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High energy density Li-rich 0.33Li,MnO3-0.67LiNig 4C002Mngp 40, (HE-NCM) layered structure cathodes
for Li-ion batteries provide higher capacity gain via incorporation of an excess of lithium into the host.
As a serious drawback, these cathodes suffer from continuous voltage fade upon cycling. Recently, high
capacity retention, rate capability and low voltage hysteresis were achieved for HE-NCM by new thermal
double gases SO, and NHsz treatment. However, so far a fundamental understanding of the mechanisms
responsible for this improved stability is missing. Herein, a comprehensive study of the chemical
composition and electronic structure modifications of a series of HE-NCM (untreated, treated, carbon-
and binder- free) is performed using advanced electron spectroscopy techniques supported by
theoretical calculations. We demonstrate that the double gases treatment process leads to a partial
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reduction of Co®" and Mn**. The suggested chemical reactions include electron transfer from SO,,
which behaves as a Lewis acid, to the transition metal sites accompanied by decomposition of SO, and
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Introduction

Developing high-energy-density cathode materials for recharge-
able Li-ion batteries (LIBs) suitable for electromobility and
large scale-applications is still a challenge. Among the cathode
materials able to deliver high energy density and, therefore,
having an enhanced interest for commercial applications are
those possessing spinel,* olivine,> and layered structure.” The
electrochemical performance of some of these cathode materials
is shown in Fig. S1a and b, ESL*® The high-energy density
Li-rich Mn-based cathode materials of layered structure with the
formula of xLi,MnOs:(1 — x)Li(M)O, (M - transition metals, Mn,
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a characteristic surface modification which acts as protective layer for the HE-NCM.

Ni, Co, and x < 0.5) are very attractive due to a high discharge
capacity (> 250 mA h g~ ").”® Moreover, these materials are more
environmentally friendly due to a lower cobalt concentration.
Their main advantage is an additional capacity gain, which is
achieved via the incorporation of an excess of lithium ions that
substitute a transition metal ion in the lattice. The resulting
change in the electronic configuration leads to the formation
of a non-bonding O 2p orbital, which donates an additional
electron upon a high charging potential of the cathode material.’
Unfortunately, the irreversible oxygen release in Li-rich layered
structure cathode materials at high voltages (>4.6 V vs. Li'/Li)
shows a voltage hysteresis associated with transition metal migra-
tion from octahedral sites to tetrahedral sites and continuous
voltage fade.' In addition, liquid carbonate-based electrolytes
are decomposed at high potential, often with the involvement
of the cathode’s surface into undesirable chemical reactions
resulting in irreversible capacity loss. Among the strategies to
mitigate the structural instability in the bulk and at the surface
are cation disordering,'" the formation of the stable cathode-
electrolyte interface by choice of an appropriate electrolyte
solution, which, coupled with the structural stabilization,
restricts the transition metals migration into the Li-layer,"?
and the application of surface coating.”** Recently, we have
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demonstrated superior electrochemical performance of electrodes
comprising  0.33Li,Mn0O;-0.67LiNi; 4C00,Mn, 4,0, (commonly
addressed as HE-NCM, Li/M = 1.33) material thermally treated
with SO, and NH; gases (Fig. Sic, ESIt)."* However, the detailed
mechanisms responsible for the observed structural stabilization
are not fully clear yet."*'> Therefore, we set out to understand
in details the influence of the thermal double gas treatment
(SO, and NH;) on the structural and surface characteristics of
the above materials. Herein, we present a comprehensive quasi
in situ X-ray photoelectron spectroscopy (XPS) and X-ray absorp-
tion near edge spectroscopy (XANES) study of a series of HE-NCM
cathode materials to unravel the impact of the double gas treat-
ment on the chemical composition and oxidation states of
transition metals near the surface. The novelty of this work is
that, for the first time, we demonstrate new spectroscopic results
of the local electronic configurations obtained from the
0.33Li,MnO;-0.67LiNi, 4C00,Mn, 4O, lithiated oxide - a typical
example of promising cathode materials for advanced LIBs.

HE-NCM materials

In this work, we used the following terminology for the HE-NCM
cathode materials: (a) untreated HE-NCM without conductive
carbon and PVDF additives (named pristine HE-NCM), (b)
untreated HE-NCM mixed with conductive carbon and PVDF
(named untreated HE-NCM composite), (c) double-gas treated HE-
NCM without conductive carbon and PVDF (named treated HE-
NCM), (d) double-gas treated HE-NCM composite (named treated
HE-NCM composite).

Results and discussion
Valence and spin states of transition metals in NCM materials

XPS and XANES probe locally the occupied and unoccupied
electronic configurations, respectively. A combination of both
techniques provides valuable insights into the evolution of the
valence and spin states of transition metals (M) upon physical
or electrochemical treatment of various cathode materials."®™>°
The M 2p and M 3s core level photoelectron spectra of 3d
transition metal oxides exhibit satellite structures, which occur
due to the final state electronic configuration caused by a M 2p
or 3s hole formation upon photoionization of the core levels.
The energy position and line shape are commonly used to
determine the M valence state.>"’?* For instance, divalent and
tetravalent manganese or cobalt-based oxides show the charge-
transfer satellite (named here as ) at around AE,, =5-7 eV and
9-12 eV, respectively, at higher binding energies from the Mn 2p
or Co 2p photoemissions. Besides the contribution of a charge-
transfer process in the satellite structure,”>** the M 3s spectra
show the spectral splitting, which is mostly due to the exchange
coupling between the 3d electrons and 3s hole occurring after
photoemission.”**® The magnitude of the exchange splitting
(named here as S.,.) is proportional to (2S + 1), where S is the
local spin of 3d electrons in the ground state.*® An increase in
the number of valence electrons on the 3d level results in a
stronger exchange interaction. Thus, the energy difference AE;q
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between the main 3s peak and exchange satellite, Sey., iS
increased. The Isexc/Imss atio intensity is proportional to Si—i—l’
which commonly varies from 0 to ~0.3,”” depending on the
electron configuration of a M 3d oxide.”® The M L; , XANES are
dominated by dipole allowed electron transitions from the M 2p
core level to the M 3d empty states. Note, the shape of the
absorption spectra is different from the photoelectron ones due
to the different final state environments.> In dipole transition,
the K edge corresponds to the excitation of 1s electrons into
empty states of p symmetry. Thus, the M K XANES occurs as a
result of the dipole allowed 1s electron transition to the unoccu-
pied M 4p conduction band states.

Evolution of Mn oxidation and spin states upon treatment of
HE-NCM

The dependence of exchange splitting of the Mn 3s level on the
number of valence electrons is well established for various Mn
oxides, where the exchange splitting varies from AE;; ~ 4.5 eV
to AE;s ~ 6.3 eV for the Mn*" and Mn*' oxidation states,
respectively.”® The Mn 3s and Mn 2p photoelectron spectra of
the HE-NCM cathode materials are shown in Fig. 1a and b. It is
expected that the Mn*" (3d°, t,,°Te,’) ground state electronic
configuration with high spin (HS) state is intrinsic for a
stoichiometric HE-NCM. The Mn 3s photoemission of the
pristine HE-NCM (Fig. 1a(i) and b(i)) evidences a Mn** oxidation
state, as supported by the exchange satellite with AE;s = 4.5 +
0.1 eV (Fig. 1a(i)) and the Mn 2p photoelectron spectrum
(Fig. 1b(i)) with AE,, = 11.0 eV inherent for a Mn*" state.”!
Interestingly, chemical synthesis of the untreated HE-NCM
composite cathode material leads to only a slight reduction
of Mn"* ions as compared to the pristine HE-NCM (Fig. 1a(ii),
b(ii) and Fig. S2a, ESI{). A partial reduction of the Mn*" ions
induced by mixing of the pristine HE-NCM with carbon and
PVDF is supported by the Mn 2p photoelectron spectra and Mn
L XANES (see Fig. S2b, c, ESIT and the discussion below). Note
that reduction of transition metals resulting in the layered-to-
spinel transformation via carbonization of polydopamine
coated pristine Li-rich NCM was earlier reported,*® although
temperatures of the coating procedure were higher than in our
case (see the Experimental part). The Mn 3s photoemissions of
the treated HE-NCM (Fig. 1a(iii)) and treated HE-NCM composite
(Fig. 1a(iv)) cathodes exhibit the main peaks at Ey;, = 84.1 eV
and the satellite structure at AE;; = 4.7 + 0.1 eV and AE;; = 4.9
=+ 0.1 eV, respectively, which is a sign of a partial reduction of
Mn ions at the cathode’s surface. The same conclusion is valid
for the Mn 2p photoemissions (Fig. 1b(iii and iv)) of the treated
HE-NCM cathodes where the occurrence of the weak shoulder A
at lower binding energies leads to the broadening of the 2p
peaks (Fig. S2d and e, ESIT), which is assigned to partially
reduced Mn ions supported by Mn L XANES (see below). Thus,
our photoemission results evidence a strong impact of the SO,
and NH; double gas treatment on the reduction of tetravalent
Mn ions in HE-NCM. Note, the observed Ise../Ivss ratio of the
Mn 3s photoemission, Fig. 1a(iv), is higher than the expected
ratio <1, which is due to a contribution of the surface impurity
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Fig.1 The Mn 3s (a) and Mn 2p (b) photoelectron spectra of the HE-NCM
cathode materials vs. the treatment: pristine HE-NCM (i), untreated HE-
NCM composite (i), treated HE-NCM {iii), treated HE-NCM composite (iv).
AEss and AE,, are the energy differences between the exchange satellite,
Sexc and 3s photoemission peak and the charge-transfer satellite S and 2py/»
photoemission peak, respectively. The area (a,iv) shows the contribution
from ZnSO,4 or ZnCOs3 impurity in the cathode (Fig. S3, ESIf). The charge-
transfer satellite from the Mn 2ps,, photoemission is hidden under the Mn
2p1/2 peak. The A shoulder (b, i) is a sign of the reduced Mn ions contributed
to the Mn 2p photoemission. (c) The correlation between AEz¢ and the
number of 3d electrons on oxidation state in various manganese oxides
(adapted from ref. 26). (d) The Mn 3d ground state electronic configuration
for Mn**, Mn®*and Mn?* in octahedral (On) symmetry.

in the treated HE-NCM composite cathode (Fig. S3, ESIT).
Thus, an increase of the AE;4 as a function of the treatment
of HE-NCM (Fig. 1a(i-iv)) evidences a gradual increase of
amount of reduced phase of Mn ions in the surface region
with a higher amount for the double-gas treated HE-NCM
composite.
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The Mn L; , XANES confirms a partial reduction of Mn ions
in the treated HE-NCM composite (Fig. 2). The well-resolved B
and C spectral features are typical for the Mn*'(3d?, t,,*1¢,) in
Oy, symmetry electronic configuration of a LiNi, ,C0,Mng 10,
thin-film cathode, Fig. 2a(ii),'"” and MnO,.>' However, two
essential differences contradict the assumption of solely Mn**
state in the treated HE-NCM composite. Firstly, the C/B ratio is
smaller as compared to the NCM thin-film with the Mn** (3d°,
try Te,’) electronic configuration, Fig. 2a(i and ii). In addition,
the shoulders A at 640.2 eV, and D at 641.9 eV fit well to the
energy positions of the typical features observed for Mn>" and/
or Mn*" electronic configurations (see Mn L; , XANES of various
oxides in Fig. S4b-d, ESIf). Note that among the possible
electronic configurations of Mn in manganese-based oxides,
Mn”" ions can occupy octahedral sites specific for layered
structure, or the T, sites coupled with the Mn®" ions in Oy
configuration specific for spinel structure. Often the surface
reconstruction induced by an external impact (high temperature
synthesis,*” or electrochemical cycling of the cathode materials) is
accompanied by the layered-to-spinel structural transformation.*?
It should be also noted that the D-A and C-D energy differences
are Ap-a) = 1.7 eV and Ac_p) = 1.4 €V, respectively, Fig. 2a(i). These
values agree with A(Mn**-Mn**) = 1.5-2 eV and 4(Mn**-Mn**) =
1-2 eV for the complexes with octahedral symmetry,** but are
slightly lower with respect to 4(Mn**-Mn>") = 1.9 eV reported for
complexes with nearly tetrahedral and Jahn-Teller distorted
nearly D, Mn-O coordination symmetries.”” Calculations of Mn
L;, XANES taking into account the Mn*" and Mn*" states in Oy,
symmetry and the Mn®" state is in D}, symmetry (Fig. 2b), support
the presence of the Mn mixture oxidation states at the surface of
the treated HE-NCM composite. Note, the Mn L and Mn K edges
of HE-NCM do not evidence the Mn”" state (see Fig. 2a and
Fig. S4a(i, iii), ESIt), which is the reason for an intense debate on
the oxidation state of Mn ions in Li-rich NCM cathode materials.*®
The existence of Mn’" was theoretically predicted for Li,MnOs;, as
the cause of partial Mn migration from octahedral to tetrahedral
sites upon electrochemical de-lithiation of cathodes at a high
voltage.”” Such migration to the tetrahedral site facilitates the
oxidation of Mn*" ions to a higher oxidation state. However, Mn”*
is an intermediate state, as shown by theoretical calculations,®®
where Mn ions migrate to other octahedral sites thereby reducing
back to the Mn*' state. Note that KMnO, is very sensitive to
X-ray photons,®® or electron beam,” which makes a challenge to
measure stoichiometric compound using electron spectroscopy
techniques. The spectral feature E of Mn L; XANES of KMnOy,,
Fig. 2a(iii), is characteristic for Mn”" (Fig. 2c). However, Mn’" state
is reduced under photons accompanied by a strong decrease of
the E intensity (Fig. S4a, ESIT). On the other hand, the shape of
the Mn K edges of the Mn** state and the reduced KMnO, seems
to be different (see the relevant XANES in ref. 38) that facilitates
the interpretation of oxidation states in compounds.

Thus, Mn 3s photoelectron spectra (Fig. 1a) and Mn L,
XANES (Fig. 2a) indicate a part of Mn ions is reduced at the
surface rather than oxidized upon the SO, and NH; double gas
treatment of HE-NCM. The seeming contradiction between the
+3.5 oxidation state derived from the Mn 3s photoemission

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Mn Ls (on the left) and Mn K (on the right) XANES of the double-gas (SO, and NHsz) treated HE-NCM composite cathode (i, v),

LiNig2C00.7Mng1Q> thin-film (i), KMnO, (iii, iv). (b) The calculated Mn L XANES of (i) Mn?* state in O, symmetry, (i) Mn®* state in D,, symmetry,
(ili) Mn** state in O, symmetry. The parameters of calculations are plotted in Table S1, ESI.+ Simulated XANES obtained from the linear combination of the
spectra consisting of Mn** (13%), Mn* (20%), and Mn** (67%) (iv). (c) The calculated Mn Lz XANES of Mn’* state in Dy, symmetry.

(Fig. 1a(iv) and c) and a mixture of +2, +3, and +4 oxidation
states revealed by the Mn L edge (Fig. 2) might be due to a
nominal value superposed from the three oxidation states
contributed to the exchange splitting Sey.. It might also indicate
the spinel structure formation, earlier reported for HE-NCM.>®
For spinel structure, trivalent transition metals are in Oy
symmetry, whereas the divalent ones are located in a Ty
environment. For example, the Mn L edge of Co,Mn; ,O,
(Fig. S4d, ESIt),’® shows similar spectral fingerprints as for

HE-NCM, although with a smaller energy difference of A_a) ~
2.5 eV (vs. A(c-a) ~ 3.1 eV for HE-NCM) due to a smaller crystal
field splitting in T4 symmetry. Another possible reason for
the discrepancy is the non-homogeneous distribution of Mn
ions of different oxidation states over the depth because a
conventional XPS and XANES probe different depths. As an
example, d ~ 90 A for hv = 1486.7 eV taking into account A(Ey;y)
~ 30 A averaged over different compounds,*" and 20-50 A,*>**
for TEY.
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Fig. 3 The Co 3s (a) and Co 2p (b) photoelectron spectra of the HE-NCM cathode materials vs. the treatment: pristine HE-NCM (i), untreated HE-NCM
composite (i), treated HE-NCM (iii), treated HE-NCM composite (iv). (a) The symbol A indicates the spectral feature which is more probably associated
with the exchange satellite structure inherent for the Co?* (3d’, tzg3Tt2g2le92T) electronic configuration with the HS state. (b) AE;, is the energy
difference between the charge-transfer satellite S and the Co 2p photoemission. S* is the charge-transfer satellite commonly observed in the Co 2p
photoemissions of Co oxides with Co?*/Co** mixed oxidation states. (c) The Co 3s photoemission of LiCoO, layered structure- (i) and LiCoPO, olivine
structure- (i) thin-film cathode materials with the relevant ground state electron configurations. LS and HS are low-spin and high spin, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2023, 4, 3746-3758 | 3749


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00236e

Open Access Article. Published on 24 July 2023. Downloaded on 4/2/2026 6:53:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Evolution of Co oxidation and spin states upon treatment of
HE-NCM

It is expected that the pristine HE-NCM has the Co**(3d°,
te’ Tty | €,°) ground state electron configuration with low-
spin (LS) state. Therefore, no exchange splitting in Co 3s
photoemission of Co®" ions is expected (the total spin in the
LS state is S = 0). The Co 3s and Co 2p photoemissions of HE-
NCM vs. the treatment conditions are shown in Fig. 3a and b.
As expected for a 3+ oxidation state, the Co 3s from the
untreated samples displays a single component with no extra
satellites (Fig. 3a(i and ii)) similar to the Co 3s photoelectron
spectrum of LiCoO, (LCO) with the Co*'(3d° t,g°Tt,°|e,”)
state (Fig. 3c(i)). The Co 2p photoemissions of the pristine HE-
NCM and untreated HE-NCM composite exhibit the charge-
transfer satellite S at AE,, = 9.5 eV (Fig. 3b(i and ii)) consisting
of the Co’(3d®, try’Tty” | €,”) with LS state.>” In contrast, the
Co®" ions are reduced in the treated HE-NCM samples
(Fig. 3a(iii, iv), and b(iii, iv)). The Co 2p photoemission of the
treated HE-NCM exhibits an additional charge-transfer satellite
S*, Fig. 3b(iii), whereas the Co 3s photoemission does not
exhibit the explicit Sy structure, Fig. 3af(iii), which is com-
monly observed for spinel structure or oxygen deficient layered
oxides (see Fig. S5, ESI,t ref. 28). In the ¢reated HE-NCM
composite, the spectral feature A of the Co 3s photoemission
(Fig. 3a(iv)) displays a satellite at AE = 4.6 eV from the main 3s
peak, which fits well to the Sex of the Co>* (3d", tg” Tts” | €,° 1)
electronic configuration.*®> The occurrence of the S, satellite
in the Co 3s spectrum of the treated HE-NCM composite
(Fig. 3a(iv)), whereas the former is not revealed in the treated
HE-NCM (Fig. 3a(iii)), might indicate the fact that the reduced
Co>" ions reside mostly in the T, sites in treated HE-NCM,
whereas a part of Co®>" ions occupy the Oy sites after the
preparation of the treated HE-NCM composite (see the Co 3s
photoemission from the LiCoPO, thin-film cathode material
for comparison, Fig. 3c, and the discussion on Co L XANES
below). However, such conclusion does also mean that the
carbon and/or PVDF are not neutral chemical agents and might
impact the oxidation state of transition metals, similar that is
observed in the Mn 3s and Mn 2p photoelectron spectra of the
untreated HE-NCM composite (Fig. S2a-c, ESIT).

Co L3 XANES of the untreated HE-NCM composite (Fig. 4a(i))
shows the A, B, C spectral features, which are characteristic for
Co**(3d", t2g3Tt2g3leg0) with LS configuration. In contrast, Co
L; XANES of the treated HE-NCM composite shows a deviation in
the oxidation state from Co®", Fig. 4a(ii). For example, the C/A
relative intensity is smaller as compared to the relevant ratio
intensity of a model NCM thin-film cathode with Co®"(3d°,
thy Tty l€,”) configuration, Fig. 4a(iii). To clarify which of
+2 or +4 oxidation states prevail in the treated HE-NCM, we consider
the Co L; XANES of Li,CoO, charged to 4.4 V (Fig. 4a(iv)). Upon
charging, Co®" ions are oxidized to Co*" state, which is observed
as an increase of the low energy shoulder as compared to the
stoichiometric LCO and NCM-related cathode materials,
(Fig. 4a(ii and iii)). The main difference in the Co L; edge of
the treated HE-NCM composite as compared to the charged LCO
cathode is the slope of the low energy shoulders, which points
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state (blue) in O, symmetry. The parameters of calculations are plotted in
Table S1, ESLf (i) Linear combination of the calculated XANES which
consists of Co®* (44%) and Co®* (56%).

—TT T T

downward (the A** feature in Fig. 4a(iv)) in the case of the Co**
ions in octahedral symmetry and points upward for the treated
HE-NCM composite (underlined by the circle in Fig. 4a(ii)). The
line shape of the latter is characteristic of Coz0, where Co**
and Co®" ions are in the T4 and Oy, coordination, respectively.
For comparison, the Co Lz , XANES of Co** (HS) and Co** in Oy,
symmetry is shown (Fig. S6, ESIt). The simulated Co L XANES
of Co®" in T4 coordination and Co** in Oy, coordination typical
of Co304 (Fig. 4b) confirms the reduction of Co®* ions to Co>*
ions induced by SO, and NH; double gas treatment.

Evolution of Ni oxidation and spin states upon treatment of
HE-NCM

Fig. 5a and b shows the Ni 3s and Ni 2p photoemissions of HE-
NCM treated under different conditions. In the pristine sample,
the exchange satellite of Ni 3s photoemission is at AE;; ~
5.9 eV + 0.1 eV (Fig. 5a(i)) with respect to the Ni 3s peak, similar
to that of NiO with the Ni*" (3d° t5* Tt54° | €,°1) ground state
electronic configuration, Fig. 5c. In addition, the Ni 2pzs,
(Ni 2p4/») photoelectron emission (Fig. 5b(i)) shows the intense
charge-transfer satellite S at ~6.5 eV with respect to the Ni 2p
peak, which is typical for divalent Ni ions. Conversely, the
exchange satellite for untreated HE-NCM composite in Ni 3s
spectrum is at AE;s ~ 5.6 eV (Fig. 5af(ii)), suggesting that a
portion of the Ni ions may possess a slightly higher oxidation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The Ni 3s (a) and Ni 2p (b) photoelectron spectra of HE-NCM vs. the
treatment: pristine HE-NCM (i), untreated HE-NCM composite (i), treated HE-
NCM (iii), treated HE-NCM composite (iv). (@) AEzs is the energy differences
between the Se. exchange satellite and the Ni 3s photoemission. (b) F (KLL) is
the Auger contribution from fluorine as a component of PVDF. (c) Ni 3s
photoemission from NiO. The Ni**(3d?, tZQBthgzleng) electronic configu-
ration with HS state is shown in the inset. (d) Ni Ls> XANES of the treated HE-
NCM composite cathode (i), and calculation of Ni2* state in O, symmetry (ii).
The parameters of calculations are plotted in Table S1, ESI.{

state than +2, in agreement with the concept that the strength
of the exchange splitting is determined by the number of 3d
electrons. In the HE-NCM composite cathodes (Fig. 5b(ii and
iv)) this satellite is hidden under the F(KLL) Auger peak at
~ 860 eV originated from PVDF.

The Ni L; , XANES of the treated HE-NCM composite (Fig. 5d)
definitely supports the Ni*" (%5, T€*,,1t%, | €%, |) oxidation
state, in agreement with the Ni L XANES of NCM and LiNiPO,
thin-film cathode materials,’”*® and with the simulation of
Ni*" ions reported along with the experimental data in Fig. 5d.

In summary, SO, and NH; double gas treatment of HE-NCM
modifies the surface electronic structure at the Mn and Co sites

© 2023 The Author(s). Published by the Royal Society of Chemistry
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resulting in the reduction of Mn** and Co®" ions, whereas Ni
ions are predominately in Ni** oxidation state.

Evolution of surface chemical composition upon treatment of
HE-NCM materials

The O 1s photoemission spectra measured for various HE-NCM
are shown in Fig. 6. The O 1s spectral features of the pristine
HE-NCM, Fig. 6(i), are assigned to the O*" lattice oxygen (Ep;, =
529.5 eV), the peaks at 531.3 eV and 532.5 eV are ascribed to the
surface (non-stoichiometric) oxygen related to adsorbed species
inherent for various cathode materials,?**” and to C-O bond,?"*®
respectively. The weak feature at Ep;, ~ 534.5 eV can be ascribed
to carboxyl groups or P-O-F bond as traces of an electrolyte
adsorbed on the oxide surface upon storing materials in a glove
box. The O 1s photoemission of the untreated HE-NCM composite
is shifted by ~0.2 eV to higher binding energies with respect to

iv) O1s
NH;+SO,
composite 531.9 eV

529.8 eV
535.7 eV

i)

NH;+SO,

529.7 eV

534.2eV

529.7 eV
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532.8e
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534.5eV

1
537 534 531
Binding energy

Fig. 6 The O 1s photoelectron spectra of HE-NCM vs. the treatment:
pristine HE-NCM (i), untreated HE-NCM composite (i), treated HE-NCM
(iii), treated HE-NCM composite (iv).
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the pristine HE-NCM (Fig. 6(i and ii)), which might be related to a
higher covalence of M-O bond in the lattice in the composite
cathode. Besides the shift, the shoulder centred at 531.7 €V is
increased in intensity due to the contribution of C—O0 bond at Ey;,,
~ 531.7 eV.>"" The O 1s photoemissions at 532.8 eV, 533.7 eV and
a minor peak at ~535 eV are ascribed to C-O (Epi, ~ 533 eV,
ref. 8), P-O-P—0 or C-O-C=O0 or organic carbonates and ester
groups (Epin = 533.7-533.9 €V),* and LiPO/F,,> respectively.
The chemical state at Epi, = 530.6 €V is often ascribed to oxygen
vacancies or oxidation of the lattice oxygen (O~ — O7), which,
however, is mostly detected upon de-lithiation of Li- rich
cathodes.” Upon the SO, and NH; double gas treatment of
HE-NCM, the shoulder at 531.9 €V is further increased in intensity
due to the additional contribution of the spectral component,
which is assigned to M-SO,, Fig. 6(iii), and positioned in
the similar energy range as that of the C—0O bond (Ep;, ~
531.7 eV).”> The treated HE-NCM composite samples show
typically a stronger intensity increase of this shoulder
(Fig. 6a(iv)), which is now a superposition of the sulphur and
carbon oxygen-related species contributed to the O 1s photo-
emission. Interestingly, the untreated and treated HE-NCM
composites exhibit a small photoemission peak at high binding
energy (Enin ~ 535 eV), Fig. 6(ii and iv), which might be
attributed to H,O. The shape of the C 1s photoemission of
the untreated and treated HE-NCM mixed with conductive
carbon and PVDF is typical for composite materials with C-C
(Ebin = 284.5 eV), C-H (Ebin = 285.3 eV), C-O (Ebin = 286.6 eV),
C=O0 (Epin = 288.4 ¢V) and C-F from PVDF (Ep;,, = 291.1 eV)
(Fig. S7, ESIt). Note that the C 1s photoemission of both HE-
NCM composites shows a defect state Cy (283.5 eV), which is
not revealed in the pristine HE-NCM and the treated HE-NCM
without carbon and PVDF (Fig. S7, ESIt). The defect states
associated with carbon vacancies were previously reported for
graphene-based materials.>

Fig. 7 shows the evolution of the Li 1s photoemission for a
series of HE-NCM as a function of the treatment. The untreated
samples show the Li 1s photoelectron peak maximum at Ep;, =
54.2 eV (Fig. 7a(i and ii)) assigned to the lattice lithium. The
Li 1s spectrum of the treated HE-NCM is broader and shifted
to higher binding energy showing the peak maximum at Ep;, =
54.7 eV, Fig. 7a(iii). The spectral feature at 55.6 eV, which
occurs as a shoulder after the double gas treatment of the
pristine HE-NCM (Fig. 7a(iii)), becomes the dominant contribu-
tion in the Li 1s photoemission for the ¢reated HE-NCM compo-
site (Fig. 7a(iv)). The difference spectra of the ¢reated and
untreated HE-NCM evidences two oxidation states of lithium
with Ep;, = 54.85 £ 0.05 eV and 56.3 + 0.1 eV in the treated HE-
NCM composite (Fig. 7b(i-iii)). Since the crystal structure para-
meters of the untreated and treated HE-NCM are essentially the
same in the bulk,*® the two additional states result, more likely,
from modifications of the surface composition due to SO, and
NH; treatment. Therefore, we assume that the lithium state
at 54.9 eV is inherent for the untreated HE-NCM, whereas the
lithium states at 55.6 €V and 56.3 eV arise as the result of the
double gas treatment. The correlation of the strong intense By;
peak of the Li 1s photoemission (Fig. 7a(iii)) and an increase of
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Fig. 7 The normalized Li 1s photoelectron spectra of HE-NCM vs. the
treatment (a): pristine HE-NCM (i); untreated HE-NCM composite (ii);
treated HE-NCM (iii); treated HE-NCM composite (iv). The peak maxima
and shoulder are labelled as A (Epin = 54.2 €V (i and i) and 54.7 eV (iii and iv)),
and By (Epin = 55.6 eV (iii and iv)). (b) Li 1s photoemission of the treated
composite is spectrally decomposed into the A, B and C; components
followed by the least square fitting with Ay; (Epin = 54.8 €V), By, (Epin =55.6 €V,
CLi (Epin = 56.4 €V (i). The difference spectra of the treated composite (solid
blue line) with the untreated composite (red solid dots) (ii) and the pristine (iii).
The Li 1s photoelectron spectra of the untreated HE-NCM composite (i) and
pristine HE-NCM {iii) are shifted by 1.3 eV to lower binding energies to align
the peaks’ maxima positions; the difference spectra are shown in green giving
AL (Epin = 54.85 + 0.05 eV) and Cy; (Epin = 56.3 + 0.1 eV) (ii and iii). Thus, three
oxidation states of lithium are detected in the treated HE-NCM (i—iii).

the O 1s peak at Ey;, ~ 532.0 eV (Fig. 6(iii)) after the SO, and
NH; double gas treatment forces to assign the Li 1s photo-
emissions at 55.6 eV to the oxygen related species, like Li,CoO3
(Epin ~ 55 €V vs. Epin(O 1) ~ 532 eV),>* and (Epi, ~ 55.5 €V vs.
Epin(O 15) ~ 531.6 €V),>® or Liy0, (Epin ~ 55 €V vs. Epin(O 18) ~
531.7 eV),>® or Li,SO, (Epin(O 15) ~ 531.9 eV for M-S0O,4),>” and
(Epin~ 55.8 €V s. Epin(O 15) ~ 532.6 eV).”

The contribution of Li,COj; to the strong intense By; peak of
the Li 1s photoemission (Fig. 7a(iii and iv)) is unlikely, because
the intensity of the relevant specie in the C1s photoelectron
emission is not changed markedly before and after double gas
treatment (see Fig. S7a(iii-v), ESIt), as compared to the inten-
sity change of the Li 1s photoemission (Fig. 7a). Li,O, is not
supported by O K XANES of the double-gas treated HE-NCM
(Fig. S8, ESIt). Thus, the most intense By; peak (Epin ~ 55.6 €V)
is more probably associated with Li,SO,,"* in accordance with
the formation of sulphate group (SO,) detected in the S 2p
photoemission at photoelectron spectrum (see Fig. 8a dis-
cussed below). The Li 1s spectral feature at 56.3 eV can be
related to Li,S in accordance with the S 2p photoelectron
spectra (see below) and the reported Ep, = 56.6 €V for lithium
sulphide,”® as well as to Li,O (Epin ~ 56.4 eV vs. Epin(O 1s) ~
531.2 €V).”® The Li 1s photoemission at ~54.9 eV is close to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that for Li;N with binding energies ranging between Ey, =
54.7-55.1 €V.>® Accordingly, the expected Ey;, range of LizN in
the Ni 1s photoemission is 395.2-396.0 eV.>® However, our
results show no evidence of LizN formation upon NH; treat-
ment of HE-NCM (see discussion of the N 1s photoelectron
spectra below). No Li;N was detected also in our previous
studies."®"> Note that Li;N at the electrode/electrolyte interface
is responsible for enhanced performance of various LIBs.*
The double gas treatment with SO, and NH; leads to the
formation of the characteristic sulphur related species on the
surface of the treated HE-NCM materials (Fig. 8a). The most
intense S 2p spectral feature at 169.4 eV is ascribed to sulphates
[SO, 72, i.e. $°'] in agreement with the previous reported Ep;, =
169.2 eV.°! Previously, Li,SO4 was revealed in SO, gas treated
HE-NCM."* The S 2p photoemission at lower binding energies,
which is well pronounced in the treated HE-NCM composite, is
ascribed to sulphites formation [SO; >, i.e. $**, Epip ~ 167 eV],
sulphur Sy (Epin ~ 164 eV) and Li,S (Epin ~ 162 eV). A weak
contribution to the S 2p photoemission at ~168 eV is probably
assigned with a metal (M)-SO, bond due to impurities (Fig. S3,
ESIT) and other sulphur-oxygen related moieties. Note, the SO,
molecule is a Lewis acid and a reducing chemical. Therefore, its
adsorption on the oxides surface (as the result of the gas
treatment) would lead to a preferential bonding to the lattice
oxygen. Thus, the SO, reaction with various metal oxides leads
to the formation of metal-sulphates and reduction of metals.®*
The decomposition mechanism of SO, is probably similar to
that occurring at the SO, adsorption on LiCoO, layered oxide,
where both sulphite and sulphate species are formed on the
surface.®® DFT calculations demonstrated that sulphite for-
mation is related to the interaction of oxygen atoms of SO,
with the cations (M and Li), which does not induce the change
in the oxidation state of cobalt and sulphur atoms.®®> However,
for the sulphate formation, a strong chemisorption of SO, onto
the surface is accompanied by an electron transfer from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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addressed SO, to LiCoO,, which leads to an extra electron on
the Co site.®® Thus, the SO, chemical reaction with HE-NCM is
more probably responsible for reduction of the Mn** and Co®*
ions at the surface.

The stability of NH; adsorbed onto the various metal oxide
surfaces depends strongly on the element composition of solid,
but also on its surface orientation.®*”*® Ammonia can molecu-
larly adsorb at room temperature exhibiting the N 1s peak in
the 400-401 eV binding energy range,®»®” and dissociate at
even lower temperatures,®® via the NH, (x = 1, 2) formation with
Epin ~ 398-399.4 eV.% The adsorption experiments of gaseous
NH; onto LiMO, layered cathode materials show their low
reactivity towards the molecule with only the one peak of the
N 1s photoemission at 399.6 eV assigned to NH;.>® The N 1s
photoelectron spectra of the treated HE-NCM are shown in
Fig. 8b. Accordingly, the spectral components A (Eni, ~ 399 eV)
and B (Ep;, ~ 400.7 eV) are ascribed to NH,. and NH3, respectively
(Fig. 8b(i)). The N 1s photoemission at E;, ~ 399 eV can be also
ascribed to graphitic- nitrogen,®® whereas Ep;, = 400.7 eV to
pyrrolic nitrogen,® or hydrogenated pyridinic-nitrogen observed
in N-doped carbon at Ey;, = 400.6 €V.* The C peak at ~403 eV is
close to binding energies expected for N-O functional groups,®®
and it is more probably associated with the oxidation of nitrogen
species. The XPS quantitative analysis evidences approximately
equal amounts of nitrogen and sulphur related species formed
under thermal treatment of HE-NCM. However, the signal-to-
noise ratio is much worse for the N 1s photoemission (Fig. 8b)
due to the possible element concentration gradient over the depth
and to the lower atomic sensitivity factor.

Thus, it is difficult to unambiguously conclude about the
formation of LizN in the NH; treated HE-NCM (see Fig. S9,
ESIT). Even if that is the case, the amount of Li;N should be
insignificant based on the comparative analysis of the Li 1s and
N 1s photoemission intensities (Fig. 7b and 8b), as well as lower
as compared to the NH, (x = 1-3) and graphitic- and pyrrolic-
nitrogen related species (Fig. 8b).

Experimental

Chemical synthesis

High-energy density 0.33Li,Mn0Oj3-0.67LiNi, 4C0y,Mn, 4,0,
cathode materials were prepared at BASF (Germany) using co-
precipitation method. The double gas treatment (concurrently
with SO, and NHj;) of these materials was carried out at Bar-Ilan
University, as described in our recent work."* Briefly, SO,-
treated samples (at 300 °C for 1 h) were further subjected to
NH;-treatment at 400 °C for 2 h in a modified ‘“Rotovap” oven
(BASF). The gas flow was adjusted to ~ 0.6 cm® min~'. We used
a glass flask of ~80 cm? for the gas treatment of 15 g HE-NCM
material. The treated and untreated HE-NCM materials, as well as
NiO (99.99%, Aldrich) and KMnO, (assay 99-100.5%, Riedel-de
Haen, Sigma-Aldrich GmbH) powder materials, used as reference
oxides with divalent Ni and Mn’" ions, respectively, were pressed
into an Al-mesh and In-foil (for NiO) in a glove-box (M-Braun)
under Ar atmosphere. Preparation of the HE-NCM composite
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cathode materials was earlier reported in ref. 14, namely, 92.5 wt%
active materials (untreated/double-gases treated), 4 wt% Super
C65 carbon black, and 3.5 wt% PVDF (Solef 5130) dispersed
in N-methyl-2- pyrrolidone (NMP, Sigma-Aldrich). The mixture
was stirred with a planetary orbital mixer (Thinky, Japan) until
the homogeneous slurry was obtained, followed by coating
of the composite on 15 pum thick Al-foil current collectors.
The coated films (120 um thickness) were then heated at
120 °C for 15 min on a hot plate and 4.0 h in a vacuum oven
(at 120 °C) to completely evaporate the solvent. The LiCoO,
(LCO), LiNi, ,C0,,Mn, ,0, (NCM) and LiCoPO, (LCP) thin-film
cathode materials were prepared in DAISY-BAT laboratory.”® by
using radio-frequency (RF) magnetron sputtering technique.
The thin-film deposition processes are described in more
details in ref. 16 and 17, A LiCoPO, target material (2 inch
size, 99.9%, Kurt J Lesker Company Ltd) was used for LCP thin-
films deposition on a Pt-foil (see ref. 71 for details).

After preparation, HE-NCM materials were stored in a glove
box under argon atmosphere (H,O and O, content was less
than 0.5 ppm), followed by their transfer to the UHV systems
via a moveable vacuum chamber filled by argon.

XPS and XANES analysis

Quast in situ (i.e. in vacuo sample transfer without contact to air)
XPS measurements were performed in the Darmstadt Inte-
grated System for Fundamental Research (DAISY-FUN) using
a PHOIBOS 150 spectrometer (SPECS Surface Nano Analysis
GmbH) and a monochromatic Al Ko (Av = 1486.7 eV) source.
The base pressure in the analysis chamber was p,,s < 5 X
107'° mbar. The photoelectron spectra were collected at an
electron escape angle, 6 = 90° with respect to the surface. The
binding energies are referred to the Fermi level of Ag (or Au) foil
in electrical contact with the sample. The probing depth of XPS
isd ~ 3 x A x sin(0), where A(Eyn) is the electron inelastic
mean free path, which depends on photoelectron kinetic
energy (Eyin) and material properties.”” The probing depth for
XPS using Al Ko radiation lies in the range of 5-100 A. The areas
and energy positions of the photoelectron peaks were obtained
by a weighted least-squares fitting of model curves of 70%
Gaussian and 30% Lorentzian character to the experimentally
measured spectra. CasaXPS,”®> and XPSPeak41 software
packages were used for the fitting procedure. The background
was subtracted using a Shirley-type function. The LCO, NCM
and LCP thin film cathodes after preparation were transferred
under UHV conditions (ppase < 10~ ° mbar) for the XPS mea-
surements in DAISY-BAT (see for details ref. 70).

X-Ray absorption near edge spectroscopy experiments were
performed at Elettra synchrotron facility in Trieste (Italy). The
treated HE-NCM composite cathode materials were delivered to
the BACH beamline endstation under ultra-high vacuum (UHV)
conditions to avoid exposure to air. The quasi in situ Co L; 5, Ni
L;, and Mn L;, XANES were measured with synchrotron
radiation linearly polarized in the horizontal plane. The energy
resolution was better than 250 meV. The BACH beamline end-
station is equipped with a VG-Scienta R3000 hemispherical
analyser at an angle of 60° with respect to the incident beam
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direction. The energies of the X-ray absorption spectra were
calibrated with respect to the energies of incident photons by
measuring the kinetic energies of the Au 4f core level or the Ey
level of a clean gold foil. XANES spectra were recorded in
total electron yield (TEY) mode by measuring the drain
current through the sample using Keithley 428 current ampli-
fier. Co L-, Mn L-, and Mn K- XANES of the HE-NCM composite
materials and KMnO, were measured at Diamond Light Source
(Oxford, UK) using facilities of the 109 beamline for Surface and
Interface Structural Analysis (SISA). The hard- and soft- X ray
monochromators allow to vary photon energies in the range of
100-2100 eV and 2.1-20 keV. The XANES experiments were
performed in TEY mode.

Calculations of XANES

The Mn L; », Co L; , and Ni L; , edges were calculated using the
CTM4XAS 5.5 program.”* The Mn L; , XANES were simulated
for various Mn valence states, including Mn*", Mn**, Mn*" and
Mn”*. The simulations considered the hybridization between
Mn and oxygen atoms by reducing the Slater integrals from their
atomic values. The Mn®** and Mn”" states were treated with Dy,
symmetry to account for Jahn-Teller distortion, while the Mn>" and
Mn*" states were considered to have octahedral (0y,) symmetry.”>”®
The Mn L;, edge of Mn’" was shifted by 4.9 eV to lower photon
energies for the peak position at 645 eV in accordance with the
experimental data, ref. 31 The parameters used for the simulations
are outlined in Table S1, ESL{ Co L-edge for Co;0,, were calculated
by considering a spinel structure of Co®>" and Co®" in tetrahedral
(Ty) and Oy, sites, respectively, using the parameters reported in ref.
77 As shown in Table S1, ESI,T a reduction of the Slater integrals is
applied to simulate an increased d-electron delocalization, due to
covalent bonds with oxygen atoms in oxides. Finally, Ni L-edge
spectrum of Ni** jons in Oy, sites typical of NiO was simulated using
the parameters listed in Table S1 (ESI}).”®

Conclusions

A comprehensive study of the chemical surface modification
and the electronic structure of a series of the high-energy
density HE-NCM cathode materials was performed using quasi
in situ X-ray photoelectron- and X-ray absorption near edge-
spectroscopies. In summary, SO, and NH; double gas treatment
of HE-NCM modifies the surface electronic structure at the Mn
and Co sites resulting in the partial reduction of Mn** and Co®"
ions, whereas Ni ions are predominately in Ni>" oxidation state.
The suggested reduction mechanism includes the chemical
interaction of SO, with the surface lattice oxygen via the decom-
position of the molecule to SO, >, accompanied by an electron
charge transfer from sulphur to the Mn and Co cations of HE-
NCM. However, NH; can also behave as a reducing agent, its
involvement in the reduction of transition metals was earlier
reported.® In this regard note that NH; adsorption on various
metal oxides is more energetically favorable on the Lewis acid
sites,”® where the interaction of NH; with a transition metal can
accompanied by a donation of electron from the molecule to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface.””®® In addition, we have established that in HE-NCM
samples containing conductive carbon and PVDF, new defect
states can be formed that are associated with carbon at the
surface of HE-NCM. Such defect states might have a relationship
with a minor reduction of transition metals induced by prepara-
tion of the HE-NCM composite materials. However, the mecha-
nism responsible for such reduction is not clear, yet. Our study
demonstrates also the importance of thin film approach, where
cathode materials can be investigated as reference systems due
to their high purity and the absence of additional complexity
arising by reactions of carbon and PVDF with carbonate based
electrolyte solutions at high voltages.

Thus, the improved electrochemical performance of the
double-gas (SO, and NH;) treated HE-NCM cathodes in Li-cells
is assigned to the surface modification, that protects the surface
against further chemical reactions with the electrolyte solution.
Superior protection properties might be related to the spinel
structure formation at the surface supported by the modified
electronic configuration at the Co site, because the spinel
structure is known to be more structurally stable as compared
to the layered oxides.
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