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Abstract

Layered LiNisCo13Mny30, cathode materials were prepared using a sol-gel
method and subsequently surface-modified with Miyer by a wet chemical process.
In comparison with pristine LiNC013MnN1/30,, LiNi13C013MN130.@ YF; exhibited
higher rate capability, better cyclability and ketthermal stability. After 100 cycles
at 5 C and 28C, LiNiy3C013Mn130.@YF; showed 93% capacity retention compared
with  74% for pristine LiNi;3C0;3Mny30,.  Electrochemical measurements
demonstrated that the improved -electrochemical opmidnces of Ykgcoated
LiNi 13C0o1sMn130, might be attributed to smaller charge-transferstasice, higher
lithium diffusion rate, more stable electrolyteflede interfacial structure, and lower
activation energy. Kelvin probe force microscopyasi@ements revealed that the
LiNi 1/3C01sMn130.@YF; cathode possessed a lower surface potential an& wor
function than those of the pristine one, which helpacilitate electron transport and
suppress reactions between the electrolyte anddatburing the charge/discharge
processes. In a certain way, the reported resldt#ied the possible mechanism of
the enhanced performances of cathode materialsswitace modification in terms of

interfacial effect.

Keywords Lithium-ion batteries; Lithium nickel cobalt manggse oxide; Surface

modification; Diffusion coefficient; Kelvin probefce microscopy.
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1. Introduction

In recent years, high energy density cathode maddeor lithium-ion secondary
batteries have garnered increased interest dueetofotential application in electric
vehicles (EVs), hybrid electric vehicles (HEVS) guidg-in hybrid vehicles (PHEV)
[1-5]. Among the prospective cathode materials, agexal a-NaFeQ-type
LiNi 1/3C01sMn130, has attracted increasing attention due to its higdcharge
capacity, excellent structural/thermal stability dadow cost [6,7]. However,
LiNi 1/3C013Mn1/30, cathodes also suffer from poor rate performangding stability
and thermal safety, resulting from phase transstiamd severe side reactions between
electrolyte species and hydrofluoric acid (HF) [8;Bo circumvent thesignificant
drawbacks, tremendous efforts have been implemesuetl as the fabrication of
nanosized LiNi;sCoy3Mny130,, doping with foreign atoms arsdirface modification.
Surface modification had been proven to be an ®&fecway in improving
electrochemical performances of LiNC0;3Mn1,30, cathodes [10-13]. For instance,
Xie et al. [11] reported that 1wt% CgEoated LiNi3C013Mn130, could deliver a
discharge capacity of 107 mAhgt 5C rate. Zhang et al. [13] reported that serfac
modification of LiNk/;3C013Mn130, with fluoroborate glass resulted in stable
cyclability with capacity retention of 96.8% aft®0 cycles while the capacity
retention of bare one is 81.4%. Although many impob electrochemical
performances of LiNjsCopsMny30, with surface modification had been reported, the
enhanced mechanisms behind had been a matter afedabd disagreement. In this
work, YF; with a wide band gap (>10eV), was selected asirgpanaterial for
LiNi 13C01sMny30, cathodes because of its excellent structural Igtabn the
HF-containing electrolyte, superior thermal stapiland high ionic conductivity
[14,15]. The effect of Yg-coating on the physical properties and the eleb&mical

-3-

Page 3 of 37



performances of LiNj3CoysMny30;, cathodes was systematically investigated. The
possible mechanism of the enhanced performances dississed for cathode

materials with surface modification in terms ofariacial effect.
2. Experimental

2.1 Preparation and characterization of cathode materials

LiNi 13Co1sMny30, cathode materials were synthesized by a wet clamic
method using tartaric acid as a chelating agena typical synthesis, stoichiometric
amounts of CHCOOLi*2H,O(Alfa Aesar), Ni(CHOO)*4H,O (Alfa Aesar),
Co(CH;COO)*4H,0O(Alfa Aesar) and Mn(CECOO)*6H,O(Alfa Aesar) were
thoroughly dissolved in de-ionized water containaqgpropriate amount of tartaric
acid, followed by stirring at 9% until a polymerized gel was formed. The tartaric
acid to total metal ion ratio was 2:1. The resultarecursor was calcinated at 8G0
for 5 h and subsequently calcinated at°@@or 12 h in air to obtain a homogeneous
LiNi1/3C01sMny130,  powder. To synthesize LiNtCoysMnys0.@YF;,  the
as-prepared LiN}sC0y3Mny30, cathode powders were dispersed in a Y{NOH,O
agueous solution under vigorous stirring. Then,Mx NH4F solution was added
dropwise, with the molar ratio of Y to F maintainadl:3 and Ygat 2 wt.% of the
LiNi 1/,3C01sMn130, cathode material. The mixing solution was contirshpstirred at
100°C until the solvent had completely evaporated. Diained samples were
sintered at 40TC for 5 h in air to obtain the ¥4Fcoated LiNj;3Coy3Mn1/30, product.
A schematic illustration of the synthesis is shawirig. 1. For comparison, the pure
YF3;powders are prepared under the same preparatialitioon

The structure of the as-prepared samples wasatkared by X-ray diffraction

(XRD, Rigaku MiniFlex Il) using CukKradiation £=0.15405 nm). The morphologies,

particle size and elemental composition of the yedkesized powders were
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determined by field emission scanning electron asicopy (FESEM, SU8010, Japan)
equipped with an energy-dispersive spectroscopyS)EDhe microstructures in more
detail were also examined with transmission electmacroscopy (Tecnai G2 F20
S-TWIN). The Yk content in the composite was determined by indetticoupled
plasma OES spectrometer (ICP). The surface potaitiae cathode electrodes was
characterized by Kelvin probe atomic force micrggc(KPAFM) (Bruker dimension
ICON, Germany), which measured the strength ofefleetrostatic forces between a
conductive probe and the sample.
2.2 Céll fabrication and characterization

The electrochemical performances of the as-preparethposites were
evaluated with CR2025-type coin cell. The cathddegwas prepared by mixing 80
wt.% active material (LiNisC01/sMny30, or LiNiyzCoysMnys0.@YFs) with 10
wt.% polyvinylidene fluoride (PVDF) and 10 wt% & in a solvent
(N-methyl-2-pyrrolidone). The slurry was then castto an aluminum current
collector and dried under vacuum at 220for 12 h. Coin cells were assembled in an
argon-filled glove box with @and HO content below 1 ppm, using lithium foil as
anode and counter electrode, Cellgard 2300 micoysopolyethylene membrane as
separator, and 1 M LiRFn a mixture of dimethyl carbonate (DMC) and ethyl
carbonate (EC) (1:1 in volume) as the electrolyiee galvanstatic charge/discharge
measurements of the cells were carried out in thleage range of 3.0-4.5V on a
multichanmel battery testing system (Land CT200MYuhan, China). Cyclic
voltammetry (CV) measurements were performed usamg Arbin instruments
BT-2000 battery testing station, and the electrouhal impedance spectra of the
samples were obtained by an electrochemical wdrkst§Zahner-Zennium) in the

frequency range of 10 mHz to 100 KHz with an anupoli of 5 mV. Thermal stability
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of the electrodes was examined by differential soan calorimetry (DSC) on a
TG-DSC simultaneous thermal analyzer (Netzsch SBk&) across a temperature
range of 30-40Q at a heating rate o@ min™. Prior to DSC measurements, the
cells were charged to 4.5 V at a current of 0.1n@ then charged at 4.5 V for an
additional 6 h. Then, the cells were disassembiezhiargon-filled glove box and the
cathode materials (containing acetylene black aviDA) were scraped from the Al
current collector. The obtained cathode materisgdsevsealed in a stainless-steel pan

for DSC measurements.
3 Results and discussion

3.1 material characterization

Fig.2 showed the XRD patterns of the pristine Li¥io,sMny30, and
YFs-coated LiNi;sCosMny30, powders. All of the diffraction peaks were
characteristic of a layered oxide structure base@ tiexagonati-NaFeQ structure
with space group R-3m. Distinct splitting betwebe aidjacent peaks of (108)/(110)
and (006)/(102) indicated a highly ordered layestdicture. Besides the main
LiNi 1/3C013Mn1,30, phase, additional diffraction peaks were also nleskat 27.83
which corresponds to the (100) reflection of thedgmnal wurtzite structure of $F
(JCPDS No. 70-1935). In addition, there was noaetisble shift in peaks or third
phase, suggesting no chemical reaction occurregieleet the two components during
the calcination process [16].

SEM images of the pristine and ¥€oated LiNi;3C013Mny30, particles were
presented in Fig. 3. As shown in Fig. 3(a,b), thstime LiNi;3Co13Mn130, particles
were distributed with a particle size ranging fr@®0 to 300 nm and displayed a
smooth surface and clear boundary, while the serfacLiNii;3C013Mn130.@YF;
was distinctly covered by “YFmoss” (Fig. 3(d)). The distribution of correspamgli
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elements on the cathode surface was further exantind=DS. The EDS analysis of
LiNi 1/3C013Mn130, (Fig. 4(g)) revealed the presence of Mn, Co, Ni &dn an
atomic ratio (12.31:11.04:12.33:64.32) close to titeemical formula. Element
mapping of LiNi;3C03Mny30.@YF; particles (Fig. 4) revealed that Y and F
displayed the same shape as the cathode matertadlgs indicating that Y{was
homogeneously distributed on the surface of L#Sio;;sMny30, particles. The
corresponding EDS result in Fig. 4(h) showed tlmmat ratio of Y:Mn:Co:Ni was
0.39:8.64:9.02:9.25, which monsistent with the designed content of 2 wt%; YF
coated in the composite. The Ydontent in the composite was also determined to be
ca. 2.12wt% by inductively coupled plasma OES speuwtter (ICP). TEM image and
corresponding EDS of LiNsCoysMny30.@YF; particles in Fig.5 confirmed the
presence of Y{thin film on the surface of LiNikCo03Mny30, particles even the
content of YR was low. In addition, distinct parallel fringes Wit basal spacing
value of approximately 0.21 nm were observed, spwading to the (104) crystalline
plane of the R3m-layered structure and indicatitng thigh crystallinity of
LiNi 1/3C013Mny,30, phase.

The discharge capacity vs. cycle number of the tipdas and
LiNi 1/3C01sMn130,@YF; at 0.2 C, 0.5 C, 1.0 C, 2.0 C, 3.0 C, 5.0 C, afdC1
(1C=200 mAhg) between 3.0 and 4.5 V at 5 were shown in Fig. 6(a). The cells
were charged and discharged at the same currergitgletin comparison, the
LiNi 1/3C01sMn130,@YF; sample demonstrated better rate performance, iefipeat
a higher rate. At 10C, the capacity of the LjpG0;3Mn130.@YF; electrode was
determined to be ca. 67% (96 mAH)aat the capacity of 143 mAh’gat 0.2 C,
whereas the capacity of the pristine electrode ovdg 51% at the same current. The
improved rate capability of LiNkCo013Mn130.@YF; indicated that the Y4coating
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layer not only reduced the polarization but alsméased the active material's stability
at high discharge current densities. The polaopatt different current densities of
the pristine and Y4coated LiNi;sCoysMnys0, was shown in Fig. 6(b,c). The
discharge capacity and voltage were found to ded#y increasing current density,
with the pristine electrodes exhibiting a sharpecay than that of Ydcoated
material. These results might be attributed tosthectural stability of the layered host
crystal and the superior kinetic properties of ¥i&; coating, which mitigated the
cyclic degradation of the layered oxides at highesa[l7]. In addition, the
YF3-coating layer would be expected to prevent attackhe cathode by HF and
suppress the increase in interfacial polarizatiod therefore improved the cyclic
stability [18].

To understand the electron-transfer kinetics of iL¥S015Mnyz0, and
LiNi 1/5Co1sMn130.@YF; electrodes, electrochemical impedance spectrostajply
been performed. Fig. 7(a) showed the EIS plots mredsusing the coin cells after the
rate performance. The EIS plots for both pristinéNik3CosMny30, and
LiNi 13C01sMny30,@YF; consisted of two depressed semicircles in the
high-to-medium frequency range and a straightitinde low-frequency region. Such
a pattern of EIS could be explained by the equiMabircuit displayed in Fig. 7(b),
where the symbolsR.,, Ry, Ry, and R, represent the solution resistance, the
impedance of a solid-electrolyte interface (SEl)ela the charge transfer resistance,
and Warburg impedance related to the solid-statisihn of Li* in the active
materials, respectively [19]. According to the e@lent circuit, the impedance of a
Rst andRe; of LiNi1/3C013Mn130.@YF; were calculated as 49¢ and 71.1Q, which
were smaller than those of pristine LiNC0;sMn130, (Rs=83.8 Q, R.=105.4 Q).
This result obviously indicated that the enhancledteochemical performance was
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attributed to the presence of Yf€oating layer, which effectively suppressed the
chemical instability ascribed to side-reactionsaeen the electrode and electrolyte at
high voltage.

Fig. 8 showed the cycling performance of the prestiand Yk-coated
LiNi 13C0o13Mny30, electrodes over 100 cycles, 5 C att@@and 1 C at 6TC,
respectively. In comparison with the pristine LipCo;sMny130,, the capacity loss
was greatly suppressed after coating withs.Y&As shown in Fig. 8(a), the initial
discharge capacity at 5 C of LiNCoysMnys0, was 121 mAh-g and found to
decrease to 89 mAh’gafter 100 cycles (i.e., only 74% of its initialsdharge
capacity). The discharge capacity of the LjG03Mny30.@YF; was found to
decay gradually with continuous cycling, retaini®8% of its maximum discharge
capacity after 100 cycles. When the cells wereety@t 1 C, the capacity retention
increased from 53% for pristine LiNCoysMny0, to  81%  for
LiNi 1/3C01sMn130.@YF; (Fig. 8(b)). These results suggested that capdading
was effectively suppressed by surface coating Wid3. The side-reaction between
the electrode and electrolyte should be respongmplthe capacity fading for cathode
material during extensive cycling especially athhigperation temperature. For the
coated samples, the YFoating layer acted as a protective layer and gued
side-reactions between the electrode and eleatolyhis helped to improve the
stability of electrode against HF attack and coosetly enhance the cycling
performance of the electrode.

The cyclic voltammetry profiles of the pristine aMé@s-coating samples in the
first nine cycles at a scan of 0.1 mV, svere shown in Figs. 9(a,b). A pair of distinct
redox peaks was observed in the potential rang8.®4.0 V, which should be
attributed to Ni*/Ni** alternating during the charging/discharging prsce§he
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shifting of oxidation peak after the first cycle ght be attributed to the electrode
formation due to good electrical contact with tlomductive agent, current collector
and electrolyte [20,21]. In comparison with LiNCo3Mn1/30,, the CV curves in the

2nd and 9th cycles of LiNgCo;sMn130.@YF; demonstrated a better overlapping
degree, suggesting that LiNC0sMny0.@YF; possessed a better cyclic

reversibility. The potential differenceA(E) between anodic and cathodic peaks

reflected the polarization degree of the electrofiee larger potential difference
indicated the larger polarization [22]. Fig. 9(d)owved the cyclic voltammogram
curves for LiNi/;3C0opsMny30, and LiNiysCoysMngs0.@YF; after 100 cycles. The
potential difference between oxidation and reductad LiNii3C013MN150.@YFs
(0.181 V) was smaller than that of the LiNCo;sMny30, (0.237 V). The spinel
phase with low conductivity was likely responsilita electrode polarization. The
YFs-coating was expected to effectively suppress thase transformation of
LiNi 1/3C013Mn130, particle from a layered to spinel structure. Samitesults were
reported by other groups [17,23]. The electroly@eamposition on the surface of the
active material at high operation voltage on cyglimay also prevent direct
interactions between electrode and electrolyte2|]6,The CV measurements were
consistent with the EIS measurements. The chamgesltage at the half point of the
charge/discharge state during the charge/dischamasess were shown in Fig. 9(d).
The charge potential was observed to increase whelelischarge potential decreased
with increasing charge/discharge cycle. In comparisthe Yk—coated sample
exhibited a smaller change in potential than tHahe pristine LiNi/;3C0;/3Mny30,.
This phenomenon would be attributed to the incréasdectrode polarization due to
side-reactions between the electrode and eleatrolyte obtained measurements were

in good agreement with the CV measurements.
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To investigate the impact of the ¥feoating on the Li diffusion kinetics of
LiNi 135C013Mn130,, the impedance spectra after 100 cycles undererdiit
charge/discharge states for LiNCo3sMny30, and  LiNiyszCoysMnys0.@YF;
electrodes were continuously measured during ttiuin-ion insertion/extraction
process. EIS plots (Z” vs. Z') were shown in Fif). According to the relationship

between the real axis (Z’) and the reciprocal sguapt¢s’’?) of the lower angular

frequencies, the chemical diffusion coefficient Lot ( Dfi ) can be calculated as

follows[25]
- -1/2
Z _Re+Rct+aww (1)
oo 2R TR (2)
Y VaPFg,AC)  n'Fio?ATC?

where R, T and F were the mass gas constant, abstdmperature and
Faraday’s constant; A was the surface area of kbetrede; n was the number of
electrons per molecule during oxidation; C wasri@ar volume of active material;
ow Was the Warburg coefficient. Based on the lindat plope of Z'vs.w™'?, the
corresponding lithium diffusion coefficients at fdifent charge/discharge states for
LiNi 1/3C013Mn130, and LiNiy3C01sMn150.@YF; electrodes could be calculated
respectively (Fig. 11). Both electrodes exhibitémilar Li* diffusion behavior and
displayed a peak ranging from 3.8 to 4.2 V, whiebuited from lithium-ion insertion
into or extraction from the R-3m structure LiIM®I=Mn,Ni,Co) region. In
comparison with LiNi;zC013Mn1/205, LiNi13C013Mn1:0.@YF; displayed larger Li
diffusion coefficients in the charge and dischargecesses, indicating that
YFs—coating would readily facilitate Li transferring at the interface of
electrode/electrolyte. It was well-established tthet electrochemical polarization of

LiNi 1,3C013Mn1/30, electrode increased during the charge/dischargeepsodue to
-11-

Page 11 of 37



the formation of the resistive reaction layers ahd dissolution of the cathode
material in a liquid electrolyte [26]. The ¥Fcoating layer would reduce the strain
and defect generated by the' lintercalation and extraction in the active materia
mediating the increase in charge transfer resistaRis would, in turn, facilitate Li
transfer at the interface of the electrode/elegteoland provide enhanced rate
performance.

To elucidate the potential mechanism of the entdhde diffusion kinetics of
LiNi 15Co1sMn130, by YR coating, EIS measurements were carried out on
LiNi 1/3C013Mn1/30, and LiNiy3C0o13Mn130.@YF; cathode materials after 100 cycles
at the full charge state fronf© to -30C (Figs. 12(a,b)). The EIS profiles were fit
based on the equivalent circuit (shown in Fig.7(ajd the fitted results revealed that
LiNi 1/3C013Mn130, exhibited a more pronounced effect on charge-teanssistance
at the electrode-electrolyte interface as the djpgydemperature decreases. A higher
R.: generally indicated slower kinetics of the faradeaction [27]. The activation
energy (\G) of lithium-ion insertion/extraction within theiptine and the Y§coated

LiNi 1/3C0o13Mn130, could be calculated by,

AG-R
lo =|logA+ ——
IR« =100A* S RT ®)

where AG was the activation energy, T was the absolut@éeature, R was the gas
constant, and A was a temperature-independentarindthe temperature dependence
of log Rct in the temperature range froCQo -30C was shown in Fig. 12(c). The
AG for LiNi3C013Mn130, and LiNksC0o1sMn150,@YF; were calculated as 69.69
KJImol* and 49.77 KImdl, respectively. Lower activation energy was indi@f

faster Li-ion diffusion [28]. These results confeththat Yk coating layer acted as a

catalyst, accelerating the charge transfer progei®e interface between the electrode
-12-
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and electrolyte, which could well explain the enteth Li" diffusion kinetics in Fig.
11.

High electrical conductivity is highly desirablerfenhanced electrochemical
performances of lithium ion battery. The forcesimkraction with a crystal lattice
have been shown to hinder electrons escaping fhr@mmaterial, creating a potential
barrier on a material surface. Therefore, for reah@f an electron from the material
to occur, it should receive energy equal to theetkhce between the surface potential
barrier and the Fermi level [29]. Surface potentreps of LiNi;3C013Mn130, and
LiNi 1/3C0o13Mn130.@YF; electrodes were obtained characterized using Kedkobe
atomic force microscopy. For comparison, the s@rfactential maps of Au foil as a
reference sample were also measured (Fig. 13(lWg. Surface potential maps of
LiNi 13C01sMn130, and LiNi3CosMny0.@YF;  electrodes after 100 cycles
showed that LiNi3C01sMny30.@YF; possessed a considerably smaller surface
potential than that of LiNjsCo1sMny50, (Figs. 13(c,d)). These resuttisggested that
the electrons required less energy to escape fitwen LiNiy3C0ysMN130.@YF;
material, in turn enhancing the electrochemicalqrarance.

It is worthy to note that surface potential diffiece (or electrostatic contact
potential difference) between the tip and the sangpiginates from the difference in
the work function of the electrically connected &pd the sample [30]. The surface
potential a) is defined by:

%p _q%arrple

€ (4)

Ap=

where &, and @,.,. are work functions of the tip and the sample, eetipely, and
e is the elementary charge. To evaluate the worlctfon of surfaces, the work

functions of the Pt/Ir-coated SFM-tipgf,) was calibrated using Au foil as a
-13-
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reference, whose work functiong() was considered constantg(=5.31eV).

According to other researchers’ work [31,32], theorkv functions of
LiNi 13C01sMn130, and LiNisCosMnys0.@YF;s electrodes were calculated and
shown in Fig. 14(a). The ¥Ycoated sample was found to possess a smaller work
function (~5.52 eV) than that (~6.08 eV) of thesfirie one. A cathode with a Fermi
level below the highest occupied molecular orb{tdODMQO) has been previously
shown to oxidize the electrolyte unless a passiwalayer blocks electron transfer
from the electrolyte HOMO to the cathode [2,33]s@hematic of the relative electron
energies between cathode electrodes and the dyg¢etmas shown in Fig. 14(b). It
can be deduced that the smaller work function wediléctively reduce oxidation of
the electrolyte and consequently improve thermonhoastability of the cathode
materials during the charge/discharge process.

The thermal stability of cathode materials is arpamant consideration in
battery safety [34]. The thermal stability of therispne and Yk-coated
LiNi 13C0o13Mny30, cathode was measured at the fully charged stateSoW (vs.
Li/Li+) using differential scanning calorimetry, ashown in Fig. 15. The first
exothermic peak at 23% may be attributed to the decomposition of elégteoon
the cathode surface, while the second correspanédtettrolyte oxidation caused by
oxygen released from LiN4C013Mn1/30, [35]. In the case of LiNjsCoysMny30,,
the major exothermic peak was located at 237.8vith heat generation of 1.44
mWmg'. Meanwhile, an exothermic peak assigned to 148DysMny0-@YF;
appeared at relatively high temperature of 283.7wvith relatively lower heat
generation of 0.82 mWnig The higher exothermic peak temperature and Idweet
generation indicate that the thermal stability lné electrode was improved by YF
coating. The enhanced thermal stability of LipGoy3Mn130.@YF; cathode might
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be attributed to the YFcoating layer, which possessed excellent thertahllgy and

effectively protects the active material from sidactions in the electrolyte [36].
4. Conclusions

LiNi1/3C013Mny30, coated with Yk was prepared by a wet chemical
process. In comparison with pristine LiNC0;3Mn130,, the YR—coated
composite exhibits higher rate capability, betteclability and better thermal
stability. Analysis from electrochemical measureteershowed that the
improved electrochemical performances LjpG0;,3Mny30.@YF; might be
attributed to smaller charge-transfer resistankiggher lithium diffusion rates,
and the stable electrolyte/electrode interfacialciire. To some extent, the
possible mechanism discussed in this study woula toeclarify the enhanced
performances of cathode materials with surface fioadion in terms of

interfacial effect.
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Figure Captions

Schematic illustration of the preparation process or f
LiNi 1/3C013Mn130,@ YF; powders.

XRD patterns of LiNj;3C0ysMn130,, LiNi3C013MNny30.@YF; and YR
powders.

SEM images of (a,b) LiNikC0sMny3 and (c,d) LiNi;3C013Mnyz0.@ YR
Powders.

Element maps of LiN}jsC01/3Mn130.@ YF; particles.

(a) HR-TEM images and (b) EDS of LIMC013Mn130.@ Y F; powder.

(a) Rate capability of the pristine and LiNC013Mn130.@YF; electrodes at
25 °C; (b,c) Discharge curves of the pristine and z-¥fated
LiNi 13Co1sMny30, electrodes at various discharge rate in the range
3.0-4.5V.

(@) EIS profiles of LiNj;3C013Mn41/30, and LiNiy3C013Mny30.@YFs at full
charged state after rate test; (b) The equivalecuitfor EIS fitting.

Cycling performances of the pristine and LiLo,sMn130.@YF; (a) at 5C
and 25C; (b) at 1C and 6€C.

Cyclic voltammogram curves of (a) LiMCo;sMN30, and (b)
LiNi 13C0ysMn1:0.@YF; electrodes in the first 9 cycles at 0.1riy<c)
Cyclic voltammogram curves for the pristine and j;Xbated
LiNi 13Co13Mn130, samples after 100 cycles; (d) Changes of voltadealkit

charge/discharge capacity with different cycles@ifor both electrodes.

Fig. 10 The impedance spectra of LiNC013Mny/30,and LiNiyzC0oysMnys0.@YF;

electrodes after 100 cycles under different chdigeharge states.

Fig. 11 Lithium ion diffusion coefficients at different ctye/discharge states for
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LiNi 1/3C01sMn1/302 and LiNiy3C01sMn10.@YF; electrodes.

Fig. 12 EIS for (a) LiNk/3C013Mn130, and (b) LiNisCoysMny30.@YF; at the full
charge state at different operation temperatugsPiofile of log(Rct) vs.
temperature for LiNjsCoysMny 30, and LiNisCoysMnys0,@YFs. (d)
image figure of improvement of activation energy¥is coating.

Fig. 13 (&) The work electrode consisting ofLiNi3C03Mny 30,  and
LiNi 1/3C01sMn130.@YF;; Surface potential maps ofp) Au foil, (c)
LiNi 1/3C01sMn1/30, and (d) LiNk/3C013Mny30.@YF; electrode.

Fig. 14 (a) Work functions of LiNi;3CopsMn130, and LiNk3C013MN130.@YF3
electrodes; (b) a schematic of the relative elecemergies between cathode
electrodes and the electrolyte.

Fig. 15 DSC profiles of pristine and LiNsC0y3Mn130.@YF; electrodes at charged

state to 4.5V.
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Figure 10
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Figure 12
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Figure 13

< > Llimetal
<L TTTsepantors

LiNi, /;Co Mm@ UiNi¥&o, ;Mn, ;0,@YF,

i _349.7 mV

otntil ‘

21N113C0y3MN130,

( d )LiNi]ngOl/gM Oz@YFg
! -667.7 mV

Potential ~100.0 nm Potential 100.0 nm

-35-

Page 35 of 37



Figure 14
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Resear ch highlights

YFsz—coating improves the rate performances and cyitlabi of
LiNi 15C01sMny/30,.

YFs—coating  reduces charge-transfer  resistance and anees Li
diffusion kinetics.

YFs—coating reduces work function of composite andaechs the thermal

stability.



