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Lithium-rich layered oxide materials are considered as potential cathode materials for future high-
performance lithium-ion batteries (LIBs) owing to their high operating voltage and relatively high specific
capacity. However, perceptible issues such as poor rate performance, poor capacity retention, and voltage
degradation during cycling need to be improved before the successful commercialization of the material.
10, 1.5 and 2.0 wt%)
materials are synthesized using a sol—gel assisted ball milling approach. A comparison of structural,

In this report, zirconia coated Lij»Nip16Mngs56C00080, (NMC) (where ZrO, =

morphological and electrochemical properties is examined to elucidate the promising role of ZrO, coating
on the performance of the NMC cathode. A uniform and homogeneous ZrO, coating is observed on the
surface of NMC particles as evident by TEM elemental mapping images. The ZrO, coated NMCs exhibit
significantly improved electrochemical performance at a higher C-rate as compared to pristine material.
1.5% ZrO, coated NMC demonstrates better cycling stability (95% capacity retention) than pristine NMC
(77% capacity retention) after 50 cycles. All ZrO, coated NMC materials demonstrated improved thermal
stability compared to pristine material. The difference in onset temperature of 2 wt% ZrO, coated and
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DOI: 10.1039/d0ra02060e pristine NMC is 20 °C. The improved electrochemical performance of ZrO, coated NMC can be attributed

rsc.li/rsc-advances to the stabilization of its surface structure due to the presence of ZrO,.
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Introduction

Due to continuous emissions of greenhouse gases and environ-
mental concerns, the world has recognized the alarming conse-
quences of global warming. Therefore, focus has been diverted to
explore renewable energy resources which can fulfil future energy
demands.™” In this regard, many efforts have been devoted to
utilizing solar, wind or tidal energy as a clean energy source for
future needs.* Unfortunately, energy from these sources is not
continuous and fluctuates depending on different factors;
therefore, the energy from these sources should be preserved in
some sort of energy storage system (ESS) and should be readily
available when needed."** Batteries and supercapacitors are well-
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known energy storage systems and were commercialized long
ago.”® Amongst them, batteries are obviously better energy
storage systems owing to their very high energy density as
compared to supercapacitors.>*>® Amongst various battery tech-
nologies, lithium-ion batteries (LIBs) are at the top of the list due
to their higher capacity, high operating voltage, good calendar
life, and high energy and power density.*" However, the
currently available LIB technology has several shortfalls such as
poor rate performance, and insufficient energy and power density
to power future electric vehicles. Moreover, challenges of safety
and cost also need to be smartly addressed to fulfil the future
energy storage needs.>'** Nonetheless, a lot of research work
and efforts are required to optimize the currently available
battery materials and to develop new battery materials that can
operate at high voltage, deliver high energy, power density and
demonstrate safety and cost-effectiveness.*****> In the quest to
establish high-performance LIBs, several cathode materials have
been developed and commercialized in the last couple of decades
including LiMn,0y, LiC0O,, LiNi;/3Mn;/3C04/30,, LiNiy sMn; 504,
LiFePO,, LiNiy gCo0q 15Aly 050, and LiNij 5C0y,Mng 30,.7*1¢ All
of these materials have already reached their practical energy
density limits. However, new materials need to be developed with
higher specific capacity (>200 mA h g™ '), efficiently powering
electric cars by battery systems, capable of higher voltage opera-
tion (>3.5 V vs. Li) and should be cost effective.'***** In this

This journal is © The Royal Society of Chemistry 2020
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regard, lithium-rich layered oxide xLi,MnO;-(1 — x)LiMO, (M =
Mn, Ni, Co, Fe, etc.) materials have been shown huge potential to
be considered as high energy density materials for next-
generation batteries due to their high operating voltage (>3.6 V
vs. Li) and very high specific capacities (>250 mA h g~ ').72*2
Nonetheless, these materials also have huge scientific challenges
that need to be elegantly addressed before their successful
commercialization. One of the serious issues of this class of
materials is the rapid voltage and capacity degradation with
successive cycling.**?* Apart from this, these materials show poor
initial coulombic efficiency, poor rate capability, structural
instability, and safety issues which retard their commercializa-
tion.”*** Most of these problems are linked to the unstable
interface between the cathode and the organic electrolyte, espe-
cially at high operating voltage leading to the development of
unstable solid electrolyte interface (SEI).>**” To address these
issues, several strategies have been widely adopted including
surface coatings of active materials, elemental doping on Ni, Mn
or Co sites and tailoring the particle morphology.>®'?%33
Amongst them, the surface coating of active materials has been
widely accepted and employed to improve the performance of
these materials. Several coating materials such as Al,O3, SiO,,
TiO,, ZrO,, MgO, ZnO, and AlF; have been investigated in
different cathode materials.**** These coatings reduce the
unwanted side reactions between electrolyte and electrode
surface which helps to improve the electrochemical perfor-
mance.**® Unfortunately, a detailed study about mechanisms of
how these coatings behave and improve the performance of the
materials at different operating conditions is still not fully
understood and not readily available. Amongst these coating
materials, ZrO, coating has shown remarkable potential and
several studies have demonstrated the improvement in electro-
chemical performance of cathode materials with ZrO,
coating.****® To the best of our knowledge, the coating of Li; ,-
Nig 16Mng 56C00.050> (NMC) with ZrO, has not been reported so
far indicating a room for its further exploration. Here, ZrO,
coated Li; ,Nip16Mng 56C00.0s0, (ZrO, = 1.0, 1.5 & 2.0 wt%)
materials were synthesized using sol-gel process and ball milling
approach. The salient feature of the coating process employed
here is its ease of scalability and cost-effectiveness. After
synthesis, the materials were characterized using X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), transmission
electron microscope (TEM), X-ray photoelectron spectroscopy
(XPS). The electrochemical charge/discharge cycles were per-
formed at different current rates to check the stability pristine
and coated electrodes. Finally, electrochemical impedance spec-
troscopy (EIS) was used to study the interfacial kinetics. The
obtained results show the pathway to improve the rate capability,
cyclability and safety of the NMC materials.

Experimental
Materials synthesis

All the materials were synthesized using the sol-gel synthesis
method. Firstly, lithium acetate dihydrate, manganese acetate
tetrahydrate, nickel acetate tetrahydrate, and cobalt acetate
tetrahydrate (Sigma Aldrich) were dissolved in 100 ml of
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deionized water in the molar ratio of 1.2:0.16:0.56 : 0.08
respectively. Later, the citric acid (metal ions : citric acid 1: 1)
was added to the precursor solution as a chelating agent. The
precursor solution was kept at 70 °C under continuous stirring
until completely dried. The dried precursor mixture was then
shifted to the conventional oven at 120 °C for 12 hours to
remove the traces of water. The precursor mixture was then
ground and homogeneously mixed using agate mortar. Finally,
the precursor mixture was calcinated at 900 °C for 12 hours in
a muffle furnace to synthesize pristine Li; ,Niy 16Mng 56C0¢. 0502
(NMC) cathode material. For ZrO, coated Li; ,Nig16Mng 56-
C0y.080, (NMC), the precursor mixture was decomposed at
450 °C for 6 hours in the air. Then, ZrO, (where ZrO, = 1.0, 1.5 &
2.0 wt%) was added to decomposed precursor material and ball
milled for 24 hours using ZrO, grinding media. Finally, the ball-
milled materials were sintered at 900 °C for 12 hours in a muffle
furnace to synthesized ZrO, coated Li;,Nig16Mng 56C00.0502
materials.

Structural, compositional and thermal stability
characterization

Powder X-ray diffraction (XRD) measurements were carried out,
to identify the phase and purity of synthesized materials, using
a PANanlytical diffractometer (Empyrean) equipped with the
Cu-Ko radiation. The materials were scanned between 10° = 26
= 90° angular range with the step size of 0.01°. The materials
morphology (size and shape) was investigated using field
emission scanning electron microscopy (FE-SEM, Nova) and
transmission electron microscope (TEM, Talos F200X, FEI).
TEM was further utilized to map the elemental distribution on
the surface of the particles. X-ray Photoelectron Spectroscopy
(XPS) (Thermo-Scientific-Sigma Probe) was further used to
confirm the presence of the ZrO, on the surface of the NMC
particles. The thermal stability of pristine and ZrO, coated
materials in the charged state was evaluated using differential
scanning calorimetry (DSC, 8500, PerkinElmer). The cells were
charged at 0.2C to 4.7 V and held there for 30 min. Later, these
cells were disassembled in the argon-filled glove box. The
charged material was scratched from the aluminum foil, and
the excess electrolyte was removed from the surface of the
electrode. Later, this material was transferred to high-pressure
stainless-steel pan with gold-plated copper seal to perform
DSC analysis. The measurements were carried out using a scan
rate of 5 °C min~" in the temperature range of 50-350 °C.

Electrode fabrication

The cathodes for the electrochemical testing were fabricated by
making a slurry consisting of active material (pristine NMC and
ZrO, coated NMC), conductive carbon (Super-P) and poly-
vinylidene fluoride (PVDF) (80:10:10) in 1-methyl-2-
pyrrolidone (NMP). The slurry was later cast on aluminum foil
using a doctor blade technique. The casted electrodes were
dried in an oven at 80 °C overnight to remove 1-methyl-2-
pyrrolidone (NMP). Later, the electrodes of 14 mm diameter
were punched through these casted electrodes, which were then
transferred to a vacuum oven at 120 °C to remove the traces of
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moisture. The electrodes were then transferred to argon-filled
glovebox for cell fabrication.

Electrochemical measurements

Electrochemical testing was carried out using 2032-type coin
cells assembled in argon-filled glovebox using lithium metal foil
as a negative electrode (anode). Celgard 2325 was used as
a separator, and the synthesized pristine NMC and ZrO, coated
NMC were used as the cathodes. The electrolyte was composed
of 1 M LiPF dissolved in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1: 1 by v/v). All galvanostatic
charge/discharge measurements were performed at room
temperature (25 °C) in the voltage window of 2.0-4.9 V using
battery cycler (WonAtech WBCS 3000L). Galvanostatic Inter-
mittent Titration Technique (GITT) measurements were carried
out using Solartron battery cycler (1470E) as already reported in
detail in our previous publication.** The electrochemical
impedance measurements (EIS) were performed between the
frequency range of 2-5 mHz using sinusoidal voltage amplitude
of 10 mV, and the obtained data was fitted using Z-view software
using an equivalent circuit model.

Results and discussion

Fig. 1(a) shows the X-ray diffraction (XRD) patterns for pristine
and ZrO, coated NMC (ZrO, = 1.0, 1.5 & 2.0 wt%) materials
which confirm the formation of highly crystalline and pure
materials without any impurity phases. The ZrO, peaks are not
visible in the XRD patterns that may be due to its small amount
present in the materials. The Li-rich NMC materials are
composed of the mixture of two-phases (Li,MO; and LiMO,)
and can be indexed to R3m and C2/m space groups, respectively,

g = ——0.0wt.% 210,
g 3
- 8 (a) 3 ——1.0wt% 210,
= ——15wt.% 20,
& ——20w% 2O,
> £
= 3
@ s
S g5 !
=g 33 2
£ 2| 3
= / /
J
=

98-002-1022_Li;MO,
I l . - Bl e
98-004-0486_LiMO,

5 ST B P R &
10 20 30 40 50 60 70 80

2 Theta (deg.)

(b)

Intensity (a.u.)

2 Theta (deg.)

Fig. 1 (a) XRD patterns for pristine and ZrO, coated Li;,Nig16-
Mng 56C00 080> (ZrO, = 1.0, 1.5 & 2.0 wt%), (b) Rietveld refinement of
Lis 2Nip16Mng.56C00.0802 With observed and calculated spectra.
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Table 1 Cell parameters of Li; 2Nig.16MnNg.56C00.0802
Parameter Li; »Nig 16Mng 56C00.050> Reference®®
a (A) 4.9529(2) 4.944
b (A) 8.5538(3) 8.561
c (&) 5.0311(2) 5.025
a(®) 90 —
8 () 109.246(4) 109.26
v () 90 —
V(A% 201.237(16) 200.8

as shown in Fig. 1(a).” Fig. 1(b) shows the Rietveld refinement
pattern of pristine NMC. All the calculated and observed peaks
match well with each other confirming the high purity of the
synthesized materials. The calculated cell parameters for pris-
tine NMC are shown in Table 1, which matches well with the
previous reports.*’

The pristine and ZrO, coated NMC (ZrO, = 1.0, 1.5 &
2.0 wt%) materials have a rock-like spherical morphology
(Fig. 2). It can be seen that the pristine NMC is composed of
nanoparticles having a size in the range of ~100-250 nm. On
the other hand, the ZrO, coated NMC materials show even
smaller particles as compared to pristine NMC due to the ball
milling effect and the presence of ZrO, on the surface that may
impeded the particle growth during the heat treatment process.
This effect has already been discussed in details in the previous
reports.® It is pertinent to mention that the small particle size is
considered helpful in improving the overall electrochemical
performance, especially the rate capability of the material.®

TEM analysis was conducted in order to have more insight
into the morphological features of the ZrO, coated NMC
material. The TEM images and elemental mapping of 1.5 wt%
ZrO, coated NMC is presented in Fig. 3. It can be clearly seen in
Fig. 3(a) that the material is composed of nano-size particles
which is consistent with the SEM images shown in Fig. 2.
Furthermore, as discussed earlier, the particle size of ZrO,
coated materials is smaller than the pristine NMC as can be

Fig. 2 SEM images of (a) pristine and (b—d) ZrO, coated Li; 2Nig 16-
Mno_SGCOO_QQOZ (ZTOZ =10,15820 Wt%).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) TEM image, (b) HR-TEM image of particle (c—g) elemental
mapping for different elements present in 1.5 wt% ZrO, coated Lij »-
Nig 16MNg 56C00 0802 (NMC).

clearly seen through TEM images. The presence of ZrO, coating
on the surface of NMC particles impede the particle growth and
thus ZrO, coated materials have relatively smaller particle size.
Fig. 3(b) shows an HR-TEM image of 1.5 wt% ZrO, coated NMC
where lattice fringes are clearly visible confirming the formation
of highly crystalline materials. The lattice spacing is around
0.47 nm which correspond to (003) planes of the rhombohedral
phase (R3m).>*** Elemental mapping images in Fig. 3(d-g) show
the distribution of Ni, Mn, Co, and Zr in 1.5 wt% ZrO, coated
NMC. All the elements are uniformly distributed throughout the
particles, even the small amount of ZrO, (1.5 wt%) shows
homogeneous distribution on the particle surfaces rather than
segregation at certain places. Thus, the coating strategy applied

(a) 0.0 wt.% Zr

Intensity (cps)
Intensity (cps)

188 186 184 182 180 178 176 188 186 184 182 180 178 176
Binding Energy (eV) Binding Energy (eV)
(c) 1.5 wt.% Zr 3

Intensity (cps)
Intensity (cps)

188 186 184 182 180 178 176 188 186 184 182 180 178 176
Binding Energy (eV) Binding Energy (eV)

Fig. 4 XPS spectra of (a) pristine and (b—d) ZrO, coated Li; 2Nig.16-
Mng s56C00.0802 (ZrO, = 1.0, 1.5 & 2.0 wt%) specifically showing
spectra of zirconium.
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Table 2 Binding energies of Zr in pristine and ZrO, coated
Li1 2Nip.16MNo 56C00.0802

Zr
Composition 3ds., 3ds),
Pristine NMC — —
1.0 wt% ZrO,-NMC 182.38 180.05
1.5 wt% ZrO,-NMC 182.59 180.31
2.0 wt% ZrO,-NMC 183.37 181.09

Reference® 183.11-183.53 180.80-181.95

here successfully developed a homogenous ZrO, coating layer
on the particle surface. Fig. S-11 shows the TEM images and
elemental mapping for 1.0 wt% ZrO, coated NMC, which also
indicates a uniform distribution of all elements on the particle
surfaces.

The X-ray photoelectron spectroscopy (XPS) spectra of pris-
tine and ZrO, coated NMC materials (ZrO, = 1.0, 1.5 & 2.0 wt%)
are shown in Fig. 4. The high-resolution XPS spectra of zirco-
nium (Zr) confirms the presence of ZrO, on the particle surface
as can be seen in Fig. 4(b-d). The binding energies for Zr are
around 182.6 £+ 0.5 eV and 180.3 + 0.6 eV, respectively, that
corresponds to Zr*", The binding energies for ZrO, coated NMC
(zrO, = 1.0, 1.5 & 2.0 wt%) materials slightly vary from each
other which may be due to the difference in the interactions
between ZrO, and Li-rich NMC materials. The XPS survey
spectrums for pristine and ZrO, coated materials are shown in
Fig. S-2.7 The binding energies of ZrO, coated materials are
compared in Table 2, with the reported values in the literature.®
This comparison indicates the close matching of the binding
energy with the previously reported values. There is no Zr peak
in the pristine NMC, as shown in Fig. 4(a) which confirms the
absence of ZrO, in this sample as this sample has not been
coated with ZrO,.

The galvanostatic charge/discharge behaviour of pristine
and ZrO, coated NMC (ZrO, = 1.0, 1.5 & 2.0 wt%) materials at
different C-rates are presented in Fig. 5. It can be seen that there

5.0f(a) 0.0 wt.% ZrO, 5.0F(b) 1.0 wt.% Zr
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Fig. 5 Galvanostatic charge/discharge curves of (a) pristine and (b—d)
Zr02 coated Li1_2Ni0_16Mn0v56C00_0802 (Zr02 =10, 15 & 2.0 wt%) at
different C-rates.
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Fig. 6 Rate capability of pristine and ZrO, coated Li; ;Nig16Mng s6-
COo_ogoz (ZFOZ = 10, 15820 Wt%).

is a rapid capacity fading in pristine NMC with increasing C-rate
attained a discharge capacity of 46 mA h g~ * at 0.5C, as shown
in Fig. 5(a). On the other hand, ZrO, coated NMC shows
remarkably improved performance, as seen in Fig. 5(b-d). ZrO,
coated materials have higher discharge capacities and capacity
retention at high C-rates compared to pristine NMC. The pris-
tine material shows negligible capacity at 1C, whereas ZrO,
coated materials show a discharge capacity of over 110 mAh g™"
at 1C. The better performance of ZrO, coated materials may be
due to the prevention of direct contact of cathode material
surface to the electrolyte, thus preventing unwanted side reac-
tions and formation of unstable solid electrolyte interface (SEI)
layer. It is well understood that the continuous growth of SEI
consumes lithium and adversely affects battery performance.*®

Fig. 6 shows the rate capability performance of pristine and
ZrO, coated NMC materials. All the materials show the initial
discharge capacity between 205-218 mA h g~ ' at a 0.1C rate. At
higher C-rate, pristine NMC shows rapid capacity fading,
whereas ZrO, coated NMC shows better capacity retention. The
discharge capacity for pristine NMC rapidly dropped to around
45 mA h g " at 0.5 and 1C. This may be due to the formation of
an unstable solid electrolyte interface (SEI) layer which
consumes active lithium and thus results in fast capacity
degradation. The ZrO, coated NMC (ZrO, = 1.0, 1.5 & 2.0 wt%)
shows improved rate capability, especially at a high C-rate with
a discharge capacity of more than 110 mA h g~ even at 1C. The
1.0 wt% ZrO, coated NMC shows the best rate performance in
terms of discharge capacity at 1C rate with a discharge capacity
of 128 mA h g~'. The rate capability results (with increasing
rates from 0.1C to 1C) demonstrate that the pristine NMC
exhibits capacity retention of around 22% whereas 1.0 wt% ZrO,
coated NMC shows capacity retention of about 62%. The poor
rate performance of pristine NMC may be either due to poor
ionic diffusivity, slow phase boundary kinetics or increase
charge transfer resistance at the electrode/electrolyte interface.
This is further discussed in electrochemical impedance spec-
troscopy measurement section.

Fig. 7(a) shows the cycling performance of pristine and ZrO,
coated NMC (ZrO, = 1.0, 1.5 & 2.0 wt%). The cells were charged
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Fig. 7 (a) Cycling behavior of pristine and ZrO, coated Li; »Nig 16-
Mng.56C00.0805 (ZrO, = 1.0, 1.5 & 2.0 wt%) at 0.1C for 50 cycles, (b—e)
galvanostatic charge/discharge curves at 1%, 10", 20™, 30", 40" and
50" cycles respectively.

and discharged at a 0.1C rate for 50 cycles. It is observed that the
capacity of pristine NMC rapidly decreases with an increasing
number of cycles whereas ZrO, coated NMC (ZrO, = 1.0, 1.5 &
2.0 wt%) shows slow capacity fade over 50 cycles. The reason for
the fast capacity fading in pristine NMC may be due to either
structural instability or development of unstable solid electro-
Iyte interface (SEI). On the other hand, ZrO, coating seems to
protect the surface of NMC, thus improving the cycling perfor-
mance. However, 1.5 and 2.0 wt% ZrO, coated NMC exhibited
the best capacity retention of around 95%. On the other hand,
1.0 wt% ZrO, coated NMC exhibited capacity retention of
around 92.7% after 50 cycles.

Fig. 7(b-e) Shows the galvanostatic charge/discharge profiles
of pristine NMC and ZrO, coated NMC materials after 1°¢, 10",
20", 30™, 40" and 50™ cycle. The cells were charge between
2.0-4.9 V. It can be seen in Fig. 7(b) that there was fast capacity
fade and voltage decay for the pristine NMC. On the other hand,
ZrO, coated NMC (ZrO, = 1.0, 1.5 & 2.0 wt%) show improved
performance with respect to capacity retention and voltage
decay with successive cycling (Fig. 7(c-e)). The voltage decay is
retarded with ZrO, coating, and slow voltage decay is observed.
The 1.5 wt% ZrO, coated NMC material showed the best voltage
retention as compared to 1.0 and 2.0 wt% ZrO, coated mate-
rials. Therefore, ZrO, coating has enhanced the structural
stability of the material and helped to improve the electro-
chemical performance of the material.

This journal is © The Royal Society of Chemistry 2020
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The GITT measurements were performed to extract different
resistive processes as a function of the state of charge (SOC).
The EIS spectra were recorded in the half-cell configuration at
different states of charges and discharges. The impedance
spectrum at 40% state of charge is shown in the supplementary
Fig. S-3.1 The cell was held at the open-circuit voltage (OCV) for
three hours with a voltage decay rate of 2 mV h™" at the end of
the rest interval. The measured Nyquist plots of coated Li; ,-
Nip.16Mng 56C00. 0302 consist of the following features:

(1) a high-frequency intercept represents the ionic resistance
of the electrolyte along with a small contribution of the SEI
layer;

(2) the first semi-circle at the medium-high frequencies,
which represents the electronic conductivity of the material
along with the charge transfer resistance at the lithium/
electrolyte interface;

(3) a second semi-circle at the medium-low frequencies,
which represents the charge transfer reaction at the Li, -
Nig.16Mng 56C0g 0sOo/€lectrolyte interface and,

(4) a Warburg response is presented at the lower frequency
region of the plots. Similar impedance spectra were measured at
other states of charge/discharge process.

Different resistances were extracted by fitting the spectra
using the equivalent circuit as shown in Fig. S-4,1 and the ob-
tained resistance data are displayed in Fig. 8 as a function of the
state of charge (SOC) excluded with the ohmic resistance of
electrolyte solution. The equivalent circuit model comprises
eight circuit elements which was used to fit the EIS data. L1
represents the induction of the cell components and wire. The
resistances of first semi-circles (R,) slightly decrease with the
degree of delithiation up to around 20% state of charge and
after that R, values are almost constant with further delithia-
tion. On the other hand, the resistance of the second semi-circle
(R3) initially decreases with charging to a minimum value and

1000 T T g ' '
100
—{ = R3 (0.0%)
10k —E—R3 (1.0%)
—{3—R3 (1.5%)
. . . —{4—R3 (2.0%)
100 B~ m m mm omom oo
G
(14
10 L —O—R2 (0.0%)
—E—R2 (1.0%)
—{3—R2 (1.5%)
. . . —(@—R2 (2.0%)
20 100

40 60
SOC (%)
Fig. 8 (a) Interfacial charge transfer resistances of pristine and ZrO,

coated NMC electrodes. Data extracted from the half-cell configura-
tion by EIS measurements as a function of the state of charge.
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Fig. 9 DSC profiles of pristine and ZrO, coated Lij»Nig16MnNg s6-
Cog 050> electrodes with a scan rate of 5 °C min~™. The cells were
charged to 4.7 V at 0.1C.

after that, gradually increases and almost kept constant value
on further delithiation. Three coated materials exhibit a similar
trend of R; value as a function of SOC. It should be noted that
the resistance (R;) of lower frequency semi-circle is significantly
higher than the resistance (R,) that is associated with the higher
frequency semi-circle. The R, should not be changed with the
state of charge considering that it is only associated with the
charge transfer reaction at the lithium/electrolyte interface.
However, the electronic conductivity of active material changes
with the state of charge, which has an impact on both semi-
circles. The change of R, as a function of SOC is associated
electronic conductivity of active particles since the capacitance
value of change transfer at lithium/electrolyte interface and
electronic conductivity of active particles almost the same. It
has an impact on the charge transfer resistance at R;/electrolyte
interface since the electronic conductivity of active particle
influences charge transfer kinetics.

The slight decrease of R, with SOC should be due to the
electronic conductivity of the active particles as the result of the
mixed-valence state that is formed during delithiation. Charge
transfer kinetics at electrode-electrolyte interfacial can be
improved with the increase of electronic conductivity of active
materials as reported in our previous report.*> It can also be
seen in Fig. 8 that the resistance R; is higher for the higher
lithium concentrations interval. Indeed, the electronic
conductivity of the material is relatively low in the fully lithiated
phase.*® The EIS results likely imply that the interfacial charge
transfer resistance is rate-limiting particularly, at the cathode/
electrolyte interface. The coated and pristine materials exhibit
similar magnitude of R, and R; values indicating similar
interfacial charge transfer kinetics. The rate capability should
not be much different. Nonetheless, the coated electrode
exhibits better electrochemical performances than the pristine
electrode. Such observation indicates the interface degradation
rather than interfacial kinetic.

The thermal stability of pristine and ZrO, coated NMC
electrodes was investigated using DSC measurements after
being charged to 4.7 V, and the obtained results are shown in

RSC Adv, 2020, 10, 15274-15281 | 15279
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Table 3 Onset temperature and heat generation for pristine and ZrO,
coated NMC materials

Onset temperature Heat generation

Sample (C) g
0.0 wt% ZrO, 231.93 666.42
1.0 wt% ZrO, 237.59 487.31
1.5 wt% ZrO, 245.31 446.25
2.0 wt% ZrO, 251.97 688.96

Fig. 9. All the materials exhibit strong exothermic peaks beyond
231 °C. However, the weak exothermic peaks have appeared
between 200 °C and 225 °C which may be due to, (1) decom-
position of PVDF binder, (2) phase transformation of active
materials or (3) some changes in the absorbed electrolyte. It can
be seen from Fig. 9 that the thermal stability of ZrO, coated
NMC electrodes increased compared with the pristine elec-
trode. The difference in onset temperature between the pristine
and 2 wt% ZrO, coated electrode is around 20 °C which is an
indication of improvement of thermal stability of ZrO, coated
NMC electrode. The onset temperature increased gradually with
increasing the amount of coating material. However, the total
heat flow exhibits anomalous behaviour. This might be due to
different amounts of samples loaded in the DSC crucible and
different extent of reaction rate. Table 3 shows the onset
temperature and heat generation for all the materials. These
results clearly demonstrated the improved thermal stability of
ZrO, coated NMC electrodes.

Conclusions

The ZrO, coated Li; ,Nig 16MnNg 56C00.0s05 (Where ZrO, = 1.0, 1.5 &
2.0 wt%) materials were synthesized using sol-gel assisted ball
mill process. The XRD and Rietveld refinement analysis
confirmed the presence of phase pure materials. SEM and TEM
images confirmed the rock-like particle morphology with an
average particle size between 100-250 nm. TEM elemental
mapping images confirmed the homogeneous distribution of Zr
on the surface of the particles. The ZrO, coated NMC materials
exhibit better electrochemical performance than the pristine
NMC material. The observed poor rate capability, fast capacity
and voltage fade for the pristine material are due to unwanted
side reaction with electrolyte solution and structural instability
during the cycling process. The ZrO, coating helps to suppress
these unwanted side reactions and thus result in improved
performance. Finally, ZrO, coated NMC materials demonstrate
improved thermal stability with an increase in onset temperatures
and decrease in heat generation for ZrO, coated NMC materials.
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