stainless steel mesh and
subsequently dried at 160 ◦C in a vacuum oven for 4 h. The test cell
was  fabricated in an argon filled glove box by pressing together the
composite cathode and lithium metal anode separated by a porous
polypropylene separator (Celgard 3401). 1 M LiPF6 in 1:1 EC/DMC
(Techno Semichem. Co. Ltd., Korea) was  used as the electrolyte. The
test cells were cycled at a constant current density of 0.1 mA  cm−2

between 2 and 4.5 V at room temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of the LMNFO samples prepared
with different molar ratios of AA synthesized at 700 ◦C. The well-
defined narrow reflections indicate the good crystalline nature of
the synthesized powders with various ratios of AA. Moreover, the
intensity of the diffraction peaks gradually increased with increas-
ing amount of AA, revealing the improvement in the crystalline
nature of the sample with a high AA content. The peaks are indexed
based on the hexagonal �-NaFeO2 structure with a space group of
R3̄m, which indicates that the layer of lithium is substituted with
a layer containing lithium, manganese, nickel and iron atoms [23].
In addition, the two super lattice peaks observed between 20 and
30◦, caused by the short range ordering of Li, Ni, Mn  and Fe in the
3a sites, indicate the existence of a layered structure with Li2MnO3
character [16]. However, these super lattice peaks were gradually
suppressed as the adipic acid ratio increased. Further, the suppres-
sion of these peaks with increasing AA content also infers that the
undetectable monoclinic phase of Li2MnO3 turns into the hexago-
nal layered rock-salt phase, which is in good agreement with the
previous reports by Tabuchi et al. [23,24].  This is expected, because

the incorporation of Fe3+ leads to the formation of the above solid
solution, co-existing between �-LiFeO2 and Li2MnO3 with the same
layered structure. The lattice parameter values are calculated and
given in Table 1. The integrated ratio of the I(0 0 3)/I(1 0 4) peaks has
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Fig. 2. Rietveld refinement pattern of 0.75 M adipic acid assisted Li1.2
ig. 1. XRD patterns of pristine and adipic acid assisted Li1.2(Mn0.32Ni0.32Fe0.16)O2

aterials (a) pristine, (b) 0.25 M AA, (c) 0.5 M AA, (d) 0.75 M AA, and (e) 1 M AA
oncentrations.

een proposed to be a critical indication of the partial interchange
f occupancy of the Li and transition metal ions among the sites,
r so-called cation mixing [26]. The ratio of I(0 0 3)/I(1 0 4) increases
ith increasing AA ratio from 0.75 to 0.94. This indicates that the

ation mixing between Ni2+ and Li+ is decreased, and the ratio
bserved for sample D was  in good agreement with the reported
alues, which means that good electrochemical performance can
e expected [7,8]. Generally, the c/a ratio is used to determine the
exagonality of a layered material and, when it is more than 4.9,
he material possesses layered characteristics [16–18].  In our study,
he c/a ratio determined for all of the samples is more than 4.9,
hich shows that they have well defined layered structural prop-

rties which would facilitate the diffusion of one dimensional Li+

on transport in the matrix.
The XRD pattern of sample C was further subjected to Rietveld

efinement with respect to the Li1.2Ni0.2Mn0.6O2 phase and the
esults are presented in Fig. 2. The refinement was conducted based
n the assumption that the Li-ions occupy the 3a sites, Ni, Mn  and
e are located in the 3b sites, and O is located in the 6c sites. Con-
equently, an analysis was carried out to find the cation mixing
f nickel in the lithium sites, because the radius of Ni2+ (0.69 Å) is
lose to that of Li+ (0.76 Å). As can be seen from Fig. 2, the presence
f superstructure peaks in the region of 20–33◦ resulted from the
rdering of lithium and manganese in the transition metal layers.
rom the Rietveld analysis, the cation distribution of these layers
an be written as (Li0.925Ni0.075)3a[M0.726Li0.275]3bO2. This clearly
ndicates that, for the composition of Li1.2(Mn0.32Ni0.32Fe0.16)O2,
nly 0.075 moles of the formula unit of Ni2+ were incorporated into
he Li layer, which means that a low level of cation mixing occurred.

The SEM images of the pristine, A, B, C and D samples calcined
◦
t 700 C are shown in Fig. 3. All of the samples exhibited a cluster

f weakly aggregated particulates in the scanned area. There is a
reater deal of agglomeration of non-uniform particles observed
n the surface of the pristine sample. It can be clearly seen from

able 1
attice parameter values of Li1.2(Mn0.32Ni0.32Fe0.16)O2.

Sample ah/nm ch/nm c/a I0 0 3/I1 0 4

Pristine 2.889 14.289 4.95 1.12
A  2.885 14.284 4.94 0.75
B 2.883 14.278 4.94 0.78
C  2.882 14.275 4.94 0.87
D  2.881 14.273 4.94 0.94
(Mn0.32Ni0.32Fe0.16)O2. The pattern was  refined according to the Li[Li0.2Ni0.2Mn0.6]O2

structure.

the SEM images that as the content of AA increased, the tendency
toward aggregation decreased. However, primary particles with a
size of about 100–120 nm are observed for samples A (Fig. 3(b))
and B (Fig. 3(c)). It is well known that electrochemical lithium
insertion/extraction is much easier in small size particles due to
the reduction of diffusion pathways for Li+ ions, which also enable
faster electronic transport through their size effect. It was  reported
that polycrystalline materials with a grain size of up to 100 nm
could exhibit enhanced diffusivity and a higher thermal co-efficient
than conventional materials [27,28]. The materials with a higher AA
content exhibit a slightly larger particle size with a more uniform
size distribution. As the content of AA increased from 0.25 to 1 M,
the size of the primary particles increased to about 200 nm.  Further-
more, sample D (Fig. 3(e)) consisted of uniform large particles and
a very small proportion of aggregation. The sample with a higher
AA content exhibited somewhat suppressed particle agglomera-
tion, but the average particle size is larger than that of the other
AA treated samples, which is essential for good higher rate perfor-
mance. Although the carbon coating cannot be clearly detected in
Fig. 3, very small particles around 10–20 nm in size are bound on
the surface of the LMNFO powders, especially at higher AA contents,
and can be considered to be small carbon particles.

In order to confirm the presence of carbon, a TEM analysis was
carried out for sample D (700 ◦C) and the results are presented in
Fig. 4. It can be clearly seen from Fig. 4(a) and (b) that sample D
has a uniform particle size distribution and small size residual car-
bon particles are also available, which is due to the carbonization
of AA during the calcination process. The formation of nanosized
materials may  be ascribed to the sol–gel preparation procedure,
which resulted in the molecular level mixing of the starting mate-
rials and enabled a high degree of homogeneity to be obtained with
uniform particles having a high surface area. Fig. 4(c)–(f) shows the
distribution of metal ions in sample D containing carbon and the
corresponding mapping area is shown in Fig. 4(b). The mapping of
Mn  (Fig. 4(c)) showed a similar intensity distribution to Ni and Fe,
indicating that all of the elements are homogeneously mixed in the
sample. Fig. 4(f) clearly demonstrates the presence of carbon with
an even distribution on the surface of the powders. Sample D with
a ratio of AA to metal ions of 1 M,  which showed the best perfor-
mance among the synthesized powders, was found to contain only
1.6 wt%  of carbon after the synthesis by CHN analysis. As its content

is low, the carbon is not uniformly distributed and cannot cover the
entire surface of the particles, as confirmed in the HR-TEM images
in Fig. 4(g) [28].
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ig. 3. SEM images of pristine and adipic acid assisted Li1.2(Mn0.32Ni0.32Fe0.16)O2 mat

A BET surface area analysis was also carried out to confirm
he effect of AA on the surface area of the LMNFO powders. The
nalysis of the surface area is an important tool for the interpreta-
ion of the electrochemical performance, particularly in the case of
i2MnO3-based electrode materials, because samples with a large
urface area exhibit better electrochemical behavior [23,29]. The
pecific surface areas of the pristine sample and samples A, B, C
nd D are about 4.44, 4.73, 4.87, 6.94 and 7.28 m2 g−1, respectively.
rom the above measurements, it is obvious that the surface area

ncreases with increasing amount of AA, which indirectly confirms
hat the chelating agent, adipic acid, played a vital role in hindering
he aggregation of the particulates during calcination, increasing
he surface area of the synthesized powders. The reason for the
 (a) pristine, (b) 0.25 M AA, (c) 0.5 M AA, (d) 0.75 M AA, and (e) 1 M AA concentrations.

increase in the surface area and crystallinity of the material with
increasing quantity of AA can be described as follows: it has been
reported that AA not only acts as a chelating agent, but also pro-
vides the heat of combustion required for the preparation of highly
crystalline powders [30–32].  Therefore, the high homogeneity of
the precursor and a large amount of combustion heat is generated
when a large amount of AA is used for the synthesis. The forma-
tion of a phase pure and lighter material, due to the large volume
of voids formed by the evolution of CO and CO2 gases during the

thermal decomposition of AA. The swelling of the materials was
observed even though the gel precursors with AA were calcined
at a fixed temperature. In addition, their highly crystalline nature
and high surface area lead to the complete participation (in other
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ig. 4. TEM images of (a and b) 1 M adipic acid assisted Li1.2(Mn0.32Ni0.32Fe0.16)O2 pa
oating layer.

ords, highly exposed contact area towards the electrolyte) of the
aterials during an electrochemical reaction.
The galvanostatic charge–discharge profile of the pristine mate-
ial and samples A, B, C, and D are presented in Fig. 5. The cycling
ests were carried out between 2 and 4.5 V vs. Li/Li+ at a con-
tant current density of 0.1 mA  cm−2. All of the synthesized samples
xhibited smooth and monotonous curves, which is the typical
s, (c) mapping of Mn,  (d) mapping of Ni, (e) mapping of Fe, (f) mapping of C, and (g)

behavior of layered materials and confirms the single phase reac-
tion. During charging, the cell voltage started from open circuit
voltage, rapidly increased to 3.7 V and then remained constant at

3.8 V where the oxidation of Ni2+ to Ni4+ occurred [33]. Since Mn4+

cannot be further oxidized to Mn5+, it is believed that it did not take
part in the electrochemical reaction [2].  Similar to Mn4+, Fe3+ is also
not oxidized to Fe4+ and is subsequently reduced during discharge,
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ig. 5. Charge–discharge profiles of pristine Li1.2(Mn0.32Ni0.32Fe0.16)O2 and mate-
ials  prepared with different AA ratios cycled between 2.0 and 4.5 V at a current
ensity of 0.1 mA  cm−2.

s confirmed by the absence of an Fe3+/Fe4+ redox plateau at ∼4 V
aused by the partial occupation of the transition layers of the �-
aFeO2 type structure by the Fe ions [34,2].  In this solid solution
onsisting of Li1.2(Mn0.32Ni0.32Fe0.16)O2, both Mn  and Fe simply act
s the inactive matrix elements, which stabilize the crystal struc-
ure during the Ni4+/2+ redox couple. Moreover, a small amount of
e3+ ions (3b cation) on the Li layer could act as an activator, pro-
ibiting faster Li+ diffusion and resulting in slower Li2O extraction

rom the layered structure (�-NaFeO2) during the charging pro-
ess, thus explaining the large discharge capacity value [34,35]. It
an be seen from Fig. 5 that a large irreversible capacity loss (ICL)
s observed for all of the samples tested. This may  be ascribed to
he oxidation of pre-existing Ni2+ ions which occupy the Li+ layer
nd lead to the formation of an electrochemically inactive region
n the electrode in the first cycle. From the 2nd cycle onwards, the
olumbic efficiency of the cell is over 99% and this is noticed for all
f the samples tested. As shown in Fig. 5, the discharge capacity of
he pristine material is as low as 113 mAh  g−1 when compared with
he other materials, which may  be due to its higher charge transfer
esistance. In other words, the materials prepared with different AA
atios delivered almost the same discharge capacity value of about
60 mAh  g−1 with different cycling behavior. This improved capac-

ty resulted from the addition of AA during the synthesis, which
acilitated the formation of particles with a preferred surface mor-
hology and enhanced the contact between the active materials,
hereby improving the electrochemical performance. Nevertheless,
he suppression of the elimination of oxides and lithium ion vacan-
ies at the end of the first charge cycle is effectively circumvented
y the presence of carbon, which resulted in lower ICL and subse-
uently increased the columbic efficiency after first cycle [36].

Fig. 6 presents the cycling performance of the Li/LMNFO cells
ith different proportions of AA at a current density of 0.1 mA cm−2

t room temperature. The Li/LMNFO cells with AA concentrations
f 0, 0.25, 0.5, 0.75 and 1 M delivered initial discharge capacities
f 113, 167, 165, 160 and 160 mAh  g−1, respectively. The cycling
erformance tests of the Li/LMNFO cells were conducted for up to
5 cycles at room temperature. The discharge capacity of all of the
amples slowly decreased with increasing cycling number, which
s probably due to small structural distortion and/or side reactions
uring the charge–discharge process. As far as the pristine material
s concerned, the discharge capacity started to fade severely from
13 to 68 mAh  g−1 at the end of the 25th cycle, which corresponds to

 capacity retention of 60%. On the other hand, the adipic acid medi-
ted Li1.2(Mn0.32Ni0.32Fe0.16)O2 powder showed better cycleability
Fig. 6. Cycleability of pristine Li1.2(Mn0.32Ni0.32Fe0.16)O2 and materials prepared
with different AA ratios for 25 cycles at room temperature.

than the pristine sample. Discharge capacities of 109, 134, 132 and
148 mAh  g−1 were observed for the cells with concentrations of AA
of 0.25, 0.5, 0.75 and 1 M at the 25th cycle, respectively. The capac-
ity retentions of samples A, B, C and D were found to be 65, 81, 82
and 92% after the 25th cycle, respectively. Among the adipic acid
assisted powders, 1 M AA comprising Li1.2(Mn0.32Ni0.32Fe0.16)O2
(sample D) exhibited excellent capacity retention. These improved
properties result from the high crystallinity of the particles with
a relatively larger surface area, which was  confirmed by the SEM
and BET analyses. The high surface area of such evenly distributed
nanocrystalline materials improved the electrochemical perfor-
mance by shortening the diffusion length of the lithium ions. The
suppressed development of an SEI layer gives rise to significantly
improved cycling performance, which indicates the effect of AA on
the cycleability, even with a small applied carbon content. The con-
ductive carbon on the surface not only prevents the direct contact
between the active cathode material and the electrolyte, but also
provides pathways for electron transfer.

The rate capability is one of the important electrochemical prop-
erties of a lithium secondary battery, which is required for high
power storage applications. In order to demonstrate the rate capa-
bility of the pristine and AA containing materials, the cells were
cycled with various current rates from 0.03 to 13C between 2 and
4.5 V and the results are presented in Fig. 7. As mentioned earlier,
some fading of the discharge capacity profile is observed when the
cells are cycled at lower current rates (0.03C). In Fig. 7, it can be
seen that the discharge capacity slowly decreased with increasing
current density, due to the polarization of the electrodes at high
current. This increase in polarization with increasing current rate
is believed to be due to the reduction in the time required for Li+ ion
intercalation into the crystal lattice and the fact that only the sur-
face of the active material participates in the reaction. It can be seen
from Fig. 7 that the material prepared with 1 M AA exhibited excel-
lent electrochemical behavior with improved cycleability even at
high current rates, whereas the pristine sample showed poor rate
performance. This data reveals that the rate capability increased
with increasing AA ratio, due to the improved electrical conduc-
tivity arising from the phase purity, uniformly distributed highly
crystalline nanoparticles and the presence of carbon.

Cyclic voltammetry was conducted for the 1 M AA containing
Li1.2(Mn0.32Ni0.32Fe0.16)O2 (sample D) to evaluate the redox poten-

tial of the transition metal ions during cycling. Fig. 8 represents the
family of cyclic voltammetric traces (1, 2, 6 and 10th cycles) of sam-
ple D between 2 and 4.5 V at 0.5 mV  s−1, in which lithium acts as
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Fig. 9. EIS spectra of pristine and adipic acid assisted Li1.2(Mn0.32Ni0.32Fe0.16)O2 after
ig. 7. Rate capability of pristine, 0.25 M AA, 0.5 M AA, 0.75 M AA, and 1 M adipic
cid assisted Li1.2(Mn0.32Ni0.32Fe0.16)O2 samples at different current rates.

he counter and reference electrodes. It can be seen that an anodic
eak appears at around 4.2 V during charging and the correspond-

ng cathode peak is seen at 3.6 V in the discharge process. According
o an earlier report [12], the anodic peak at around 4.2 V corre-
ponds to the oxidation of Ni2+ to Ni4+. Furthermore, the absence
f peaks at around 3 V indicates that the Mn4+/Mn3+ redox reaction
oes not occur. This observation confirms that the Mn ions in our
ample are electrochemically inactive and present in the 4+ state.
oreover, no transition of Fe3+/4+ is observed throughout the region

ested, which also confirms that the capacity obtained is due to the
i4+/2+ redox couple. As seen from the CV curves, the peak intensity
ecame less sharp and shifted slightly towards the lower voltage
egion, whereas in the galvanostatic cycling no shift in the plateaus
as noticed. The fading of the peak intensity can be attributed to

he cation mixing in the first cycle and, thereafter, the CV curves
f the 6th and 10th cycles almost overlap, which demonstrates the
ood reversibility of the Li+ ions during insertion/extraction.

EIS studies were conducted to find the difference in the electro-
hemical performance and polarization effect between the pristine

nd AA assisted materials. The impedance data was recorded using

 two electrode coin cell configuration and are presented in Fig. 9.
he cells were initially charged and discharged at various current

ig. 8. Cyclic voltammograms of Li1.2(Mn0.32Ni0.32Fe0.16)O2 prepared with 1 M AA
ecorded between 2 and 4.5 V at 0.5 mV  s−1.
cycling at current rates of 0.03C and 13C, respectively. The equivalent circuit is given
in  the inset.

rates of 0.03C and 13C, respectively, which continuously cycled
for 5 cycles each and then investigated with EIS. The small vari-
ation of the electrolyte resistance (Rs) observed in Fig. 9 can be
neglected [37]. The EIS plots were fitted according to the equivalent
circuit given in the inset of Fig. 9 and the parameters are summa-
rized in Table 2. All of the EIS spectra consist of three regions:
a semi-circle in the low and medium frequency regions and an
inclined line in the high frequency region. The low frequency semi-
circle is related to the Li+ ion migration resistance (Rsf) through the
solid-electrolyte interfacial (SEI) film; the intermediate frequency
semicircle is attributed to the charge transfer resistance (Rct) in
the cathode-electrolyte interface and the line inclined at approxi-
mately 45◦ to the real axis corresponds to lithium ion diffusion into
the bulk of the electrode material. The semicircles in the low fre-
quency region are broad and depressed, due to the overlap of the
two separate semicircles. Nyquist spectra comprising two semicir-
cles and a linear part, similar to those in the present study, have
been reported for layered cathode materials [38]. It was found that
the AA assisted cathodes have a relatively lower Rsf compared with
the pristine one. One possible reason for this is the change in the
interfacial structure of the materials after they are modified with
AA, which may  further influence the properties of the SEI layer,
such as its thickness and density [39,40]. A much more obvious dif-
ference among all of the samples lies in the second semicircle in the
medium frequency region (Rct). It can be seen from Table 2 that the
diameter of the semi-circle (i.e. Rct) linearly decreased from 18.66 �
to 3.2 � as the AA concentration increased. Among the samples,
sample D delivered the lowest Rct of about 3.2 �,  which might be
caused by its relatively faster ionic migration. The decrease in Rct

with increasing ratio of AA to metal ions clearly demonstrated the

importance of both the electronic conductivity and the Li+ diffusion
ability for the excellent electrochemical behavior of the electrode

Table 2
EIS parameters of pristine and AA assisted materials obtained based on the equiva-
lent  circuit inserted in Fig. 9.

Sample Rs/� Rsf/� Rct/�

Pristine 5.40 6.53 18.66
A  4.67 2.23 4.36
B 3.83  1.68 3.79
C  4.95 1.52 3.44
D 4.74  0.88 3.20
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aterials during cycling at high current rates [41], which is well
orrelated with the charge/discharge cycling data.

. Conclusions

Highly crystalline layered Li1.2(Mn0.32Ni0.32Fe0.16)O2 cathode
aterials with and without the presence of a chelating agent,

dipic acid, were successfully synthesized through the conven-
ional sol–gel method. The XRD results revealed that the use of

 high concentration of chelating agent improved the crystalline
ature of the layered compound. The galvanostatic profiles demon-
trated that the presence of adipic acid during the synthesis played

 vital role in increasing the surface area of the material and enabled
 discharge capacity of ∼160 mAh  g−1 to be delivered for all of
he samples except for the bare compound. Among the samples,
he material synthesized with 1 M adipic acid maintained 92% of
ts initial discharge capacity even after 25 cycles. The rate capa-
ility of the above material was improved compared with those
f the pristine material and samples with other concentrations of
dipic acid (0.25, 0.5 and 0.75 M),  due to the increase in conductiv-
ty. These experimental results suggest that adipic acid mediated
i1.2(Mn0.32Ni0.32Fe0.16)O2 is an “eco-friendly” candidate for next
eneration cathode materials for lithium ion batteries.
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