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HIGHLIGHTS

e YBa,Cu305-coating enhances the rate capability and cyclability of LiNig sMn;504.
e Superconducting YBa,;Cu307 reduces charge-transfer resistance in a wide temperature.
e YBa,Cu305 facilitates the kinetics for lithium diffusion at low temperature.
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ABSTRACT

LiNig sMny 504 modified with superconducting YBa;Cu307 (YBCO) is synthesized by mixing as-prepared
LiNig5Mn1504 powders and the sol—gel-driven YBa;Cu3z0O; matrix, subsequently followed by high-
temperature calcinations. The effect of YBCO-modification on the electrochemical performances of
LiNip5Mn504@YBCO cells in a wide operation temperature is investigated systematically by the charge/
discharge testing, cyclic voltammograms and AC impedance spectroscopy, respectively. In comparison
with the pristine LiNig5Mny 504, LiNig 5Mn1504@YBCO samples exhibit higher capacity, better cyclability
and higher rate capability in a wide operation temperature range. An analysis of the electrochemical
measurements reveals that the improved performance of LiNig5Mn;504@YBCO is due to the better
electric contact among particles, much lower charge-transfer resistances and higher lithium diffusion
rate, especially at low temperature. In addition, the homogeneous YBCO layer formed on the
LiNip5Mnq504 protects the active materials from chemical attack by HF, which suppresses the dissolution
of Ni or Mn from LiNip5Mn1504 in the LiPFg based electrolyte.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

or Mn dissolution caused by HF in the electrolyte, especially at
elevated temperature [8,9]. Tremendous efforts have been devoted

Recently, great interest has arisen in application of high voltage
spinel cathode material for lithium-ion secondary batteries due to
its high discharge capacity and attractive voltage plateau at around
4.7 V, which offers its potential application in electric vehicle and
plug-in hybrid electric vehicle [1—-3]. Although considerable prog-
ress has been made in spinel cathodes as far [4—7], serious issues
regarding the capacity fading and poor rate performances make
them less favorable for practical application, which might result
from the decomposition of the electrolyte at high operating voltage
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to the improvement of the cyclic stability for spinel cathode by
surface modification with metal oxide [8—12], such as SiO,, ZrO»,
LiFePOg4, AIPO4 and LiAlO,. For instance, Wu et al. [8] have reported
that the LiNipsMn;504 modified by ZrO, exhibits significantly
enhanced electrochemical reversibility at elevated temperature. Liu
et al. [9] have revealed that the surface modification of
LiNig 5sMn1504 with C-LiFePO4 shows enhanced rate capability and
improved capacity retention rate. However, it is well-known that
most metal oxide demonstrates high resistivity due to its insulating
or semi-conducting behavior in terms of the electrical conductivity,
resulting in large polarization of the electrode and consequently
hampering Li-ion battery application at low operation temperature.
In contrast, superconducting YBa;Cu30O7 demonstrates a stable low-
resistivity state in a wide temperature range and its resistivity
decreases with decreasing temperature which is similar to that of
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the metal [13]. Therefore, LiNig5Mn;504@YBCO composite would
be highly desirable for the application of Li-ion batteries in wide-
range temperature, where the formation of YBCO integrate
network in composite not only provides a high conductive nano-
layer between particles but also protects the active materials from
chemical attack by HF in electrolyte. In present work, the surface
modification of LiNig5Mny504 with YBCO was synthesized by a
simple sol—gel method. Compared to the pristine LiNig5Mny 504,
the as-prepared LiNigsMn;504@YBCO exhibits superior electro-
chemical performances in a wide operation temperature range.

2. Experimental
2.1. Preparation and characterization of cathode materials

LiNip5Mny504 and LiNigs5Mn1504@YBCO composites were
fabricated by a simple sol—gel method. In detail, analytical grade
LiCH3C0O0-2H,0, Mn(CH3C00),-6H,0, and Ni(CH3CO0),-4H,0 in
stoichiometric amounts were thoroughly dissolved in de-ionized
water containing proper amount of citric acid solution followed
by stirring at 80 °C until the polymerized gel was formed. The
obtained gel is dried at 120 °C to form amorphous powders. The
powder was further sintered at 500 °C for 12 h to complete organic
removal and subsequently calcined at 850 °C for 20 h to obtain
LiNi0.5Mn1.504 powder. (LiNio5MH]504)95@(YBCO)5 (denoted das
(LNMO)g5@(YBCO)s)cathode material was synthesized by mixing
appropriate amounts of as-prepared LiNigs5Mn504 powder with
YBa,Cu307 gel under ultrasonic-treatment, where the preparation
of YBayCu307 gel was described in detail in Kakihana's work [14].
The resulted gel is dried at 120 °C in atmosphere, followed by
calcinations at 900 °C for 10 h to obtain the final products. In
comparison, the pristine YBa;Cu307 was prepared under the same
preparation condition. The phase indentification of the pristine
LiNig5Mny504 and (LNMO)g5@(YBCO)5 powders was conducted
with an X-ray diffractometer (XRD, Rigaku MiniFlex II) using CuK,
radiation (4 = 0.15405 nm). The morphology of the composites was
studied with a scanning electron microscope (SEM, JSM-7500F,
Japan). The nanoscale microstructure of (LNMO)g5@(YBCO)s5 parti-
cles was examined using a transmission electron microscope (TEM,
Tecnai G2 F20 S-TWIN). Electrical properties were measured by a
Versalab magnetometer (Versalab, Quantum Design Co.).

2.2. Cell fabrication and characterization

The working electrode was prepared by homogeneously pasting
a slurry containing 80 wt.% active material (LiNigpsMn1504 or
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Fig. 1. XRD patterns of LiNigsMn; 504 and (LNMO)gs@(YBCO)s powders.

(LNMO)g5@(YBCO)s), 10 wt.% super-P and 10 wt.% polyvinylidene
fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone on an Al foil
and subsequently dried in vacuum at 110 °C over night. The coin
cells (R2025) were assembled in an argon-filled glove box (Mik-
rouna, Super 1220/750, China) with Li metal as anode and counter
electrode, Celgard 2300 microporous polyethylene membrane as
separator and 1M LiPFg in a mixture of ethyl carbonate (EC) and
dimethyl carbonate (DMC) (1:1 in vol. ratio) as electrolyte. Galva-
nostatic charge/discharge measurements were carried out in the
voltage range of 3.0—4.9 V with a CT2001A cell test instrument
(LAND Electronic Co.). Cyclic voltammograms (CV) and electro-
chemical impedance spectra (EIS) measurements were performed
by electrochemical workstation (CHI660C) in a frequency range
from 10 mHz to 100 KHz with an amplitude of 5 mV.

3. Results and discussion
3.1. Material characterization

Fig. 1 shows XRD patterns of the pristine and (LNMO)gs5
@(YBCO)s powders. All the observed diffraction peaks for both
samples can be indexed well based on a cubic spinel structure with
Fd-3m space group (ICSD#070046), in which Li* ions occupy the
tetrahedral (8a) sites and the transition metal ions (Ni and Mn)
statistically reside at the octahedral (16d) site. Besides the main
LiNig 5Mn504 spinel phase, no diffraction pattern corresponding to
the coating material is found within the sensitivity of measurement
since the amount of coating material is small (about 5.0 wt.%).

Fig. 2(a) and (b) shows the surface morphologies examined by
SEM for the pristine and (LNMO)g5@(YBCO)s composites, respec-
tively. It is clear that the pristine LiNig5Mnq504 particles exhibit
smooth and clean surface morphology with sharp edges, while
the surface of (LNMO)g5@(YBCO)s is covered uniformly with small
particles, shown in Fig. 2(b). Fig. 3 shows TEM image of
(LNMO)g5@(YBCO)s, which further confirms the existence of YBCO
particles and YBCO-coating layer on the surface of LiNigs5Mnj504.
The YBCO-coating layer has a thickness of approximately 50 nm.

Fig. 4 shows the temperature (T) dependence of resistivity (p) of
YBCO composite synthesized as same as that of YBCO in
(LNMO)g5@(YBCO)5 composite, which is measured by a typical
four-probe method. The electrical resistivity of as-prepared YBCO
drops with a jump down to zero around ~ 80 K, which is the typical
characteristic of superconductivity [15]. The obtained results indi-
cate that small particles on LiNi0.5Mn1.504 consist mainly of
superconducting YBCO. Such homogeneous YBCO-coating is ex-
pected to form high conducting network between particles and
efficiently prevents the transition metal ions dissolution from
spinel cathode, resulting in a superior discharge/charge perfor-
mance especially at low temperature.

Fig. 5(a) presents the discharge capacities vs. cycle number of
the pristine and (LNMO)g5@(YBCO)s cathodes at 0.5, 1, 2,4, 5 and 6C
rate (1C = 148 mAh g~ !) between 3.0 and 4.9 V at 20 °C. With the
surface modification of YBCO layer, (LNMO)g5@(YBCO)5 exhibits
higher capacity (0.5C: 122 mA h g~!; 1C: 119.8 mAh g !; 2C:
116.7 mAh g~ '; 4C: 112.8 mAh g, 5C: 110.7 mAh g, 6C:
108.9 mAh g”, respectively) than that of LiNipsMni504 (0.5C:
1225 mAh g~!; 1C: 117.7 mAh g '; 2C: 111.6 mAh g ; 4C:
105.5 mAh g1, 5C: 101.4 mAh g~', 6C: 97.2 mAh g~ |, respectively),
especially at high rate. Moreover, (LNMO)g5@(YBCO)s5 also dem-
onstrates superior high-rate performance and capacity cyclability
when cycled under very high rate of 10C and 20C for 100 times
respectively, shown in Fig. 5(b).

To further understand the improved rate performance of YBCO-
surface modified composite, Fig. 6(a) and (b) compares the charge
and discharge curve of the pristine and (LNMO)y5@(YBCO)s5 as a
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Fig. 2. SEM images of (a) LiNigsMn504 and (b) (LNMO)ys@(YBCO)s powders.

function of the cycle number with C rates increasing from 0.5C to
6C, respectively. It is found that the charge curves of both samples
shift toward higher potential while the discharge curves move to
lower potential when the current density increases. Such polari-
zation behavior is much more obvious in the corresponding dif-
ferential capacity, shown in Fig. 6(c) and (d). It is clear that the
reduction peaks move to lower potential with increasing current
density while the oxidation peaks move toward higher potential,
resulting in the larger separation between the oxidation and
reduction peaks. In addition, the peak separation of
(LNMO)g5@(YBCO)s5 is smaller than that of the pristine one at the
same current density. Moreover, in comparison with LiNig5Mn1 504,
the separation between two reduction (or oxidation) peaks in the
dQ/dV curves of (LNMO)g5@(YBCO)s are still clearly observed even
under a high current density of 6C, which indicates that the YBCO-
coating could significantly reduces the polarization and conse-
quently enhances the high-rate capacity cyclability [16].

Fig. 7 shows the capacity cyclability of cells based on lithium
metals as the anode and the LiNig5Mn1504 and (LNMO)g5@(YBCO)5
as the cathode, which was carried out at 2.0C and 60 °C for 100
cycles. Comparing to the electrochemical performances at 20 °C,
higher capacities are obtained at 60 °C due to the improved kinetics
of lithium diffusion because Li-ion transfer activity is accelerated
between the anode and cathode at the elevated temperature [17].
Comparing to the pristine LiNig5Mny504, (LNMO)g5@(YBCO)5
obviously demonstrates superior capacity cyclability. The initial

Fig. 3. TEM image of (LNMO)y5@(YBCO)s.

discharge capacity of (LNMO)gs@(YBCO)s is 128.6 mA h g~ ! and it is
found to decay gradually with continuous cycling, retaining
112 mA h g*1 after 100 cycles. The LiNip5Mn1504 exhibits initial
capacity of 130.8 mA h g~! and but its capacity fade faster to
90.5 mA h g in totally 100 cycles, suffering a more than 30% ca-
pacity loss. It is well-established that the high surface reactivity of
the Ni** from charged LiNigsMn;s504 with LiPFg-based non-
aqueous electrolyte should be responsible for the poor cycling
performance, especially at the elevated temperature [8]. The YBCO
layer on the LiNip5Mny504 surface is expected to efficiently sup-
press the surface reactivity between the charged electrode and the
electrolyte during electrochemical cycling. As a result, the electro-
chemical reversibility is correspondingly improved.

To better understand the superior cycling stability of
(LNMO)g5@(YBCO)5 at the elevated temperature, AC impendence
studies of the cells after 100 cycles at 2.0C and 60 °C were carried
out. Fig. 8 presents EIS profiles of the LiNig5sMn;504 and
(LNMO)g5@(YBCO)5 and the corresponding equivalent circuit. Ac-
cording to the literature [6], the symbols, Re, Rsr, Ret, and Ry,
represent the solution resistance, the diffusion resistance of Li*
ions through SEI layer, the charge transfer resistance and Warburg
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impedance related to the solid-state diffusion of Li* in the active
materials, respectively. According to the equivalent circuit, indi-
vidual contribution from each of solution resistance, diffusion
resistance and charge-transfer resistance are calculated as 6.50 Q,
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256.1 Q and 73.47 Q for LiNi0.5Mn1.504 and 7.11 Q, 34.67 Q and
1811 Q for (LNMO)gs@(YBCO)s, respectively. It is found that
LiNig 5Mn1504 has larger charge-transfer resistance (R¢) than that
of (LNMO)gs@(YBCO)s due to the formation of SEI layer (RCH,0-
CO»Li, LiF, MnF>, Li,CO3 and so on) on the cathode surface, resulting
from the oxidized and decomposition of the electrolyte [18,19]. The
formation of SEI layer is responsible for slowing down of the ki-
netics of these electrodes through the obstruction of the pore upon
cycling [20] and high-conductivity YBCO on the surface is expected
to overcome the kinetics restrictions during the charge/discharge
process [21,22].

Good low-temperature performance is highly desirable for
specific applications of Li-ion batteries. Fig. 9 presents the specific
capacities as a function of cycle number for LiNig5Mn;504 and
(LNMO)gs@(YBCO)s at different temperature (0, —-10, —20
and —30 °C) and 2C rate in the voltage range of 3.0—-5.0 V. In
contrast, the beneficial effect of YBCO-coating in reducing capacity
fading of LiNig5Mn504 at low temperature is obviously observed.
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(LNMO)g5@(YBCO)s5 as a whole exhibits higher capacity (0 °C:
105mAhg!; -10°C:95mAhg'; —20°C: 77mAhg!; —30°C:
54 mA h g’l, respectively) than the pristine LiNig5Mn1504 (0 °C:
101mAhg!;-10°C: 79 mAhg!; —20°C: 51mAh g !; —30°C:
24 mA h g, respectively), which might be associated with the
excellent conductivity of YBCO in all temperature range, especially
at low temperature.
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As far as the superior performances of (LiNigs5M-
n1504)95@(YBCO)s5 at low temperature is concerned, further
investigation on lithium diffusive properties were carried out
using the electrochemical impedance spectroscopy (EIS) from
0 °C to —30 °C, shown in Fig. 10. It is found that the impedance
spectrum is composed of two partially overlapped semicircles at
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high and medium frequencies, and an oblique straight line at low
frequencies. In addition, two semicircles overlap more distinctly
with the decreasing temperature and become a non-resolved
semicircle, which reflects the interface impedance including
both Rsg; and Ret [23]. Moreover, the interface impedance
(Rsg1 + Rct) of (LNMO)g5@(YBCO)s is much smaller than that of
the pristine one especially at low temperature, resulting from the
suppressed development of SEI layer and relatively faster ionic

migration [24].
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The chemical diffusion coefficient of Li* (Dj;) could be calculated
according to the following equation [25]:

_ 2R’T?
niF402,A2C2

(1)

2
Dt — ( 2RT )
L V21n2F2g,,AC

where R, T, A, F, n and C are the gas constant, the absolute tem-
perature, the surface area of the electrode, the Faraday’s constant,
the number of electrons per molecule during oxidation, the Li*
concentration in the cathode material, respectively. a,, is the
Warburg coefficient which has relationship with Z’ as follows:

Z' = Re + Ret + 0,0~ 1/2 (2)

Fig. 11 represents the reciprocal square root of angular frequency
(0~ 1?) dependence of the real impedance (Z') in the low frequency
of LiNig 5sMn1504 and (LNMO)g5@(YBCO)s at different temperature.
Based on the linear plot slope of Z vs. w12, it is found that lithium
diffusion coefficient decreases with decreasing operation temper-
ature, and the estimated diffusion coefficients of
(LNMO)gs@(YBCO)s (0 °C: 4456 x 107 cm? s 1; —10 °C:
1771 x 1071 cm? s71; —20 °C: 3.779 x 107! cm? s1; —30 °C:
1166 x 10~ cm? s~ 1) are higher than those of the pristine (0 °C:
7404 x 107" em? s71; —10 °C: 2.385 x 10~! cm? s71; —20 °C:
9.285 x 1072 cm? s~ 1; =30 °C: 1.220 x 10~'? cm? s~1) at the cor-
responding temperature. The obtained results further confirm that
the enhancement on Li-ion diffusion at low temperature would be
ascribed to the improved electrical wiring of the cathode particles
by surface modification with high-conductive YBCO.

The superior electrochemical performances of (LNMO)gs
@(YBCO)s in a wide operation temperature could be explained by a

Decom position products of electrolyte
YBCO

(a)

LiNig.sMnq 50,
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-
R, \vio R, o R, R\ xvo
B mm A s s
R\'B('()

Fig. 12. (a) Schematic diagram of positive-electrode particle coated by YBCO and the
species decomposition of electrolyte. (b) A phenomenological resistance model among
LiNig sMn; 504 particles.
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phenomenological resistance model based on scattering theory of
electron transport across the interface [26]. Fig. 12 shows the cor-
responding equivalent electrical circuit between LiNig5Mnq504
particles describing these processes (Fig. 11b), where Rynmo, Rysco
and Rg present LiNipsMnj504 resistance, YBCO resistance and the
surface resistance arising from the species on cathode surface,
respectively. It is well-established that the capacity fade mainly
results from the formation of poor electronic-conductivity species
among cathode particles. Considering that YBCO exhibits high
conductivity in a wide temperature range, the loss of electrical
contact among cathode particles would be reduced with the pres-
ence of YBCO on cathode surface based on the parallel circuit
model, in which the total resistance in parallel strongly depends on
the low-resistivity YBCO especially at low operation temperature.
In addition, the presence of YBCO on LiNip5Mny504 particles is
expected to protect the active material from undesirable side-
reactions between the electrolyte and electrode and consequently
decrease the SEI and charge-transfer resistances. As a result, the
cycling stability is improved with YBCO-coating, especially at
elevated temperature.

4. Conclusions

Spinel LiNig5Mn;504 powders are coated with high-
conductivity YBCO by a simple sol—gel process. Compared to the
pristine LiNig5Mn1504, (LNMO)g5@(YBCO)s5 exhibits superior elec-
trochemical performances in a wide operation temperature range.
The obtained results reveal that the presence of superconducting
YBCO on LiNip5Mny504 surface plays an important role in
decreasing the interfacial impedance, enhancing lithium diffusion
rate especially at low temperature and suppressing the dissolution
of transition metals from active materials in the LiPFg based
electrolyte.
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