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Abstract LiNiysMn; sO4 samples with their particle sizes
from micro to nano are synthesized via polyvinylpyrrolidone
(PVP)-assisted coprecipitation of nickel and manganese hydrox-
ide. Their morphology, structure, and performance as cathode of
high-voltage lithium ion battery are investigated by scanning
electron microscopy (SEM), X-ray diffraction (XRD), cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and charge/discharge test. The characterizations from
SEM and XRD show that the particle size of the resulting
LiNiy sMn; 50, is tunable from micro to nano by controlling
the concentrations of PVP for the formation of nickel and man-
ganese hydroxide precursor. The results from CV, EIS, and
charge/discharge test reveal that reducing the particle size of
LiNig sMn; 504 results in its less interfacial resistance for lithium
insertion/desertion process, leading to its improved rate capabil-
ity. Meanwhile, the cyclic stability of LiNiysMn; 5O, is also
improved when its particle size is changed from micro to nano,
but too smaller particle size is not beneficial to its cyclic stability,
especially at elevated temperature. When evaluated in
LiNig sMn; sO4/Li half cell, the resulting LiNiysMn; 5O, sam-
ples of 800, 250, and 125 nm, in average, deliver a 20 C rate
capacity of 40, 58, and 71 mAh g_l, while they exhibit a capacity
retention of 79, 89, and 82 % after 250 cycles with 0.5 C rate at
room temperature and 33, 77, and 64 % after 200 cycles with 1 C
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rate at 55 °C, respectively. This difference in capacity retention
becomes more significant in LiNiysMn; 50,/graphite full cells
due to the effect of graphite anode.
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Introduction

Compared with other energy storage devices, lithium ion bat-
tery has attracted much attention because it delivers higher
energy density and exhibits better cycle performance [1, 2].
Furthermore, the energy density of lithium ion battery can be
improved by substituting new cathode and anode materials for
currently used cobalt-based cathode and graphite anode.
LiNig sMn; 50y is considered as a promising cathode material
for improving the high energy density of lithium ion battery due
to its high operating voltage of 4.7 V (vs. Li/Li") [3—5]. How-
ever, the rate capability and cyclic stability of LiNiysMn; 504
need to be improved. LiNiysMn; 50, exhibits poor electronic
conductivity, leading to poor rate capability [6, 7]. The manga-
nese dissolution and the particle separation might happen dur-
ing charge and discharge cycling, resulting in the deteriorated
cyclic stability of LiNiy sMn; 504 [5, 8, 9].

Many investigations have been focused on fabricating nano-
particles to improve rate capability and cyclic stability of
LiNig sMn; 504 [10-19]. Nanoparticles provide short paths for
lithium ion transportation in particles and large interface between
nanoparticles and electrolyte for lithium insertion/desertion, thus
enhancing the rate capability of LiNijsMn; sO4. On the other
hand, the space among nanoparticles accommodates the lattice
stress caused by Jahn-Teller distortion during cycles and avoids
the particle separation, thus improving the cyclic stability of
LiNig sMn; 504 [12].
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The large interface that nanoparticles provide increases
sites for lithium insertion/desertion reaction between cathode
materials and electrolyte and facilitates rate capability im-
provement. However, the increased sites for lithium
insertion/desertion reaction also increase the possibility of
the decomposition of cathode materials and electrolyte, lead-
ing to a capacity decaying and a deteriorated cyclic stability
[20-22], especially in LiNig sMn; s0O4/graphite full cell [23].
Therefore, an issue remains in the synthesis and application of
LiNij sMn,; 504: What particle size is suitable for the improve-
ment in rate capability as well as cyclic stability of
LiNi0.5MH1A504?

To answer this question, LiNiy sMn; 50O, samples with their
particle sizes from micro to nano were synthesized, and the
effect of particle size on the rate capability and cyclic stability
of LiNig sMn; 50,4 as cathode of high-voltage lithium ion
battery was understood in this paper. To our knowledge, it is
the first time to consider simultaneously the contribution of
the particle size to rate capability and cyclic stability of
LiNig sMn; 504. The particle size of LiNiy sMn; 504 was con-
trolled by using polyvinylpyrrolidone (PVP) to limit the par-
ticle size of nickel manganese hydroxide precursor [12, 24,
25]. The prepared samples were assembled into
LiNig sMn,; 504/Li half cells and LiNiy sMn; sO,4/graphite full
cells, and charge-discharge tests were performed at room and
elevated temperature to verify the effect of particle size.

Experimental
Sample preparation

Three LiNigsMn; sO, samples were synthesized by PVP-
assisted coprecipitation and subsequent solid reaction. PVP
with 0, 0.5, and 1 g was dispersed in 50 mL distilled water,
respectively. Subsequently, nickel acetate
(Ni(CH3C0O0O),-4H,0) and manganese acetate
(Mn(CH;C00),-4H,0) were added in a stoichiometric
amount. One-molar lithium hydroxide (LiOH) aqueous solu-
tion was added slowly under continuous stirring at 80 °C to
disperse PVP uniformly. The reaction time for the formation
of transition metal hydroxide (NipsMn; s(OH),) was 24 h.
The precipitate was washed, filtrated, and dried in oven
120 °C for 12 h, and three precursors were obtained, denoted
as NMO-A, NMO-B, and NMO-C from 0, 0.5, and 1 g PVP,
respectively.

Nig.sMn; 5(OH), precursor was mixed uniformly with
lithium hydroxide in a stoichiometric ratio by ball-grind-
ing. The mixture was calcined at 500 °C for 0.5 h and
then at 800 °C for 8 h. Three LiNijysMn; 5O, products
were obtained, denoted as LMNO-A, LMNO-B, and
LMNO-C from NMO-A, NMO-B, and NMO-C,
respectively.
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Physical characterization

The morphology was observed using scanning electron mi-
croscopy (SEM, JEOL JSM-6380LA, Japan). The crystal
structure was characterized by powder X-ray diffraction
(XRD, Bruker D8 AdVANCE, Germany) with Cu-Ka radia-
tion (40 kV, 40 mA) from 10° to 80° with a step of 0.02°.

Electrochemical measurements

The electrode was prepared by mixing 80 wt% of prepared
sample, 10 wt% of carbon black, and 10 wt% of
polyvinylidene difluoride (PVDF) as a binder, coating the
mixture onto an aluminum sheet, which was dried at 80 °C
in an oven and cut into pieces of 1 cm* 1 ecm. The coin cells
(CR2025) were assembled in an argon-filled glove box
(MBraun) by using the prepared electrode as cathode, lithium
foil or graphite electrode as anode, Celgard 2400 as separator,
and 1 M LiPF¢ in EC/DMC (1:2 in volume) as electrolyte. The
cyclic voltammetry was performed with Solartron-1470E
Cell-test at 25 °C between 3.0 and 5.0 V with a scanning rate
of 0.2 mV s~'. Electrochemical impedance measurements
were carried out on Autolab (PGSTAT302N) in the frequency
range between 100 kHz and 0.01 Hz, and the perturbation
amplitude was controlled at 10 mV. Charge-discharge tests
were performed on Multi-channel Battery Testers (LAND
CT2001A, China) with various rates from 0.5 to 20 C between
3.0and 5.0 V.

Results and discussion
Crystal structure and morphology

The observed morphology of the resulting precursors and
products is presented in Fig. 1. It can be seen from Fig. lal,
bl, cl that the concentration of PVP affects significantly the
morphology of the precursors. Without using PVP, the resulting
precursor (NMO-A) is bulky, as shown in Fig. 1al. With using
PVP, however, the uniformly dispersed nanoparticles of the
precursors (NMO-B and NMO-C) can be identified in
Fig. 1bl, cl. The particle size of the precursor decreases with
increasing the concentration of PVP. It is obvious that PVP
functions as a particle controller for the formation of the pre-
cursor. The morphology of the precursors subsequently affects
that of LiNiy sMn; 50,4 products, as shown in Fig. 1a2, b2, c2.

Figure 2 presents the particle size distribution of
LiNiy sMn; 50,4 products. The particles are large (800 nm in
average) and distributed irregularly for product LNMO-A, as
shown in Figs. 1a2 and 2a, while they become smaller and
distributed uniformly for the products LNMO-B and LNMO-
C, as shown in Figs. 1b2, c2 and 2b, c. Due to the difference of
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Fig. 1 SEM images of metal
hydroxide precursors, MNO-A
(al), MNO-B (b1), and MNO-C
(Cl), and LiNi0_5Mn145O4 prod-
ucts, LNMO-A (a2), LNMO-B
(b2), and LNMO-C (¢2)

their precursors, LNMO-B and LMNO-C have their average
particle sizes of 250 and 125 nm, respectively.

The formation process of LiNiypsMn; 5O, is illustrat-
ed in Scheme 1. PVP restricts the growth space of
particles during the coprecipitation process of the nickel
and manganese oxide [26]. The larger the concentration
of PVP is, the smaller the space available for the
formation of the precursor is. The morphology of the
resulting LiNiysMn,; 504 is tightly related to its precur-
sor. It can be seen from Figs. 1 and 2 that the particle
size of LiNig sMn; 5O, is tunable from micro to nano by

controlling the concentration of PVP for the formation
of Nig sMn; s(OH), precursor.

The crystal structure of the resulting products was deter-
mined by XRD. Figure 3 presents the XRD patterns of
LNMO-A, LNMO-B, and LNMO-C. Compared with the
standard card of LiNig sMn; 504 (JCPD# 80-2162), it can be
found that three products are well-defined cubic spinels with
the space group Fd-3 m and do not contain any impurity
phase. The lattice constant obtained by Rietveld refinement
from XRD data is 8.169 A for LNMO-A, 8.170 A for LNMO-
B, and 8.169 A for LNMO-C. Three samples have almost the

Fig. 2 Particle size distribution 30
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Fig. 3 XRD patterns of LiNig sMn; 50,4 products and the standard card

of spinel LiNig sMn; 504
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Electrochemical performances

The reversibility of the three LiNigsMn; sO4 samples for
lithium insertion/desertion was understood by cyclic volt-
ammetry. Figure 4 shows the cyclic voltammograms of
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Fig. 4 Cyclic voltammograms of LiNiysMn; 50, electrodes at a scan
rate of 0.2 mV s~ !
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Fig. 5 Electrochemical impedance spectra of LiNig sMn; 50, electrodes,
measured at 3.0 Vafter 10 cycles of cyclic voltammetry with a scan rate of
0.2 mV s ! between 3.0 and 5.0 V

LNMO-A, LNMO-B, and LNMO-C at a scanning rate of
0.2mV s ' between 3.0 and 5.0 V. Two couple of redox peaks
can be clearly identified at about 4.0 V corresponding to
Mn*"/Mn>" reaction and about 4.7 V corresponding to Ni*"/
Ni?" reaction, which are the characteristics of LiNiy sMn; sOy4
with Fd-3 m space group. The Ni*'/Ni*" reaction contributes
mainly to lithium insertion/desertion capacity of
LiNig sMn; 504. It can be found from Fig. 4 that the potential
difference of Ni*'/Ni*" reaction decreases in the order of
LNMO-A, LNMO-B, and LNMO-C, indicating that
LNMO-C has the best reversibility for lithium insertion/de-
sertion, followed by LNMO-B and then LNMO-A. That is to
say, particle size of LiNiy sMn; 5O, affects the reversibility or
polarization of lithium insertion/desertion process. Reducing
particle size increases the reversibility or decreases the polar-
ization of lithium insertion/desertion process.
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Fig. 6 Charge/discharge curves of LiNiysMn; 50,4 electrodes at 0.5 C
rate between 3.0 and 5.0 V
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Fig. 7 Rate capability of LiNij sMn; 504 electrodes cycled between 3.0
and 5.0 V

The improved reversibility of lithium insertion/desertion in
LiNig sMn; 504 by reducing particle size was confirmed with
EIS. Figure 5 presents the electrochemical impedance spectra
of LNMO-A, LNMO-B, and LNMO-C after 10 cycles of CV,
which are characteristic of a semicircle at high frequencies and
a slope line at low frequencies. The semicircle reflects the
interfacial properties between cathode materials and electro-
lyte, while the slope line represents the diffusion of lithium ion
in cathode. The reaction resistance for lithium insertion/
desertion can be estimated by the diameter of the semicircle.
It is 225 Q for LNMO-A, 115 © for LNMO-B, and 108 {2 for
LNMO-C, which is the same order as the potential difference
in CV measurement. The decreased reaction resistance is
important for the rate capability improvement of
LiNig sMn, 504 as cathode of lithium ion battery.

Figure 6 presents the charge/discharge curves of LNMO-A,
LNMO-B, and LNMO-C at 0.5 C rate between 3.0 and 5.0 V.
The short potential plateau at about 4.0 V is attributed to
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Fig. 8 Dependence of discharge capacity retention of LiNigsMn; 504
electrodes on the different discharged rates
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Fig. 9 Cyclic stability of LiNigsMn; 504 electrodes with 0.5 C rate at
room temperature

Mn**/Mn®* redox reaction, while the main capacity at about
4.7 V plateau is ascribed to Ni**/Ni** redox reactions [27, 28].
Three samples exhibit similar charge/discharge behavior and
deliver similar discharge capacity at 0.5 C. When increasing
the current rate, however, the significant difference in dis-
charge capacity among three samples can be observed.
Figure 7 presents the rate performance of LNMO-A,
LNMO-B, and LNMO-C, which was obtained in
LiNip sMn; 504/Li half cells charged to 5 Vat 0.5 C (1 C=

147 mA g ') and discharged to 3 V at different rates. Three
samples deliver a similar discharge capacity of about
110 mAh g ' at 0.5 C, but the average discharge capacity
decreases when increasing discharge rates, which is similar to
the samples doped with cobalt and chromium [29]. LNMO-A
has the fast capacity decrease, followed by LNMO-B, while
LNMO-C delivers the highest discharge capacity under the
same discharge rate. At 20 C, the average discharge capacity is
40 mAh g ' for LNMO-A, 58 mAh g ' for LNMO-B, and
71 mAh g for LNMO-C. Figure 8 presents the discharge
capacity retention of three samples at different rates compared
to their 0.5 C discharge capacity, which show obviously the
effect of LiNiysMn; sO4 particle size on its rate capability:
The rate capability of LiNiy sMn; 50, is improved significant-
ly by reducing its particle size. Reducing particle size de-
creases the lithium diffusion distance in LiNiy sMn; 50,4 par-
ticle and increases the contact area between LiNiy sMn; 504
and electrolyte, leading to the decreased reaction resistance or
polarization for lithium insertion/desertion in LiNiy sMn; sO4
and thus improving the rate capability of LiNiy sMn; sO4 [13,
30, 317.

It can be noted from Fig. 7 that the initial 0.5 C
discharge capacity of three samples can be recovered after
the rate test. This suggests that the interface between
LiNig sMn; 504 and electrolyte remains stable, i.e., no
significant decompositions of LiNiy sMn; 504 and electro-
lyte happen during the rate test. When deep cycling was
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performed, however, different capacity decaying was ob-
served among three samples.

Figure 9 presents the cyclic stability of three samples under
0.5 C rate. The test was performed after rate test at room
temperature. It can be seen from Fig. 9 that both LNMO-B
and LNMO-C exhibits better cyclic stability than LNMO-A,
while LNMO-C is poorer than LNMO-B. After 250 cycles,
the capacity retention is 79 % for LNMO-A, 89 % for LNMO-
B, and 82 % for LNMO-C. This result suggests that the cyclic
stability of LiNiy sMn; 504 can be also improved by changing
particle size from micro to nano, but too smaller particle size
will deteriorate its cyclic stability.

This phenomenon was observed more obviously when the
cycling was performed at elevated temperature. Figure 10a
presents the cyclic stability of three samples with 1 C rate at
50 °C, and the detail charging/discharging curves are exhibit-
ed in Fig. 10b, c, d. Similarly to the results of Fig. 9, both
LNMO-B and LNMO-C exhibit better cyclic stability than
LNMO-A, and LNMO-C is poorer than LNMO-B, but the
difference in capacity retention becomes more significantly
among three samples. The capacity retention is 33 % for
LNMO-A, 77 % for LNMO-B, and 64 % for LNMO-C after
200 cycles.

LNMO-B and LNMO-C have smaller and more uniformly
distributed particles, which provide more space to release the
stress resulting from Jahn-Teller distortion and to avoid the

destruction of LiNiysMn; 50,4 particles than LNMO-A,
and thus exhibit not only better rate capability but also
better cyclic stability than LNMO-A [32]. On the other
hand, the smaller particle size of LNMO-C than LNMO-B
increases the possibility of the decompositions of
LiNig sMn; 50,4 and electrolyte due to the increased con-
tact areas, resulting in the poorer cyclic stability of
LNMO-C than LNMO-B. Therefore, suitable particle size
is required to achieve the best performance of
LiNig sMn; sO4 in terms of rate capability and cyclic
stability. Our results demonstrate that LiNigsMn; 504
with its particle size limited between micro and nano
exhibits simultaneously the best rate capability and cyclic
stability.

The dissolved manganese from cathode transports to
anode and deposits on lithium anode in LiNiy sMn; 504/Li
half cells. In LiNiysMn; sO4/graphite full cells, the de-
posited manganese accelerates the electrolyte decomposi-
tion on graphite, which is detrimental for the formation of
protective solid electrolyte interphase film on graphite,
resulting in faster capacity decay of the full cell than half
cell [23, 33]. The cyclic stability of LiNiy sMn; 504 sam-
ples was also evaluated in LiNiysMn; sO4/graphite full
cells; the obtained results are presented in Fig. 11. The
full cells were charged at 0.5 C to 4.8 V and discharged at
the same rate to 3.5 V at room temperature. Figure 11a
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presents the cyclic performance, while Fig. 11b, ¢, d
presents the charge-discharge profiles. It can be found
by comparing Fig. 11a with Fig. 9 that the samples suffer
more serious capacity decaying in the full cell. For exam-
ple, LNMO-A delivers less than 60 % of its initial capac-
ity after 20 cycles. As shown in Fig. 11a. LNMO-B also
exhibits better cyclic stability than LNMO-C. The capac-
ity retention is 78.8 % for LNMO-B, while only 59.0 %
for LNMO-C. This result confirms that the effect of
particle size of LiNigsMn; 504 on its cyclic stability be-
comes more significant in the full cell than in the half cell.

Conclusions

LiNig sMn; 504 with its particle size being tunable from
micro to nano can be synthesized via the coprecipitation
of nickel and manganese hydroxide with PVP as particle
controller. The PVP facilitates the formation of the hy-
droxide with uniformly dispersed particles and thus con-
trol the particle size but does not change the crystal
structure of the resulting LiNig sMn; sO4. LiNig sMn; 504
with smaller particle size has less resistance or less polar-
ization for lithium insertion/desertion process, and thus
exhibits better rate capability. On the other hand, the
cyclic stability of LiNigsMn; 504 is also improved when
its particle size is changed from micro to nano, because
the more space is available among the smaller particles to
release the stress resulting from Jahn-Teller distortion and
to avoid the destruction of LiNiysMn; 50,4 particles.
However, too smaller particle size is not beneficial to
the cyclic stability of LiNigsMn; 50,4, especially at ele-
vated temperature and in LiNig sMn; sO4/graphite full
cells, because the decompositions of LiNigsMn; s04 and
electrolyte due to the increased contact areas dominate the
cyclic stability of LiNig sMn; sOy.
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