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Impact of Thermal Gas Treatment on the Surface Modification of Li-
Rich Mn-based Cathode Materials for Li-ion Batteries

Received 00th January 20xx, Maximilian Mellin,® Zhili Liang,® Hadar Sclar,” Sandipan Maiti,® Igor Pi§,° Silvia
Al d 00th J 20 .. . . . .

coepted OOt January 20« Nappini,© Elena Magnano,“? Federica Bondino,° llargi Napal,“¢ Robert Winkler,?
DOI: 10.1039/x0xx00000x Réne Hausbrand,® Jan P. Hofmann,® Lambert Alff,®> Boris Markovsky,® Doron

Aurbach,® Wolfram Jaegermann,? and Gennady Cherkashinin.®”

Table S1 Theoretical parameters used for the Mn Lz 7, Co L3> and Ni L3 » edges simulations using

CTMA4XAS software.
Symmetry | 10Dq | Fa.d(%) | Fp-d(%) | Gp-a(%) | Dt Ds A Ud.d | Upd
(ev) (eV) | (eV) | (eV) | (eV) | (eV)
Mn
2+
Mn On 1.2 80 80 80 - - 7 0 0
ref.75
Mn3+
Dap 1.54 65 75 75 0.02 | 0.06 4 0 0
ref.75
Mn#* On 2.5 70 70 70 - - 2.5 6.5 8.5
ref.76
Co
C02+
Dap -0.75 90 90 90 0 0.04 - - -
ref.77
3+
Co Oh 1.8 70 70 70 ; ] ) ] ]
ref.77
Ni
Ni2+
On 1.2 80 80 80 - - 3 0 0
ref.78

Here, Gy is the reduction factor (%) of the exchange Coulomb, Fy.4 and Fy.q are direct Coulomb Slater
integrals. The A is the charge transfer parameter. The Dt, Ds and 10Dq are the crystal field parameters.
Ud-g and Up-4 parameters correspond to 3d-3d and 2p-3d intra-atomic Coulomb interactions.
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Figure S1. Cycling behaviour of electrodes comprising various materials: (a) LiNio.g5C00.15Mng.0s02 (NCM85)
untreated and SO-gas treated for 5, 20 and 30 min, as indicated, ref. 31, b) LiNip.9C00.102 (NC9010)
undoped, Mo-doped, B-doped and Mo-B-doped samples, ref. %2, (c) HE-NCM untreated, SO,-treated, NHs-
treated, and double-gas treated, ref. >3
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Figure S2. a) The Mn 3s photoelectron spectra of the untreated HE-NCM: pristine (without carbon and
PVDF) (i) and composite cathode (with carbon and PVDF) (ii). The vertical lines show the binding energies
of the main Mn 3s photoelectron peak and the exchange satellite, Sexc. The difference between Mn 3s and
Sexc for the pristine and the composite cathode is AEs ~ 4.5 eV and 4.6 eV, respectively. b) Mn 2p
photoelectron spectra of the untreated HE-NCM.: pristine (black line) and composite cathode (red line). c)
Mn L edge of the untreated HE-NCM: pristine (black line) and composite cathode (red line) measured in
the partial electron yield mode (PEY). The B/A ratio is lower for the HE-NCM composite, which is a sign of
a partial reduction of Mn** ions. d) Mn 2p photoelectron spectra of the untreated HE-NCM pristine (black
line) and treated HE-NCM without carbon and PVDF (red line). e) Mn 2p photoelectron spectra of the
untreated HE-NCM pristine (black line) and the treated HE-NCM composite cathode (red line). The
difference photoelectron spectra are shown in green with the vertical arrows pointing the spectral feature
A different from Mn#* state. All the spectra are normalized to their maximal intensity.
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Figure S3. The Zn 2p photoemission of the HE-NCM double-gas (SO2 and NH3z) treated composite cathode.

The Zn 2p3/2 spectrum at Epin~1022.8 eV evidences traces of ZnSOa4 (or ZnCOs) at the surface of the HE-
NCM.
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Figure S4. (a) Mn L3> XANES of KMnOs (i, ii) and HE-NCM double-gas NH3 and SO, treated composite
cathode material (iii). The E spectral feature (i, ii) is characteristic for Mn”* and it is strongly decreased in
intensity as soon as Mn’* state is photon reduced (ii). (b) Mn'(acac), and Mn"'(acac); complexes in solution
(Ref.54). (c) Mn L3 edge of NMC442 (blue) and NMC442-TiO; (red) after electrochemical cycling: dotted
vertical line indicates the position of the +2 oxidation state (reproduced from Ref.*®). (d) Mn L edge of
MnO (Mn?*), Mn,03 (Mn3*) and LizMnO3 (Mn*") shown by colour dashed lines, LiMn»04 (black solid) and
CoxMn3.x04 with x=1; 1.5; 2. C-Cox and T-Cox are cubic and tetragonal spinel, respectively (reproduced
from Ref.%®).
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Figure S5. Co 3s photoemission and Co 2p X-ray emission spectrum (on the top) of various cobalt oxides
adapted from Ref.’.
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Figure S6. (a) Co L3> XANES of a LiCoPOg thin-film cathode material (a, i). Theoretical calculations of the
Co Ls,» edges for the Co?* with HS spin in O, coordination geometry with np® 3d® ground and np® 3d” final
states (a, ii) (see for details Ref.%8). The insert shows the electron configuration of Co?* and Co3* states in
On symmetry.
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Figure S7. The C 1s (a) photoelectron spectra of (i) a LiCoO? thin film, (ii- v) HE-NCM vs. the treatment: (ii)
pristine, (iii) untreated composite, (iv) treated, (v) treated composite. The green curve above the C 1s
photoemission is the difference between the mathematical model and the result of the fitting procedure.
A defect state Cy, highlighted with the frame, at Enin~283.5 eV appears after mixing the HE-NCM active
material with conductive carbon and PVDF (ii, iv). The procedure of fitting component peaks to reproduce
experimental photoemission spectra utilizes mathematical algorithms to minimize a figure-of-merit as a
measure of the closeness of the mathematic model to the experimental data [see description of a
common fitting procedure in Ref.>’]. b) The normalized Li 1s photoelectron spectra of HE-NCM vs. the
treatment: (i) pristine, (ii) untreated composite, (iii) treated, (iv) treated composite. The peak maxima and
shoulder are labelled as Aii (Evin=54.2 eV (i, ii) and 54.7 eV (iii, iv)), and By (Ebin =55.6 eV (iii, iv)).
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Figure S8. O K XANES of the as prepared treated HE-NCM composite. LioO2, which is expected at ~531 eV

[Ref. 319], is not detected.
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Figure S9. The N 1s photoelectron spectrum of the treated HE-NCM. The binding energy region of LisN is
shown by the red rectangular.
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