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ABSTRACT: Layered Ni-rich transition metal oxide materials are considered the X-rays g
most promising cathodes for use in commercial Li-ion batteries. Due to their > /"
instability in air, an impurity layer forms during storage under ambient conditions, Q,\ /

and this layer increases electrochemical polarization during charging and CO;+H;0+0, mixture ~ ///
discharging, which ultimately leads to a lower cycling capacity. In this work, we 0 i} 0 /

found that storage of the LiNijgMng;Cop;0, (NMC 811) material in ultrahigh H Hc// - 7_,~\\\CH

vacuum (UHV) can restore the surface by reducing the amount of native carbonate / AN -/ AN
species in the impurity layer. In this work, in situ soft X-ray ambient pressure 0 ? 0 9
photoelectron spectroscopy is used to directly follow the interaction between 6 ‘ ‘. ‘ . . ‘
common gases found in air and the NMC 811 surface. During gas exposure of the .

NMC 811 surface to pure CO,, O,, and a mixture of both pure gases, surface- NMC811 particles

adsorbed CO, or/and O, were detected; however, permanent changes could not be
identified under UHYV after the gas exposure. In contrast, a permanent increase in
metal hydroxide species was observed on the sample surface following H,0O vapor
exposure, and an increased intensity in the carboxylate peak was observed after exposure to a mixture of CO,/0,/H,0. Thus, the
irreversible degradation reaction with CO, is triggered in the presence of H,O (on relevant time scales defined by the experiment).
Additional measurements revealed that X-ray irradiation induces the formation of metal carbonate species on the NMC 811 surface
under CO, and H,O vapor pressure.

adventitious carbon species

KEYWORDS: Ni-rich NMC materials, Li-ion batteries, gas exposure, ambient pressure PES, beam effect, surface degradation

B INTRODUCTION specific capacities becoming the most promising candidate for
the next-generation cathode materials in LIBs.”"

A drawback with the NMC materials is that at high states of
charge, Ni-rich NMC electrodes experience increased
impedance, which is assumed to originate from oxygen release
from the NMC bulk structure.”® The released oxygen reacts
with ethylene carbonate (commonly used as a cosolvent in
LIBs), leading to electrolyte degradation and CO, and CO
generation. The reactivity of surface oxygen (terminal oxygen)
is higher for Ni—O bonds than for both Mn—0O and Co—O
bonds in layered NMC materials,”” overall resulting in a higher
interfacial reactivity of NMC 811 than lower Ni-content
NMCs. During battery cycling, Ni-rich NMC particles are thus
more prone to react with the electrolyte, leading to faster aging

In recent decades, lithium-ion batteries (LIBs) have been
heavily utilized in mobile phones, electric vehicles, and other
portable electrical devices. According to the forecasts, by 2035,
more than half of the contribution to new vehicle sales will
originate from electric cars.' This electrification of the
transport sector is an important step to reduce the global
consumption of fossil fuels, but it will require further
development of LIBs in terms of, for example, cost, safety,
energy density, charge/discharge capacity, and so on. Recently,
a lithium nickel manganese cobalt oxide (LiNiMn,Co,O,,
referred to as NMC) cathode material has gained huge
attention in electrical vehicle applications due to its lower cost
and less toxic content of Co compared to that of lithium cobalt
oxide (LCO). The initial discharge capacity has been reported
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which enables the extraction of extra Li ions from NMC

materials. This makes Ni-rich NMC materials obtain higher

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsaem.3c01621

v ACS PUbl icatiOI’] S 11458 ACS Appl. Energy Mater. 2023, 6, 11458—11467


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heyin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tove+Ericson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+H.+Temperton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ida+Ka%CC%88llquist"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haidong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Calley+N.+Eads"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasiia+Mikheenkova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasiia+Mikheenkova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margit+Andersson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esko+Kokkonen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+R.+Brant"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Hahlin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.3c01621&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?fig=agr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
https://pubs.acs.org/toc/aaemcq/6/22?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.3c01621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Applied Energy Materials

www.acsaem.org

in NMC 811 than in NMC 111 during electrochemical
cycling.”” In addition, it has also been reported that the Ni-
rich NMC surface is sensitive to air, and storage under ambient
conditions can lead to the formation of a degradation layer (or
impurity layer) on the NMC particles.””~'° For example,
NMC 811 stored in air for 1 year shows significantly higher
impedance growth and worse capacity retention during cycling
compared to electrodes stored for 3 months.” The decrease in
the battery cycling performance is ascribed to the formation of
the degradation layer. Some researchers claim that LiOH will
form on the surface of Ni-rich NMC due to water vapor
exposure, and if CO, gas is subsequently introduced, Li,CO;
will be generated on the basis of LiOH formation.'"' The
chemical species present in the degradation layer are still not
fully determined, and the reaction mechanisms leading to these
products during exposure to CO,/H,0/0, have not been
investigated with in situ measurements. Investigating the
surface chemistry and its reactivity is a crucial step, not only for
understanding the mechanism of the degradation layer
formation'” but also for gaining insights into the subsequent
development of water-based Ni-rich electrode processing.'’

In this work, we show how ultrahigh vacuum (UHV) storage
can be used to remove the native carbonate species from the
pristine NMC 811 surface. Furthermore, the interactions
between NMC 811 and single gases CO,, H,0O, and O,, as well
as gas mixtures of CO,/0, and CO,/H,0/0, were followed
by using ambient pressure photoelectron spectroscopy
(APPES) to determine the surface reactions. The two gas
mixtures mimic dry room and ambient conditions, respectively.
The changes in the composition of the outermost layer
(around 2 nm) on the sample surface are followed in situ, and
the results are compared to those measured under UHV before
and after gas exposure. The results show that no permanent
changes occur on the NMC 811 surface after exposure to a
single gas (CO, or O,) and the CO,/O, mixture. However,
following exposure to pure H,O and a mixture of CO,/H,0/
O,, metal hydroxide and carboxylate are generated on the
surface, respectively. Within the time frame of the experiment,
these species also remained on the NMC 811 surface once the
sample was placed back under UHV. Finally, we present data
on how X-ray irradiation introduces composition changes on
the NMC 811 surface under UHV and gas pressure conditions.
It was found that the effect of X-ray exposure is less significant
under UHV but still observable during 1 h measurements, e.g.,
O—C=0 species decomposed after 70 min of exposure to X-
rays. We also discovered that under CO, or H,O gas pressure,
carbonate species were generated during X-ray irradiation. This
finding reveals that X-ray-induced effects should be acknowl-
edged and minimized when studying air-sensitive materials
with APPES for battery research and other metal catalyst
research.

B EXPERIMENTAL SECTION

Material Preparation. The single-crystal NMC 811 material
employed in this study was tailor-made by Heliume Tech (China).
The XRD pattern and SEM image of the material can be found in
Figure S1 (Supporting Information). The synthesized NMC 811 was
stored for around 10 days inside an Ar-filled glovebox (SIEMENS,
Germany. O, < 1 ppm and H,O < 1 ppm) before performing APPES
measurements. NMC 811 pellets were prepared by pressing NMC
811 powder for 20 s using a 1 ton by 8 mm Die Set (MAASSEN
GmbH, Germany) using the hydraulic press inside an Ar-filled
glovebox. The thickness of the resulting pellets was roughly 0.5 mm.
The pellets were attached to stainless steel omicron sample plates

using conductive adhesive PELCO tabs (Ted Pella, Inc. Eight mm).
All the samples were delivered to the MAX IV Laboratory in an
airtight aluminum pouch pumped to 25 mbar using a vacuum sealer.
Samples were stored under UHV for about 3 days prior to
measurement which, as shown later, helps remove carbonates from
the samples under UHV.

CO, gas (Linde) with a purity of 99.9993% (with N, < S ppm, O,
< 2 ppm, H,0 < 2 ppm, C,H,, < 2 ppm, and CO < 1 ppm) and O,
gas (Linde) with a purity of 99.999% were used without any further
purification. Deionized water (Milli-Q) was purified via three cycles of
freeze—pump—thaw before introduction to the ambient pressure cell
during the measurements.

Methods. APPES measurements were performed at the SPECIES
beamline at the MAX IV laboratory, Lund, Sweden, using the APXPS
endstation.'* The identical samples (pellets) were measured under
UHYV before gas exposure and upon gas exposure of CO,, H,0O, and
O, and a mixture of CO,/0O, and CO,/H,0/0,. For each gas, one
sample was measured; however, repeated spectra on several different
spots were measured, showing consistent results. Based on the low
H,O pumping efficiency of the instrument and considering the fact
that the samples are sensitive to X-rays, we decided to use a rather low
gas pressure for these measurements. Exact experimental parameters
dealing with gas pressure and gas exposure time are given in Table 1.

Table 1. Five Sets of In Situ APPES Measurements with the
Corresponding Gas(es), Gas Pressures, and Gas Exposure
Times on NMC 811

gas condition gas pressure (mbar) gas exposure time (min)

CO, 12 x 1073 40
H,0 7 %1073 30
0, 2.4 % 1073 20
CO, + 0O, 34 x 1072 50

CO, + H,0 + O, 2.5 X 1072 55

For measurements, the spectrometer slit was set to 1 mm, and a pass
energy of 50 eV was used. The angle between the electron analyzer
and the synchrotron beam was set to 57.5 degree. The beam slit was
set with 100 um for ambient pressure conditions and kept the same
during UHV measurements to maintain the same energy resolution.
During gas introduction, the core-level spectra of C 1s and O 1s were
recorded as a function of gas pressure and gas exposure time. Full sets
of core-level PES measurements were obtained before, during, and
after gas exposure. However, due to X-ray-induced effects, data was
always acquired on a fresh spot with very limited X-ray exposure time,
and no sign of beam effect could be seen within the time frame of the
measured and presented spectra, except in the section focused on the
X-ray irradiation effect. C 1s and O 1s spectra were obtained with a
photon energy of 435 and 680 eV, respectively, which gives
comparable depth profiling with similar kinetic energy of the
photoelectrons (~150 eV). Li 1s spectra were collected with a
photon energy of 435 eV. Ni 2p (Figure S2), Co 2p (Figure S3a), Mn
2p (Figure S3b), and survey spectra (Figure S4) (Supporting
Information) were measured with a photon energy of 1020 eV. No
contaminations can be seen except for adventitious carbon species. C
1s measurements were recorded at every photon energy and utilized
for energy calibration.

In the section addressing X-ray irradiation-induced effects, both C
1s and O 1s spectra were carried out with a photon energy of 680 eV
and a beam exit slit of 100 um. These settings yield an approximate X-
ray flux of 1.7 X 10" photons/s with an irradiation spot size of
approximately 60 X 120 um.

The curve fitting of the spectra was performed with Igor Pro 9
package software combining Lorentzian and Gaussian functions. The
full width at half-maximum is held fixed to 0.2 €V for the Lorentzian
function and is allowed to vary between 1 and 1.3 eV for the Gaussian
function. A linear background was used for C 1s, O 1s and Li 1s, and
each assigned peak position is fixed with a deviation of 0.1 eV. More
details of the fitting parameters of C 1s, O 1s, and Li 1s have been
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Table 2. XPS peak fitting parameters for elements (C 1s, O 1s, and Li 1s) in NMC 811

peak assignment binding energy (eV)

peak assignment  binding energy (eV)

peak assignment binding energy (eV)

Cls C—H/C-H 285 O 1s M-O ~528.8 Lils Li lattice ~53.8
C-0 ~286.5 M-OH ~530.4 LiOH/Li,CO; 54.5-54.9
0=C-0 ~288.5 CO> ~531.3 surface Li (unassigned) ~55.8
CO> ~289.5 0-C=0 ~532.3

Cc-0 ~533.5

listed in Table 2."°~'® Energy calibrations were referenced to the
adventitious carbon peak at 285.0 eV binding energy,7’1920 if not — Initial measurement
otherwise stated in the text. Even though adventitious carbon at 285 — 16 hours in UHV
eV may not always be considered as a reliable “absolute” value, in this | T 3 daysin UHV
case it can act as a reliable internal reference allowing comparison 3
between the samples. >

7]

C
B RESULTS AND DISCUSSION =

In the following, we first present the impact of UHV storage
for 3 days. This is followed by the in situ NMC 811 APPES
results arranged based on the introduced gases; single gas
exposure to CO,, H,0, and O,; and then mixed gas exposure
of CO,/0, and CO,/H,0/0,, respectively. In order to follow
the surface reactions, the samples are studied under UHV
before and after exposure to the different gases. Finally, the
impact of X-ray irradiation for ~15—20 min under ambient
pressure on NMC 811 surface composition are investigated.

We highlight that due to significant X-ray irradiation effects
on NMC 811 surface composition under ambient pressure, the
presented spectra collected under all gas exposures were
obtained on a fresh/non-X-ray exposed spot. For the in situ
measurements finished under UHV conditions, the C 1s, O 1s,
and Li 1s spectra were collected on the same spot within 10
min to minimize the X-ray irradiation-induced effects. The
extent of modifications due to extended X-ray exposure is
discussed further in the final section.

Changes in Surface Composition during Storage
under UHV. In order to study the surface reactivity of NMC
811 with various gases, any initial surface impurities should
ideally be removed. However, for these mesoporous NMC 811
materials, it is hard to obtain an ideally cleaned surface without
any adventitious carbon species while at the same time not
creating a highly reactive surface when using Ar-sputtering. In
this work, we have instead used storage under UHV as a means
for cleaning/refreshing the sample surface. Upon storage under
UHV for up to ~80 h, the NMC 811 surface undergoes
substantial changes. As shown in the C 1s spectrum in Figure
1, carbonate species reside on the as-prepared NMC 811
surface, and this clearly decreased in intensity after the sample
is stored under UHV for around 16 h. After storage for 3 days
under UHV, the carbonate assigned peak lost most of its
intensity in the C 1s spectra compared to the as-prepared
NMC 811 spectrum. However, the intensity of the O—C=0
and C—H peaks increased somewhat after 3 days of UHV
treatment. The increase could be linked to the surface
sensitivity of PES where the removal of a top layer of
carbonates may expose O—C=0 and C—H, thus resulting in
an intensity enhancement. A different method for removing the
native surface layer was evaluated, and storage under UHV
proved to be best; see Figure SS (Supporting Information).
For all in situ measurements presented below, the refreshed
NMC 811, i.e., samples stored under UHV conditions for 3
days, were used. An example of the surface homogeneity has
been given in Figure S6 (Supporting Information); C Is
spectra were collected from three different spots of the UHV-

T T Tt T T T T
292 290 288 286 284 282
Binding energy / eV

Figure 1. C 1s (hv = 435 eV) spectra of NMC 811 after storage for
various times. The spectra were binding energy calibrated by referring
to the highest peak point as 285 eV, and the intensities normalized to
background intensity at 281 eV.

treated sample, and no obvious changes can be noticed, except
for slight variation in the C 1s hydrocarbon peak intensity. The
presence of adventitious carbon species on the NMC 811
surface does not protect the NMC surface from surface
impurity formation/degradation as this condition is prevalent
in the case for the real material during manufacturing. In the
NMCS811 material that is prepared or stored under ambient
conditions, CO, and H,O gases can diffuse/penetrate through
the interspace between particles and react with NMC 811,
making NMC 811 degrade. Thus, the NMC 811 samples
stored for 3 days under UHV were utilized in this experiment
to obtain a surface resembling the fresh NMC811 surface.
Single Gas Exposure. CO, Exposure. Figure 2a shows C
Is spectra measured on a fresh spot under UHV before gas
exposure, during CO, exposure at 1.2 X 107> mbar after the
sample being exposed for around 40 min, and post CO,,
followed by O 1s and Li 1s under UHV before and after gas
exposure. The UHV C 1s spectrum is fitted with peaks
assigned to adventitious hydrocarbon (285.0 eV), C-O
(~286.5 eV), O—C=0 (~288.5 eV), and carbonate sPecies
(~ 289.5 eV) in order from low to high binding energy.' *"**
In O 1s, the lowest binding energy peak is assigned to
structural oxygen in the bulk material, followed by hydroxide
and carbonate peaks at ~530.4 and ~531.3 eV, respectively.
The peaks at a higher binding energy are assigned to the
species O—C=0 (~532.3 ¢V) and C—O (~533.5 eV)."* In Li
Is, the lowest binding energy peak at ~53.8 eV is assigned to
structural Li in bulk NMC, followed by the peak with a higher
binding energy within a range ~54.5 to ~54.9 eV assigned to
LiOH/Li,CO; in the surface.">'® The data did not allow for
conclusive separation of these contributions, and therefore,
these were fitted together as a slightly broader peak. The origin
of the peak at around 56 eV binding energy in the Li 1s spectra
is still unclear, and based on the vast variety of binding energy
positions reported in literature,’” a specific assignment is
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Figure 2. Curve-fitted C 1s (hv = 435 eV), O 1s (hv = 680 eV), and Li 1s (hv = 43S eV) spectra measured under UHV before and after CO, (a),
H,0 (b), and O, (c) gas exposure, C 1s (hv = 435 eV) spectra were also obtained in ambient pressure during gas exposure; overlay plot of C 1s
spectra obtained under UHV and CO, exposure (d), H,O exposure (e), and O, exposure (f) and O 1s (hv = 680 eV) carried out under UHV
before and after H,O exposure (g). The lines following the trend of the dots in (a), (b), and (c) are the sum of fitting.

omitted here. However, the binding energy and intensity of
this feature remain constant throughout the experiment, and
thus, the species giving this signal does not seem to participate
in the surface composition changes. The above fitting
information is listed in Table 2.

By comparing the C 1s, O 1s, and Li 1s spectra measured
under UHV before and after CO, exposure, no obvious
difference can be seen. Figure 2d shows the overlaid C 1 s
spectra, while no change is seen between the UHV before and
after exposure, and we can see a small increase in intensity of
the O—C=0 peak (~288.5 eV) in the C s spectrum when
measured under gas pressure. This increase is suggested to
originate from CO, gas adsorption on the sample surface.”*~>*
In this case, CO, is likely chemisorbed to the surface since an
increased intensity was observed at 288.5 eV binding energy.
With a NiO [110] substrate, which is the most relevant
material to NMC811 with similar Ni—O bonds, studies of gas

11461

adsorption show that the linear-physisorbed CO, gives a signal
contribution of ~293 eV, whereas the bent-chemisorbed CO,
feature contributes ~288 eV in the C 1s spectra.” In the
obtained C 1s spectra, no peak can be observed at around 293
eV; see Figure S7 in Supporting Information. Thus, the
contribution to peak at ~288.5 eV in this case is assigned to
bent-chemisorbed CO, on the NMC 811 surface. In this work,
the changes to the C 1s spectrum disappear under UHV
conditions, which means that the weakly bound CO, can be
desorbed from the NMC 811 surface. Scheme 1la illustrates a
plausible bonding mechanism between the ideal, clean NMC
surface and chemisorbed CO,, where the oxygen atom from
CO, gas bond to transition metals (mostly Ni). The
chemisorbed CO, contains two oxygen atoms in different
chemical environments, and as stated above, the one bonded
to a metal gives a lower binding energy compared to an oxygen
atom double bonded to a C atom. However, since no increased

https://doi.org/10.1021/acsaem.3c01621
ACS Appl. Energy Mater. 2023, 6, 11458—11467


https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c01621/suppl_file/ae3c01621_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c01621?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c01621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

Scheme 1. Proposed Reaction Mechanism of CO,(a) and
H,O (b) Interaction with an Ideal, Clean NMC 811
Surface”

TM-0-Li-O-TM-O—Li ¥ 2CO, — TM*O*Li*O*TM*O*Li‘

O X O Scheme reaction (a)
C\\ O// \ . C
[¢] ) o
TM-O-Li-O-TM * H,O — TM-O-Li-O-TM
O‘ |l| Scheme reaction (b)
H

“The surface-adsorbed CO, is likely bonded to metal rather than
surface oxygen. The surface-adsorbed H,O Can transfer protons to
nearby surface oxygen, leading to the formation of metal hydroxide.
*TM refers to transition metals, i.e., Ni, Mn, and Co in this material.

intensity in carbonate species has been detected in the C 1s
spectrum (Figure 2a), it is most likely that the bond between
the surface oxygen from the NMC material and the CO, gas
does not form. Upon UHV evacuation, these small intensity
changes in the O=C—O species disappear, indicating that no
permanent changes occurred to the surface composition of
NMC 811 when exposed to pure CO,. As observed in this
experiment, CO, alone does not induce irreversible changes to
the surface of NMC811 under low-pressure conditions (1.2 X
107 mbar) for a duration of 40 min.

H,0O Exposure. The sensitivity of NMC 811 toward H,O
was studied using the same methodology as described in CO,
exposure section above. Figure 2b shows the curve-fitted C Is,
O 1s, and Li 1s spectra measured under UHV before and after
water vapor exposure and, in addition, a C 1s spectrum
measured during H,O exposure (7 X 107> mbar) after 30 min
exposure to H,O. Unfortunately, the O 1s and Li s spectra
under H,O vapor pressure are omitted from analysis since
these spectra could not be determined to be free from X-ray
irradiation damage. The C 1s spectra measured under H,O
vapor show an increase in intensity around 286.5 and 288.5 eV
binding energy compared to the spectrum measured under
UHYV before exposure. This enhancement in intensity suggests
the adsorption of H,O on the hydrocarbon and carbon oxide
species residing on the NMC 811 surface and is indicated as
H,O0%* in the figures. From Figure 2e, it can be seen that the
small increase in intensity remained once under UHV
conditions. In Figure 2b, more observable changes were seen
in the O 1Is spectra obtained under UHV after gas exposure
compared to those carried out before gas exposure. The peak
assigned to metal hydroxide increased in intensity relative to
the peak assigned to oxygen in the bulk structure after H,O
exposure. In the curve fit, the ratio of Area (—OH)/Area
(structural oxygen) increased from 0.43 before H,O exposure
to 0.53 after H,O exposure. The increase in hydroxide species
on the surface is also clearly visible in the overlaid spectra in
Figure 2g, and the broad peak at ~531 eV binding energy shifts
toward the lower values in the O 1s spectrum obtained after
H,O exposure. It is suggested that H,O initially chemisorbs on
the NMC 811 surface, followed by a water splitting reaction
where Ni—O-Li (mainly Ni—O bond) is working as the
catalyst.’®~** In the end, metal hydroxide species are
produced, as presented in the suggested reaction scheme
(Scheme 1b). Thus, in contrast to CO, exposure, a strong
response is observed during short-term H,O exposure (30
min) through formation of metal hydroxide on NMC 811.

O, Exposure. In order to determine if O, is involved in the
surface degradation reaction pristine NMC 811 was exposed
to O, and monitored with APPES. As displayed in Figure 2c,

the C 1s spectral features at 286.5 and 288.5 eV are enhanced
under O, pressure (2.4 X 1073 mbar) after exposure for ~20
min, which is assigned to O, surface adsorption.*® It is most
likely that the increased amount of carbon oxide species
detected in the C 1s spectrum is caused by weak interactions
between O, and pre-existing contaminations/carbon impurity
species, i.e, C—H and C—O species but not NMC 811 itself,
similar to the case of H,O. The presence of carbon-based
surface contaminants is expected for all NMC 811 materials
from production and handling. In Figure 2cf, no notable
changes were found in C 1s, O 1s, and Li 1s under UHV
measurements following O, exposure compared to the UHV
measurements before O, exposure. This implies that the O,
surface adsorption is reversible under UHV. We thus conclude
that the O, exposure does not change the NMC 811 surface;
however, it introduces carbon oxide species that reside in the
NMC 811 surface during O, exposure.

Mixed Gas Conditions. In industry, Nirich NMC
materials are commonly handled under dry room conditions
as they maintain the battery performance. In the following
measurements, the NMC 811 surface is exposed to two
different gas mixtures, CO,/O, and CO,/H,0/0,, represent-
ing ambient atmospheres with different relative partial
pressures of water (~107® and ~1072 mbar), in order to
identify the changes in the surface composition and relate this
to a proposed reaction mechanism.

CO,/0, Exposure. The exposure of NMC 811 to a mixture
of CO, (5.6 X 107* mbar) and O, (3.3 X 107> mbar) gases
leads to a similar result to when the material is exposed to the
individual gases. Specifically, a clear growth can be seen in the
O—C=0 and C-O peak signals in C 1s and O Is spectra in
Figure 3a, partially assigned to the O, adsorption on the
surface.”” CO, chemisorption is also suggested to contribute to
the increase in peak intensity observed in the O—C=0 feature
in the C 1s spectrum. At the same time, chemisorbed CO, also
gives an intensity increase to the O 1s peak at ~531 and ~532
eV binding energy, thus overlapping with the contribution
from O, adsorption. The structural oxygen peak shows
relatively less intensity, indicating a thicker surface layer on
top of the NMC 811 material compared to the one before gas
exposure. The change in surface composition seen in the C 1s
and O 1s spectra disappears when the sample is once again
placed under UHV (see Figure 3a,c). This implies that the
CO, and O, chemisorption products are not stable under
UHV. The APPES data suggest that the CO, and O, gas
mixture behaves like the sum of the two individual gases, with
no extra correlated reactions.

CO/H,0/0, Exposure. After determining the surface
composition of NMC 811 under CO,/0,, it is motivated to
introduce H,O into the mixed gases in order to study the
reversibility of the reactions on the NMC 811 surface with the
presence of H,O. In this case, the gas mixture consists of ~6.7
X 107* mbar CO,, ~1.2 X 107 mbar O, and ~1.3 X 107>
mbar H,0 summing to a total pressure of ~2.5 X 107> mbar.
After gas exposure for ~55 min, as depicted in Figure 3b, the
changes to the C 1s spectrum resembled that when NMC 811
is exposed to a mixture of CO, and O, gas. Chemical species
O—C=0 and C—O gain intensity in the C 1s spectrum, which
is likewise assigned to the coadsorbed of CO, and O, gas on
the NMC 811 surface.”*”** From Figure 2f, it is expected that
H,O chemisorption will also contribute to the intensity of the
C—0 and O—C=O0 peaks.
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Figure 3. (a) C 1s (left, hv = 435 eV), O 1s (middle, hv = 680 eV),
and Li s (right, hv = 435 eV) spectra carried out under UHV before
gas exposure (top), in CO,+0O, mixed gases (middle in row), and
under UHYV after gas exposure (bottom); Li 1s is not included in any
in situ measurements; (b) C 1s (left, hv = 435 V), O 1s (middle, hv
= 680 eV), and Li 1s (right, hu = 43S eV) spectra carried out under
UHV before gas exposure (top), in CO,+O0,+H,0 mixed gases
(middle in row), and under UHV after gas exposure (bottom); (c)
stack plot of C 1s measured under UHV and CO,+0O, gas pressures;
(d) stack plot of C 1s measured under UHV and CO,+0,+H,0 gas
pressures. The lines following the trend of the dots in (a) and (b) are
the sum of fitting.

In O 1s in Figure 3b, the peaks assigned to O—C=0 and
C—O gain intensity under gas pressure, which is related to O,
surface adsorption. In addition to that, chemisorbed CO,
contributes to the intensity increase of peaks at ~531 and
~532 eV. Such surface adsorption is expected to occur in the
presence of H,O as it did for a mix of CO, and O, alone.
Interestingly, when H,O is present, the changes to C 1s and O
1s spectra do not completely disappear once placed back under
UHV. This irreversible change implies that the presence of
H,0 leads to more stable compounds and therefore
irreversible surface changes. As displayed in Figure 3d, under
UHYV after mixed CO,/H,0/0, gas exposure, the C 1s peak
assigned to O—C=0 has a slightly higher intensity compared
to the spectrum measured before gas exposure. The increased

occupancy of hydrocarbon on the surface makes the changes in
the O—C==0 peak even less visible. In the spectrum of the O
1s obtained under UHYV after gas exposure, the contribution of
the CO, chemisorption was still detectable (see Figure 3b).
With these results, it is most likely that the presence of H,O
stabilizes the chemisorbed CO, on the NMC 811 surface. A
possible reaction mechanism is shown in Scheme 2, where

Scheme 2. Proposed Reaction Mechanism of CO, and H,O
Interaction with an Ideal, Clean NMC 811 Surface”

TM-0-Li-0-TM-0-Li-O-TM * 2C0O, * 2H,0 —>TM-0-Li~O-TM-O-Li—0O-TM
o 0 o} 0

I

H HC ,CH H
o}

“Chemisorbed H,O can transfer a proton to nearby chemisorbed
CO,, which is an oxygen atom bonding to a metal in the NMC 811
surface. *TM refers to transition metals, i.e., Ni, Mn, and Co in this
material.

chemisorbed H,O transfers a proton to nearby chemisorbed
CO,, thus forming a carboxylate on both lithium and TM sites.
The carboxylate species is likely more stable than chemisorbed
CO,, thus inducing permanent changes to the NMC 811
surface.”>*

By comparing the Li 1s spectra obtained at near ambient
pressure and under UHV conditions in Figure 3b, the intensity
of the assigned Li,CO;/LiOH peak increases when measured
under gas pressure, which might be due to the newly formed
carboxylate and chemisorbed CO, on the lithium sites. While
the UHV conditions are applied afterward, chemisorbed CO,
on the Li atom is removed under UHV, correlating with the
decreased intensity in the LiOH/Li,CO; peak under UHV
conditions.

Figure S2 in the Supporting Information shows the Ni 2p
spectra measured under UHV before, during, and after this
mixture gas exposure. No change in Ni 2p peak shape is
observed, which may be expected as the chemical surrounding
of the TM is still very similar for a nonideal NMC811 surface
(surface termination groups are likely present).

In summary, exposure to O, and CO, leads only to surface-
adsorbed gas molecules, which, in the time frame of these
experiments, are readily removed under UHV conditions.
However, the results show that the presence of H,O alone first
leads to the generation of surface hydroxides and second in the
presence of CO, the generation of more stable carboxylate-like
species. These two species are not removed under UHV and
are proposed to be the first more permanent decomposition
products formed when NMC 811 is exposed to air.

Effect of X-rays on Surface Composition with
Ambient Pressure. The effect of X-rays on the surface
composition is critical knowledge as the true surface
degradation mechanism can only be determined once X-ray-
induced effects are minimized or avoided. During the in situ
measurements, it was observed that X-ray irradiation
influenced the surface changes under both UHV and gas
pressure conditions, with a higher extent under higher gas
pressures. Below, the effects of X-ray irradiation are explained
in detail.

X-ray Exposure under UHV Conditions. In order to
understand and control the impact of radiation damage with
X-ray exposure under ambient conditions, an initial starting
point is to monitor X-ray-induced effects under UHV
conditions. As we can see from Figure 4, after 1 or 2 min of
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Figure 4. C 1s (hv = 435 eV) spectra measured on NMC 811 after
storage under UHV conditions with varying X-ray exposure time. The
spectra were energy calibrated by referring to the highest peak point
as 285 eV.

X-ray exposure, no noticeable changes can be observed in C 1s
spectra compared to the initial spectrum that is obtained on a
fresh spot. However, after 70 min exposure time, the peak
intensity at ~288.5 eV substantially decreases, indicating that
the O—C==0 species decomposes when exposed to X-rays for
an extended period of time.

Combined CO, and X-ray Exposure. In order to investigate
the effect of X-ray irradiation on the formation of surface
degradation products under ambient CO, pressure, during gas
introduction, the C 1s and O 1s spectra were monitored as a
function of gas pressure and X-ray exposure time. As can be
seen in C 1s and O 1s heat maps (Figure Sa), the carbonate

peak intensity at ~ 290 and S531.5 eV binding energy,
respectively, grew substantially with a combined exposure of
CO, gas and X-ray irradiation. At the start of the experiment,
the CO, gas pressure increased from 1 X 107 to 1.2 X 1073
mbar with10 min. Figure Sb shows integrated C 1s and O 1s
spectra from the XPS heat maps and they represent four
different gas exposure and beam irradiation times: before
exposure to both CO, and X-rays (blue), after 6—8 min of
exposure to both CO, and X-rays (green), after 20—22 min
exposure to both CO, and X-rays (yellow), and finally after
25—27 min of exposure to only CO, on a fresh spot without X-
ray exposure (red). The intensity of each spectrum is an
average of 10 scans in the heat map between the lines of each
associated color. After being exposed to X-rays and CO, for
approximately 20 min, the carbonate peak in the C 1s and O 1s
spectra (yellow spectra) shows higher intensity compared to
the spectra measured on a spot that was not irradiated by X-
rays and exposed to CO, for approximately 25 min (red
spectra). This indicates that the formation of carbonate on the
NMC 811 sample surface under CO, gas exposure is due to X-
ray irradiation rather than the initial reaction between the CO,
and NMC surface. Therefore, exposure to a high X-ray dose in
a CO, atmosphere can lead to the generation of carbonate
species rather than surface-adsorbed CO, in the absence of any
other factors (e.g., the presence of H,0). Comparing the C 1s
spectrum measured under UHV before CO, exposure (blue)
to the spectrum obtained under CO, pressure (red), we can
see a small increase in intensity of the carbonate peak in the
spectra (red). This difference is attributed to X-ray irradiation
as no formation of carbonates was seen when the surface was
exposed to only CO, gas (see Figure 2a). The red spectrum
was measured for approximately 2 min, and this demonstrates
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Figure S. Heat maps (a) and spectra (b) of C 1s (hv = 680 eV) and O 1s (hv = 680 eV) during CO, introduction as a function of beam irradiation
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that the X-ray damage is enhanced by the presence of CO, gas.
As a final note, X-ray irradiation plays a crucial role in the
formation of carbonate on the NMC 811 surface under CO,
gas pressure, and if not minimizing the influence of X-rays, a
completely different conclusions would be drawn.

Combined H,0 and X-ray Exposure. Similarly, the effects
of the X-ray irradiation time in ambient H,O on NMC 811
were investigated. In the C 1s heat map, a lower intensity can
be detected from C—H species after ~15 min of exposure to
both H,O and X-rays (see Figure 6a). From the heat maps of
the O 1s and gas pressure during the measurements, it can be
seen that the peak at ~531 eV increased in intensity when H,O
is present. To compare the change in the C 1s and O 1s
spectra, integration of 10 scans at various stages of the
experiment is shown in Figure 6b. The integrated C 1s and O
Is spectra collected before exposure to both H,O and X-rays
are shown in blue, those collected after 0—2 min of exposure to
both H,0 and X-rays are shown in green, and those collected
after 15—17 min exposure to both H,O and X-rays are shown
in yellow. In the O 1s spectra, a peak at ~531 eV shifts toward
lower value as the exposure time increases, which is consistent
with that expected from the formation of metal hydroxide
described above (Figure 2b). No major influence can thus be
observed for the formation of metal hydroxide due to X-rays.
On the contrary, in Figure 6b, the carbonate peak (~290 eV
binding energy) in the C 1s spectrum (red) obtained after X-
ray irradiation for ~15—17 min has a higher intensity relative
to the spectrum (blue) collected before exposure to both X-
rays and H,O, indicating that a small amount of carbonates
formed due to the combined H,O and X-ray exposure.
Reaction between H,0 and O—C=O0 on the NMC 811
surface might produce carbonate under X-ray irradiation after
~1S min.

B CONCLUSIONS

In this work, it was demonstrated that by placing NMC 811
under UHV conditions, the carbonate impurity species formed
during material synthesis and storage are to a large extent
removed. This may possibly be utilized in both industry and
research fields for electrode preparation as batteries based on
NMC 811 electrodes with fewer carbonates on the surface are
known to have a lower overpotential. During in situ
measurements, it shows that after exposure to singular CO,,
or O, gas and a mixture of CO,/O, gases, the chemical
composition on the NMC 811 surface does not undergo
permanent modification. However, irreversible reactions were
observed when H,0 vapor was incorporated either separately
or in a CO,/H,0/0, mixture. That is, even following the
application of UHYV, formation of metal hydroxide and
carboxylate remains after H,O and the mixed CO,/H,0/0,
gas exposure, respectively. It is suggested that the presence of
H,0 can stabilize surface adsorbed CO, by transferring a
proton and forming carboxylate which is not observed under
coadsorption of CO, and O,. We thus conclude that the
presence of H,O is necessary for triggering the formation of
detrimental surface deposits. Unlike many other studies
claiming that carbonate is the main degrading species on the
NMC 811 surface under storage, this work presents the initial
reaction between NMC 811 and H,O/CO, in a short-time
period (within 1 h) and demonstrates that carboxylate is the
initial product in the degradation process. Finally, it is
demonstrated that extended exposure to a combination of
gas (CO, or H,0) and X-rays exhibits generation of
carbonates on the surface of NMC 811. Thus, this result
provides a cautionary tale to battery scientists when studying
material degradation via advanced X-ray methods and provides
insight into how to avoid misleading results.
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