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ARTICLE INFO ABSTRACT

Lithium-rich layered material is one of the most promising candidates of cathode materials for next-generation
electric vehicles. However, one of the major issues that pertains to this material is the oxygen release during
initial charge, which results in low initial coulombic efficiency (CE), intense electrolyte oxidation and thermal
instability. In this study, we have conducted aluminum phosphate (AIPO,) coating via atomic layer deposition
(ALD) approach to protect the surface of this cathode material powders. It was found that part of the C2/m
Li-MnOj phase turned into a spinel-like phase during the ALD process. The oxygen release has been effectively
suppressed by such transformation, the initial CE increased from 75.2% for the bare electrode to 86.2% for the
electrode with only 5 ALD cycles of AIPO, coating. Furthermore, AIPO, was also found to be more effective in
improving the thermal stability of the cathode material comparing to bare or Al,O3 coated samples. Our study
has provided a new possible solution towards cathode materials with high thermal resistance via conformal
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coating.

1. Introduction

Lithium-rich layered oxides xLi»MnO3+(1-x)LiMO, (M = Mn, Ni,
Co), or otherwise termed as high energy NMC (HENMC) are a class of
cathode materials that deliver a discharge capacity higher than 250
mAh/g within the voltage window of 2.0-4.8 V (vs. Li/Li"), making it a
very promising cathode material for the next-generation high energy
lithium-ion batteries (LIBs) used in electric vehicles (EV) [1,2]. The
crystalline structure of HENMC is composed of a phase of Li,MnOj3
with a space group of C2/m and a phase of conventional layered LiMO»
(M = Ni, Mn, Co) with a space group of R 3m. Li,MnOs is electro-
chemically inert since Mn** cannot be oxidized any more under the
normal operating voltage range of conventional LIBs. It can, however,
be activated from the initial charging process by the simultaneous
leaching of Li* from the transition metal layer and O, from the lattice,
with an irreversible net loss of Li,O [3,4]. The initial activation process
of HENMC results in significantly increased capacity compared to other
layered structure cathode materials, but it also leads to several
disadvantages. Firstly, the transition metal ions move into the Li layer
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vacancies and cause subsequent cation disordering, forming a spinel
and then rock-salt phase continuously to the interior of the material
that will lead to sluggish lithium ions transportation and severe voltage
fade [5,6]. Secondly, O, release results in low initial CE and internal
pressure increase in the cell, furthermore, O, facilitates the oxidation of
the electrolyte under high voltage, forming a thick and insulating solid
electrolyte interphase (SEI) on the surface [7]. Thirdly, O, release
always gives rise to thermal instability of the cathode materials [8,9].
Fourthly, severe transition metal dissolution into the electrolyte also
leads to capacity fade. Surface coating with metal oxides, phosphates
and fluorides from chemical methods have been reported aimed at
solving the abovementioned problems [10-12]. The coating layer can
shield the direct contact between the cathode material and the
electrolyte and thus preventing the transition metals from dissolving
and electrolyte decomposition [13]. But these coating methods lack a
full protection of the cathode materials since the coating layer tends to
form isolated islands [12,14,15]. Atomic layer deposition (ALD) is a
powerful technique to create a uniform and conformal coating layer on
the surface of substrates [16]. This advantage makes ALD outperform
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other chemical methods in terms of full protection on electrodes
against the attack from the electrolytes, and it has been vastly used
in the surface modification of battery materials [17-20]. Aluminum
phosphate (AP) is widely known for its high capability of enhancing the
high temperature stability of cathode materials than metal oxides when
used as a coating material [21—24], but controlled coating of AP via
ALD on cathode materials has not been reported as far.

Herein, for the first time, we have demonstrated the use of ALD to
coat cathode materials with different thicknesses of AIPO,. Benefiting
from the uniform coating layer and the partial transformation of
Li-MnOj to a spinel-like phase, the oxygen release from the HENMC
has been successfully controlled and the electrolyte decomposition was
suppressed. The CE of the HENMC coated by AIPO, was significantly
improved. In addition, the AIPO, coated HENMC has demonstrated
much higher thermal resistivity than samples coated by Al,O3, which is
a most common ALD coating material. These results have demon-
strated that atomic layer deposited AIPO, is a promising coating
material on HENMC in order to achieve better cycling stability and
that ALD process can potentially affect the structure of cathode
materials.

2. Experimental section
2.1. Materials synthesis

HENMC was synthesized using a modified Pechini's method [25].
CH3COOLi, Mn(CH3COO),, Ni(CH5CO0), and Co(CH3COO), (Sigma
Aldrich, 99%) were mixed with a stoichiometric ratio of
1.25:0.54:0.13:0.13 in 50 mL deionized water under strong stirring.
5.72 g citric acid was dissolved in 25 mL ethanol (Sigma Aldrich,
99.99%). 2.5 g polyethylene glycol (PEG) (Alfa Aesar, 25,000, 99%) was
dissolved in 25 mL ethanol separately. The citric acid solution was
initially added into the metal acetates solution slowly under stirring for
10 min. Then, the mixture was subsequently added into the PEG
solution slowly, pink precipitations were observed during the reaction.
Subsequently, 2 mL ethylene glycol (Sigma Aldrich, 99%) and 2 mL
HNO; (Sigma Aldrich, 70%) were added dropwise until the pink
precipitate is dissolved. The final clear solution was dried at 120 °C
to obtain a colloidal gel. This gel was pre-calcined at 400 °C for 4 h in
air to remove the organic components. After cooling down, the final
product was collected and ground to obtain fine particles. The final
HENMC was obtained by calcining the fine particles under 850 °C for
20 h in air.

AlPO,4 was deposited on HENMC powders at 250 °C in a Savannah
100 ALD system (Ultratech/Cambridge Nanotech, USA) using tri-
methylaluminum (TMA, (CH3)3Al, 98% STREM Chemicals), trimethyl
phosphate (TMPO, (CH3)3PO,4, 97% STREM Chemicals), and distilled
water (H,O) as precursors. The source temperature for TMPO was
75 °C, while TMA and H»O was kept at RT. AIPO,4 was deposited in an
exposure model by the sequence of TMA pulse (0.5s) — exposure (1s) -
purge (10s) — H»O pulse (1s) — exposure (1s) — purge (15s) — TMPO
pulse (2s) — exposure (1s) — purge (10s) — H>O pulse (1s) — exposure
(1s) — purge (10s). Nitrogen gas (99.999%) was used as a carrier gas at
a flow rate of 20 sccm. AIPO, films were directly deposited on HENMC
powders by repeating the above ALD cycles. In this study, 5, 10 and 20
ALD cycles were selected to control the coating thickness, each of the
sample was denoted as HENMC-n AP, where n stands for the ALD
cycle number and AP stands for AIPO,. In addition, for the purpose of
thermal stability comparison, Al,O5 coating with 20 ALD cycles on the
HENMC was carried out at 150 °C with TMA and water as the
precursors in the same ALD system.

2.2. Characterization methods

The morphology of the samples was characterized by a Hitachi S-
4800 field emission scanning electron microscopy (FESEM) and a
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JEOL 2010F high-resolution transmission electron microscope
(HRTEM). The stoichiometry of the HENMC powders was determined
by an inductively coupled plasma optical emission spectrometer (ICP-
OES, Vista Pro Axial, Varian, Australia) The X-ray diffraction (XRD)
patterns were collected on a Bruker D8 Advance Diffractometer using
Cu K, radiation at 40 kV and 40 mA. The soft X-ray absorption
spectroscopy (XAS) measurements of P L3> edges were collected at
the Variable Line Spacing Plane Grating Monochromator (VLS PGM)
beamline with a photon energy of 5.5-250 eV at the Canadian Light
Source (CLS). The soft X-ray absorption spectroscopy (XAS) measure-
ments at both total electron yield (TEY) and fluorescence yield (FYI)
modes of Mn L » edges, Ni L; » edges, Co L3 » edges and O K edge were
collected at the Spherical Grating Monochrometer (SGM) beamline
with a photon energy of 250-2000 eV at CLS. A PHI Quantera XPS
Scanning Microprobe (Physical Electronics, Chanhassen, MN) with a
monochromated Al K, (1486.6 ¢V) source was used for the XPS
analysis. Differential scanning calorimetry (DSC) measurements were
carried out on a TA Instrument SDT Q600. The cells were cycled for 5
times and stopped at fully charged state and were opened in the
glovebox to collect the fully de-lithiated cathode powders. The powders
were then soaked in 150 mg of the same electrolyte as the electro-
chemical study and heated to 400 °C under N, atmosphere at a ramp
rate of 1 °C/min.

2.3. Electrochemical measurements

To prepare the electrodes for coin cell fabrication, the HENMC
powders were uniformly mixed with acetylene black (AB) and poly(-
vinylidene fluoride) (PVDF) in a ratio of 70:20:10 in an N-methyl-
pyrrolidione (NMP) solvent. Then, the slurry was pasted on aluminum
foils and dried at 80 °C under vacuum for overnight. The electrode was
subsequently punched and assembled into a CR-2032 coin cell in an
argon-filled glove box with the moisture and oxygen being controlled
below 0.1 ppm. Lithium metal was used as the counter electrode in the
coin cells. One mole/L LiPFg dissolved into ethylene carbonate (EC)
and diethyl carbonate (DEC) in a 1:1 vol ratio (BASF corp., US) was
used as the electrolyte. Celgard 2400 was used as the separator. Cyclic
voltammetry (CV) was performed on a Bio-Logic multichannel poten-
tiostat 3/Z (VMP3) with a scanning rate of 0.1 mV s™* and a potential
range of 2.0-4.6 V (vs Li/Li"). Galvanostatical charge/discharge test
was carried out on Maccor 4000 between 2.0 V and 4.6 V (vs Li/Li*),
the initial cycle was conducted under 1/20 C (12.5 mA/g) for activa-
tion, and the following cycles were tested under 1/10 C (25 mA/g). The
tested cells were dissembled in a glove box and the cathode sheets were
collected and thoroughly washed with DMC several times for XPS
analysis.

3. Results and discussions

The stoichiometry of the as-synthesized HENMC powders was
determined by ICP, the ratio between the transition metals was found
to be Co:Mn:Ni =0.137:0.540:0.135, which agrees well with the
original stoichiometry during synthesis. The SEM image of the
HENMC particles is shown in Fig. la-b, the uniform nanoparticles
have sizes of around 300 nm. The smooth face and sharp edges indicate
that the HENMC was crystalline and highly interconnected, which is
essential for faster ionic transportation. The morphology of the
HENMC-20AP shown in Fig. 1b displays a slightly rougher surface,
indicating that the surface has been coated by AIPO,. The XRD pattern
of the HENMC (Fig. 1c¢) was well indexed to the hexagonal a-NaFeO,
phase with a space group of R 3m. The weak peaks located between 20
and 25° are assigned to the superlattice diffraction of the monoclinic
Li-MnOj3 phase with a space group of C2/m, as can be observed in its
standard XRD patterns. The presence of the amorphous AIPO, did not
generate significant change to the XRD pattern, indicating that the bulk
of the material remains unchanged. Nevertheless, the surface structure
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Fig. 1. SEM images of (a) HENMC (b) HENMC-20AP and (c) XRD patterns of HENMC, HENMC-20AP and standard Li»MnO3 and LiNig 33C09.33Mng 3305.

change needs to be identified by other techniques aimed at probing the
local structures, which will be carried out in following discussions.
The elemental distribution of the HENMC-20AP sample was
studied using energy dispersive X-ray spectroscopy (EDS) under the
scanning transmission electron microscopy (STEM) mode. Fig. 2a-f
present the distribution of Co, Mn, Ni, Al, P elements and the
overlapping mapping of Al and P. It can be seen that the Al and P
are uniformly distributed on the surface of the HENMC particles. The
inset P L3, edges X-ray absorption spectroscopy (XAS) in Fig. 2g
reveals that the ALD derived AIPO,4 has very close chemical environ-

(a)

Co

Fig. 2. (a-f) EDS mapping of Co, Mn, Ni, Al, P and Al-P overlapping of HENMC-20AP (g) STEM image of the EDS mapping region (inset: XAS spectra of P L3, edges of HENMC-AP
(Black) and standard AIPO,4 (Red)) and (h) HRTEM image of the HENMC-20AP showing the coating layer.
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ment with standard AIPO,4. The Al L » edges XAS shown in Fig. S1 also
proves its presence. The HRTEM image reveals that the thickness of
the 20 AP sample is around 4 nm and the AIPO4 coating layer is
amorphous and uniformly distributed on the surface of the powders.
The Ni, Mn and Co L3, edges and O K edge XAS data of the pristine
HENMC and 20AP coated HENMC was collected in order to study the
local chemical environment change upon ALD process. Fig. 3a-e
illustrate the total electron yield (TEY) mode results, which have a
detection depth of 5-10 nm. Transition meal L3, edges reveal the
electron transition of 2p3,» and 2p; - states to an unoccupied 3d

200nm
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Fig. 3. Soft XAS data of (a) HENMC Co L3, edges and (b) HENMC-20AP Co Ls » edges fitted to standard CoO and LiCoO, (c) Mn L3 » edges (the HENMC-20AP sample is fitted to the
HENMC sample and standard MnO) (d) Ni L » edges (L3 edges are marked with yellow color and L, edges are marked with purple color) (e) O K edge (all of the XAS results in this figure
are collected at total electron yield (TEY) mode) and (f) HRTEM image showing the different phases in the HENMC-20AP sample (inset: Fast Fourier Transform patterns).

state, and thus can provide information of spin configuration, ligand
field and metal valence [26]. The Co L3, edges of these two samples
were fitted using a linear combination fitting method with standard
CoO (divalent Co) and LiCoO, (trivalent Co) respectively in order to
understand the Co valence states. Fig. 3a shows the fitted result of the
pristine HENMC, it can be seen that the Co ions in the pristine HENMC
are composed of 15.4% divalent Co and 84.6% trivalent Co. After ALD
treatment, however, an increase in the ratio of Co?* occurred, and the
trivalent Co dropped to only 62%. The decrease of Co®" amount in the
HENMC-20AP sample reveals that the surface of the HENMC was
reduced upon ALD treatment. The reduction was also observed in the
Mn Lj, edges. Since Mn Lj » edges of the HENMC sample were very
hard to fit using MnO,, Mn,0O3 and MnO, we used the Mn L » edges of
the HENMC directly and MnO as standards to fit the HENMC-20AP
sample. The results clearly show that the surface of the HENMC-20AP
sample had 17.8% Mn existing in divalent state and only 82.2% in the
original form of Mn in HENMC. In contrast to the Mn and Co, Ni did
not show any change in the coated sample. O K edge shows several
identical peaks, the peaks in yellow and purple regions are due to
electron transition from the O Is core level to the hybridization of the O
2p orbital with the transition metal 3d and 4sp orbitals, respectively
[27]. An intensity drop happened on the sample after ALD process in
the yellow region due to less electron holes, this complies with the
finding of transition metal reduction [26]. On the other hand, the new
peak marked with an asterisk “*” indicates that a TM-O ligand with
different environment has evolved, which also suggests that a different
phase formed on the surface. XAS results measured under fluorescence
yield (FYI) mode with a depth of up to 100 nm [28] are shown in Fig.
S2, the two samples do not show much difference, indicating that the
effect of ALD process only happens on the surface, which agrees well
with the XRD results. Raman spectra in Fig. S4 proves the presence of
this spinel phase as can be seen from the extra peak at higher wave
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number. In fact, the surface reduction of Li-rich material when exposed
to hydrazine and carbon has been reported by other groups [29,30],
they found that a spinel phase formed as a result of this reduction. Such
spinel phase differs from the spinel-like phase formed after cycling,
where Li vacancy in the lithium layer was the reason and it caused
continuous growth to the interior particle. Cho et al. investigated the
formation of a Fd 3m Li;.,[CoNiMn,_,],0,4 spinel phase on a R 3m
Li[Nig.54C0¢.1sMng 34]0- layered phase and found that such transition
was accompanied with oxygen loss, which is reflected as transition
metal reduction in order to keep the charge balance [31]. To better
understand the possible phase change in our samples, HRTEM images
on the surface region of a HENMC-20AP sample particle were
collected. As shown in Fig. 3f, two distinctive phases are observed.
The one in the deeper region has a spacing of 0.238 nm, and can be
indexed to the (113) crystalline plane of a typical layered R 3m phase.
Interestingly, a spinel phase with a spacing of 0.284 nm on the surface
can be observed. Combined with the XAS data, we conclude that the
surface spinel phase formed upon ALD treatment. In this case, it is
believed that the HENMC particles reacted with the ALD precursors
and formed such spinel structure while AIPO, was deposited. This
transformation was also observed in AlF3 coating reported by Scrosati
et. al, it was attributed to the Li* leaching from the Li,MnOj; phase
[32]. In previous ALD-related surface modification studies, not many
evidences were provided to the structural change upon the ALD
process. Therefore, we expect that in future, the effect would be studied
more with respect to the structural changes due to ALD process, though
the coating layer also plays a pivotal role.

Initially, the CV curves of the pristine HENMC and the HENMC
coated with various ALD cycles of AP were recorded at 0.1 mVs~! scan
rate within 2.0-4.6 V and the results are illustrated in Fig. 4. In a
typical HENMC CV profile, the anodic peak at around 4.1V corre-
sponds to the oxidation of Ni** to Ni**. Another sharp anodic peak at
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Fig. 4. Cyclic voltammetry of (a) pristine HENMC (b) HENMC-5AP (c) HENMC-10AP (d) HENMC-20AP.

4.5V is attributed to the removal of oxygen from the crystal structure
and formation of 0,2~ or O,, which are distinctive resultants of the
activation of the Li-MnOj3 phase [4]. In the following cathodic process,
the peak at around 3.8 V corresponds to the reduction of Ni** to Ni**
[5,33]. In general, it is believed that the Li,MnO3, after the Li>O net
loss, turns into layer-structured MnO, [5], which is capable of
accommodating lithium ions at the potential of ~ 3.5V. This is
consistent with what was observed from the pristine HENMC CV
curve, that a peak increases gradually at ~3.25 V with continuous cycle
numbers. Interestingly, the AP coated samples show significant differ-
ence compared to the pristine sample. The oxygen formation peak
intensity has dropped gradually with more ALD cycles, indicating that
the amount of the Li-MnO3 phase has dropped with ALD treatment
and the coating thickness of AP correlates with the degree of oxygen
removal from the HENMC. This observation complies with the XAS
study, that the surface Li,MnO3; phase has been changed upon ALD
process. The decreasing cathodic current peak of lithium insertion into
layered MnO, also confirms the controlled oxygen removal since they
form simultaneously. Though the spinel phase was only observed on
the surface, CV tests shows remarkable effect.

In order to evaluate the electrochemical performance of the
samples, charge/discharge measurements were conducted with one
activation cycle at 1/20 C and another 39 cycles at 1/10 C rate, the
result is shown in Fig. 5a. The initial charge capacity, discharge
capacity and CE are listed in Table 1. The pristine HENMC delivers
an initial charge capacity of 327 mAh/g, which decreases with thicker
coating. The initial discharge capacity of the pristine HENMC is only
249 mAh/g, which is lower than those of the coated samples.
Interestingly, the capacity of the HENMC drops rapidly after 40 cycles,
whereas those of the coated samples remain rather stable, and an
increase of capacity can even be observed in the first several cycles.
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The CE is plotted in Fig. 5b. The pristine HENMC has an initial CE
of only 76.1%, whereas the coated HENMC samples demonstrate initial
CEs of 85.2%, 84.1% and 83.2% for 5 AP, 10 AP and 20 AP,
respectively. Due to the loss of active MnO,, the discharge capacities
of the HENMC-10AP and HENMC-20AP samples are lower than that
of the HENMC-5AP sample. This explains why the initial CE drops with
increasing coating thickness while 5 ALD cycles demonstrates the
highest CE. Furthermore, the low initial CE normally results from the
electrolyte decomposition and the oxygen release in the class of
lithium-rich cathode materials [2]. As observed and discussed in the
CV curves (Fig. 4), the suppression of oxygen release has been well
controlled by the process of ALD treatment, this would account for the
increase of initial CE as well. On the other hand, the release of oxygen
will certainly facilitate the decomposition of the electrolyte under high
voltage and it inevitably brings another consideration, that the solid
electrolyte interphase (SEI) on the HENMC surface becomes very thick
and results in impedance build-up, thereby the pristine HENMC shows
decreasing stability upon cycling.

As has been introduced, the voltage fade issue is an important
concern in lithium-rich cathodes since it causes energy density drop,
and the reason for the voltage fade is still under debate. One possible
explanation is the migration of transition metals into the Li vacancies
in the Li layer during charging, resulting in the formation of a spinel
phase on the surface. The average voltage for this spinel phase is lower
than that of the layered NMC, therefore the overall voltage drops
[6,34,35]. In order to analyze the effect of AP coating on the voltage
fade of HENMC materials, the charge/discharge curves of the first and
40th cycles are plotted and illustrated in Fig. 5¢. In a typical HENMC
charge curve, the voltage range of 3.7—4.5 V corresponds to the lithium
de-lithiation from the NMC phase, and the long plateau at 4.5-4.6 V
can be assigned to the oxygen release from the lattice. The oxygen
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Table 1
Initial charge/discharge capacity and the Coulombic efficiencies of the samples.

Sample name  Initial charge capacity  Initial discharge Initial CE
(mAh/g) capacity (mAh/g) (%)
HENMC 327.4 249.4 76.2
5 AP 307.3 261.9 85.2
10 AP 304.0 255.8 84.1
20 AP 300.3 249.9 83.2
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release plateau is observable in the coated samples, which might be a
result of the activation of the Li»MnO3 in the bulk since the initial cycle
was tested under 1/20 C which allows for sufficient diffusion. The
charge capacity of the pristine HENMC, however, still shows noticeably
more oxygen release as shown in Fig. 5¢. For a pristine HENMC, the
discharge capacity, in theory, mostly originates from the voltage above
3.0V, considering the voltage window of Ni** to Ni**(4.0V) and
lithium insertion into MnO, (3.5V). Therefore, in the pristine
HENMC, very limited discharge capacity is expected to originate from
the voltage below 3.0V, as shown in Fig. 4c. However, we can also

b 1500
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Fig. 6. EIS profiles of the samples (a) after initial charge and (b) after 6th charge (inset: A simulated equivalent circuit).

125



B. Xiao et al. Nano Energy 34 (2017) 120-130

6000
(a) 5000 -
Ay
=" 4000-
7
c
3 3000
£
20004
1000 H
692 :
4000 .
(c) :
:.? 3000-
)
o
— i
£ 2000
1000 -

692 690 688 686 684 682 680 692 690 688 686 684 682 680

Binding Energy/ eV Binding Energy/ eV

6000 ' C-H & Super P
(e) 50004
40004 |

3000 4

Intensity

20004

1000+ AW

0 L . Al . -7 ..HA
292 . 288 . 284 280
5000 — — —
(g) 40004 : P .
2 3000 : C-O.: !
[7) .
& .
8 20001 . 4
& C
10004 AW .
0 — -
292 288 284 280 292 288 284 280
Binding Energy/ eV Binding Energy/ eV

Fig. 7. XPS results of F 1 s of (a) Pristine HENMC electrode (b) HENMC-20AP electrode (c) Cycled pristine HENMC electrode (d) Cycled HENMC-20AP electrode and XPS results of C
1s of (e) Pristine HENMC electrode (f) HENMC-20AP electrode (g) Cycled pristine HENMC electrode (h) Cycled HENMC-20AP electrode.

observe that the higher initial discharge capacities of coated samples voltage range of 3.0-3.5 V. This phenomenon is in consistent with the
mainly come from the voltage below 3.0 V. The 20AP sample shows CV curves and it indicates that the formation of MnO, has been

highest capacity below 3.0 V but obviously dropped capacity in the suppressed and there was less Li insertion into MnO». This difference
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Fig. 8. DSC curves of pristine HENMC, HENMC-Al,O3; and HENMC-AP tested under
No.

becomes more apparent in the charge/discharge curves of the 40th
cycle. Voltage drop can be observed in all of the samples, and it is likely
that such treatment is not effective towards the voltage drop suppres-
sion within short cycling. Nevertheless, the discharge capacities of 5 AP
and 10 AP below 3.0 V are higher than that of the pristine HENMC.
The above observations indicate that the presence of AP coating can
help exploit the electrochemical reactions that take place below 3.0 V.
In theory, capacities below 3.0 V in HENMC system stem from several
sources: 1) polarization of the electrochemical processes that are
supposed to take place above 3.0 V; 2) lithium insertion into the spinel
phase on the surface [33] and 3) oxygen reduction reaction (ORR)
[36,37]. A tiny plateau at ~2.7 V can be observed in coated samples,
this agrees well with previous findings that a new spinel phase has
formed upon ALD treatment. Aside from this plateau, extra capacity
has been obtained below 3.0 V. ORR in HENMC normally happens as
the O, gas that was released during initial charging process is reduced
during discharge [4,36,37]. The final product of the oxygen reduction
reaction is Li,COj3, which is electrochemically inert and enables stable
SEI [38-40].

In order to evaluate the effect of the oxygen release on the
formation of the SEI layer, EIS measurements were conducted on the
pristine HENMC and coated HENMC samples after initial charge and
6th charge as shown in Fig. 6. The simulated equivalent circuit is
presented as an inset. The Rq stands for the Ohmic resistance arose
from the electrolyte, separator and other components. The semi-circle
in the high frequency range represents the lithium diffusion across the
surface film, simulated as a resistor Ry and a constant phase element
(CPE), the semi-circle in the medium frequency range shows the charge
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transfer reaction composed of a resistor R.; and another CPE, the
inclined line is interpreted as the finite length Warburg impedance. In
this case, the value of Ry stands for the SEI resistance and the R
stands for the charge transfer resistance across the material surface.
The R; for each of the sample after initial charge and 6th charge has
been listed in Table S1. It can be seen that the pristine HENMC has an
R, of 432.9 Q, whereas AP coating has demonstrated effectiveness in
decreasing this resistivity. The drop of SEI impedance reveals that the
electrolyte decomposition is much less intense in coated samples. This
can be explained as that the AIPO, shields the HENMC particles from
direct contact with the electrolyte. On the other hand, it could be due to
the suppressed oxygen release, since oxygen will facilitate the electro-
lyte decomposition and hydrolysis under very high voltage. The Ry
values of these samples after the 6th charge show an apparent drop, as
can be seen from the right column of Table S1. For pristine HENMC,
the R has a slight decrease of about 20 Q. However, this drop becomes
much more obvious in the coated samples, in the 20 AP sample, the Ry
value has dropped by 85%. The reason for the impedance drop in these
samples can be presumably ascribed to a more stable and thin SEI and/
or the transformation of AP into lithium conductive Li;PO4 and LiAlO»
[12,41]. The 20 AP sample shows the lowest R, but its capacity is lower
than the 5 AP and 10 AP sample. Furthermore, voltage fade was not
effectively alleviated even though the charge transfer impedance was
much lower. This has also been observed in the work of Wang et al.
[41], where they reported the suppression of layered to spinel change
through ALD-derived Al,O3 coating, but voltage decay was still
observed. These phenomena can be tentatively ascribed to the lack of
MnO, phase due to the missing of the Li,MnO3 phase. The lithiation
voltage window of layered MnO, falls into the window where voltage
fade happens.

The surface compositions of the pristine HENMC, HENMC-20AP,
cycled pristine HENMC and cycled HENMC-20AP electrodes are
analyzed using XPS. Fig. 7a-d illustrate the F 1s XPS spectra. It can
be seen that in fresh samples, two types of fluorine, PVAF at 687.1 eV
and metal fluorides (LiF and transition metal fluorides) at 684 eV are
observed. In general, LiF is not expected in fresh samples, but due to
the dehydrofluorination of PVAF according to reaction (1), HF is
produced.

—-CH; — CFy— —» —-CH=CF- + HF 1)

The surface of HENMC, after exposure to HF, generates LiF [42].
Apparently, the coated sample shows less LiF even in fresh samples,
indicating that the presence of AlPO, is capable of protecting the
material surface. Furthermore, after cycling, the surface F 1s XPS
spectrum of pristine HENMC can be deconvoluted into three compo-
nents, with an extra peak at 685.1 eV, this peak is generally assigned to
Li,PF,/Li,PF,O,, which are the main hydrolysis products of LiPF,

TM dissolution

Fig. 9. Schematic illustration of the mechanisms of performance improvement by AP coating.
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when exposed to O, and water [43,44]. The LiPF,/Li,PF,0, peak
cannot be observed in the coated cycled sample and the LiF in cycled
pristine HENMC is also much more than that of the coated HENMC,
indicating that the coating can effectively prevent the decomposition of
the electrolyte upon cycling, especially when there is excessive oxygen
generated in HENMC material.

The C 1s XPS spectra of the same samples were also studied. In the
C 1s XPS, several peaks corresponding to the C-F and C-H bonds in
PVdF, the C-C bonds in super P conductive agent and a small amount
of Li»CO3 can be observed in the fresh electrodes [45]. However, after
cycling, the pristine HENMC electrode shows a sharp peak of C-O
single bond at the binding energy of 285.1eV. In addition, the
contribution from the super P conductive agent has dropped signifi-
cantly in this sample, indicating that the surface has been covered by a
very thick layer of electrolyte decomposition compounds. Since C-O
bonds are normally assigned to species such as ether that are
unfavorable SEI components due to their instability and insulating
nature [46,47], we can conclude that the capacity fade of pristine
HENMC is also closely related to the build-up of surface impedance.
On the other hand, the coated HENMC, after cycling, shows much less
C-0 single bond, but the Li,CO3 peak turns out to be much higher than
that of the pristine HENMC, this observation confirms our previous
assumption that the decreasing impedance upon cycling in coated
samples is because of Li»CO3 that helps create a more stable and robust
SEI [40].

In addition, AIPO,4 coating is reported to be capable of enhancing
the thermal resistivity of carbon nanotubes [48], we conducted DSC of
charged pristine HENMC and AP coated HENMC was also conducted.
Since Al,O3 is the most widely used ALD derived coating, a sample with
Al,O3 coating was also studied as a reference. It can be seen from
Fig. 8, the pristine HENMC shows two exothermal peaks, indicating
that the dissociation of the HENMC was a two-step process. The first
peak is normally assigned to the solvent decomposition and the second
peak is supposed to originate from the cathode material phase change
and the electrolyte oxidation [49]. The onset decomposing temperature
was about 219 °C, whereas the Al,O3 coated sample shows a slightly
higher onset temperature was 223 °C. However, AP coated sample
shows significant improvement and the onset temperature was 237 °C,
which is much higher than those of the pristine HENMC and Al,O3
coated HENMC. The thermal stability improvement of AIPO, coating
can be ascribed to the high thermal stability of phosphate, thus proving
that ALD-derived AlPOy, is also a superior coating material in retaining
the thermal stability of charged HENMC.

To better clarify the mechanism of the performance improvement
by AP coating, we have shown a schematic diagram in Fig. 9. ALD
process generates a spinel phase on the outer part of the material that
enables fast Li* ion transportation, this differs from the cation
migration caused phase which is due to lithium vacancies in the
lithium layers. The AP coating protects the surface of HENMC from
metal dissolution by shielding the particles from direct contact with the
electrolyte. More importantly, the continuous oxygen release was
suppressed so that the oxidation decomposition of the electrolyte
under high voltage is also suppressed. Furthermore, the plausible
oxygen reduction reaction that happens below 3.0 V has helped create a
robust SEI with more Li>;COs3, which also demonstrates increasing
performance and over 100% CE within the first several cycles.

4. Conclusion

We have successfully used ALD to coat the HENMC cathode
material with aluminum phosphate. This coating layer has demon-
strated effective protection of the cathode material against the attack
from the electrolyte. ALD process can slightly reduce the material
surface and convert the LiMnOj to a spinel-like phase, and the oxygen
release during initial charge can be effectively controlled. The initial
coulombic efficiency can be significantly improved with the presence of
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the coating. Oxygen reduction reaction was more intense in the coated
samples, it helped create a more robust SEI layer, so that the
performance of the coated samples show significant improvement.
Besides, AP coated HENMC has demonstrated much better thermal
stability than Al,O3 coated HENMC and pristine HENMC, making it a
promising candidate for the surface coating modification of HENMC
since oxygen release may lead to severe thermal instability issues.
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