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ABSTRACT: In this study, Lirich cathode, 0.4Li,MnOj-
0.6LiNi, ;;Co,/3Mn, 30, was synthesized by a resorcinol
formaldehyde assisted sol—gel method for the first time.
Then, the surface of the as-prepared Li-rich cathode was
modified with different amounts of LiNiyMn, sO, (S, 10, and
20 wt %) through a simple dip-dry approach. The structural
and electrochemical characterizations revealed that the spinel
LiNiy sMn, sO, coating not only can prevent electrolytes from
eroding the Li-rich core but also can facilitate fast lithium ion
transportation. As a result, the 20 wt % coated sample
delivered an initial discharge capacity of 298.6 mAh g~ with a
Coulombic efficiency of 84.8%, compared to 281.1 mAh g_1
and 70.2%, respectively, for the bare sample. Particularly, the
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coated sample demonstrates a Li storage capacity of 170.7 mAh g~' and capacity retention of 94.4% after 100 cycles at a high rate
of S C (1250 mA g '), showing a prospect for practical lithium battery applications. More significantly, the synthetic method
proposed in this work is facile and low-cost and possibly could be adopted for large-scale production of surface-modified cathode

materials.
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1. INTRODUCTION

Recenlty, many Li compounds, including high-voltage spinels,
silicates, and Ni-rich layered materials, were investigated to
substitute traditional cathodes for next generation Li-ion
batteries.' ™ Among them, layered lithium-rich materials,
xLi,MnO;-(1—x) LiMO,, attracted more attention due to
their favorable features such as high capacity (>250 mAh g'),
low cost, and good safety.” However, the commercial
application of Li-rich cathode is hindered by several drawbacks,
including the intrinsic low electrical conductivity, dissolution of
Mn in electrolytes, and structure transformation during
cycling.°™® These lead to rapid capacity loss, low Coulombic
efficiency, and poor cycling performance.

To solve these problems, many strategies have been
proposed to tailor the structures and morphologies of the Li-
rich materials through ion—doping,9 nanoarchitecture,"®™** or
surface modification."”>™' Among the above-mentioned
approaches, surface modification is researched mostly due to
its effectivity and simplicity. Hence, many inorganic com-
pounds, such as oxides, fluorides, and phosphates, were
explored as the coating layer to stabilize the surface structure.
However, these coatings will lower the whole specific capacity
and have limited contribution to fast lithium ion transport of
the Li-rich cathode. Recently, Wu et al.*> constructed a spinel/
layered heterostructure by encapsulating layered lithium-rich
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material with a nanospinel mixture LiNiMn, O, and this
composite material exhibited outstanding rate performance,
delivering a discharge capacity of ~180 mAh g™' at 10 C.
Actually, different coating spinel content may largely affect the
specific capacity, cycling stability, and the rate capability of Li-
rich cathode. Therefore, it is necessary to further investigate the
effect of a spinel coating layer on the electrochemical
performance of Li-rich layered oxides.

In this study, nanosized 0.4Li,MnO;-0.6Li-
Ni,/3Coy/3Mn,; 30, was first synthesized by a resorcinol
formaldehyde assisted sol—gel method, and spinel coating
was subsequently performed through a simple dip-dry
approach. Compared with the bare sample, the LiNiyMn; ;O,
coated 0.4Li,MnO;-0.6LiNi, ;;Co,/3Mn;,;0, shows signifi-
cantly improved Coulombic efficiency and rate capability.
The effect of a spinel coating layer on the electrochemical
performance of Li-rich cathode was also discussed in detail.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. 0.4Li,MnO;-0.6LiNi, 5Co,/;Mn, ;;0,
was synthesized with a resorcinol formaldehyde assisted sol—gel
method. Resorcinol, formaldehyde, LiCOOCH;-2H,0O, Ni-
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Figure 1. XRD patterns of the (a) bare sample and the (b) S, (c) 10, and (d) 20 wt % coated samples.

(COOCH,),4H,0, Co(COOCH,),-4H,0, and Mn(COOCH,),
4H,0 was dissolved in distilled water at the required stoichiometry.
After being stirred thoroughly, the solution was heated at 60 °C until a
viscous liquid formed, and then it was dried at 90 °C for 12 h. The
resulting solid was calcined at 900 °C for 12 h to obtain Li-rich layered
oxides.

Spinel coating was subsequently performed through a dip-dry
approach. The as-prepared 0.4Li,MnQ;-0.6LiNi;,;Co;/,3Mn, 30, was
dispersed in ethanol by ultrasonic treatment. The suspension was
stirred vigorously as the required amounts of LiCOOCHj;-2H,0,
Ni(COOCH;),-4H,0, and Mn(COOCH,),-4H,0 were added, and
then the suspension was heated at 80 °C until all the liquid evaporated.
The resulting solid was calcined at 500 °C for 5 h to obtain the final
coated sample. Herein, the coated spinel contents were controlled at 5,
10, and 20 wt %.

2.2. Morphology and Structure Characterizations. X-ray
diffraction (XRD) characterization was performed with a high-power
X-ray diffractometer. The morphologies of the bare and coated
samples were investigated with scanning electron microscopy (SEM,
Histachi S-4800) and transmission electron microscopy (TEM, JEM-
2100F).

2.3. Electrochemical Measurements. The electrochemical
measurements of the cathode materials were performed using 2016-
type coin cells with lithium foil as a counter electrode. The electrolyte
was 1.2 M LiPF, dissolved in a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) (3:7 w/w). Cathodes were prepared by
mixing cathode materials, super P and poly vinylidene fluoride
(PVDF) in N-methyl pyrrolidone (NMP) solution with weight ratio of
8:1:1. The slurry was cast onto an Al foil and was then dried overnight
in a vacuum oven at 80 °C. The coin cells were cycled galvanostatically
in the voltage range of 4.8—2.0 V at room temperature. Cyclic
voltammetric measurements were carried out at the scan rate of 0.1
mV s~'. Electrochemical impedance spectra (EIS) measurements were
conducted in the frequency range of 100 kHz to 0.01 Hz.

3. RESULTS AND DISCUSSION

XRD patterns of the pristine 0.4Li,MnO;-0.6Li-
Ni, 3Co,/3Mn, 30, and all coated samples are shown in Figure
1. Clearly, all the peaks of the bare sample can be indexed to
the layered structure (R3m), except for the weak superlattice
reflections observed between 20 and 25°, which are due to the
monoclinic (C2/m) structure. Compared with the bare sample,
all the coated samples have similar XRD patterns, but the peaks
at 18.7, 36.8, 44.6, and 48.8° display obvious broadening and
asymmetry. It is evident that these peaks are composed of two
types of XRD patterns, including layered structure and spinel
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LiNiysMn, O, (Fd3m); the spinel phase did not show a high
degree of crystallinity due to the low calcined temperature (500
°C). It is interestingly noted that the tendency of peak
broadening and asymmetry increases as the coating content of
spinel increases.

To further study the influence of coating spinel on the
crystalline structure of Li-rich materials, we also calculated the
lattice parameters, c/a and I(g3)/I(104), Of the four samples. As
presented in Table 1, both lattice parameters and c/a values of

Table 1. Lattice Parameters (R3m), c/a, and I(493)/I(104) for
Bare and Coated Samples

sample a (A) ¢ (A) c/a L003)/T(104)
bare 2.8498 14.2142 4.987 1.478
5% coated 2.8508 14.2151 4.986 1.535
10% coated 2.851S8 14.2113 4.983 1.682
20% coated 2.8514 14.2122 4.984 1.978

the four samples remained almost unchanged, indicating the
coating spinel did not affect the crystallinity of the layered
structure. Generally, the ratio of I(gg3)/I(104y in the XRD
patterns can be used to evaluate the degree of cation mixing in
the Li-layers of these materials. The ratio of I(g3)/I(104) is 1.478
for the bare sample, which is larger than 1.2, suggesting that the
cation disorder in the Li-layers can be ignored. In addition, we
can find that the ratio of Ijgo3)/I(104) increases as the coating
spinel content increases, but this trend did not mean that the
coated sample has a better layered structure. Actually, the (003)
and (104) peaks of the layered structure overlap with the (111)
and (400) peaks of spinel LiNiysMn; ;O,, respectively, and the
ratio of Iy11)/I(400) in spinel is larger than 2.0. As a result, the
ratio of I(g93)/I(104) in the layered structure gradually increases
along with spinel coating content.

Figure 2 shows the SEM images of the bare and coated
samples. The image in Figure 2a reveals that the bare sample is
composed of uniformly distributed polyhedral particles with
diameters in a narrow range of ~200 nm, smooth facets, and
sharp edges. When coated by spinel LiNijsMn, O, (Figure
2b—d), the surface of the coated samples turned rougher and
fuzzier, especially for the 20 wt % coated sample. This
observation indicates that the surfaces of Li-rich particles are
almost fully covered by LiNiysMn,; O, with low crystallinity.

dx.doi.org/10.1021/am504412n | ACS Appl. Mater. Interfaces 2014, 6, 16888—16894
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Figure 3. TEM images of the (a) bare sample and (b) 20 wt % coated sample.
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Figure 4. Charge/discharge curves of the (a) bare sample and the (b) S, (c) 10, and (d) 20 wt % coated samples at C/20 (1 C = 250 mA g™').

To further confirm the effective coating of spinel on the samples. In Figure 3a, two types of legible lattice fringes with
surface of Li-rich particles, we also carried out high-resolution basal distances of 2.04 and 2.37 A can be detected, which can
TEM characterizations for the bare and 20 wt % coated be indexed to the (104) plane of layered structure (R3m) and
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Figure S. Cyclic voltammograms of the (a) bare and (b) 20 wt % coated samples.
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Figure 6. Discharge capacities of the bare and coated samples cycled at different cycling rates (1 C = 250 mA g™').

the (113) plane of monoclinic structure (C2/m). Obviously, it
indicates that the bare sample is a solid solution with
monoclinic symmetry and layered symmetry, which is
consistent with many other reports”>** and our previous
work.>* Figure 3b directly shows the coating morphology of the
20 wt % coated sample; the lattice fringe distances of the
coating layer were measured to be 2.04 and 2.89 A,
corresponding to the (400) and (220) planes of spinel
LiNiysMn, O, (Fd3m), respectively. It is also worth noting
that the coating spinel LiNiysMn, O, has relatively low
crystallinity, which is indicated by the ED pattern shown in
Figure 3b (inset). This observation is in good agreement with
the XRD (Figure 1) and SEM (Figure 2) results.

Figure 4 shows the galvanostatic charge and discharge curves
of the bare and coated samples at a current density of C/20 (1
C =250 mA g™'). As can be seen, the bare sample shows a
representative profile of lithium-rich cathode, comprising two
parts in the charge curve. The first part below 4.45 V originated
from reversible lithium intercalation/deintercalation in layered
structure, while the other one above 4.45 V should be
attributed to the monoclinic Li,MnO;. Compared with the
bare sample, the coated samples displayed almost the same
charge/discharge curves except for the additional prolonged
profiles in the voltage range of 4.8—4.6 V and 2.9—2.7 V during
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discharge, which can be attributed to the reduction of Ni** to
Ni** and Mn*" to Mn** in LiNiysMn, O,. The initial discharge
capacities of the bare samples and the 5, 10, and 20 wt % coated
samples are 281.1, 278.3, 288.8, and 298.6 mA h g7
respectively. Therefore, it can be calculated that the utilizations
of the Li-rich components in the four samples are 84.4, 85.9,
90.8, and 99.4% (theoretic capacity, 333 mAh g ') if the
capacity of spinel LiNiysMn, ;O, is not counted, indicating that
the coating spinel can help to enhance the discharge capacity of
Li-rich core, which is probably due to maintaining lithium
vacancies of the layered material by the coating spinel around
3.5 V. In addition, the initial Coulombic efficiencies of the 5, 10,
and 20 wt % coated samples are 79.4, 83.2, and 84.8%. In
contrast, the initial Coulombic efficiency of the bare sample is
only 70.2%. This improvement demonstrates that the coating
spinel can effectively protect the layered core from erosion of
electrolytes and stabilize the surface structure. After the first
cycle, the capacity and average discharge voltage of the bare
sample dropped gradually, and it only delivered capacity of
218.6 mAh g™' after SO cycles, which should be attributed to
the continuous structure transformation from layer to spinel. In
contrast, the S, 10, and 20 wt % coated samples could retain
capacities of 238.3 mAh ¢!, 248.4 mAh g, 259.2 mAh g’
after 50 cycles. More importantly, the voltage decay for the

dx.doi.org/10.1021/am504412n | ACS Appl. Mater. Interfaces 2014, 6, 16888—16894
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Figure 7. Electrochemical impedance spectra (EIS) of (a) the bare and coated samples before cycling and (b) the bare and 20 wt % coated samples
after the 1st and 20th cycles in the frequency range of 100 kHz to 0.01 Hz.

coated samples is significantly less than the bare sample, further
proving the positive effect on the surface structure stability of
Li-rich materials by spinel coating.

The corresponding cathodic and anodic reactions occurring
on the bare and coated samples could be identified in their
cyclic voltammograms. Figure Sa presents typical CV curves of
the Li-rich cathode. The main features of the material are two
anodic peaks that appear at ~4.0 and ~4.6 V in the first positive
scan, which correspond to the oxidation of M components (M
= Ni**, Co®") and irreversible oxidation of O*”, respectively. In
the reverse negative scan, the cathodic peaks located at ~3.6 V
are ascribed to the reduction of Ni** and Co*, the cathodic
peak observed at ~3.3 V could be explained by the reduction of
Mn* which balances the oxygen valence due to the loss of
oxygen in the first charge.”*™*’ Compared to the bare sample,
the 20 wt % coated sample (Figure Sb) shows similar CV
curves in the voltage range of 4.6—3.0 V, except for the three
pairs of redox peaks centered in the high voltage range of 4.8—
4.6 V and low voltage range of 3.0—2.6 V. These peaks
correspond to the reversible reactions of the Ni**/Ni**, Ni**/
Ni**, and Mn**/Mn* couples in the spinel LiNiysMn, ;O,, the
symmetric shapes and areas indicate the structural stability of
the coating spinel.>*

The cycling performances of the bare and coated samples at
different current densities are shown in Figure 6. The data are
collected by charging at 0.2 C and discharging at various rates.
As shown in Figure 6a, the bare sample delivered an initial
capacity of 210 mAh g™ at 0.2 C, but the capacity dropped
suddenly in the second cycle. Nevertheless, as the cathode was
wetted and activated,>*' the capacity rose gradually to 180
mAh g™! after 20 cycles and subsequently remained stable. The
same trend was also observed at the other rates for the bare
sample, which can exhibit capacities of 167, 136, and 123 mAh
g_1 at 0.5, 1, and S C, respectively, after 100 cycles. In contrast,
the coated samples delivered gradually enhanced capacity at the
same rates as the coating spinel content increases (Figure 6b—
d) and did not undergo the activation process observed for the
bare sample, which is probably because the coating spinel itself
could preactivate Li-rich cathode and alter the initial electro-
chemical reaction before charging.'®*****? For instance, the 20
wt % coated sample (Figure 6d) can retain capacities of 213,
191, and 181 mAh g_1 at 0.2, 0.5, and 1C after 100 cycles. More
significantly, the discharge capacity still can reach 161 mAh g™*
at a high rate of 5 C after 100 cycles, corresponding to capacity
retention of 94.4%. Such superior rate capability and cycling
performance would originate from the coating spinel, which not
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only can prevent electrolytes from eroding the Li-rich core but
also can facilitate fast lithium ions transportation due its
intrinsic three-dimensional (3D) Li * diffusing channels.

To gain further insight into the essence of improvement in
high-rate capability, we conducted electrochemical impedance
spectra (EIS) of the bare sample and the S, 10, and 20 wt %
coated samples. As shown in Figure 7a, all four Nyquist plots
display a semicircle at high frequency and a sloped line at low-
frequency, corresponding to the charge transfer resistance at
electrolyte-electrode interfacial (R) and the lithium diffusion
Warburg impedance within the electrode, respectively.'** By
comparing the size of the arcs in Figure 7a, we found that the
diameters of the semicircles gradually decrease as the coated
amount increases, and the 20 wt % coated sample has the
lowest resistance of all the four samples, suggesting that the
spinel coating can accelerate surface charge transfer and the
lithium-ion diffusion processes. In addition, compared to the
sample before cycling, the EIS spectra of the 20 wt % coated
sample after the initial cycle (Figure 7b) show almost identical
impedance semicircles. In comparison, the bare sample revealed
an obvious increase in its impedance semicircles after initial
cycle. Moreover, the resistance of the bare sample increased
largely after 20 cycles, while the resistance of the 20 wt %
coated sample changed just a little. These comparisons further
demonstrate that the coating spinel can effectively guarantee
the stability of the surface structure, ensuring superior cycling
performance.

4. CONCLUSION

In summary, we have successfully prepared LiNijsMn,O4
coated 0.4Li,MnQ;-0.6LiNi, ;Co,,3Mn, ;;0, by a simple dip-
dry method. The structures and electrochemical performances
of the Li-rich cathodes with different amounts of Li-
NigsMn, O, (5, 10, and 20 wt %) coating are investigated. It
is demonstrated that the coating samples exhibit superior rate
capability and cycling stability than the bare sample.
Particularly, the 20 wt % coated sample delivers a Li storage
capacity of 170.7 mAh g~' with a capacity retention of 94.4% in
100 cycles at a high rate of S C (1250 mA g'), showing a
prospect for practical lithium-ion battery applications. More
significantly, the synthetic method proposed in this work is
facile and low-cost and possibly could be adopted for large-scale
production of surface-modified cathode materials.

dx.doi.org/10.1021/am504412n | ACS Appl. Mater. Interfaces 2014, 6, 16888—16894
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