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Extended Interfacial Stability Through Simple Acid Rinsing

in a Li-rich Oxide Cathode Material
Srinivasan Ramakrishnan,® Byungchun Park,*>® Jue Wu,“? Wanli Yang,© Bryan
D. McCloskey®“*
2Department of Chemical and Biomolecular Engineering, University of
California Berkeley, Berkeley, CA 94720, USA
°LG Chem Research Division, Daejeon, South Korea
‘Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley,
CA 94720, USA

Environmental Energy Technologies Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA

ABSTRACT

Layered Li-rich Ni, Mn, Co (NMC) oxide cathodes in Li-ion batteries
provide high specific capacities (=250 mAh/g) via O-redox at high voltages.
However, associated high-voltage interfacial degradation processes require
strategies for effective electrode surface passivation. Here, we show that an
acidic surface treatment of a Li-rich NMC layered oxide cathode material
leads to a substantial suppression of CO, and O, evolution, ~90% and
~100% respectively, during the first charge up to 4.8 V vs. Li*°. CO;
suppression is related to Li.COs; removal as well as effective surface
passivation against electrolyte degradation. This treatment does not result in
any loss of discharge capacity and provides superior long-term cycling and
rate performance compared to as-received, untreated materials. We also
quantify the extent of lattice oxygen participation in charge compensation
(“O-redox”) during Li* removal by a novel ex-situ acid titration. Our results
indicate that the peroxo-like species resulting from O-redox originate on the
surface at least 300 mV earlier than the activation plateau region around 4.5



V. X-ray photoelectron spectra and Mn-L X-ray absorption spectra of the
cathode powders reveal a Li* deficiency and a partial reduction of Mn ions on
the surface of the acid-treated material;—aleng-with-a-partialreductionof-Mn
tons—en-the surfaceof the acid-treated-materiatl._More interestingly, although
the irreversible oxygen evolution is greatly suppressed through the surface
treatment, our O K-edge X-ray—abserptionspectra—with-—mRIXS—{mapping—-of
rresonant inelastic X-ray scattering} mapping-showss re—ebviedus—difference
irthe lattice O-redox behavior_largely sustained-between—thetwo—naterials
as—a—function—of —state-ef-charge. The acidic treatment, therefore, only

optimizes the surface of the Li-rich material and almost eliminates the

irreversible gas evolutlonemy—pe%wbs—the—s&#aee—ef—ﬂw—eat-hede—pameles

ameunt—eofO-redoxrelease—attheparticle—surface, leading to improved
cycling and rate performance. This work therefore presents a simple yet
effective approach to passivate cathode surfaces against interfacial

instabilities during high-voltage battery operation.

Keywords: Li-ion batteries, Li-rich NMC, Interface passivation, DEMS, OEMS.

BROADER CONTEXT

The advent of commercial Li-ion batteries in 1991 has since
transformed the consumer electronics industry. However, in order to
translate these technological advances into large-scale electrification of the
transportation sector, significant improvements to battery energy densities
are needed. Layered Li-rich Ni, Mn, Co (NMC)-based oxides are promising
cathode candidates as they provide high specific capacities (>250 mAh/g)
through the combined participation of transition metals and oxygen exide
anions (“O-redox”) in charge compensation during Li*-removal and re-
insertion. However, at the high voltages where O-redox is active,
degradation processes at the cathode-electrolyte interface result in rapid

capacity fade and therefore impede the commercialization of this material.
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We demonstrate a simple, scalable acid-rinsing procedure for the cathode
material, which achieves effective passivation of the cathode surface
throughout the voltage window of O-redox, resulting in superior long-term
cycling and rate performance. Towards understanding the effect of such
treatments on enabling reversible O-redox, we have developed a novel way
of quantifying O-redox at various states of charge in such materials using

differential electrochemical mass spectrometry.

INTRODUCTION

A significant boost to the energy density of state-of-the-art Li-ion
batteries is needed to hasten the penetration of electric vehicles in the
transportation sector.! At the individual cell level, the specific capacity is
limited by the layered Li-stoichiometric transition metal oxide cathode of the
formula LiIMO; (~160-180 mAh/g), where M = Ni, Mn, Co (NMC), compared to
the graphite anode’s theoretical capacity of 372 mAh/g.? A related class of
materials that offer higher energy density compared to the Li-stoichiometric
materials are the Li-rich NMC oxides, Li1+xM1.x02,-~where the excess Li resides
in the transition metal layer.>* Specific capacities greater than 250 mAh/g
can be achieved with these materials. It is believed now that the excess
Ccapacity of “hen——compared—to——steichiometrieNMC—Li-rich NMCis—exeess
capacity is derived from the participation of the oxygen anions (“O-redox”) in
charge compensation, starting during the initial charge durirg-t+*—+removal-at
high voltages (> 4.4 V vs. Li*°) beyond the charge compensation provided by

transition metal redox. At these high voltages, however, degradation
processes at the cathode-electrolyte interface, including surface O loss,*?
residual Li.CO; decomposition,® and electrolyte decomposition resulting in
CO, evolution,” lead to interfacial impedance increase® and the rapid
deterioration of battery performance. As the organic carbonate solvents are
stable up to 5 V vs. Li*? at an inert electrode,® their degradation during
battery operation at high voltages (> 4.4 V) is, therefore, influenced by the

chemistry at the cathode surface.
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The passivation of the transition metal oxide cathode surface with
external coatings of metal oxides,® phosphates'*'? and fluorides'** is a
common strategy to confer interfacial (as well as mechanical) stability,*® and
thus extend the lifetime of batteries. However, with the commonly employed
wet-coating methods for the deposition of the coatings, the extent of the
coating’s coverage on the cathode surface is often non-uniform, which
makes the interpretation of the longer-term benefits in terms of battery
performance less straightforward.!” Additionally, any lattice mismatch
between the coating material and the underlying oxide may introduce
additional resistances for Li* transport. Layer-by-layer deposition techniques
such as atomic layer deposition may be utilized to deposit uniform, well-
defined coating layers on the cathode materials in a controlled manner,?’-1°
albeit they are expensive and perhaps not scalable. In addition to these
techniques, “reactive” passivation techniques, such as chemical treatments
of the electrode surface with reagents such as ammonium carbonate or
ammonium sulfate at high temperatures, have been shown to produce Li*-
deficient outer layers that result in better rate-capability during cycling.?%%
Further, such chemical treatments may reduce surface impurities such as
LiCOs, which have been shown to decompose in a voltage-dependent
manner, leading to the production of CO, and singlet oxygen, with the latter
likely triggering electrolyte degradation leading to increased C0,.%%2*
Therefore, scalable, solution-based passivation methods for the surfaces of
high energy cathode materials against interfacial degradation at high

voltages are desirable.

For Li-rich NMC oxide materials in the absence of stable passivating
layers, O-redox at high states of charge create peroxo-like species that could
be susceptible to electrolyte attack.??’ However, the challenges associated
with quantifying these species generated at high voltage make it difficult to
study their impact on electrolyte degradation. While the bul«reversibility of
bulk O-redox over several hundreds of cycles has recently been shown using




synchrotron-based X-ray spectroscopic techniques such as hard X-ray
photoemission?® or soft X-ray_mapping of resonant inelastic X-ray scattering (
abserption—with-mRIXSMRIXS)- ,%? the role

of the lattice oxygen redox reactionssueh—species in suppressing—affecting
interfacial degradation isret-weHremains unclear-understood.

Quantifying the CO; and O, evolved as a function of cell voltage by

differential electrochemical mass spectrometry (DEMS)’2° is a useful in situ
technique for studying the various interfacial degradation processes
discussed above, such as surface O, loss and electrolyte decomposition
leading to CO. evolution, as a function of state-of-charge of the materials.
Performing these outgassing studies on isotopically enriched cathode
materials provides further insight on the origins of the gaseous species,3 and
therefore informs the design of passivating coatings. DEMS measurements
have also been recently extended to quantify ex situ, surface oxygen
depletion in Li-stoichiometric NMC 622 materials.>?

In this work, we present a simple, scalable, solution-based surface
passivation method for Li-rich NMC oxide materials via a short atfree
chemical treatment with dilute sulfuric acid at room temperature. As
determined by DEMS, the acid treatment significantly suppressed first cycle
CO. evolution and eliminated O, evolution when the Li-rich NMC oxide
cathode was delithiated up to 4.8 V vs. Li*°. Furthermore, no loss in
discharge capacity was observed in the acid-treated material as compared to
the untreated material. The enhanced interfacial stability in the acid-treated
material resulted in superior long-term cycling and improved rate
performance. To gain an understanding of the impact of O-redox on
interfacial reactivity, we demonstrate a simple method to fully quantify O-
redox in these Li-rich NMC materials, by titrating the peroxo-like species
resulting from O-redox, and measuring the evolved 0O.. Using DEMS in
conjunction with ICP-MS, X-ray photoelectron spectroscopy-and, Mn-L soft X-
ray absorption spectroscopy, and O-K mRIXS with both surface- and bulk-

sensitivity, we quantify and compare the various redox processes on the
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surface as well as in the bulk of the two materials. Our results indicate that
the acid treatment only perturbs the surface of the particles, inducing a
partial Li* deficiency and a partial reduction of Mn** that results in significant
improvements to battery performance including gas evolution suppression,

enhanced cycle life, and rate capability at high voltage.

RESULTS AND DISCUSSION

The Li-rich NMC oxide of the stoichiometry, Li116Nio20C0020MNg.4402 (“LR-
NMC”), was initially characterized by scanning electron microscopy, powder
X-ray diffraction and inductively coupled plasma mass spectrometry (see
experimental section). The residual Li,COs carbonate content on the surface
of this material was estimated to be ca. 0.24 wt.% from titrations against
H.SO, (Table 1). Electrode preparation and cell assembly were performed in
an Argon atmosphere to suppress Li,COs buildup from exposure to ambient
moisture and CO,. The as-prepared electrodes were cycled between 4.8 V
(charge cut-off) and 2.5 V (discharge cut-off) in a hermetically-sealed cell
with a Li-foil negative electrode in 1 M LiPFs in ethylene carbonate-diethyl
carbonate (3:7 by volume) electrolyte at a rate corresponding to the
removal/insertion of 0.1 Li* equivalent in one hour. The headspace of the cell
was connected to a custom DEMS setup for outgassing measurements as a
function of state-of-charge. For more extensive descriptions of all
experimental procedures, see the Experimental Section.

The first cycle voltage profile of this material (Figure 1A, in black)
initially shows a sloping region to ~4.4 V, typically associated with transition
metal oxidation during Li* removal, followed by a long plateau region
typically associated with the activation of the Li-rich Li,MnOs; phase, wherein
the lattice- anions participate in charge compensation_and get
oxidized—{“O-redex"}.33: As typical for this class of materials, there is a large
first cycle irreversibility evidenced from the difference between the charge
and discharge capacities (Table 1). As a consequence of O-redex_oxidation,

ca. 12.7 umoles/g of O, are evolved during the first charge, as observed in
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the DEMS measurements (Figure 1A), coincident with the onset of the high
voltage plateau. In the same voltage window (~4.4 to 4.8 V) where O
evolution is observed, there is significant CO, evolution (32.2 umoles/g) from
a combination of Li,CO; decomposition and electrolyte degradation (vide
supra).

To decrease the amount of the residual surface impurities, such as
Li>COs, on the surface of the Li-rich NMC oxide material, the powder was
stirred with 0.1 M H,SO4 (1:1 LR-NMC: acid weight ratio, or a ~250-fold molar
excess with respect to the Li.COs; content) in a N, atmosphere for about 10
minutes. The acid-treated powder was then rinsed with water and acetone,
dried at 135°C under vacuum and transferred to an Ar atmosphere without
air exposure. The Li,CO; content of the surface-treated sample was reduced
to ~0.1 wt% (Table 1). The surface acidic treatment therefore removed
~58% of the residual Li,COs on the surface of the cathode particles. As will
be discussed later, the oxide surface structure was also beneficially impacted

by this acid rinsing procedure.

Table 1. First cycle specific capacities and gas evolution in the as-received and surface-
treated LR-NMC materials (voltage range = 4.8 - 2.5 V; rate= 0.1 Li*/hour).
Li-rich NMC Oxide

As Surface-

received treated
Li,CO5 wt % 0.24 0.1
content: Kmoles/ 32.5 13.5

9

First cycle CO; (umoles/ 32.2 2.4
g)
First cycle O; 12.7 0.0
(umoles/qg)
Charge capacity (mAh/ 283 242
g)
Discharge capacity 189 188
(mAh/g)

In the charge profile of the surface-treated material (Figure 1A, in red),
while the sloping transition metal redox region up to 4.4 V is similar, the high



voltage plateau associated with O-redox is shorter compared to the as-
received sample, corresponding to a 40 mAh/g lower charge capacity,
posited to result from a loss of Li from the Li-excess Li,MnOs; phase during
the surface acidic treatment (vide infra). Notably, there was no difference in
the discharge capacity, therefore resulting in a greater first cycle

reversibility.

The corresponding outgassing data as a function of voltage show
remarkable differences compared to the as-received material (Figure 1,
middle and lower panels; in red). Notably, we observe a complete
suppression of O, evolution up to 4.8 V in the acid-treated material.
Coincident with the lack of any O, release is a significant suppression of CO;
evolution. While ~58% of the Li,COs on the particle surface was removed by
the acid treatment, the suppression in CO, evolution during the first charge
observed in the DEMS experiment is 92% (Table 1). This observation
strongly suggests that, in addition to a reduction in CO, evolution from
Li,COs;, we achieve a significant degree of interface passivation against
electrolyte oxidation in the surface-treated LR-NMC cathode. We note that a
higher amount of H, evolution is observed in the surface-treated LR-NMC
compared to the as-received material, along with a slight increase in H;
coincident with the onset of the high-voltage plateau in the voltage profile
(Figure S1). A possible explanation of this behavior is that H* adsorbed or
exchanged with Li* at the LR-NMC particle surface is reduced to H; in a
process coupled to near-surface transition metal reduction (e.g., from the
formation of Mn?*, as has been observed at the surface of transition metal
oxides after large degrees of delithiation). H* could also desorb or deinsert
from the LR-NMC surface and diffuse to the Li metal negative electrode,
where it could then evolve H; from reaction with Li. Research to further
understand and suppress H, evolution is currently underway in our
laboratory, although we emphasize that the total amount of H, evolution is

small even in our treated particles (~25 pumol/g), and, as will be shown later,



cycling of the treated LR-NMC is substantially improved compared to the
untreated LR-NMC.
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Figure 1. The first cycle charge-discharge profile (top) of the as-received (in black) and
surface-treated (in red) LR-NMC cathodes with accompanying O, and CO; evolution as
measured by DEMS (rate= 0.1 Li*/hour).

In order to ascertain whether the improved interfacial stability in the
acid-treated materials is arising from a possible difference in O-redox
behavior, we quantified the extent of O-redox in the two materials as a
function of state-of-charge. We performed ex-situ titrations of electrodes
charged and discharged to various potentials with the addition of 3.5 M
H.SO, in a custom-designed titration cell connected to our DEMS setup (see
experimental details). After charge/discharge, the electrodes were
disassembled under Ar, rinsed with dimethyl carbonate and dried at 100°C

under vacuum prior to the titrations. Acid-induced disproportionation of one
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equivalent of the peroxo-like species in the electrode generated from O-
redox yields H,O and half an equivalent of O, (equation 1). By measuring this
O. (Figure S2), labelled as QOR-O;, (where QOR stands for quantifiable O-
redox), we precisely quantify the extent of O-redox in these materials.

[ 120,4H,00

O;ﬂ,+2 (1)

QOR-0,, which is directly proportional to the O-redox in the solid
material, as a function of the state-of-charge of the cathode materials is
shown in Figure 2. We clearly observe higher amounts of QOR-O, at the
higher cut-off voltages during charging (4.6 and 4.8 V) as expected for Li-rich
NMC oxides. Noting that transition metal redox in this material can account
for roughly 0.4 Li* units being extracted (< 4.4 V), we expect that oxidation
of the lattice oxygen anions provides charge compensation during Li-removal
beyond a capacity of 0.4 Li*. For one equivalent of Li* extracted, which is

accompanied by a one-electron oxidation of an anion, half an

N QUCIF .
equivalent of a peroxo-like species will be formed (i.e. O“:EOZ ‘), which after

disproportionation, according to equation 1, will evolve ¥ equivalents of
QOR-0,. Therefore, for x equivalents of Li* extracted beyond 0.4, we expect
a linear increase in the amount of O, above 4.4 V based on equation 2. For x
> 0.4 in Fig. 2, the QOR-0O; values show good agreement, although are
slightly lower than the predicted QOR-O, values based on the expected value
provided in equation 2 (which is shown as a dashed line in Fig. 2A and B).
The small difference between the measured QOR-O. and the predicted QOR-
O, value from equation 2 is roughly equal to the amounts of O, and CO;
evolved during battery cycling (Figure 1), 0.11 and 0.28 mol% respectively.

molQOR-0, x-0.4

molcathode 4 x100 (2)

Therefore, these ex-situ electrode titrations coupled with in-situ DEMS gas

evolution enable the complete quantification of O-redox.
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Interestingly, even in the cathode charged to 4.2 V (x < 0.4, where the
high voltage plateau region has not been reached), we observed a significant
amount of QOR-0O; on acid addition (Figure 2A, inset), implying the presence
of O-redox at much lower potentials than the plateau region typically
observed during charging in these Li-rich materials. We also extended the
ex-situ titrations to quantify the degree of reversibility of O-redox after full
charge-discharge cycles to various charge potential cutoffs (Figure 2, solid
points). The charged electrodes were discharged down to a cut-off voltage of
2.8 V to prevent any reduction of the evolved O,, which in carbonate-based
electrolytes would result in substantial electrolyte degradation.?*° For the
electrodes charged to 4.2 and 4.4 V, the amount of QOR-O, after the
subsequent discharge to 2.8 V approaches zero, implying there is good
reversibility of O-redox at these low voltages. However, for the electrodes
charged to 4.6 V and 4.8 V, i.e., beyond the voltage plateau in Figure 1 (and
x > 0.4), ca. 2-3% of the peroxo-like species are not reduced back to O*
(based on equation 1), implying a slight loss in the reversibility of O-redox
after the 1% discharge. Of note, the QOR-0, from the unreduced peroxo-like
species evolved during the titrations of the high-voltage cycled electrodes is
an order of magnitude greater than the O, evolved during electrochemical
cycling (0.1 mol%, Figure 1), which implies that factors other than surface O
loss during cycling are responsible for the loss of reversibility of O-redox
after the first cycle. Decreasing the discharge cut-off to 2 V did not affect the

reduction of these residual peroxo-like species.

In contrast to the as-received material, ex-situ titrations of the surface-
treated material (Figure 2B) reveal a negligible amount of QOR-0O; in the
electrode charged to 4.2 V, and much lower QOR-O; in the electrode charged
to 4.4 V (Figure 2B inset). Electrodes charged to 4.6 V and 4.8 V show
amounts of QOR-0O, comparable to the as-received material; this measured
O-redox above 0.4 Li* extraction is consistent with the amount expected if O-

redox accounted for all charge compensation during delithiation (dashed line
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in Fig. 2B, equation 2). The lower amounts of these species in the acid-
treated materials at low states of charge points to a Li* deficiency on the
particle surface (vide infra). Upon discharge to 2.8 V after a charge up to 4.8
Vv,
compared to the pristine sample, suggesting that the surface treatment has

roughly the same 2-3% peroxo-like species remain unreduced as

no effect on the overall reversibility of bulk O-redox.

12+ O Charged to Listed Voltage 4.8V
:g @® Discharged to 2.8V C,)
S 10f 46V
E=Ne, 0.8} 4.4V o |
*;‘% 8t 4.2V o ; :
Q% |04} © .
EC‘): g 6f i !
o9 ° L4 | !
m% 4_00 B & 1 :
o 03 04 05 L
=% o) 0
= 42v 44V e °,
2 o 68 ,,

0.0 0.2 0.4 0.6 0.8 1.0
x in Li1.16 - xNio.20C00.20MnNg.4402
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“8‘ ¥ Discharged to 2.8 V v
s 10t 5
E=N® 0.8} :
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Figure 2. Ex-situ titrations to quantify O-redox (QOR-O,) of electrodes charged to various
potentials (as indicated) and discharged to 2.8 V, for the (A) as-received (black) and (B)
surface-treated (red) LR-NMC oxide cathodes. The sloped dashed line is the QOR-0O,
expected on charge if O-redox accounted for 100% of charge compensation beyond x=0.4
(see equation 2). Transition metal redox is expected to account for most of the charge
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compensation when x < 0.4, although modest amounts of QOR-02 are observed even in this
region (insets).

We clearly observe lower amounts of peroxo-like species at lower
states of charge (x<0.5) in the acid treated material compared to the as-
received material (Figure 2). As the acidic treatment is expected to perturb
only the surface of the cathode particles, this result implies that the oxidized
O-redex mainly originates at the particle surface and migrates inward with
increasing de-lithiation. To probe the distribution and evolution of the
peroxo-like species during de-lithiation as a function of particle depth in the
cathode materials, we isotopically labeled the particle surface of the as-
received material with 0, (see experimental section). The extent of
enrichment was determined from the relative ratios of C**€0,, C'%80, and
C'8180Q, evolved from the residual Li.COs on the surface of the powders on the
addition of 10 M H,S0, (Figure S3), assuming that the oxide surface was
enriched to a similar extent, as was shown for Ni-rich NMC materials
previously.*? Of the total CO, evolved, 37% was the singly labeled C!**2Q,,
11% the doubly labeled C'¥!8Q,, with the rest (52%) being unlabeled C!*€0Q,
(Table 2). The electrodes prepared from the 20-labeled powder were
charged to 4.4 V and 4.8 V, where a small and large amount of O-redox was
observed (Figure 2A), respectively, and harvested for ex-situ titrations with
3.5 M H,S0, as described above. The percent ratio of *180,, 18180Q,, and 5°0,
evolved from the electrode charged to 4.4 V (Figure S4A) were ca. 32%,
10%, and 58%, respectively, which roughly matched the enrichment ratio of
the surface Li.COs on the labeled LR-NMC powder (Table 2). From the isotopic
distribution of the evolved O,, we conclude that the peroxo-like species
generated from O-redox at lower potentials (= 4.4 V) originate near the
particle surface. The corresponding distribution of O, evolved from the
electrode charged to 4.8 V (Figure S4B) were ca. 9%, 1%, and 90%, implying
that at the high state of charge (4.8 V), the majority of the peroxo-like

species are present, not surprisingly, in the particle bulk.
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Table 2. Extent of 80-enrichment of the evolved CO, and O, during acid titrations of the as-
received powder and cycled electrodes prepared from this *0-enriched LR-NMC material. No
O, evolved during the acid titration of the powder.

130-enriched LR-NMC Powder 120-enriched LR-NMC Electrodes
Charged Charged
to4.4V to4.8V
% C16180,/total 37 % 16180,/total O, 32 9
COy(titrated) (titrated)
% C16180,/total 11 % 16180,/total O, 10 1
COy(titrated) (titrated)
% C'%180,/total 52 % 16180,/total O, 58 90
CO,(titrated) (titrated)

We also estimated the amount of carbonate species on the electrode
surface, viz., the residual Li,COs, as well as newly formed carbonate species
from electrolyte decomposition, by measuring the amount of CO, evolved
during the ex-situ acid titrations (which we define as SC-CO,, derived from
total surface carbonates(SC)) of electrodes extracted from cells after being
charged to various potentials (4.2-4.8 V vs. Li*?). The amount of SC-CO,
corresponding to the total amount of native Li.COs; on the cathode material
prior to cell assembly (Table 1), is marked by the dashed lines for the as-
received and surface-treated LR-NMC materials (Figure 3). After charging to
4.8 V, the total amount of SC-CO, titrated (~80 pmol/g) is quite high
considering that the electrodes were thoroughly rinsed in dimethyl carbonate
and dried, suggesting that these decomposition products strongly adhere to
the electrode surface. Similar to the increasing amount of CO, evolved
during charging as a function of voltage (Figure 1A, black), the as-received
Li-rich NMC oxide material shows an increase in surface carbonate deposits
as a function of state-of-charge in the ex-situ titrations (Figure 3), implying a
corresponding increase in electrolyte degradation. The surface-treated
materials, however, show much lower SC-CO. at all potentials compared to
the as received material. Notably, there is a negligible increase in SC-CO,
from 4.2 V to 4.4 V, whereas the as-received LR-NMC shows a ~3-fold

increase in the same voltage window. Overall, it is clear from the outgassing
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analysis during cell cycling (Figure 1) and the solid carbonate deposition
analysis in Figure 3 that the acid surface treatment suppresses interfacial
degradation at all potentials. As the bulk O-redox behavior is unchanged
upon acid treatment, evidenced by the similar amounts of QOR-O, evolved in
the two samples at high states of charge (vide supra), changes on the
surface of the cathode are very likely responsible for the large suppression of
outgassing seen in Figures 1 and 3. As compared to the as-received LR-NMC,
the lower amount of the peroxo-like species detected in the surface-treated
samples charged to 4.4 V (Figure 2B, inset) may be responsible for the
enhanced interfacial stability of the treated materials, as the peroxo-like
species in this range clearly originate from the particle surface (Figure S4A,
Table 2).

100

O asreceived

V surface treated 4.8V
80 1

60 4.6V

40 - o

pmoles SC-CO, titrated/
gram of LR-NMC

20 - 4.2V V4 6V Vagv
L native ____________ vQ SRR - SR ——-. 22

Li2COs a2y 4.4V

0 : : : :
0.0 0.2 0.4 0.6 0.8 1.0
X in Li1.16 - xNip.20C00.20Mng 440>

Figure 3. SC-CO, from surface-bound carbonate species during ex-situ titrations of charged
electrodes (voltages as indicated).

To probe the chemical structure of the particle surfaces, we perform X-
ray photoelectron spectroscopy of the untreated and surface-treated Li-rich
NMC oxide powders, which reveal several differences in the Li 1s, O 1s and
Mn 2p spectra, as shown in Figure 4. The Li 1s spectrum (Figure 4A) of the
as-received sample consists of a major peak centered at 53.9 eV assigned to
the lithiated transition metal oxide, and a small shoulder centered around
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55.4 eV assigned to Li,COs.** In the surface-treated powder, the peak
corresponding to the lithium in the transition metal oxide is of reduced
intensity, which provides evidence for a partial Li* loss from the outer
surface upon acidic treatment. Concomitant with this surface depletion of Li*,
the O 1s peak of the transition metal oxide, centered at 529.1 eV in the
pristine sample, shifts to a more positive binding energy by ca. 0.4 eV upon
acidic treatment (Figure 4B), possibly from an undercoordination of the
oxygen anions, and is of reduced intensity. The O 1s peak at 531.5 eV,
assigned to Li.COs, is also of reduced intensity in the surface-treated powder.
In the Mn 2p spectrum (Figure 4C) of the surface-treated powder, there is a
slight average reductive shift of both the Mn 2p., and Mn 2ps, features
compared to the as-received powder. The Ni 2p and Co 2p spectra in both
materials were similar (Figure S5). These results, therefore, suggest that the
Li* loss from the outer LR-NMC surface during acid treatment, presumably as
LiO given the negligible XPS spectra intensity changes of the transition
metals, originates from the Li-excess Li-MnOs phase.

In the powder XRD studies of the pristine and surface-treated materials
(Figure S6), we observed the growth of a small peak near the (003) reflection
at 19°, which is related to an expansion of the c-axis due to surface Li*
removal. A ~10% loss of Li* in the surface-treated material with no change in
stoichiometry of the transition metals was confirmed by ICP-OES analysis of
the two materials. The lower Li* in the treated material is, therefore, in
agreement with the Li 1s XPS results, as well as with the observed lower first

cycle charge capacity compared to the as-received material.
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Figure 4. A) Li 1s, B) O 1s and C) Mn 2p XPS spectra of the as-received (in black) and acid
treated (in red) LR-NMC oxide powders.

While the small shift in Mn 2p XPS implies the reduction of Mn on the

surface, a more direct probe of the Mn 3d valence states is needed to clarify

and quantify the Mn states. It is known that sSoft X-ray absorption spectra
(sXAS) of TM L-edyes —the-as-received—and-surfece-treated-meterials—revealt

provide a much more direct probe of the Mn 3d valence states instead of the

small chemical potential shift in XPS™!. Furthermore, guantifications of L-

edge sXAS could provide detailed results of Mn oxidation states due to the

direct sensitivity of Mn-L sXAS to Mn 3d valence states.[Cite here again Ref.

371 As shown in Figure 4D, Fhe-the Mn L-edge spectra collected through i
the surface-sensitive Ftotal electron vield (TEY) channel mrede{Figure-5A)—+h
agreement—with—the XPS—results,—reveals_distinct lineshapes between the
materials with and without -apartial-reduction-of- Ma* -en-the surfaceof-the
acid-treatment. In particulared-material, asevidenced-from-the growth of the
absorption peaks at 641.8 eV and 640 eV_—which-corresponds directly to the
increased contents of t6-Mn** and Mn?* states, respectively, as shown by the

reference spectra on the bottom!. The dramatic change of the Mn-L sXAS
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lineshape allows a simple linear combination fitting offrem—Ffits te—the
appropriate—reference—spectra—{dettedtne—in—Figure—5A}the experimental

data by using the reference spectra, which precisely fits the spectra and

extracts the quantified values of Mn oxidation states™!, ;~wOQur fittings (dotted
lines in Fig. 4D)e find thatroughly 35% of the-Mn-is-presenrtas-Mn3* and 15%
as-of Mn?* on the surface of ferthe acid-treated sample,_sharply contrasting
the dominating surface Mn**-whereas—theMn in the as received sample-is

Another important question is whether the lattice oxygen redox

activities are affected by the surface modification discussed above. We thus

further performed O K-edge spectroscopy in different modes. The O-K sXAS

displays a typical broadening around the so-called “pre-edge” features

between 528-533 eV range in the charged states, which could be seen in

both systems (Supplementary Fig. S???). As we have recently clarified, such

a 0-K pre-edge evolution is dominated by the increased TM-O hybridization

in the oxidized (charged) state and is not a signature of oxygen redox.1*! |n

the meantime, recent studies have established the tool-of-choice for probing

the lattice (non-released) oxygen redox behavior through mRIXS, which

further revolves the sXAS fluorescence vield signals along a completely new

dimension called emission energy (horizontal axis of Fig. 5XXX). Specifically,

a feature typically at 523.7 eV emission energy emerges and disappears

upon electrochemical cycling, ?° fingerprinting the oxygen redox states.®! As

shown in Fig. 5XXX, both system show clear signature of lattice oxygen

redox, with the oxidized oxygen mRIXS feature at 523.7 eV emission energy

emerges in _the charged state (white arrows) and disappears when the

electrodes are discharged. This finding is critical because the surface

treatment significantly reduces the gas evolution (Figure 1), however, has

essentially no impact on the lattice oxygen redox. The association between
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oxygen release and lattice oxygen redox has been an intriguing topic in the
battery field,’® and our finding directly reveals that the oxygen release and
lattice oxygen redox are not directly associated.
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Figure 5. Soft X-ray absorption spectra of the LR-NMC oXide materials: Mn L-edge spectra in
the (A) TEY mode (dotted lines are the fits based on the constituent Mn?*, Mn3** and Mn**
spectra (dashed lines), (B) TFY mode; and (C)-(D) O K-edge spectra (as-received as solid
lines, surface-treated as dashed lines) of the powders (in black), and electrodes at different
states of charge in the surface-sensitive TEY mode and bulk-sensitive TFY modes as
indicated.

- Please remove Fig. 5B

- Please replot Fig. 5¢ and 5d with full energy range plot and move both panels into

supplementary. The “pre-edge” intensity should be enhanced in the charged states due to
hybridization feature enhancement - although not plotted here, | could tell this is the case

from the mRIXS images, so | wrote directly in the text.
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- Please move the full Supplementary Fig. S7 here (see text)

- If the panels are hard to arrange into one figure, consider moving the pristine or

discharged mRIXS of the untreated samples into supplementary. But please make sure the

charged electrodes are shown here in main figure!

- Adding arrows to the charged sample mRIXS results (like the ones here).

The suppression of first cycle interfacial degradation evidenced by the
lack of O, and CO, evolution in our DEMS results also led to extendable
stability during long-term cycling (Figure 6A) in a coin-cell versus a Li-foil
anode. In the as-received material, there is a seeming increase in discharge
capacity during cycling, which we ascribe to parasitic electrochemical
processes such as electrolyte decomposition on the cathode surface, which
eventually leads to premature cell failure (Figure 1B). There is also a modest
difference in the rate capability of the two materials when cycled at rates
increasing from C/10 to 1 C (Figure 6B), where C represents the current
needed to a complete discharge of all reversible capacity in 1 hour (i.e., 30.5
mA/g). The as-received material is unable to recover its low rate discharge
capacity after high rate operation (between 1C and 0.1 C), and this capacity
further fades rapidly with increasing cycles at 0.1 C. The surface-treated
material on the other hand, recovers the initial discharge capacity after high
rate cycling followed by a very gradual loss in discharge capacity, akin to the
cycling data at 0.1 C in Figure 6A. We hypothesize that the interfacial
degradation processes in the as-received sample, evidenced from our DEMS
results, are accelerated during fast cycling, leading to irreversible changes to
the electrode material resulting in a rapid capacity fade. The reduction in
interfacial reactivity with the surface treatment, therefore, significantly
impacts cathodic stability for long-term battery performance as well as
higher rate cycling.
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Figure 6. (A) Long term cycling performance of the materials in a coin cell (rate= 0.1

Li*/hour, or 30.5 mA/qg); (B) rate capability tested in a coin cell at various rates shown (a rate
of C corresponds to a complete discharge in one hour).

CONCLUSIONS

In this work we have described a simple solution-based, inexpensive
and scalable method for passivating the surface of Li-rich NMC oxide cathode
materials against interfacial degradation during high-voltage cycling. We
observe significantly lower first-cycle outgassing in the treated electrodes,
which leads to improved rate and long-term cycling performance. Ex-situ
DEMS, employed to fully quantify O-redexthe oxidized oxygen, along with

spectroscopic studies indicate that only the surface of the particles is
perturbed by the acid treatment, resulting in a Li* deficiency and partially
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reduced Mn. Surprisingly, the while—preserving—the-bulklattice oxygen redox

reaction is largely preserved although the gas evolution is significantly

reduced through the surface treatment, indicating these two oxygen
activities are decoupled. -transition—rretaland-O-redoxbehavier—Extending

this surface modification procedure to other high-voltage cathode materials

that exhibit interfacial instabilities would be a valuable strategy to improve
material lifetime, particularly at high degrees of delithiation needed to

enable higher energy densities in Li-ion batteries.

EXPERIMENTAL DETAILS
Surface Acidic Treatment: The Li-rich NMC oxide powder, as received from
LG Chem, was stirred with 0.1 M H,SO, (1:1 by weight) for ten minutes in a

round bottomed flask attached to a Schlenk setup under N, (no air-

exposure). The contents were transferred to a Schlenk air free filter
(Chemglass Co.) under Nj, rinsed with 20 ml de-ionized water three times,
followed by 20 ml of acetone. The rinsed powder was dried under vacuum for
an hour, and then transferred to a pre-heated antechamber of the glove box
(Ar atmosphere), where it was subsequently dried for two days at 135°C

under vacuum.

Electrode Preparation: All the electrodes for battery cycling were prepared
inside an Ar glovebox and never exposed to ambient atmosphere. A slurry of
the Li-rich NMC oxide powder, polyvinylidene difluoride (Sigma-Aldrich)
binder and carbon black (90:5:5 weight ratio) in N-methylpyrolidine (Sigma-
Aldrich) was homogenized at 5000 rpm in a Thinky™ planetary mixer. The
slurry was then cast on pre-weighed stainless steel meshes (Dutch twill
weave #200x600, 60 um pore size) of 12 mm diameter, and dried at 135°C
under vacuum overnight. The porosity of the as-prepared electrodes was
calculated to be ca. 55 %. The *20-enrichment method is described in

previous publications.®3?
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Battery Assembly and DEMS: The batteries were assembled in a custom

designed hermetically sealed cell fitted with gas capillaries to sample the
gases evolved during battery cycling. A 11 mm Li foil was used as the anode,
along with a polypropylene (Celgard® 2400) film and a Whatman glass fiber
separator. The separators, each 12 mm in diameter. were punched outside
the glove box, washed in soap water followed by rinsing with de-ionized
water, isopropanol and acetone, and dried at 120°C. 80 pyL of a 1 M solution
of LiPFes (Sigma Aldrich Co.) in EC-DEC (BASF), dried with 3 A molecular
sieves, was used as the electrolyte. The batteries were charged and
discharged at a rate of 0.1 Li*/hour unless otherwise noted, with a BiolLogic
VSP potentiostat. The DEMS setup is described in previous publications.3%3°
Gases from the headspace of the batteries were sampled and fed to the
mass spectrometer. The detected CO, (M/Z 44) and O, (M/Z 32) were
quantified based on calibrations of the ion currents in the mass spectrometry
data with known amounts of reference gases.

For the ex-situ titrations, the electrodes, after charging/discharging to
a designhated state-of-charge, were disassembled from the cell inside the
glove box, rinsed several times with dimethyl carbonate (BASF) and dried at
100°C overnight under vacuum in the glove box antechamber. The dried
electrodes were then weighed out in the glove box in a custom-designed, air-
tight cell fitted with capillaries and a septum seal®* for subsequent acid
addition. After the addition of 3.5 M H,SO, to the sealed cell connected to the
DEMS system, the M/Z 32 and M/Z 44 signals measured were then used to
determine QOR-0O; and SC-CO, respectively.

Coin Cell Assembly and Testing: For longer term cycling and rate studies, the

electrodes prepared on SS meshes described above were assembled in
CR2032 coin cells (MTI) with a Li metal counter electrode (18 mm diameter),
polypropylene (Celgard® 2400) and Whatman glass fiber separators, and 1
M LiPFe in EC-DEC (3:7), and cycled using a Bio-Logic VMP3 potentiostat.
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Materials Characterization. SEM images of the as-received and surface-

treated powders were collected on a Zeiss Gemini Ultra-55 Analytical
Scanning Electron Microscope with an in-built EDX detector for elemental
analysis. Both the as-received LR-NMC as well as the surface treated
powders are composed of ~10 um sized secondary particles containing
smaller ~200 nm primary particles (Figure S8). EDX measurements indicate
a uniform spatial distribution of Ni, Mn, Co and O atoms at different length
scales (Figure S9-S11). XRD measurements were made on a Bruker D2-
Phaser (Cu Ka). The XPS spectra were measured on a Thermo Fischer K-
Alpha Plus system at the Molecular Foundry at the Lawrence Berkeley
National Laboratory.

Synchrotron sXAS —seft X+ay—absorption—spectroscopy—and mRIXS

measurements. The coin-type cells with different state of charge were

disassembled immediately and the electrodes were rinsed with dimethyl
carbonate to remove the residual electrolyte. The soft X-ray abserption

spectroscopy measurements were performed in the iRIXS endstation at

Beamline 8.0.1 of Advanced Light Source (ALS) in Lawrence Berkeley
National Laboratory (LBNL).3® The coin-type cells with different states of

charges were disassembled and the electrodes were rinsed with dimethyl

carbonate to remove the residual salt/electrolyte immediately after cycling

to lock the SOC. The harvested electrodes were loaded into a holder in the

Ar-—filled glove box and transferred into ultrahigh vacuum chamber via

homemade suitcase to avoid the-any air exposure. The sXAS signals were

collected from the side of electrode facing the current collector in both TEY

and TFY modes—witha—prebe-desth-atabeut Lt 0-namtTFEY—andL00-—nm0.
The quantitative fitting of Mn-L spectradata—analysis is detailed in previously

published work.?” O K-edge mRIXS data was—earried—eut—in—theultrahigh
i RIXS I : ‘ r 5 0.1 i ALS 36_T} I I




witheut—at—expesure—Fhe—speetra—were collected by throughe the ultrahigh

efficiency modular soft X-ray spectrometer.®® We have noticed that radiation

damage could lead to the disappearance of the key oxygen redox feature.!®

Thereore, lin order to reduce the radiation damage issue and collect the

signals over a large number of active material particle, the samples were

kept moving throughout the mRIXS measurementst!, Final 2D images were

obtained via a multi-step data processing including background subtraction,

time and beam flux normalization, elastic calibration and so on—Betails—ef
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