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» Ultra-fast charge—discharge capa-
bility is achieved for Fe based lay-
ered composites with polyaniline.

» Li(Mny3Niy/3Fe;3)02,—polyaniline
composite delivered reversible ca-
pacity of ~110 mAh g~ ! at 40 C rate.
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We first report the ultra-fast charge—discharge capability of organic—inorganic (Li(Mny3Ni;;3Feq/3)02
—Polyaniline (PANI)) nanocomposites prepared by mixed hydroxide route and followed by polymer-
ization of aniline monomers with different concentrations (0.1 and 0.2 mol concentration of PANI). Li-
insertion properties are evaluated in half-cell configuration, test cell (Li/Li(Mnj3Ni;3Fe1;3)02—PANI)
comprising 0.2 mol. PANI delivered the reversible capacity of ~127, ~114 and ~110 mAh g~ ! at

ultra-high current rate of 5, 30 and 40 C, respectively with exceptional cycleability between 2 and 4.5 V
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vs. Li. Such an exceptional performance is mainly due to the conducting pathways promoted by PANI
network and it is revealed by impedance measurements. This result certainly provides the possibility of
using such layered type Fe based cathode materials in high power Li-ion batteries to drive zero emission
vehicles such as hybrid electric vehicles or electric vehicles applications in near future.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Of late immense research focus is directed toward the devel-
opment of high capacity, high voltage, low cost and eco-friendly
cathode for Li-ion batteries (LIB) typically containing layered
structure [1—6]. Since the commercialization of LIBs by Sony Inc. in
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(Y.S. Lee).

1991, layered type LiCoO, and graphite were dominated as cathode
and anode materials, respectively [7]. In such combination,
graphitic anode essentially serves as buffer medium during Li-
insertion/extraction; hence any advancement in LIB technology
relies on the development of high performance cathodes [8—10].
Although the theoretical capacity of LiyCoO, is 274 mAh g, com-
plete removal of 1 mol lithium is found difficult due to the struc-
tural transformation from hexagonal to cubic which results in
severe fade during cycling. Hence, the practical capacity is restric-
ted to ~140 mAh g~ Apart from the capacity, LiCoO, displayed
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poor high current performance, toxicity of cobalt and its expen-
siveness is another important concern, therefore search for alter-
nate high performance cathodes is warranted. In this line, other
layered type cathodes such as LiMnO,, LiNiO,, LiFeO; and Li;MnO3
were proposed, however practical application of such candidates
are too limited due to their own setbacks [10—12]. Eco-friendly,
spinel LiMn,04 and olivine LiFePO4 were also proposed as poten-
tial alternatives, nevertheless former one suffers Mn>* dissolution
issue and later compound lacks of conductivity and limited oper-
ating potential problems, respectively [13]. Latter, Yabuuchi and
Ohzuku [14] reported the performance of layered LiCoq/3Niq;3Mny;
30, cathode with reversible capacity over 200 mAh g~! which is
higher capacity than reported elsewhere on layered compounds.
On the other hand, aforementioned cathode still contains Co and
also suffers high rate operations, which is one of the pre-requisite
to power zero emission vehicles such as hybrid electric vehicles
(HEV) and electric vehicles (EV). Recently, a series of “cobalt-free”
Fe based layered type cathodes were reported by Tabuchi et al.
[15,16] and delivered the reversible capacity over 200 mAh g~ ! in
the initial cycles. However, severe capacity fading is encountered
for said layered type compounds and also complex synthetic pro-
cess was employed to yield single phase material and inherent
electronic conductivity issues as well. Very recently, we reported Fe
based layered type Li12(Mng 32Nig 32Fep16)02 cathodes by a simple
sol—gel technique in the presence of adipic acid with good elec-
trochemical properties [17]. As expected, in general Fe based ma-
terials are generally experiencing poor electrochemical behavior at
high current operations due to the intrinsic nature such compounds
[18]. In this line, we made an attempt to synthesize LiFeq3Nij;3Mny,
30, cathodes by simple co-precipitation technique and followed by
annealing. To alleviate the inherent properties of said compound,
the concept of making composite cathode was developed by using
a conducting polymer, polyaniline (PANI) to form composite
inorganic-organic hybrids [19,20]. Among the conducting polymers
reported, PANI has certain advantageous likely, higher chemical
stability, high electrical conductivity in its oxidized/protonated
form, better acid—base properties and stable electrochemical
behavior [19]. In addition, few reports based on PANI based com-
posites cathodes were already reported to promote the conducting
nature of cathodes, for example LiFePO4—PANI [20—22] and
LiNig gCop20,—PANI [23]. In the present work, a novel organic—
inorganic hybrid LiFe;;3Nii;3sMny30,—PANI cathode was prepared
first time by co-precipitation and followed by sonication with two
different concentration of polymer (0.1 and 0.2 mol). Li-insertion
properties were evaluated in half-cell configuration with ultra-
high rate of 40 C (mass loading of active material 10 mg cm2)
and described in detail.

2. Experimental

The Li(Mnq3Niq3Feq3)02 was prepared using a mixed hydrox-
ide method. Analytical grade LiOH (95%), Fe(NO3)3-9H,0 (98%), and
Ni(NOs3)3-6H,0 (97%) were procured from Junsei chemicals, Japan
and MnCly-4H,0 (99.9%) was obtained from Wako Japan and used
as such. In the typical synthesis procedure, stoichiometric amounts
of transition metal salts were dissolved in distilled water separately
and mixed together to enable solution phase reaction. Later,
aqueous solution containing LiOH was added by drop wise into the
solution and stirred for 6 h to produce mixed hydroxide pre-
cipitates. Then the precipitate was aged overnight, filtered and
washed to remove residual Li salts and dried at 60 °C for 10 h. The
resultant product was obtained by firing the precipitate with
slightly excess amount of LiOH at 800 °C for 10 h under oxygen flow.

PANI was synthesized by chemical polymerization method, for
instance 0.1 and 0.2 mol of aniline and ammonium persulfate (APS)

were separately dissolved in 5 ml of 1 M HCl. Chemical polymer-
ization was initiated by the slower addition of APS into aniline
solution. The polymerization was completed within 10 min with
formation of highly viscous black precipitate containing PANI. Then
hybrid nanocomposites were prepared by the inclusion of 0.1 g of
Li(Mny3Niq3Feq3)0; particles into the above solution and soni-
cated. After 10 min, the black precipitate was filtered, washed
several times with deionized water and dried overnight in a vac-
uum at 60 °C before conducting characterization studies. From the
TGA curves (Figure S1), concentration of PANI was ~9.5% (0.1 mol)
and ~18.25% (0.2 mol) for Li(Mny;3Niy;3Fe1;3)02—P1 and Li(Mny,
3Niy3Feq;3)0,—P2 hybrids, respectively.

X-ray diffraction patterns (XRD) were recorded by Rint 1000,
Rigaku, Japan using Cu K, radiation. Surface morphology of the
powders was analyzed by transmission electron microscopy (TEM,
JEM-2000 FX-II, JEOL, Japan). FT-IR spectroscopic measurements
were carried out on IR Prestige-21, Japan spectrometer. The
Brunauer—Emmett—Teller (BET) surface area analysis was per-
formed through a Micromeritics ASAP 2010 surface analyzer
(Micromeritics, USA). Thermogravimetric analysis (TGA) was per-
formed at 5 °C min~! under oxygen flow using thermal analyzer
system (STA 1640, Stanton Redcroft Inc., UK) to estimate the wt.% of
PANI. All the electrochemical studies were conducted in two elec-
trode CR 2032 coin-cell configurations. The composite cathodes
were prepared by pressing the mixture of 75% active material
(10 mg), 15% Ketjen black (2 mg) and 10% Teflonized acetylene black
(1.25 mg), TAB-2 in to a 200 mm? area stainless steel mesh, which
serves as current collector. Before conducting the cell assembly
under Ar filled glove box, composite electrode was dried at 160 °C
for 4 h in a vacuum oven. The test cells were fabricated with
composite cathode and lithium metal as anode which was sepa-
rated by a porous polypropylene separator (Celgard 3401). 1 M
LiPFg-ethylene carbonate/dimethyl carbonate (1:1 vol.) was used as
electrolyte solution obtained from Techno Semichem Co., Ltd., Ko-
rea. Galvanostatic cycling studies were conducted between 2 and
4.5 V vs. Li at different current densities in ambient temperature
conditions.

3. Results and discussion

Fig. 1a represents the powder-XRD patterns of pristine Li(Mny,
3Niy3Feq3)02, Li(Mnq3Niqj3Fe13)0.—PANI-0.1 mol (hereafter
abbreviated as Li(Mnq3Niq3Fe;3)0,—P1) and Li(Mny3Niqj3Feq3)
02—PANI-0.2 mol (hereafter abbreviated as Li(Mny3Niq3Fe13)02—
P2). The observed XRD reflections are indexed according to the a-
NaFeO, structure with R3m space group. Apparent to notice the
formation of phase pure layered structure without any impurity
traces, more importantly the absence secondary peaks associated
with PANI, which indicates the amount of PANI used to make hy-
brids are very less and it is too lower for the detectable limitation of
XRD instrument. Lattice parameter values are calculated and found
to be a = 2.898 and b = 14.311 A (c/a = 4.94) which is good
agreement with similar layered type compound Li(Mn13Nij;3Co13)
02 by Yabuuchi and Ohzuku [14]. The o ¢ 3)/I(1 0 4) ratio is found to
1.09 which clearly demonstrate the positive-electrode material
contains a good layered structure with very small amount of cation
mixing [24,25]. In general, oxygen sub-lattice in the «-NaFeO, type
structure is distorted from the fcc array in the direction of hexag-
onal c-axis. This distortion gives rise to splitting of the XRD re-
flections corresponding Miller indices (0 06)/(102)and (108)/(11
0) which is the characteristic of typical layered structure. Further,
there is no deviation from the crystalline peaks noted during son-
ication with different concentrations of PANI and this suggests the
presence of PANI does not affect the structural properties of layered
Li(Mnq/3Niq3Feq3)0;. FI-IR spectra were recorded to ensure the
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Fig. 1. (a) X-ray diffraction patterns of (i) Li(Mny;3Niy;3Feq/3)02, (ii) Li(Mny3Niy3Fey3)
0,—P1 and (iii) Li(Mny3Niy3Fe;/3)0,—P2 composite hybrids, and (b) FT-IR spectrum of
(i) bulk PANI, (ii) Li(Mny3Niy/3Feq/3)0,, (iii) Li(Mnq3Nij3Feq;3)0,—P1 and (iv) Li(Mny,
3Ni1/3F81/3)02—P2.

presence of PANI in the composite and given in Fig. 1b. In PANI, the
bands ~1485 and ~1559 cm~! are assigned to benzoid and qui-
noid ring vibrations, respectively. In case of hybrid composites,
vibrational band associated with quinoid rings is slightly shifted
toward higher frequencies (~1584 cm~!), whereas there is no
much deviation in the benzoid ring vibration is noted. This shifting
of vibrational modes clearly reveals that quinoid rings predominate
in Li(Mny;3Nijj3Fe13)0.—PANI hybrid composites, and suggests
degree of oxidation of polymer is due to their interaction with
metal oxide surfaces [26]. In addition, intensity ratio of benzoid and
quinoid rings bands is almost unity and confirming the oxidation
state of emeraldine salt of PANI [26]. The bands appeared at ~ 1245
and ~1310 cm~! in hybrid composites corresponding to the
stretching vibration of Ph—N and C—NH" group of PANI, respec-
tively [27]. Further a strong vibrational peak ~1140 cm™! is the
characteristic signature of PANI, which is considered to be a mea-
sure of the degree of delocalization of electrons [26,27]. The FT-IR
analysis well supported the presence of PANI and its surface
interaction with layered compound Li(Mn;;3Nij;3Feq/3)02. Elec-
tronically conducting nature of PANI and it surface interaction with
metal oxide will certainly improves the conducting properties of
Li(Mny3Niy3Fe3)0; thereby good electrochemical properties are
expected for the said composite.

Morphological features of the prepared phases were inves-
tigated through transmission electron microscopy (TEM) and pre-
sented in Fig. 2. It is evident to notice that the distribution of
Li(Mny3Niy 3Feq3)0; particles ranging from 100 to 200 nm in size

(Fig. 2a). The layered Li(Mny3Niy;3Fe/3)0; particles are attached/
embedded with PANI and apparently seen from the TEM images
(Fig. 2b and c) as clusters. The distribution of Li(Mny3Niq3Fe13)0;
particles in the PANI matrix is found uniform for Li(Mn13Ni;3Feq;3)
0,—P2 compared to Li(Mnq3Niy;3Fe1;3)0,—P1. BET surface area is
measured and found 5.89, 39.53 and 57.86 m? g~ for Li(Mny3Niy;
3FE1/3)02, Li(MH]/3Ni]/3FE]/3)02—P1 and Li(Mn1/3Ni1/3F61/3)02—P2,
respectively (Figure S2). It is obvious to notice that, higher spe-
cific surface is evident for composite hybrids, which increases
higher electrode/electrolyte interface and thereby anticipating
facile diffusion of Li-ions under high current operations.

Galvanostatic charge—discharge studies were performed in half-
cell configuration between 2 and 4.5 V vs. Li, at 0.5 C and given in
Fig. 3. Typical charge—discharge traces are given in Fig. 3a and test
cells delivered the reversible capacities of ~181 and ~138 mAh g~}
for  Li(Mnq;3Niq3Feq;3)0,—P1  and  Li(Mnq;3Niy;3Feq3)0—P2,
respectively. Apparently, extended monotonous charge—discharge
curves for both composites are noted compared to its native
form. This is mainly because of the enhanced electronic conduc-
tivity offered by the conducting polymer PANI, which also directly
promotes the redox reaction of transition metals [18,23]. Higher
specific surface area cannot be ruled out for such exceptional per-
formance. On the other hand, pristine Li(Mny3Niq/3Fey;3)0; dis-
played the reversible capacity of only ~30 mAh g~ ! under the same
testing conditions. Furthermore, the hybrid composites showed
excellent cycleability at low current rate when compared to pristine
material (Fig. 3b). The hybrid cathodes revealed good battery
characteristics and retained 86 and 80% of capacity after 40 cycles
for  Li(Mnq;3Niy;3Feq3)0,—P2 and  Li(Mnj;3Nij;zFeq3)0,—P1,
respectively with coulombic efficiency over 99.5%. Generally, it is
believed that, Fe based compounds are experiencing inherent
conductivity issues and hence strong conductive coating/painting
is necessary to realize the full capacity [18].

In the case of Li(Mnq3Niy;3Fe13)0,—P1 hybrid, PANI concen-
tration is not sufficient to attain desired level of conductivity
enhancement. Further, observed capacity is mainly attributed to
the Mn>*/4* and Ni>*/** redox couples, since utilization of Fe3*/4+
redox couple is found difficult in tested potential window for such
layered matrix [16]. Hence, transition metal Fe>* essentially act as
the matrix element to provide the necessary structural stability
during Li-insertion/extraction. Apart from the effective utilization
is Mn>*/4* and Ni>*/** redox couples, usage appropriate amount of
PANI is crucial to yield high performance Li(Mny;3Niy3Feq;3)02—
PANI hybrid composites [19,21—23,28]. To realize the role of PANI
in layered matrix under high current operations, rate capability
studies were conducted for hybrid composites and presented in
Fig. 3c. The half-cell Li/Li(Mny3Niy3Fe13)0,—P2 delivered a rever-
sible capacities of 181, 163, 158, 148, 132, 120, 114 and 110 mAh g‘1
at 0.5, 1, 1.5, 3, 5, 15, 30 and 40 C rates respectively, whereas dis-
charge capacities of 136,133, 126,113, 95, 87, 73 and 47 mAh g~ ! are
noted for Li(Mnj;3Niy;3Feq;3)0,—P1 composite hybrids under the
same current rate. It is evident that the discharge capacity is
decreased at high currents due to the polarization of electrodes and
it is mainly due to the less participation of active material. The
observed capacity values are much better than the values reported
for its parent compound LiNi,Mn,Co1_3,0; (y = 0.5, 0.45, 0.4, 0.33)
by Whittingham and co-workers [29]. Irrespective of the compo-
sitions of transition metal ions, maximum deliverable capacity is up
to ~30 mAh g~! at current rate of 0.5 C with severe capacity fading.
Further in the present case, capacity fading is found very small
for Li(Mnj;3Niy;3Feq3)0,—P2 hybrid cathodes compared to
Li(Mny3Niq3Feq3)0,—P1. It is quite interesting to note that, under
such harsh conditions (beyond 15 C rate), the Li(Mny;3Nij;3Feq3)
0,—P2 composite hybrid showed exceptional reversible capacity
values (>100 mAh g~!). Hence, a duplicate cell has been made to
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Fig. 2. SEM images of (a) Li(Mny3Niy/3Fey3)0, nanoparticles prepared using mixed hydroxide method, (c) Li(Mny;3Niy3Fe/3)0,—P1 and (e) Li(Mny/3Niy3Feq/3)0,—P2 composite
materials and TEM images of (b) Li(Mny3Niy3Feq3)02 (d) Li(Mny3Niq3Feq3)0,—P1 and (f) Li(Mny3Niy3Fe/3)0,—P2 hybrid materials.

evaluate the durability of Li(Mny3Nij;3Feq/3)02—P2 cathode under
high current rates and presented in Fig. 4 with active mass loading
of 10 mg cm~2. Test cell delivered the discharge capacity of 127, 114
and 110 mAh g~ at 5, 30 and 40 C rates, respectively. However, the
difference between reversible capacity at low (5 C) and high (40 C)
current rate is noted only 17 mAh g~'. Further, cell retained the
discharge capacity of 90% after 100 cycles and this is the out-
standing performance among the hybrid cathodes reported [19,21—
23]. On the other hand, Li/Li(Mn1;3Nij;3Feq/3)02—P1 delivers only
about ~90 mAh g~ at 5 C rate (Figure S3) with good cycleability.
As the observation from BET, TEM and SEM analysis, relatively large
surface area of Li(Mnj;3Nij;3Feq/3)02—P2 composite hybrid, more
uniformly distributed Li(Mny;3Niyj3Feq3)02 particles into the
porous PANI networks with smaller size, and inherent higher
electronic conductivity facilitate the electrons and lithium ions
diffusion during intercalation and de-intercalation process, which

resulted in the excellent reversibility at high-current rates. The
obtained results certainly provide the possibility of using eco-
friendly layered Li(Mnj;3Nij;3Feq/3)02—PANI composite cathodes
in high power applications like HEV and EV. We believe that such
an exceptional performance of Fe based cathodes is mainly due to
the synthesis of composites with PANI which not only improves the
electronic conductivity, but also facilitates electrolyte adsorption
through the open polymer matrix and stabilizes the electrode—
electrolyte interface, which results the improvement in reversible
capacity and rate capability as well [30,31].

To study the influence of polymer matrix toward improvement
in the conductivity profiles, an electrochemical impedance spec-
troscopy (EIS) studies were studied and given in Fig. 3. It is apparent
to notice the presence of three main regions, high-frequency
semicircle is attributed to the formation of solid electrolyte inter-
face film and/or contact resistance, medium frequency region is
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Fig. 3. (a) Typical galvanostatic charge—discharge curves of Li/Li(Mny3Nij;sFey/3)0;
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ambient temperature conditions and (c) rate performance of studies composite hybrid
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Fig. 4. Reversible capacity vs. cycle number of Li(Mn3Nij3Feq;3)0,—P2 cathodes in
half-cell configuration at the C rates of 5, 30 and 40 C.

associated with charge-transfer (R.) impedance across the elec-
trode/electrolyte interface, and the inclined line at approximately
45° angle to the real axis, which indicates the lithium diffusion
kinetics toward the electrodes called as Warburg tail. The direct
measurement of R. corresponds to the electronic conductivity
profiles of the materials tested. In this line, the R, values of the
composites hybrids are found 43.4 Q, 37.5 , 28.1 Q for Li(Mny3Niy,
3FE1/3)02, Li(Mn1/3Ni1/3Fe1/3)02—P1 and Li(Ml‘llBNi]/3F€1/3)02—P2,
respectively (Fig. 5a). This clearly indicates the enhancement of
conductivity profile in the layered Li(Mnq;3Nij;3Feq;3)02 matrix
after the incorporation of PANI compared to native phase. However,
a small amount of PANI concentration is not sufficient (Li(Mny3Niy,
3Feq/3)02,—P1) to improve the conductivity for desired level. Higher
concentration of PANI in Li(Mnq;3Nij;3Feq3)0,—P2 composite
delivered good electrochemical profiles which are due to the
enhanced electronic conductivity profiles offered by the polymer
matrix. Extraordinary performance of Li(Mny3Nij;3Feq/3)0,—P2 at
high current rates, EIS traces were recorded after 100 cycles (5 C)
Li(Mny3Niq/3Feq3)0,—P1 and Li(Mn13Niy/3Feq;3)02—P2 and given
in Fig. 5b. Nyquist plot of the Li(Mny;3Niq;Feq;3)02—P2 cell
exhibited a smaller semi-circle compared to Li(Mn13Niy 3Feq3)02—
P1, which indicates former electrode has a lower R values. This
lower R values (64.59  for Li(Mny3Niq;3Fe13)02—P1 and 30.79 Q
for Li(Mnq3Niq3Fe1;3)0,—P2) are mainly ascribed to the improve-
ment in electronic conducting profiles supported by the polymer
PANI and good adherence properties of the polymer as well. Fur-
ther, the improved lithium storage properties of the cell containing
Li(Mny3Niq3Feq3)0,—P2 electrode could be attributed to the po-
larity of PANI, which is more compatible with the electrolyte,
mediating the polarity difference between the active materials and
electrolyte. Hence, the electrolyte penetration was promoted to the
electro active materials compared with conventional conductive
additives like amorphous carbon, carbon nanotube etc. Slightly
higher density of PANI compared to carbonaceous materials pre-
vents severe detrimental effects of volumetric capacity. Moreover,

40
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Fig. 5. (a) Nyquist plots of Li/Li(Mn3Nij/3Fe3)02, Li/Li(Mny3Niy3Fe;3)0.—P1 and Li/
Li(Mny3NiysFeq/3)0,—P2 freshly made cells recorded at open circuit voltage between
100 kHz and 100 mHz, and (b) Nyquist plots of composite hybrids cells measured after
100 cycles. Inset showed equivalent circuit model used for fitting. The line represents
the fitted data, and symbol represents the experimental data.
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PANI conducting network between the metal oxide particles in
Li(Mnq3Niq3Feq3)0,—P2 composite ensured the electrolyte is
more accessible, thereby reducing Rt value and thus enhanced the
electrochemical performance of the Li(Mny3Niy3Feq/3)0,—P2 even
at high current rates. The obtained EIS spectra were fitted according
to the equivalent circuit model given in the inset. Furthermore, the
Nyquist plots of the Li(Mny3Nij;3Feq/3)02—P2 cell recorded before
and after cycled at 5 C for 100 cycles presented in Figure S4. It is
evident that, very small variation in the R values before and after
cycling suggests the less reactivity toward electrolyte counterparts
which ensures the enhanced cycleability of Li(Mny3Nijj3Feq/3)02—
P2 under harsh conditions.

4. Conclusion

A novel eco-friendly organic—inorganic hybrid composite with
excellent electrochemical performance was demonstrated in half-
cell configuration under harsh conditions. The TEM pictures
revealed the formation of sub-micron size Li(Mnq;3Niq;3Feq3)0;
particles and composite formation with two different concentra-
tion of PANL. Among them, Li(Mny3Niq;3Fe1;3)02—PANI (0.2 mol)
was exhibiting better battery characteristics and retained 86% of
initial discharge capacity after 40 cycles. The composite hybrid,
Li(Mny3Niq3Feq3)0 with 0.2 mol. PANI exhibited exceptional
cycleability at high current rates (5, 30 and 40 C) with good capacity
retention properties. The presence of PANI certainly enhances
inherent conducting nature of Fe based compounds and enables
facile insertion extraction of Li-ions under such harsh conditions.
Demonstration of such high current performance after the incor-
poration of organic counterpart paved the new way for develop-
ment of high performance Li-ion batteries and possibly to power
the zero emission vehicles in near future.
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