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ABSTRACT: Safety is critical to developing next-generation batteries with high-
energy density. Polyether-based electrolytes, such as poly(ethylene oxide) and
poly(ethylene glycol) (PEG), are attractive alternatives to the current flammable liquid
organic electrolyte, since they are much more thermally stable and compatible with
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high-capacity lithium anode. Unfortunately, they are not stable with 4 V Electolyte /T

Li(Ni,Mn,Co,_,_,)O, (NMC) cathodes, hindering them from application in batteries
with high-energy density. Here, we report that the compatibility between PEG
electrolyte and NMC cathodes can be significantly improved by forming a 2 nm Al,O4
coating on the NMC surface. This nanoscale coating dramatically changes the
composition of the cathode electrolyte interphase and thus stabilizes the PEG
electrolyte with the NMC cathode. With Al,O;, the capacity remains at 84.7% after 80
cycles and 70.3% after 180 cycles. In contrast, the capacity fades to less than 50% after
only 20 cycles in bare NMC electrodes. This study opens a new opportunity to
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develop safe electrolyte for lithium batteries with high-energy density.

KEYWORDS: poly(ethylene oxide), atomic layer deposition, battery safety, polymer electrolyte, thermal runaway, lithium anode,

NMC cathode

B INTRODUCTION

Lithium-based rechargeable batteries with high-energy density
are highly attractive for applications ranging from portable
electronics to electric vehicles and grid-level energy storage.'™
However, higher-energy density is typically accompanied by
lower thermal stability and higher safety risk."’”'> One
intrinsic and critical safety issue in lithium-based batteries is
the flammability of liquid organic carbonate electrolyte, which
has a low flash point around room temperature.'® Although
ionic liquids and fluorinated liquid electrolytes have shown
potential to be nonflammable, their costs are high for large-
scale production.'”~*

Poly(ethylene oxide) (PEO) or poly(ethylene glycol)
(PEG)-based electrolytes are attractive to address this issue
on thermal stability, as they have much higher flash points
(e.g., >150—200 °C, Figure S1, Supporting Information Video
S1) and are compatible with state-of-the-art techniques for
industrial manufacturing.””~*” Unfortunately, PEO is a type of
polyether and easily oxidized above 4.0 V vs Li/Li" so that it is
traditionally considered to be only compatible with LiFePO,
with lower-energy density but not 4 V Ll(leMn Co1 ——) 0,
electrode materials with high-energy density.””* Although
various reports have shown anodic stability beyond 4.5 V vs
Li/Li* in cyclic voltammetry tests with stainless steel

-4 ACS Publications  © 2019 American Chemical Society

electrodes,”®>! 733 most full-cell tests are with LiFePO,, except

few with LiMn,_,Fe PO,.”” In contrast, LiCoO,/PEO/Li cells
show fast capacity decay, even with polymeric protection on
the surface.’” This suggests that the Ni/Co-rich surface of
Li(Ni,Mn,Co,_,_,)O, (NMC) catalyzes the oxidation reaction
of PEO and accelerates its degradation. Therefore, we
hypothesize that the effective passivation of NMC will reduce
the surface’s activity toward PEO oxidation, and its cycling
performance can be stabilized.

In this report, a 2 nm Al,O; coating is formed on the
Li(NiMnCo),/;0, (NMC) electrode by atomic layer deposi-
tion (ALD) to passivate the surface, and the as-coated
electrode shows significantly improved stability with short-
chain poly(ethylene glycol) electrolyte (molecular weight M,
of 500, Figure 1A). When cycled between 4.2 and 2.8 V vs Li/
Li", a specific capacity of 128.5 mAh/g is achieved at C/3 with
a capacity retention of 84.7% over 80 cycles and 70.3% over
180 cycles at room temperature, showing significantly
improved stability compared to bare NMC cathodes. The
results suggest that a high-quality cathode electrolyte
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Figure 1. Design of cathode electrolyte interphase coating to suppress
the oxidation of polyether-based electrolyte and stabilize the NMC
cathode. (A) Schematic to illustrate the concept of protection. (B)
Bright-field image of an NMC electrode with a 2 nm Al,O; coating by
atomic layer deposition (ALD). (C) High-angle annular dark-field
image of an NMC electrode with a 2 nm Al,O; coating by ALD and
energy-dispersive spectroscopy (EDS) mapping of Al/Co overlapping,
Al and Co. Scale bars are S nm. (D) Scanning electron microscope
(SEM) image of the side view of an NMC electrode after 50 cycles.
The bottom part is the Al current collector. (E, F) EDS mapping of
(E) Al and (F) Co in (D).

interphase (CEI) is critical to stabilize a PEO-based electrolyte
with the NMC cathode, which leads to new opportunity to
develop safe rechargeable lithium batteries with high-energy
density.

B RESULTS AND DISCUSSION

In our experiments, the NMC electrode is prepared by mixing
NMC, carbon black, and poly(vinylidene difluoride) (PVDF)
in a ratio of 88:5:7 and doctor-bladed onto an Al foil. ALD
coating is performed on the as-prepared NMC electrode by
alternating water and trimethyl aluminum sources in a 4 in.
ALD chamber. To allow precursors fully penetrating the
torturous battery electrode, a S s holding period is inserted

between precursor pulse (0.03 s) and pumping (30 s). The
existence of ALD Al,O; coating is clearly shown in the high-
angle annular dark-field (HAADF) image in scanning trans-
mission electron microscopy (STEM) (Figure 1C), where a 2
nm amorphous coating presents on the NMC surface, and
EDS mapping shows that the coating layer is Al,Oj, indicated
by the concentrated Al signal (Figure 1C). The comparison of
Al with Ni, Mn, and Co at another location can be found in
Figure S3. The uniform coating of AlL,O; through the whole
electrode is further supported by energy-dispersive spectrom-
eter (EDS) mapping in scanning electron microscope (SEM),
as Al can be detected everywhere. As shown in Figure 1F, the
overlapping of Co and Al in EDS mapping indicates that Al,O;
coating is uniform through the entire electrode. The
corresponding spectrum over a large area is shown in Figure
S3G, where a clear peak of Al can be seen.

To evaluate the effectiveness of such oxide coating, the as-
coated NMC electrode is combined with poly(ethylene glycol)
dimethyl ether (PEGDME) with an M,, of 500 and a binary
salt of 0.6 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) and 0.4 M lithium bis(oxalato)borate (LiBOB).
The reason to choose such small M, is to increase the
electrolyte conductivity, which reaches 1.1 X 107% S/cm at 30
°C and 3.4 X 107 S/cm at 60 °C (Figure S4). Meanwhile, as
the chemical nature of PEGDME and PEO with higher
molecular weights is the same, the low M,, should have little
effect on electrochemical/chemical reactions between NMC
and the electrolyte, and our conclusion that Al,O; coating can
stabilize such a polyether electrolyte with a 4 V NMC cathode
should not change. For simplicity, we will use the abbreviation
PEG instead of PEGDME with an M,, of 500 in this article.
The dual-salt combination of LiBOB and LiTFSI is selected as
it can help prevent Al substrate from the corrosion of
LiTFSL>>™

The electrochemical performance of such Al,O;-coated
NMC/PEG-LITFSI-LiBOB/Li cell is first tested by galvano-
static cycling. After two cycles at C/10, the cell is charged at
C/3 (1C = 150 mA/g), followed by a CV step down to C/20,
and discharged at C/3. Both ranges of 2.8—4.2 and 2.8—4.25V
are tested. In the 2.8—4.2 V range, it is clear that the cycling
stability is greatly enhanced with ALD coating, as reflected by
both voltage profile (Figure 2A—D), capacity retention (Figure
2E), and Coulombic efficiency (Figure 2F). Without the
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Figure 2. Electrochemical performance of bare and Al,O5-protected Li(NiMnCo),,;0, (NMC) electrodes. (A—D) Voltage profiles of NMC
electrode at different cycles (A) without Al,O5 coating, (B) with a 1 nm Al,O5 coating, (C) with a 2 nm AL, O; coating, and (D) with a 3 nm AL O,
coating. (E) Cycling performance of NMC electrodes with 0, 1, 2, and 3 nm Al,Oj coatings. (F) Corresponding Coulombic efficiency of NMC
electrodes in (D). Cells in (A)—(E) are cycled at C/3 between 4.2 and 2.8 V (1C = 150 mA/g). A constant voltage step is added at the end of

charging with a current cutoff of C/20.
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coating, the initial capacity at C/3 is 130.1 mAh/g but drops
fast to 26.3 mAh/g after only 40 cycles (Figure 2E).
Improvement can already be seen in 1 nm coating but not
very effective. The initial capacity at C/3 is 125.1 mAh/g and
remains at 108.3 mAh/g after 40 cycles. However, the capacity
decays fast between the 50th and 80th cycles and is below 10
mAh/g at the 100th cycle. In contrast, with 2 nm coating, the
initial capacity at C/3 reaches 128.5 mAh/g and maintains as
high as 101.8 mAh/g after 100 cycles and 85.7 mAh/g at the
200th cycle. This represents a capacity retention of 66.7% after
200 cycles or a loss of only 0.021% per cycle. On the other
hand, such a trend does not continue for 3 nm coating, where
the capacity retention is only 46.0% after 100 cycles, from
117.4 mAh/g at the first cycle to 54 mAh/g at the 100th cycle.
It is unclear why 3 nm coating not only decreases cell capacity
but also leads to worse cycling life after SO cycles. One possible
reason is that it is easier to form regions with high impedance
in samples with 3 nm coating, since the resistance of Al,O;
coating is very sensitive to its thickness and particles expand
and contract during charge and discharge. This needs further
investigation and will be studied in the future.

Such improved performance clearly validates our hypothesis
that a high-quality CEI can passivate the NMC surface and
suppress the oxidation of PEG electrolytes. This is further
confirmed by the stabilized Coulombic efficiency (CE) for
samples with AL,O; coating. First, the initial CE increases
slightly from 83.0% at 0 nm to 84.0% at 1 nm and 84.9% at a 2
nm Al,O; coating and then goes back to 83.0% at 3 nm; the
average CE in the first 100 cycles at C/3 also improves from
98.10% for 0 nm to 98.60% for 1 nm, 99.43% for 2 nm coating
and 99.0% for 3 nm. Moreover, a strong correlation is also
observed between the onset of fast capacity fading and the
destabilization of CE. Once CE starts to fluctuate, such as the
16th cycle for bare NMC and the 50th cycle for 1 nm coating,
the capacity starts to fade quickly. This suggests that the fast
capacity fading in samples without Al,O; protection is induced
by side reactions between NMC and the PEG electrolyte.

The power capability of the 2 nm Al,Os-coated NMC
electrodes is further evaluated for the range of 2.8—4.2 V vs Li/
Li". The specific capacities at 0.3, 0.5, and 1C are 118.8, 116.9,
and 98.8 mAh/g, respectively, which are 86.3, 85.0, and 71.8%
of that at 0.1C (137.6 mAh/g), as shown in Figure SS. These
results are reasonable for wide applications, and the lower
discharge capacity at 1C is likely a result of excessive resistance
induced by the ALD coating, which can be further engineered
to reduce resistance.

A similar trend of enhanced cycling stability is also observed
when the cell is cycled between 2.8 and 4.25 V (Figure S6).
Without the coating, the initial capacity is 135.0 mAh/g but
drops fast to 19.3 mAh/g after 50 cycles. In contrast, with 2
nm coating, the initial capacity reaches 141.2 mAh/g and
maintains at 91.5 mAh/g after 100 cycles or a capacity
retention of 65%. The improved performance is further
confirmed by the more stable CE for samples with AL,O;
coating. For bare NMC samples, the CE starts to fluctuate
remarkably after 25 cycles with a standard deviation as high as
4.5%. In contrast, only a small fluctuation of 1.0% is observed
in NMC with 2 nm coating after 50 cycles, with an average CE
of 99.0%. Although the cycling performance is not as good as
that with a 4.2 V cutoff, the remarkable contrast between
samples with and without ALD coating clearly demonstrates
the effectiveness of Al,O; passivation.

To understand why the Al,O; coating improves the cycling
performance, the protective effect of Al,O; is first examined by
cyclic voltammetry of carbon fiber papers (CFPs). Carbon
fiber papers (AvCarb MGL190) with 0, 2, and 3 nm were
combined with lithium metal counter electrodes and scanned
between 2.5 and 4.5 V vs Li/Li* at 1 mV/s for five cycles
(Figure 3A). The anodic current above 4.0 V vs Li/Li* is
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Figure 3. Cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) of NMC/PEG/Li cells. (A) Cyclic voltammetry
at cycles 1, 2, and S for carbon fiber paper with 3, 2, and without
AL O; coating. The scan rate is 1 mV/s. (B) EIS at the 1st cycle and
30th cycle, without Al,O; coating. (C) EIS at the 1st cycle and 30th
cycle, with a 2 nm Al,O; coating. (D) EIS at the 1st cycle and 30th
cycle, with a 3 nm Al,O; coating.

significantly smaller than that of bare carbon, indicating less
oxidation of the PEG electrolyte. For example, in cycle 1,
anodic current densities on bare CFP are 13.7, 28.1, and 81.6
uA/cm? at 4.2, 4.3, and 4.5 V, respectively, but reduce to 11.1,
14.1, and 34.3 yA/cm? for CFP with a 2 nm AL O, coating and
to 10.2, 11.2, and 17.9 pA/cm?® for CFP with a 3 nm Al O,
coating (Figure S4). Similarly, in cycle S, while the anodic
current density remains at 2.5, 3.5, and 28.1 uA/cm? at 4.2, 4.3,
and 4.5 V for bare CFP, the current densities are only 2.6, 3.5,
and 15.6 uA/cm?* for CFP with 2 nm ALO; and 2.3, 3.1, and
8.8 uA/cm? for CFP with 2 nm Al,O respectively,
representing a reduction of 40—70% in the oxidation rate
(Figure S7). It should be noted that the area for values above is
based on the geometric area; so, the true anodic current
density normalized to the electrode surface area is significantly
lower. A simple estimation based on the electrical double-layer
capacitance indicates that the true surface area is about 100
times that of the geometric footprint so that the current
densities normalized to the true surface area is 2 orders of
magnitude lower (see Supporting Information Note 1).

To better understand how the reduced activity on Al,O;-
protected surface leads to improved electrochemical perform-
ance, electrochemical impedance spectroscopy (EIS) is carried
out on bare NMC/Li and 2 nm Al,0;-coated NMC/Li cells at
4.2 V. As shown in Figure 3B, when bare NMC is used, the
impedance at 0.1 Hz increases from 468 to 896 € from cycle 1
to cycle 30, and the higher impedance arises from a
significantly longer diffusion tail, indicating that PEG oxidation
also affects ionic diffusion in the solid NMC particles, at least
the surface layer (Figure S12). On the other side, the
impedance at 0.1 Hz of a 2 nm Al,O;-coated NMC decreases
from 1020 to 620 €2 in Figure 3D, which can be attributed to
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Figure 4. XPS depth profile on the surface of NMC electrodes cycled for SO times. (A) Al 2p signal on the NMC electrode with a 2 nm AL, O,
coating. (B and C) F 1s signal on NMC with a 2 nm Al,O; coating (B) and bare NMC (C). O 1s signal on NMC with a 2 nm AL O, coating (D)
and bare NMC (E). M—O bonds can be assigned to either Ni/Mn/Co or Al-O bonds.

the lower impedance at the lithium anode. As cycling goes on,
the repeated deposition of Li will increase the surface area due
to increased surface roughness and the formation of mossy
lithium. This has been observed in various literatures as
reduced overpotential and lower impedance.*>*® This is
further confirmed by our EIS measurement of Li/Li cells
with the same electrolyte used in NMC/Li cells in the paper.
Hence, even if the impedance from the NMC electrode is
steady, the total cell impedance still decreases due to the
reduced impedance at the lithium anode (Figure S8), which is
the case for 2 and 3 nm Al,O5-coated NMCs. This indicates
that there is no significant increase in impedance on the
cathode side once AlL,O; is applied, which stabilizes the
interface. For the 3 nm AL,O; coating, even though the
impedance decreases from 1391 to 1089 Q at 0.1 Hz in Figure
3D, confirming that the coating helps stabilize the system, we
can see that the impedance is obviously larger than the 2 nm
coating. This gives us the idea that the 3 nm coating may be
too thick to improve battery performance, especially for power
density.

To better understand the protective mechanism chemically,
the XPS depth profile of NMC electrodes after 50 cycles is
measured. Two kinds of samples are compared, the bare NMC
electrode and the NMC electrode with a 2 nm Al,O; coating,
which were both rinsed in 1,2-dimethoxyethane (DME) for 15
s and dried before characterizations. Both samples are
sputtered for 0, 2.5, 7.5, and 17.5 min to obtain the depth
profile. The nominal sputtering speed is 2 nm/min calibrated
by Cu; so, nominally, they correspond to depths of 0, S, 15,
and 35 nm, respectively. However, it should be noted that the
sputtering rate differs from material to material; so, the depth
can only be used as a reference. First, the Al peak is clear on
the NMC electrode with a 2 nm Al,O; coating. Al peaks at all
depths can be assigned to either AI-O and/or Al—F bonds,
which are both known to protect layered oxide cathodes.””*’
The F 1s peaks are also distinct for two samples. In the sample
with 2 nm coating, although the surface signal is dominated by
C—F from PVDF at 688.8 eV, the peak at 686.7 eV dominates
for 2.5—17.5 min sputtering. This peak can be assigned to Al—
F, which is consistent with the results on the Al peak.””*" The
energy of 686.7 eV aligns with B—F too, which may come from
the oxidation of LiBOB.** However, the concentration of B—F
is unlikely to be high, since B signal is very weak on the NMC
surface (Figure S9). On the other hand, the dominant F 1s
signal in the bare NMC is the C—F bond from PVDF. No Al—

F or B—F is observed except a small peak at 17.5 min
sputtering (Figure 4C).

O and C peaks also unveil important information. For the
NMC electrode with 2 nm coating, although the dominant
signal is C—O bond in O 1s (Figure 4D) and C 1s peaks
(Figure S10), a metal-O peak arises starting from 2.5 min of
sputtering (~S nm), indicating that the CEI layer is thin.***
In contrast, on the bare NMC electrode, no M—O bond is
detected even down to 17.5 min of sputtering (~35 nm),
suggesting a thick layer of CEI, which may block ion transport.
The difference in SEI thickness is also supported by the XPS
depth profile of Ni/Mn/Co, which shows up clearly after 2.5
min sputtering in the sample with a 2 nm Al,O; coating. On
the other side, without Al,O; coating, these transitional metals
cannot be detected even after 17.5 min sputtering (Figure
§10)." C peaks further show that the major compositions of
carbon species in CEI are C—O—C (286.6 eV, ether) and C—
C/C—H (284.8 eV) in both samples, with a low concentration
of C=O0 centered at 289.2 eV, which may arise from the
oxidation of PEG.*”***® The XPS results clearly prove that
there are remarkable differences of CEI for samples with Al,O,
coating and without coating. The participant of Al in CEI
formation alters the surface chemistry and leads to more
protective phases, such as AlF, and BF,, which slows down
PEG oxidation. The thickness of CEI is also smaller, which
facilitates ion transport. To examine the stability of the Al,O,
coating, the NMC electrode with 2 nm coating after 50 cycles
is further characterized by TEM (Figure S11). A clear Al signal
is still observed outside the Co layer after cycling. This
validates our assumption that the ALD coating layer is effective
and stable during cycling.

B CONCLUSIONS

In conclusion, a 2 nm conformal coating of Al,O; is shown to
be effective in remarkably improving the stability of the PEG-
based electrolyte with the NMC electrode. When charged to
4.2 V, the initial capacity at C/3 reaches 128.5 mAh/g. It
remains at 101.8 mAh/g after 100 cycles and 85.7 mAh/g after
200 cycles. In contrast, the capacity fades fast from 130.1 to
26.3 mAh/g in 40 cycles for NMC electrodes without coating.
Cyclic voltammetry and XPS analyses show that the improved
stability can be attributed to slower oxidation kinetics of PEG
on the NMC surface and the formation of chemically distinct
cathode electrolyte interphase. This study opens a new
possibility to combine high-energy-density NMC electrode
materials with PEO-based electrolyte, which is safer than
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conventional carbonate electrolytes. Further optimization,
including adjusting salt concentration and nonflammable
additives, could further enhance safety, cycle life, and energy
density of this battery system.

B EXPERIMENTAL SECTION

Material and Characterizations. LiNi;,;;Mn, 5Co,,;0, (NMC)
powders were purchased from MSE Supplies LLC and used as
received. SUPER C65 carbon black and Kynar 761 PVDF were
received from Timcal and Arkema, respectively. LiTFSI was received
from Solvay. LiBOB and LiDFOB were received from Gotion Inc.
Poly(ethylene glycol) dimethyl ether (M,, = S00) was purchased from
Sigma-Aldrich. Lithium metal foil with a thickness of 0.75 mm was
purchased from Alfa Aesar. Carbon fiber paper was purchased from
Fuel Cell Earth LLC.

HAADF images and elemental mapping were conducted by an FEI
TALOS F200X transmission/ scanning transmission electron micro-
scope (TEM/STEM). EDS in SEM was performed by a Zeiss Sigma
VP SEM equipped with an EDS detector. Surface analysis was
performed by a PHI 5500 XPS. Before XPS, the electrodes were
removed from coin cells and rinsed by 1,2-dimethoxyethane (DME)
for 15 s to remove electrolyte residue. Ignition test was performed by
dropping 0.2 mL electrolyte on a glass plate, followed by fire ignition.

Synthesis of Al,0;-Coated NMC. The coating of Al,O; was
performed in a Cambridge Nanotech Savannah 200 ALD system. The
as-coated NMC electrode is placed in the chamber at 100 °C. The
trimethyl aluminum and water source were pumped inside
alternatively. Each pulse, hold period, and pumping time were 0.03,
S, and 25 s, respectively. The N, flow rate is 20 sccm. Nominally, 1, 2,
and 3, and 2 nm coatings correspond to 10, and 20 and 30 cycles of
ALD, respectively.

Electrochemical Characterization. The NMC electrode (~3.0
mg/cm® or ~0.4 mAh/cm?®) was prepared by casting a slurry mixture
containing 88 wt % NMC, a 5 wt % SUPER C65 conductive carbon,
and 7 wt % PVDF in 1-methyl-2-pyrrolidone (NMP). After drying,
the electrode was calendared and punched into disks with a diameter
of 12 mm and further dried at 110 °C for 3 h. The as-prepared NMC
electrode was assembled with a lithium metal anode, a PEG-based
electrolyte, and Celgrad separators in a 2032 coin cell.

The galvanostatic cycling was performed by Landt battery testers.
Cyclic voltammetry was performed by a Bio-logic VMP3 tester. The
cell assembly was done in a glovebox (MBraun LABmaster) filled with
argon gas (<1 ppm O, and <1 ppm H,0). The conductivity of the
electrolyte was measured in a square quartz cell, where the electrode
area is 1 cm? and the electrode distance is 1 cm.
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