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Headings
V,05 has been coated on layered LiNiy3Co13Mny30,. Its rate and cycle capacities have been

improved by surface coating. CV and EIS on before and after cycled cells have been conducted to

illustrate the effect of the V,0s coating layer.
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Abstract

The capacity fading and lower rate of layered cathode materials prohibited widely applications in
lithium ion batteries. In this paper, V,0s was coated on the surface of LiNiy3C013Mny 30, to
enhance its electrochemical performance at a voltage range of 2.8-4.5 V. The prepared materials
were characterized by powder X-ray diffraction (XRD), Scanning electron microscopy (SEM) and
Transmission electron microscope (TEM). The capacity retention at the 100" cycle have been
increased from 62% to over 80% for the 3 wt% V,Os coated sample.The rate performance have
been improved by V,0s coating which mainly because of the coating layer enhance the surface
electronic/ionic transport. Cyclic Voltammetry (CV) showed that the redox properties of the
pristine sample have a more obvirous changes after charge-discharge cycles compared with the
coated samples. Electrochemical impedance spectroscopy (EIS) results suggest that the V,0s
coating layer play an important role in suppressing the increase of cell impedance with cycling

especially for the increase of charge-transfer resistance (R.).
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1. Introduction

Lithium ion batteries (LIB) have been intensively studied due to their desirable properties as
high power and energy densities, good cycle performance and long calendar life. There are great
demands for their use as power sources for various electronic equipments such as laptop
computers, cordless telephones, storing wind and solar energy in smart grids and other portable
consumer electronic devices [1-3]. At present, the cathode materials for LIB in portable electronic
products are mainly LiCoO,due to its ease production and well electrochemical properties [4-6].
However, the scarcity source and toxicity of LiCoO, have prompted scientists to look for other
alternative cathode materials in view of economy and safety. Li[Niy3C013Mny3]O; is one of the
most competitive candidate to replace the commercial LiCoO, because of its high capacity, safety
and low cost [7-8]. However, there is a obviously capacity fading of Li[Niy;3C013Mny3]O; at high
cycling rate which prohibited widely application of this materials [9-10]. The most plausible
reasons are the lower ionic/electronic conductivity and side reactions at the interface of the
electrode and electrolyte [11].

Recently, surface modification have been proved to be a facile and effective strategy to improve
the electrochemical performance of cathode materials [12-14]. When an inactive material, which
can not react with the electrolyte, was coated on the surface of cathode materials, it can suppress
the side-reaction between the electrolyte and electrode [15-17]. It can also provide
electron-conducting media that facilitates the charge transfer at the surface of particles [6]. Up to
now, various metals (e.g., Ag) [18], metal oxides (e.g., Al,O3, ZrO,, CeO,) [19-21], metal
fluorides(e.g., ZrF,, AlF;, SrF;) [22-24], LiAIO, [25] and some carbon composites (e.g., PPy,
graphene) [26-27] have been coated on the surface of Li[Niy3C013Mny3]O,. Recent research
progresses prove that amorphous vanadium oxide have became one of the most attractive
candidates as coating material for it acts as an ion and electrons double conductive materials [28].
K. S. Park et al. reported that VO, impregnated LiFePO, with improved rate capacities [28]. They
also reported that VO, impregnated 0.5Li,MnO3-0.5LiNig 4C0,Mng 40, cathode materials showed
an improved electrochemical performance for the vanadium ions in 3d° electronic states during
high voltage charging state could reduce the surface catalytic activities and stabilize the surface
oxide ions during their electrochemical oxidation [29]. J. W. Lee et al. reported that a vanadium
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oxide coating layer on LiCoO, improved the cycleability at a high-charge cut-off voltage [30]. A
suppression of dissolution of Mn from spinel LiMn,0,4 by coating with VO, layer have also been
reported by J.Cho [31]. However, the effects of the VO, coating layer on Li[Ni;3C013Mny3]0;
have still not been investigated.

In the present study, we have explored the possibility of coating the LiNiy;3C013Mny30,
particles by a V,0s layer. We adopted the sol-gel method to get a uniform V,0Os coating layer. The
effect of the V,05 coating layer on the structure and morphology have also been studied. The
charge-discharge properties at a high rate and also the rate performance have been explored.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) on cycled cells with
different times were used to investigate the mechanism of the improvement in the electrochemical

properties of the V205 coated LiNiy;3C013Mny30, material.

2. Experiment

Pristine LiNiy3C013Mny30, powder was synthesized by carbonate precipitation method
according the reference [32]. The coating process was conducted by sol-gel method. The V,05
hydrosol was first obtained by adding of certain amount of V,0s5 and H,O, to 5 ml deionized
water with vigorously stiring. And then LiNiy3Co1/s3Mny30; (1 g) was added to the hydrosol, kept
on stiring for 2 h at room temperature. After Ultrasonic treatment for 10 minutes, the suspension
was dried at 80 °C. The final powder was heat-treated in a furnace at 350 °C for 5 h in air. For
comparing, the pristine samples had also been heat-treated under the same conditions.

The structure of the powder samples of pristine and coated samples were analyzed using a
Bruker D8 Advance X-Ray powder Diffractometer (XRD) with Cu Ko radiation. The morphology
of all the samples were examined using Scanning Electronic Microscope (SEM) on a JSM-6700F
instrument and Transmission electron microscope (TEM) on a JEOL 3100F with a voltage of 300
KV.

The electrochemical performance of the pristine and V,0s coated Li[Niy3C013Mny3]0;
cathodes were conducted by coin cells (CR 2032) consisting of a cathode, metallic lithium anode,
polypropylene separator, and an electrolyte of 1M LiPFs in EC/DEC (1:1 vol%). The cathode
contained 80 wt% active materials, 15 wt% acetylene black, and 5 wt% polytetrafluoroethylene
(PTFE) binder. The above mixture were mixed and ground in a agate mortar and then pressed onto
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a aluminum mesh which served as a current collector and dried at 80 °C for 12 h under vacuum.
The cells were assembled in an Ar-filled glove box and subjected to galvanostatic cycling using a
Hokuto Denko in a potential range of 2.8-4.5 V (versus Li*/Li) at currents of 150 mAh/g and 300
mAh/g. The specific capacity and current density are base on the synthesized cathode materials,
for the coated materials, the coating layer have been included. The Cyclic Voltammetry (CV) were
done with coin cells on a Solartron Instrument Model 1287 in the voltage range of 2.8-4.5 V
(versus Li*/Li) with a scan rate of 0.2 mV/s. The electrochemical impedance spectroscopy (EIS)
were also done with coin cells on a Solartron Instrument Model 1287 electrochemical interface
and a 1255 B frequency response analyzer controlled by Z-plot. The measurements were
performed in the frequency range 0.5 MHz to 0.05 Hz with an AC signal amplitude of 5 mV. Data

analysis used the software Zview 2.70. (Scribner Associates Inc., USA)

3. Result and discussion

XRD patterns of the pristine LiNiy;3C013Mny30, and 3 wt%-V,0s-coated LiNiy3C013Mny30;
are presented in Fig. 1a. The patterns showed that the synthesized materials have highly crystalline
and all the diffraction peaks could be indexed as a layered oxide structure which based on a
hexagonal a-NaFeO, structure with a space group of R-3m. The splitting of the peaks (108), (110)
and (006), (102) in the XRD patterns indicated that the materials had a well ordered a-NaFeO,
structure, loga/l104>1.2 was an indication of desirable cation mixing [33]. The lattice parameters of
pristine and V,05 coated sample were summarized in Table 1. It is clear that there is no significant
difference before and after surface coating by V,0s. The relatively low heat treatment temperature
of the V,05 coating layer seemed not allow for the formation of a solid solution between the V,05
coating layer and the pristine LiNiy3Co13Mny30, materials. It demonstrated that the layered
structure of LiNiy3Co13Mny30, had not been affected by coating. No impurities or secondary
phases was observed in this figure. In order to confirm the contents of coating layer, we also
synthesized the V,0s powder using the same synthesis route without adding of layered material
LiNiy3Co1/3Mny30,. The XRD patterns (in Fig. 1b ) showed that it can be indexed as compound
V,0s5 with space group of Pym, and the JCPDS card 41-1462. So the coating layer can be
considered as V,0s.

The surface morphologies of the pristine and 3 wt%-V,0s-coated samples were observed by
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SEM and TEM. As shown in Fig. 2a and 2c, the secondary particles of pristine
LiNiy3C013Mny30; (from 2 pum to several um) consisted of primary particles (300-500 nm in size).
We can see clearly that the surface and edge of the particles are smooth and clean from TEM
image in Fig. 2e. In contrast, after coating with V,Os, the particle is almost no changes in size(Fig.
2b and 2d), but the surface became considerably rough and ambiguous (as shown in Fig.2f), the
coating layer is about 5-8 nm. These figures revealed that the V,0swas successfully coating on
the pristine LiNiy;3C013Mny30,.

The SEM-energy dispersive spectrometry (EDS) measurement have been conducted to get the
directly evidence of the composition and distribution of vanadium in 3 wt% V,0s-coated
LiNiy3C013Mny30, as shown in Fig.3a-3c. Based on the mapping, V in the sample is
homogeneously distributed in the composite, indicating uniform distribution of vanadium oxide on
the surface of LiNiy3Co13Mny30,. X-ray photoelectron spectroscopy (XPS) were employed to
reveal subtle information of the surface structure. Fig.3d shows that the binding energies of
electrons in V 2p3 are located at 516.9 and 515.8 eV. These two peaks related to the formal
oxidation degrees of +5 and +4, corresponding to the vanadium oxides V,0s and VO,
respectively.[29] The peak intensity for V** is less than 10% compared with the peak intensity for
V°*. Therefore, the major component in the coating layer is \VV,0s.

The capacity, cyclic performance and rate capability of pristine and coated
Li[Niy3Co13Mny 3] O, electrode were characterized to investigate the coating effect. The cycle
performance of the pristine and coated samples with different VV,O5 coating contents are shown in
Fig. 4a. The charge-discharge were conducted between 2.8-4.5 V at a current of 150 mA/g. With 1
wit%, 2 wit%, 3 wt%, 4 wt% and 5 wi% V,0s coating, the discharge capacities are 111.5, 118.7,
140.1, 128.0 and 124.8 mAh/g at the 100" cycle, respectively. Meanwhile, the discharge capacity
is 103.2 mAh/g for the pristine Li[Niy3C043Mny3]O; at the 100" cycle. It is clearly indicated that
the cycle performance have been improved by V,O0s coating. The optimal coating amount is 3
wit% according the capacity retention.

The cycle performance at a relatively high charge-discharge current of 300 mA/g was also
examined on pristine and 3 wt% V,0s-coated Li[Niy3C013Mny3]0, as shown in Fig. 4b. The
pristine sample showed a higher initial discharge capacity than the coated samples, but it suffered
a serious capacity fading upon cycling. In contrast, the coated samples showed a relatively smaller
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initial discharge capacity, there is a slight capacity fading upon cycling. Table 2 summarized the
discharge capacity for the 1%, 50" and 100™ cycles of the pristine and coated electrodes. At the 50"
cycle, the two samples showed similar discharge capacities of 126 mAh/g (pristine samples) and
129 mAh/g (3 wt% V,0s-coated samples). But at the 100" cycle, the pristine only showed a
discharge capacity of 87 mAh/g and retained 59.2% of its original capacity of approximately.
However, the 3 wit% V,0s-coated materials showed higher capacities of 114 mAh/g and displayed
83.2% retention of the initial discharge capacity. It can be clearly concluded that the capacity
fading has been suppressed by surface coating of V,0s. The most possible reason for the capacity
fading is side-reaction between electrode and electrolyte during extensive cycling. For the coated
samples, the V,0s coating layer acted as a protective layer, it prevented the directly contact
between the active electrode material and electrolyte, therefore, it impeded the side reactions in
this aera upon charge-discharge cycles.

Fig.5a shows the first charge/discharge profiles of the pristine and 3 wt% V,0s coated materials
between 2.8-4.5 V at a current of 300 mA/g. The charge-discharge curves showed typical potential
plateaus of layered compounds at 3.9 V region, which originating from the Ni**/Ni*" redox
couples [34]. The pristine Li[Niy3C013Mny3]O, presented a charge capacity of 180.9 mAh/g and
discharge capacity of 147 mAh/g at the first cycle, however, there were a little lower
charge-discharge capacities for coated samples. For the 3 wt% V,0s-coated sample, the charge
capacity was 168.3 mAh/g and discharge capacity was 137 mAh/g at the first cycle. The reason
for lower initial capacities of the coated materials is that the V,Os coating layer showed no
capacity contribution at the voltage above 2.8 V. It can also be explained by the VV>*/\/** redox not
occurred in the experiment condition according cyclic voltammetry measurements as shown in the
following results. Fig. 5b presents the discharge capacity retentions of the pristine and coated
samples at different rates in a range of 2.8-4.5 V. The coated samples clearly shows a better
discharge capacity than the pristine when the rate is larger than 450 mA/g. This result indicates
that a V,0s coating layer assist the lithium ions and electrons transport at the electrode surface.
This effects are more obvious at high rates. The capacity recovery of the coated sample, when
took the charge-discharge at 75 mA/g rate again after high rate cycling, were better (93.6% for 3
wt% V,0s coated sample) than the pristine samples (90%). This result also confirm that the

coating layer can impede the capacity fading.



In order to detailed study the changes of charge-discharge processes with cycles, Fig. 6 shows
the charge and discharge curves of pristine and V,0s-coated materials at different cycles. During
the charge processes, the plateaus of the two samples appeared at about 3.8 V and slowly
increased to 4.5 V. For the pristine sample, the plateaus became higher as cycling and reached to
about 4.05 V at the 100™ cycle. But for the coated samples, the changes was smaller and the
plateaus were 3.91 V at the 100" cycle. For the discharge processes of the pristine sample, the
plateaus became more and more vague with cycling. In contrast, the changes of the plateau for the
coated samples were minor. The increase of the separations between charge plateau and discharge
plateau originated from the increase of overpotential which caused by the side-reactions between
the electrode and electrolyte. The V,Oscoating layer suppressed side-reactions at the interface of
electrode/electrolyte and so the coated samples showed smaller changes of the charge-discharge
plateaus than the pristine sample.

Cyclic voltammetry (CV) is an effective analysis technique for studying the oxidation/reduction
processes in electrode reaction. It should be pointed out that the redox potentials of ions do depend
on the metal-metal interactions within the layers [35]. Therefore, for layered cathode materials, the
changes of the metal circumstance which caused by the increase of cation mixing can be reflected
by cyclic voltamgrams. In our research, CV were conducted to investigate the oxidation/reduction
properties on before and after cycled cells. As shown in Fig.7a, the pristine sample showed a well
refined redox peaks at 3.887 and 3.689V, while the coated samples showed peaks at 3.866 V and
3.697V, which can be assigned to the Ni**/Ni** couple [33]. It suggests that the coated V,0s layers
do not take participate in the redox reaction in the voltage range of 2.8-4.5 V. It should also be
noted that the separation of cathodic and anodic peaks of coated sample is smaller than that of the
pristine samples, which suggested that the polarization of the electrode was decreased due to the
improved surface conductivity by surface coating. To further understanding the changes of redox
properties of the materials, the CV response of the cells cycled 100 times have also been
conducted as shown in Fig. 7b. The cathodic peaks of the 3 wt% V,0s coated samples shifted to a
higher voltage side by 0.1 V and the anodic peaks get shifted to a lower voltage side by 0.05-0.07
V. The shift of the peaks originated from either the side reactions between the electrodes and
electrolytes or polarization on the surface of the electrodes. The pristine samples, however,
underwent a more manifest changes during the redox processes. The cathodic peak shifted to

9



4.117 V while the anodic peaks became indistinct. This means that the pristine electrode
underwent an intense surface and structure changes by side reactions during charge-discharge
cycles. This behavior implies that the V,0s surface layer relieved the side-reactions between the
electrode and electrolyte on cycling by preventing directly interactions between electrode and
electrolyte.

In order to further study how the coating layer suppressing the side-reactions between the
electrode and electrolyte, the electrochemical impedance spectroscopy (EIS) measurements were
carried out after the 2nd and 100" charge-discharge cycles. For each measurement, the cells were
first galvanostatically cycled to the desired cycle numbers (between 4.5 V and 2.8 V at the current
of 300 mA/qg), followed by charging them to 4.5 V at a small current of 15 mA/g, discharged to
3.8 V at the same current, and then allowed the cell to relax to its open circuit potential for 3 h. Fig.
8a and Fig. 8b show the Nyquist plots of both of the samples. The impedance spectra were fitted
by the equivalent circuit model as shown in Fig. 8c. The Ry, represents electrolyte resistance, Ree;
represents the impedance of the natural and artificial solid electrolyte interface and the impedance
of electrons through the active materials. This part corresponds to the first semicircle from the
high to medium frequency region in the Nyquist plots. The R represents the charge transfer
resistance which corresponding to the second semicircles in the low-frequency region. And the last
parts in the lowest frequency region are due to the diffusion of lithium ions in the solid electrodes,
as introduced by Warburg [21]. The fitting results are depicted in Table 3. At the second cycle, the
Rsei Value of the 3 wt% V,0s-coated material is 27.55 Q, however, for the pristine samples, the Rg;
value is only 6.92 Q. Because at the initial state of the battery, the amorphous V,Os layer produced
a resistance for the transfer of Li" ions and electrons in the electrode and electrolyte interface layer.
Upon cycling, the Re; value of pristine samples increased rapidly. The side reactions made the
surface of electrodes become rough, and the transfer of charge and electrons at this region became
more and more difficult. Both of the two samples showed small charge transfer resistance at the
second cycles. So it (R) played a minor role at the initial stage of the cycles. But the R values of
the pristine electrode increased faster than the V,0s-coated materials upon cycling. The Ry value
of the pristine material was 12.04 Q at the second cycle, rapidly increased to 267.1 Q at the 100"
cycles. However, for 3 wt% V,0s-coated sample, the R values was 16.31 Q at the second cycle
and slowly increased to 141.6 Q at the 100" cycle. The abrupt increase in charge-transfer
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resistance of the Li[Niy3Co13Mny3]O, has been reported by others, and considered as the main
reasons for the capacity fading [9]. From the EIS data, we can conclude that the V,0s-coating
layer can stable the interface of electrode/electrolyte and slow down the increase of charge transfer
resistance. And also it in turns limits the increase of the total cell resistance and suppress the

capacity fading of the V,0s-coat Li[Niy;3C013Mny3]O;.

4. Conclusion

V05 has been uniformly coated on the surface of layered Li[Niy3C013Mny3]O,, and its effects
on electrochemical properties have also been investigated. The one with 3 wt% V,0s-coated
sample showed the best performance in terms of cycle and rate capacities. After 100 cycles,
discharge capacities retention have been improved from 59.2% to 83.2% by V,Os-coating. As
evidenced by CV and EIS, the V,0s-coating layer suppressed the side-reactions between the
electrode and electrolyte and the increase of charge-transfer resistance upon cycling. This study
demonstrated that surface coating with V,Os can be used to enhance the high rate electrochemical

properties of the layered cathode materials for lithium ion battery.
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Table 1 Lattice parameters of Pristine LiNiy3C01/3Mny30, and 3% V,0s-coated
LiNiy3Co13Mny30,

Sample a(A) c(A) V (A%
Pristine LiNiy3C015Mn1302 2.8608(6) 14.2334(50)  100.88(5)
3 Wt% V,0s-coated 2.8584(8) 14.2295(69)  100.68(8)

LiNiy3C013Mny130,

Table2 Discharge capacities of pristine and V,0s-coated LiNiy;3C01/3Mny30,
electrodes during 100 cycles in the voltage range of 4.5-2.8 V

1%(mAh/g) 50" (mAh/g) 100" (mAh/g)

Pristine 147 126 87
3 wt% 137 129 114
V,0s5-coated

Table 3 Fitting results of the AC impedance parameters

Samples Rsol (Q) Rsol (Q) Rsei (Q) Rsei (Q) Rct (Q) Rct (Q)

Atthe 2™  Atthe 100" Atthe 2™ Atthe 100" Atthe2™ At the 100"

pristine 4.32 14.99 6.92 21.47 12.04 267.1
3 wt% V,05- 6.53 10.69 27.55 23.64 16.31 141.6
coated
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Figure Caption

Fig.l. XRD of patterns of (a) LiNiy3C013Mny30, and 3 wt% V,0s-coated
LiNiy3Co13Mny302; (b) V205

Fig.2. SEM and TEM of pristine LiNiy3Co013Mny30, (a), (c) and (e); 3 wt%
V205-coated LiNi1/3C01/3Mn1/302 (b), (d) and (f)

Fig.3. (a) SEM image of 3 wt% V,0s-coated LiNi;;3C013Mny30,; (b) EDS spectrum
of 3 wt% V,0s-coated LiNiy3C013Mny302; (€) EDS dot-mapping for V; (d) XPS
analysis of V 2p core peaks for 3 wt% V,0s-coated LiNiy;3C013Mny/30s.

Fig.4. (@) Cycle performance of pristine and different amount of V,Os-coated
LiNiy3Co13Mny30, in the voltage range of 2.8-4.5 V at a current of 150 mA/g; (b)
Cycle performance of pristine and 3 wt% V,0s-coated and LiNiy3C01/3Mny30, at 300
mA/g in the voltage range of 2.8-4.5 V.

Fig.5. (a) Comparison of the initial charge/discharge curves of pristine (black) and 3
wt% V,0s-coated LiNiy3C013Mny30, (red); (b) Rate capabilities of pristine and 3
wt% V,0s-coated LiNiy3C013Mny30; in the voltage range of 2.8-4.5 V.

Fig.6. Charge-discharge curves of (a) pristine LiNiy3C013Mny30,; and (b) 3 wt%
V,0s-coated LiNiy3C01sMn130; at 2 C and at 1% (black), 50™ (red) and 100™ (green)

Fig.7. Cyclic voltammograms (scan rate of 0.2 mV/s between 2.8 and 4.5 V) of
pristine and 3 wt% V,0s-coated samples (a) on fresh cells; (b) on cells after 100

cycles of galvanostatic charge-discharge.

Fig.8. EIS Nyquist plots of pristine and 3 wt% V,0s-coated materials with cycling, (a)
at the 2" cycle; (b) at the 100" cycle; (c) Voigt-type of equivalent circuit.
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