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Aqueous processing offers an environmentally friendly alternative to conventional organic solvent-based
methods for producing Ni-rich cathodes for lithium-ion batteries (LIBs). However, interaction with water
can drive phase reconstruction at the cathode surface region, increasing activation polarization and
charge transfer resistance, which can partially lower specific capacity. This study investigates the beneficial
effect of Ti(v) incorporation on single-crystalline Ni-rich LiNiggMng1C0g10, (SNMC) cathodes and
demonstrates that the resulting Ti-rich, Ni-depleted surface layer enhances overall structural stability.
Specifically, high-resolution scanning transmission electron microscopy images reveal that titanium sup-
presses undesirable rock-salt phase formation during aqueous processing, electrochemical impedance
spectroscopy shows that Ti-incorporated SNMC cathodes exhibit lower charge transfer resistance com-
pared to the conventional SNMC electrodes, and soft X-ray photoelectron spectroscopy exhibits a thinner
cathode electrolyte interphase (CEl) layer with Ti incorporation. Improved cycling capacity was evidenced
down to the atomic scale by utilizing operando X-ray absorption spectroscopy measurements, revealing
stronger changes in the formal valence of all transition metals (or higher redox activity/charge compen-
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sation) during battery cycling for Ti-incorporated SNMC electrodes compared to the conventional SNMC
electrodes. These results highlight that controlled surface modification using titanium can effectively
stabilize the surface structure and reduce charge transfer resistance, offering a viable strategy to improve

rsc.li/EESBatteries the structural and electrochemical performance of aqueous-processed Ni-rich cathode materials.

Broader context

We are pleased to submit our original research titled “Ti-induced surface stabilization for enhanced capacity of aqueous-processed Ni-rich cathodes” for con-
sideration for publication in the journal of EES batteries as a regular article.

Aqueous processing offers a more sustainable alternative to conventional organic solvent-based methods for producing Ni-rich cathodes for lithium-ion bat-
teries (LIBs). A major challenge to this method stems from undesirable phase reconstruction at the cathode surfaces upon interaction with water, increasing
activation polarization and charge transfer resistance, which can partially lower specific capacity. Our study reveals how strategic Ti-incorporation in Ni-rich
cathodes used in lithium-ion batteries effectively stabilizes the particle surface by suppressing the rock-salt phase formation and preserving the layered struc-
ture. Such surface-stabilization reduces charge transfer resistance, enhances cycling capacity, and results in the formation of a thinner cathode-electrolyte
interphase layer.

The EES batteries journal focuses on significant advancements in battery research, with a vision of transitioning toward a more sustainable energy future. In
this context, our work addresses a major challenge related to the development for the aqueous processing method in manufacturing of the Ni-rich cathodes
for lithium-ion batteries (LIBs), potentially enabling broader applications in sustainable battery production technologies. Given the highly topical nature of
this work, we believe it will appeal to a broad audience in the sustainable battery technology communities, aligning well with the scope of EES batteries.
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tElectronic supplementary information (ESI) available: Additional TEM, soft
XAS, and operando XAS measurements on SNMC and Ti-SNMC powder and elec-
trodes, ToF-ERDA measurements on uncycled SNMC and Ti-SNMC electrodes,
ICP measurements on SNMC and Ti-SNMC powder, simulated &*-weighted Ni
K-edge EXAFS spectra and fit parameter for SNMC and Ti-SNMC electrodes at
BoC and ~EoC, peak fitting parameter of the core-level spectra from SNMC and
Ti-SNMC electrodes after the initial cycle. See DOI: https:/doi.org/10.1039/
d4eb00043a
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Introduction

Ni-rich layered-structure LiNi,Mn,;Co;_,_,O, (NMC, x > 0.5)
cathode materials in Li-ion batteries (LIBs) have been widely
reported due to their high specific capacity and low cost.'™
Traditionally, Ni-rich cathodes are produced using N-methyl-2-
pyrrolidone (NMP) as a solvent in combination with polyvinyli-
dene fluoride (PVDF) as a binder. To develop a more sustain-
able and environmentally friendly electrode manufacturing,
aqueous processing is considered an alternative to the hazar-
dous, volatile, and flammable NMP solvent.>™' However,
aqueous processing during electrode preparation introduces
several challenges in the manufacturing of electrodes, which
can lead to lower performance compared to conventional
solvent-based processes. One significant issue is that the reac-
tion between water and the NMC particle surface produces
LiOH and/or induces the formation of carbonate species on
the particle surface, which can negatively affect electrode per-
formance.'” Also, during slurry coating on the Al current col-
lector, the high pH of the slurry can lead to corrosion of the Al
foil. Furthermore, Li-ions can leach out from the material and
the induced Li/Ni disordering in the near-surface regions leads
to surface reconstruction.”'*"® These structural changes in the
near-surface region increase activation polarization and charge
transfer resistance, ultimately diminishing the specific
capacity and cycling stability of the cathode material.

To address these issues, a few mitigation approaches, like
slurry additive, materials surface coating, and material doping
have been reported. For instance, involving additives such as
H3;PO, and Li,SO, during slurry mixing lowers Al current col-
lector corrosion. It has also been shown that H3;PO, can
enhance the cycling performance to some degree by inhibiting
the electrochemically inactive phase formation.'*'® However,
H;PO, does not form a uniform protective layer to prevent the
reaction between NMC particles and H,O. Protective surface
coatings, such as Al,03, Li,0-B,03, ZrO,, and spinel NiFe,0y,,
have been investigated to mitigate the interfacial degradation
during aqueous processing.’” ' While this strategy offers a
potential route for material protection during aqueous proces-
sing, the thickness of the coating material and the associated
costs bring extra consideration to this approach. Additionally,
bulk doping with Al, Ti and Zr have been utilized to stabilize
the particle structure.”>>* Specifically, Ti doping is known to
enhance the structural integrity of Ni-rich cathodes through
stronger Ti-O bonds,*® thereby improving cycling stability. A
targeted Ti-rich surface on the Ni-rich cathode particles was
achieved to study its beneficial effect on electrochemical inter-
face stability and cycling performance at high voltages.””
Another study identified the Ti surface-doped NMC material
exhibits enhanced discharge capacity under low temperatures
by changing the lattice parameters.”® The reported effects
from Ti have the potential to be beneficial also in mitigating
the challenges with water-based processing. To establish this,
the role of Ti (surface) doping in suppressing Li/Ni cation dis-
order during water-based processing in the slurry during elec-
trode preparation and its impact on the charge transfer kine-
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tics needs to be clarified. For example; (1) how does Ti incor-
poration influence surface reconstruction post-aqueous proces-
sing? (2) how do the Li-ion transfer kinetics and electro-
chemical performance get enhanced with Ti incorporation?
Moreover, the specific mechanisms of Ti doping in modifying
the cathode-electrolyte interphase (CEI) and its effects on acti-
vation overpotential require further investigation. Addressing
these knowledge gaps is critical for optimizing aqueous-pro-
cessed Ni-rich cathodes, potentially enabling broader appli-
cations in sustainable battery production technologies.

In this study, we investigate the role of Ti(wv) in single-crys-
talline LiNiy gMng 1C0¢ 10, (SNMC) materials in enhancing the
electrochemical performance of the aqueous processed cath-
odes. We find that, as targeted, Ti is effectively localized in the
near-surface regions of the Ti-incorporated SNMC (Ti-SNMC)
particles, forming a thin, spatially homogeneous Ti-rich, Ni-
depleted layer that suppresses the formation of the rock-salt
phase during aqueous processing. The surface stabilization
leads to reduced activation polarization and charge transfer re-
sistance, resulting in enhanced initial capacities and electro-
chemical performance, as well as the formation of a thinner
CEI layer. The improved surface stability with less charge
transfer resistance for the aqueous-processed Ti-SNMC particle
affects larger changes in the valence states of Ni, Co and Mn
compared to the SNMC electrode cycled within the same
voltage window. This confirms that the undesired rock-salt
phase formed during aqueous processing is primarily respon-
sible for hindering Li-ion transfer in the SNMC particles, and
thereby reduces the specific capacity. In a broader perspective,
our findings highlight how surface doping/incorporation in
NMC cathodes can be utilized as a key design parameter to
develop more sustainable and high-performance lithium-ion
batteries in terms of electrode preparation.

Experimental section
Materials synthesis

The conventional SNMC particles were synthesized with pro-
cedures explained as follows: a stoichiometric ratio of lithium,
nickel(n), manganese(u), and cobalt(i) acetate salts were mixed
and dissolved in deionized water. During heating and stirring,
lithium acetate (3 mol% excess lithium for the compensation
of lithium loss) and citric acid (chelating agent/transition
metal ratio 1:1) were added to the solution. The solution was
continuously stirred and heated on a heating plate at ~60 °C
until complete dehydration was achieved. The obtained
mixture was dried overnight at 100 °C in a ventilated oven. The
resulting precursor powder was calcined at 500 °C for 5 hours
and 850 °C for 12 hours in a tube furnace under O, atmo-
sphere with a heating rate of 5 °C min™" to obtain the pristine
SNMC particles. The Ti-incorporated material
LiNig gMng.095C00.1Tig.00s0> Was prepared by dissolving a stoi-
chiometric amount of titanium source into the water with the
required amounts of other transition metal salts as described
above. Titanium(iv) isopropoxide (99.9%, Sigma-Aldrich), was
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used as the Ti source. The following steps were the same as
the synthesis of the pristine SNMC811 as described above.
Results from inductively coupled plasma atomic emission
spectrometry (ICP-OES) measurements are displayed in
Table S1 (ESI}), confirming the elemental composition and
successful doping. The synthesized particles are confirmed to
be single crystalline by the HR-TEM images and the corres-
ponding Fourier transform patterns (see Fig. S1, ESIT).

Electrode preparation

For the aqueous casting, 90% SNMC or Ti-SNMC was mixed
with 5% conductive carbon black (Super C65T, Imerys) and 5%
carboxymethyl cellulose (Na-CMC, Dow Wolff Cellulosics)
binder. The aqueous-based mixture was coated on a carbon-
coated Al foil (SSNTM Co., Ltd), as the current collector. The
coated electrodes were pre-dried at 70 °C for 5 hours, and then
dried at 120 °C for 12 hours in a vacuum oven. The produced
electrodes were stored in an Ar-filled glove box to prevent
moisture and air exposure before cell assembly.

Transmission electron microscopy (TEM) measurements

Prior to TEM analysis, electron transparent lamellae from the
two samples (SNMC and Ti-SNMC) were prepared using a
focused ion beam system (Zeiss FIB-SEM Crossbeam 550). The
lamellae were sculpted from the samples and subsequently
transferred to copper (Cu) TEM grids using an in situ microma-
nipulator. Once on the Cu grids, the lamellae were finally
thinned down and polished to a thickness of ~50 nm. TEM
analysis was conducted with a Thermo Fisher Titan Themis
200 TEM system at Uppsala University. The system is equipped
with a spherical aberration corrector for achieving a spatial
resolution below 1 A at an acceleration voltage of 200 kV. For
HR-S/TEM, a double-tilt TEM sample holder was used for
orienting one of the zone axes of the crystals parallel to the
electron beam. For Energy-Dispersive X-ray spectroscopy (EDS)
acquisition, a SuperX EDS detecting system of the TEM was
used. Finally, the EDS data were analyzed using the Velox
program (Thermo Fisher).

Time-of-flight elastic recoil detection analysis (ToF-ERDA)

Depth profiles of the overall elemental composition of the
SNMC and Ti-SNMC electrodes were nondestructively obtained
using ToF-ERDA using the 5 MV pelletron accelerator at
Uppsala University.>® A primary beam of 36 MeV iodine ions
was employed to create recoils being detected in a detector
telescope positioned under 45 degrees with respect to the inci-
dent beam axis.*® Data evaluation was performed using the
CONTES software.*!

Ex situ photoelectron spectroscopy (PES) analysis

The pristine (uncycled) SNMC and Ti-SNMC electrodes were
measured using the HAXPES instrument (Scienta Scientific)
with the Ga K, (9252.79 eV) sources. The electrodes were
mounted on Omicron sample plates using conductive adhesive
tabs. The pass energy and slit width were selected as 300 eV
and 0.8 mm for the spectrometer, respectively. Ni 2p and Ti 2p
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spectra were collected with step size 0.1 eV. The cycled SNMC
and Ti-SNMC were disassembled from the pouch cells after
the initial cycle and were washed using dimethyl carbonate
subsequently before the PES measurements. The cycled elec-
trodes were measured using the AXIS Supra + (Kratos) instru-
ment with the Al K, (1486.7 eV) source. The samples were
transferred to the instrument with an air-tight sample holder
to avoid exposure to air. C 1s, F 1s, O 1s, and P 2p spectra were
collected with step size 0.1 eV.

All obtained spectra were curve-fitted using Igor Pro 9 soft-
ware with combined Lorentzian and Gaussian functions, in
which the full width at half maximum (FWHM) is fixed to
0.2 eV (core levels of light elements) and 0.4 eV (Ni 2p and Ti
2p, larger lifetime broadening) for the Lorentzian function
contribution and variable in the Gaussian functions to con-
verge the fitting. The spin-orbit splitting value in Ti 2p was set
to 5.7 eV.>> A Shirley background was utilized in the Ni 2p
spectrum, while a linear background was subtracted in the rest
spectra. The binding energy was referenced to Ti 2p;/, peak at
457.4 eV for the Ni 2p spectrum measured with the Ga-source,
while for the spectra measured by Al K,,, the energy calibration
was referenced to the hydrocarbon peak in C 1s at 285 eV.

Ex situ soft X-ray absorption spectroscopy (XAS) analysis

The soft X-ray absorption measurements were conducted at
the FlexPES beamline at the MAX IV Laboratory, Lund.*?
SNMC and Ti-SNMC were measured as powder, pristine elec-
trodes, and after the first charge electrodes with partial elec-
trode yield (PEY), total electron yield (TEY), and fluorescence
yield (FY) modes, providing depth information ~2 nm, ~5 nm,
and ~100 nm respectively. NiO, LiNiO,, Li,COs3;, and TiO,
powder were measured as well as references. All spectra were
collected with an MCP (microchannel plate) detector with
retardation voltage - 400 V, —300 V, and —600 V for O K-, Ti
L,3-, and Ni L, ;-edge absorption spectra in the PEY mode.
The obtained spectra were normalized by the I, signal from a
clean gold sensor in the beamline, and the background was
further corrected by subtracting a linear background to ensure
constant pre-edge intensity. Further, the spectra were spectra
were normalized to a point after the absorption edge.

Cell preparation and electrochemical characterization

Cathode electrodes having 13 mm diameter were combined
with 15 mm diameter Li disk (China Energy Lithium Co., Ltd)
as the anode in pouch cells, separated by Celgard 2325 separa-
tors. 100 pL electrolyte containing 1 mol L™' LiPF, in a
mixture of ethylene carbonate/ethyl methyl carbonate (EC/DEC
3:7 by volume, Solvionic) was added. Galvanostatic cycling
performance was recorded using the Arbin battery testing
system at 0.1C (20 mA g ') between 3.0 and 4.3
V. Electrochemical impedance spectroscopy (EIS) was carried
out using a VMP instrument (Bio-Logic) over a frequency range
of 100 kHz to 1 mHz with a 5 mV amplitude perturbation.
Three-electrode cells were prepared with SNMC or Ti-SNMC
electrode as the cathode, Li disk as the anode, and Li foil as
the reference electrode. The EIS spectra were recorded at 3.9 V

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(vs. Li/Li*) during charge at 0.1C (20 mA g™ ') after 4 formation
cycles (0.1C). Before collecting each EIS spectrum, the cells
rested until the current was less than 1 uA.

Operando XAS analysis

The operando hard XAS measurements were carried out at the
Balder beamline at the MAX IV Laboratory, Lund.** During the
measurements, two pouch cells were cycled at 0.1C with VMP
Potentiostat (Bio-Logic) equipment, and Ni, Co, and Mn
K-edge XAS spectra were collected in transmission mode over a
longer energy range (—150 eV to +750 eV) for Ni to extract the
EXAFS region, while Co and Mn data was limited to XANES
(—80 eV to +180 eV). The incoming beam size was monochro-
matized by a Si (111) double crystal monochromator and
focused (spot size ~100 x 80 pm) on the pouch cells. Two cells
were mounted in the customized pouch cell holder and
measured sequentially. Multiple scans were collected at each
transition metal (TM) edge in several loops to improve the stat-
istics, with the beam being moved to a fresh spot every 20 min
in the pouch cell to mitigate any radiation damage, as well as
probing a larger electrode volume. The Athena software
package® was used to process the XAS data, including energy
calibration, followed by two background subtractions: a linear
background for the energy region below the absorption edge,
and a third-order polynomial at energies above the absorption
edge. The edge energy positions (referred to as E, here
onwards) were extracted from the 1° derivatives of the XANES
spectra®® for all TM ions, as the higher noise level of the oper-
ando process restricted the linear combination approach?®’ to
estimate E, values. Energy calibration was performed using
metallic Ni metal foils. The measured E, was 1.8 eV higher
than the reference energy of 8332.8 eV. All spectra were sub-
sequently shifted by 1.8 eV to lower energies. EXAFS simu-
lations were performed using Artemis, part of the IFEFFIT
suite, and SimXLite (developed by Prof. Holger Dau and Petko
Chernev at the Free University of Berlin).*® Similar energy cali-
brations were performed for Co (1.3 eV) and Mn (1.7 eV) by
applying energy offsets calculated from the respective metal
foils.

Phase functions were generated using FEFF9*° with a self-
consistent field option activated and atomic coordinates from
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Fig. 1 Measurement spot sketches, TEM-EDS element mapping, and transition metals composition of pristine/uncycled (a) SNMC and (b) Ti-SNMC
electrodes.
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the LiNiO, structure. The considered data range was
1.98-12.55 A™' (15-600 eV). The local atomic coordination
numbers (CN) were constrained to 6, while the coordination
distances (R) and Debye-Waller parameters (¢”) were fitted. An
amplitude reduction factor (S,?) of 0.85 was used. All scatterers
were selected as Ni atoms for simplicity since Ni constitutes
the major element in the material (~80%) and the phase func-
tions do not vary significantly between Mn, Co, and Ni.
Optimization was performed using a least-squares fit and the
Levenberg-Marquardt algorithm with numerical derivatives.
The error associated with the fit parameters was estimated
from the covariance matrix, corresponding to a 68% confi-
dence level. The R-factor filtered (R¢) was used as a measure of
the quality of the fit and is calculated as the percentage differ-
ence between the experimental and simulated EXAFS spectra.
The bond valence sum (BVS) was used to estimate the oxi-
dation states of the absorbing based on the M-O shell.

Results and discussion
Ti enrichment at the particle surface

TEM-EDS measurements were conducted to investigate the dis-
tribution of all transition metals (TM) within the SNMC and
Ti-SNMC particles. The EDS mapping in Fig. 1 reveals the dis-
tribution of the TM from the particle surface towards the bulk,
and the estimated composition values for the TM. The sche-
matics to the left of Fig. 1 illustrate the experimental setup,
including sample lamella thickness, the direction of the elec-
tron beam, and an arrow indicating the path from the par-
ticle’s surface toward the bulk. In the SNMC particle (Fig. 1a),
Ni, Co, and Mn were homogeneously distributed from the
surface to the bulk, with compositions of Ni, Mn, and
Co being 79.6 + 2.9 at%, 9.1 + 1.7 at%, and 11.3 + 1.9 at%
respectively, which are in close agreement with the ideal
elemental stoichiometry (Ni:Co:Mn = 8:1:1 in NMC811).
The addition of Ti (Fig. 1b) however, altered the TM compo-
sition in the near-surface region. Specifically, this near-surface
region exhibits a decrease in Ni concentration, and a simul-
taneous increase in Co and Mn levels relative to the ideal com-
position which is still maintained in the bulk of the particle
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(close to Ni:Co:Mn = 8:1:1). Interestingly, the surface gets
substantially enriched with Ti, while the bulk of the Ti-SNMC
particle contains minimal Ti. This Ti-incorporated surface is
reported to be more stable compared to the bare Ni-rich
surface in the NMC particles.

To obtain a more precise estimate of the concentration
ratio of Ni to Ti at the surface regions up to depths of around
30 nm, PES measurements were carried out using the Ga K,
source. The collected Ti 2p and Ni 2p core level spectra are dis-
played in Fig. 2. The concentration ratios between Ti and Ni
were calculated from the integrated peak area (I ,) using the
equation below,*°

Iyrea = B X o(hw,a) x T(Ey) X ny X A(Ey)

for a given photon source in the same instrument, where B
(instrument factor) can be canceled out in the quantification
calculation. T (transmission function of the spectrometer) and
A (inelastic mean free path) are also negligible owing to
minimal variations within the small range of kinetic energy of
the photoelectrons (~5% deviation for Ti 2p and Ni 2p
measured with Ga K, source). Therefore, only the I, and ¢
(photoionization cross-sections) need to be considered. The
photoionization cross-sections are estimated from the Yeh-
Lindau table,** shown in Table 1. The PES results show that
the ratio of Ti to Ni obtained from the surface regions is
approximately 1:17, which is about an order of magnitude
higher than the average Ti to Ni ratio of 1:170 (ICP results,
Table S1 in ESIt) in the particles. In addition, the obtained
composition depth profiles of relevant chemical species from
the first approximately 300 nm from the sample surface are
shown in Fig. S2 (ESIt) using ToF-ERDA. Apart from near-
surface degradation caused by impurity contamination, the
element composition remains uniform beneath the near-
surface region, featuring an overall ratio of Ti to Ni of approxi-
mately 1:75. Combining all the four independent analytical
approaches (EDS, ICP, PES and ToF-ERDA) provides a compre-
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hensive description of the nature of Ti incorporation in NMC,
confirming that significant Ti enrichment occurs in a rather
thin layer close to the surface of the Ti-SNMC particles.

Suppression of rock-salt phase formation

To investigate the effects of the aqueous processing on the
NMC particle surface structure, HR-STEM images from SNMC
and Ti-SNMC particles were obtained. Fig. 3a shows that the
near-surface structure of SNMC particles has transformed into
a different phase compared to the bulk. This altered phase is
identified as the rock-salt phase, which can be attributed to
the Li/Ni disorder induced during the aqueous
processing.'®*>*® It has been reported that this rock-salt
phase forms irreversibly and is primarily responsible for the
capacity fade of the electrode and cracking in the particles.>**
In contrast, no rock-salt phase is observed at the Ti-SNMC par-
ticle surface as shown in Fig. 3b. The fast Fourier transform
(FFT) analysis reveals that the layered structure is preserved at
the surface regions in Ti-NMC particles, similar to the crystal
structure in the bulk, confirming that Ti is incorporated into
the layered structure of NMC. The absence of a phase bound-
ary suggests that the Ti-rich, Ni-depleted surface in Ti-NMC
particles has higher structural stability than the Ni-rich
surface of SNMC particles, thereby effectively alleviating rock-
salt phase formation.

Ti L, ;-edge XAS (Fig. 3c) reveals four characteristic narrow
peaks for Ti-SNMC particles, unlike TiO, powder which exhi-
bits a peak splitting at ~460 eV. This implies that Ti is effec-
tively incorporated into the near-surface region of the NMC
structure,*>*® rather than existing as TiO, deposited on the
surface. Both XAS-FY spectra and more surface-sensitive
XAS-TEY spectra (Fig. S3 in ESIT) reveal that Ti in the Ti-SNMC
particles predominantly exists in the Ti*" state (d° configur-
ation) under various charging conditions, indicating that Ti
ions do not participate in the electrochemical reactions.®
With Ti*" incorporated into the layered structure, charge neu-

Ni 2p A

Intensity (a.u.)

T T T T
880 870 860 850
Binding energy (eV)

T
890

Fig. 2 The Ti 2p and Ni 2p spectra measured with a Ga K, source from pristine Ti-SNMC electrodes.

Table 1 The exponential-decay fitted cross-sections, area intensity of Ti 2p and Ni 2p spectra, and the calculated concentration ratio of Ti to Ni

Cross-sections

Photon source Ti 2p Ni 2p

Area intensity

Ti 2p Ni 2p Ratio (Ti : Ni)

Gak, 4.7 x107* 1.7x107°3
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(a) High-resolution STEM images of the uncycled SNMC sample. Fast Fourier transform (FFT) shows the particle has a layered crystal struc-

ture in the bulk and a rock-salt structure in the near-surface regions, in agreement with the literature.*? (b) High-resolution STEM images of the
uncycled Ti-SNMC electrode. FFT of the image at the near-surface and the bulk region shows similar patterns, indicating identical crystal structures
in both regions, with no evidence of rock-salt phase formation. XAS-PEY spectra of Ti L 3-edge measured from Ti-SNMC powder, pristine and after
1st charge Ti-SNMC electrodes, and powder material TiO, (c), Ni L, 3-edge (d) and Co L,3-edge (e) spectra collected from SNMC and Ti-SNMC

powder and (uncycled) electrodes.

trality can be maintained either by reducing the Li content or
by lowering the valence state of the transition metals (Ni, Mn,
and Co). While determining the concentration of Li in the
near-surface region is non-trivial, soft XAS allows us to obtain
the valence state information of the transition metals. The Ni
and Co L,;-edge spectra of Ti-SNMC powder reveal slightly
stronger Ni** and Co®" signals, compared to SNMC powder
(Fig. 3d and e). This is evidenced by an increased peak inten-
sity at ~853 eV (Ls low) relative to the peak at ~855 eV (L3 high)
in the Ni L,;-edge spectrum (Fig. 3d) and by a small peak
intensity at ~777 eV in the Co L, ;-edge spectrum (inset in
Fig. 3e). However, no significant differences are seen in XAS-FY
spectra, compared to the XAS-TEY and XAS-PEY spectra,
between SNMC and Ti-SNMC (Fig. S4, ESIt), suggesting that Ti
incorporation does not sufficiently influence the valence states
of Ni and Co in the bulk of the Ti-SNMC particles. Similar con-
clusions can be drawn for the Mn L, ;-edge spectra which also
show no noticeable changes from surface to bulk (Fig. S5, ESIT).
For the aqueous-processed SNMC and Ti-SNMC electrodes, Ni
and Co L, ;-edge spectra from the electrodes are presented at
the bottom of Fig. 3(d and e). The observed differences in the Ni
and Co L, ;-edge spectra of SNMC and Ti-SNMC are negligible,
thus inferring that the aqueous processing induced a relatively
larger increase of the Ni** and Co®" in the case of SNMC electro-

© 2025 The Author(s). Published by the Royal Society of Chemistry

des. It is however noted that for both systems, the amount of
Ni** state increases during the aqueous processing. This is poss-
ibly due to some degree of Li* leaching and oxygen loss in both
systems, however mitigated for Ti-SNMC. The above results thus
show that although Ti incorporation changes the stoichiometry
in the near-surface region of the Ti-SNMC particle, the Ti** ions
remain redox inactive. Instead, Ti mainly enhances structural
stability by retaining a continuous phase which likely benefits
charge transfer.

Enhanced initial capacity and thinner CEI layer formation

The cycling performance of SNMC and Ti-SNMC electrodes is
shown in Fig. 4. After 5 formation cycles, the delivered dis-
charge capacities of the SNMC and Ti-SNMC electrodes are
~160 and ~180 mA h g™, respectively, as shown in Fig. 4a.
Capacity retentions after 55 cycles were recorded as 97.8% and
93.6% (compared to the 5™ cycle) for SNMC and Ti-SNMC elec-
trodes, respectively. The slightly higher capacity retention in
the SNMC electrode is attributed to increased overpotential,
which results in a narrower actual cycling window and reduces
the extent of capacity fade. In the charge/discharge capacity
profile of the 1°* and the 55 cycles in Fig. 4b and c, the SNMC
electrode displays a higher overpotential compared to the Ti-
SNMC electrode, especially in the initial cycle. The overpoten-
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Fig. 4 Electrochemical characterization of SNMC and Ti-SNMC electrodes with galvanostatic cycling in half cells at 0.1C with a cut-off voltage
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(b) and 55th (c) cycle. The dQ/dV plot for pouch cells with cathode SNMC (d), and Ti-SNMC (e) of 1%, 18", and 55" cycles. (f) EIS curves measured

at 3.9 V during charge in 5% cycle at 0.1C.

tial in the initial cycle is most likely due to impurity species
formed from reactions between the reactive SNMC electrode
surface and atmospheric gases during water processing, slurry
coating, and electrode storage.””*® The overpotential is
reduced after the initial cycle (see Fig. S6at). However, it is still
unclear what species were decomposed from the C 1s spec-
trum (Fig. S6b7), and the CO,;>~ species seems to be stable
during the initial charge. Phase transitions occurring in SNMC
and Ti-SNMC electrodes during cycling are shown in the dQ/
dv plot in Fig. 4d and e.>>***° Typically, Li-ion extraction from
NMC cathodes is characterized by series of phase transitions,
i.e., from the initial Hexagonal 1 (H1) phase to the Monoclinic
phase (M) at ~3.7 V, followed by M to Hexagonal 2 (H2) phase,
and from H2 to Hexagonal 3 (H3) phase appearing at ~4.0 V
and ~4.2 V, respectively. In the dQ/dV curves in Fig. 4d, the
SNMC electrode exhibits a high overpotential (activation polar-
ization) during the first charge, resulting in an incomplete
phase transition from M to H2 and H2 to H3 phases, thereby
limiting its capacity. The Ti-SNMC on the other hand shows
only a minimal overpotential in the first cycle, allowing com-
plete phase changes up to H3 at the high cut-off voltage (e).
The (003) Bragg reflection from the XRD patterns (Fig. S77)
reveals that at the end of the charge, many Ti-SNMC particles
assume close to the H3 phase. In contrast, the H2 to the H3
phase transformation is less complete in SNMC compared to
Ti-SNMC.>***" The reduced Li-ion extraction from the SNMC
electrode during the charging process leads to fewer Li-ions
available for reinsertion during the discharging process,
explaining a lower initial discharge capacity compared to the
Ti-SNMC electrode.”® Increased charge transfer resistance for

626 | EES Batteries, 2025, 1, 620-632

the SNMC electrode, compared to the Ti-SNMC electrode, is
confirmed by EIS measurements, as shown in Fig. 4f. Based on
these electrochemical data, we therefore suggest that the Ti-
rich surface in the Ti-SNMC particle reduces charge transfer re-
sistance by mitigating rock-salt phase formation during water
processing, which in turn facilitates a higher charge capacity.
PES measurements were conducted on the SNMC and Ti-
SNMC electrodes after the initial cycle to analyze the thickness
and chemical composition of the initial CEI and link this to
the surface stability of the uncycled electrodes. As displayed in
Fig. 5, Cl1s, O 1s, F 1s, and P 2p core level spectra have been
collected using Al K, radiation for both electrodes at the dis-
charge state after the initial cycle at 0.1C, with the different
chemical species labelled at the peaks.’* Detailed peak
assignments and peak positions in binding energies are
shown in Table S2 (ESIf). In the C 1s spectrum, negligible
differences are observed between SNMC and Ti-SNMC electro-
des, except for a relatively higher intensity of C-H species in
the SNMC electrode compared to the C=C peak, suggesting a
greater accumulation of hydrocarbon species on the SNMC
electrode surface. In the O1s spectrum, the Ti-SNMC electrode
shows stronger M-O (related to the hexagonal crystal structure)
signals from bulk. These observations indicate that either a
thinner CEI layer formed on the Ti-SNMC electrode, or that
the number of oxygen species in the surface region of the Ti-
SNMC is higher. A thinner CEI is typically associated with
lower Li-ion transfer resistance, which is consistent with the
EIS measurements in the first semi-circle in Fig. 4f.
Furthermore, the formation of a rock-salt structure in the
near-surface region of the SNMC electrode coincides with a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The C1s, O 1s, F 1s, and P 2p spectra collected from SNMC (top) and Ti-SNMC (bottom) electrodes at the discharge state after the initial
cycle at 0.1C. All spectra were normalized by dividing each highest peak intensity.

theoretical 50% decrease in oxygen atoms (LiTMO, vs. NiO),
compared to Ti-SNMC. The relative ratio between the M-O and
C=C intensities differs between the samples, suggesting that
both the above explanations are plausible. In the F 1s and P 2p
spectra, increased peak intensity associated with LiPF, species
is observed in the Ti-SNMC electrode, which is most likely due
to electrolyte residue on the electrode surface. Overall, a com-
parison of the SNMC (top) and Ti-SNMC (bottom) electrodes
after the first cycle shows that Ti stabilizes the surface of the
aqueous processed electrode, modifying the surface chemistry
and consequently forming a thinner CEI layer.

Enhanced Li-ions transfer kinetics with Ti incorporation

Operando XAS measurements were performed at K-edges of
Ni, Co, and Mn to examine the effect of Ti doping in the TMs’
local environment. Delivered charge/discharge capacity in LIBs
originates from the redox reactions of the transition metal
environments (TM).>® Since absorption edge positions for
K-XAS represent the binding energy of the 1s electrons of a
given element, changes to the E, values for TM K-XAS serve as
an effective indicator to monitor redox processes for a given
TM element, representing the state of charge/discharge.’”

Fig. 6(a and b) depicts how Ni K-XANES profiles for SNMC
and Ti-SNMC electrodes (normalized) evolve as a function of
applied potential during electrochemical cycling. The E, posi-
tions extracted from Ni K-XANES (axis to the left) and the
corresponding oxidation states of Ni (axis to the right) are dis-
played in Fig. 6¢, where open and closed symbols denote the
charging and discharging profiles, respectively. Fig. 6d shows
the corresponding specific charge/discharge capacities within
a cycling window of 3-4.3 V under the constant current rate of
0.1C (20 mA g ") in this operando measurement. Fig. 6c
clearly reveals the E, values to increase/decrease monotonically
(AE ~ 3 eV) during charging-discharging, indicative of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

reversible Ni** — Ni** redox process for both SNMC and Ti-
SNMC, as also reported for NMC622 material.>” In Fig. 6d, at
voltages above 3.8 V the change in E, values for the Ti-SNMC
electrode is greater than in the SNMC electrode during char-
ging. This implies that at a given voltage during charging
(~3.8 V to ~4.24 V), more Li-ions were extracted from the
Ti-SNMC sample, most likely due to the reduced charge trans-
fer resistance, as confirmed by our EIS measurements (see
Fig. 4f). At the maximum applied voltage of 4.24 V, a larger
shift in E, is observed for the Ti-SNMC electrode, compared to
SNMC, which explains the higher delivered specific capacity of
the Ti-SNMC electrode. Although the Ni K-XANES for the
Ti-SNMC electrode was recorded during discharge, it can be
compared to the Ni K-XAS of the SNMC electrode since
minimal electrochemical activity occurs during the discharge
from 4.3 V to 4.24 V, as shown by the plateau in Fig. 6d.

The variation of normalized K-XANES profiles with applied
voltage for Co and Mn in SNMC (in green) and Ti-SNMC (in
purple) electrodes are shown in Fig. S8(a and b) and S8(d and
e) of the ESIL T respectively. The estimated E, values plotted in
Fig. S8c (for Co) and S8f (for Mn)t reveal smaller energy shifts
for both Co and Mn as compared to Ni (Fig. 6c¢), indicating
lower extents of charge compensation than Ni. However, the
energy shifts were systematically higher for Co and Mn in case
of Ti-SMNC (AE ~ 2 eV) in comparison to SNMC (AE ~ 1.5 eV),
consistent with the observed differences in Ni redox profiles
between the two electrodes. The larger uncertainties associated
with the extracted E, values for Co and Mn result from their
lower concentrations compared to Ni in the NMC811 electro-
des. Nonetheless, this finding highlights that Mn is electroche-
mically active during battery cycling, as opposed to some pre-
vious reports.”®>® We also note that Co becomes more electro-
chemically active above ~3.9 V, similar to NMC622 materials.””
Such charge redistribution among the TM ions is not unex-

EES Batteries, 2025, 1, 620-632 | 627
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Fig. 6 Normalized Ni K-edge XANES spectra collected from SNMC (a) and Ti-SNMC (b) electrodes at different voltages during charge/discharge
from operando XAS measurements. (c) Comparative E, for Ni ions and (d) specific capacities for SNMC (green) and Ti-SNMC (purple) cathodes as a
function of voltage changes, cycled at 0.1C between 3.0—-4.3 V. (e) Comparison of Ni K-edge EXAFS for SNMC (green) and Ti-SNMC (purple); solid
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of discharge (~BoD). (f) Comparison of Ni—-O and Ni—Ni interatomic distances, and (g) corresponding pseudo-Debye—Waller factors (5?) for all four

electrodes denoted by the same color scheme.

pected considering that Ni, Co, and Mn share a common crys-
tallographic site and participate in the charge compensation
process to varying extents. Thus, the rock-salt phase-induced
increase in charge transfer resistance narrows down the range
of oxidation state variation for all transition metals during
battery cycling.

Comparing the operando Ni EXAFS data of SNMC and Ti-
SNMC electrodes helps to understand how Ni charge compen-
sation mechanisms affect the local Ni geometry during battery
cycling and whether Ti affects such structural changes. Fig. 6e
shows the modulus of the R-space (mod[y(R)]) functions for
SNMC and Ti-SNMC measured at 3.7 V (the beginning of
charge, BoC) and at 4.24 V (close to the end of charge, ~EoC

628 | EES Batteries, 2025, 1, 620-632

and beginning of discharge, ~BoD, respectively). It can be
found that the overall y(R) amplitudes increase upon charging,
indicating a higher local order (lower ¢°) around Ni sites in the
charged state. This is particularly visible for the Ni-Og octahe-
dra (the first peak. ie., the first coordination shell), and the
change is relatively smaller for the second peak which corres-
ponds to the TM ions (the second coordination shell).

Local atomic parameters were determined using feff simu-
lations.?® The coordination numbers (CN) were fixed, while the
bond lengths (R) and Debye-Waller factors (¢°) were opti-
mized. Fits to the first (O) and second (TM) coordination
shells allow extraction of the Ni-O and Ni-Ni interatomic dis-
tances (Fig. 6f) and the corresponding disorder values

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 6g), respectively. Fits to mod[y(R)] of Ni K-EXAFS for all
four samples (SNMC and Ti-SNMC at 3.7 V and 4.24 V) are
shown in Fig. S9 in the ESLf} Fig. 6f reveals that Ni-O bond
lengths in both SNMC and Ti-SNMC contract by ~0.07 A from
1.94 to 1.87 A upon charging, consistent with an increase by
roughly 1 unit in oxidation state from Ni*" to Ni** (Table S3,
ESI}).”7°°"%?A contraction of both the Ni-O and the Ni-TM
interatomic distances upon charging is consistent with lattice
volume contractions during delithiation.”” As Li-ions are
extracted from the structure, Ni oxidizes to compensate for the
charge; the resultant higher charge density shrinks the local
volume and improves the local order around Ni sites. During
discharge, intercalation of Li-ions induces Ni reduction,
expanding the local volume and decreasing local order back to
its original state. These changes in R and ¢* are highly revers-
ible and occur continuously over the entire voltage window pre-
serving the structural integrity of the hexagonal structure.
However, Fig. 6f and g reveals that the R and ¢* values for Ti-
SNMC and SNMC are rather comparable. This is due to the
low Ti content, which is mostly incorporated near the surfaces
of these micron-sized particles and thus has minimal impact
on the bulk structure of the active material. Instead, as illus-
trated in Fig. 7, the Ti-incorporated surface maintains the
layered structure in the Ti-SNMC particle after aqueous proces-
sing, consequently enhancing Li-ion transfer kinetics. Such
capacity enhancement by strategic Ti incorporation was evi-
denced down to the atomic-scale, affecting faster redox pro-
cesses at the TM sites (Fig. 6¢).
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SNMC

Ti incorporation
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Conclusions

We investigated the role of titanium in enhancing the capacity
and cycling performance of aqueous-processed NMC electro-
des. The Ti** (d°) ions are mostly localized in the near-surface
regions, modifying the Ti-SNMC particle surfaces by suppres-
sing the irreversible formation of the undesired rock-salt
phase during electrode preparation using an aqueous solvent.
This preserves the inherent single-phase layered structure,
thereby aiding in reducing activation polarization during
cycling. The surface stabilized Ti-SNMC electrode subsequently
forms a thinner CEI layer after the initial cycle, compared to
the SNMC electrode. During electrochemical cycling, the Ti-
SNMC electrode shows a larger change in oxidation state for Ni
compared to the SNMC electrode. Co and Mn contributions to
the redox reactions, albeit lower than Ni, increase systemati-
cally upon Ti incorporation. Thus, although Ti** does not par-
ticipate in the redox reactions and remains more confined to
the particle surfaces, it improves TM redox activities. This
stems from reduced charge transfer resistance in the Ti-SNMC
electrode benefiting from the stability of the layer structure in
the surface regions. Overall, our work demonstrates that loca-
lized Ti incorporation leads to improved electrochemical per-
formance of aqueous-processed electrodes through a combi-
nation of factors: stabilizing the surface structure, reducing
charge transfer resistance, and enhancing the reversibility of
phase transitions. The study highlights that precise control of
Ti incorporation can effectively address capacity degradation

Maintained
layered structure

Ti-rich surface

Ti-SNMC

Fig. 7 The illustration of Li-ion transfer kinetics in the aqueous-processed SNMC and Ti-SNMC particles. The rock-salt phase formation at the
surface of the SNMC particle increased the charge transfer resistance, while the surface structure of the Ti-SNMC particle was well maintained due

to Ti incorporation.
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associated with the aqueous processing of Ni-rich cathodes.
The ability to tailor such surface modification strategies is a
key tool for advancing the design of doped/incorporated Ni-
rich cathodes towards more sustainable battery technologies.

Data availability

The data supporting this article have been included as part of
the ESI.{ This includes additional TEM, soft XAS, and oper-
ando XAS measurements on SNMC and Ti-SNMC powder and
electrodes, ToF-ERDA measurements on uncycled SNMC and
Ti-SNMC electrodes, ICP measurements on SNMC and Ti-
SNMC powder, simulated &*>-weighted Ni K-edge EXAFS spectra
and parameter for SNMC and Ti-SNMC electrodes at BoC and
~EoC, peak fitting parameter of the core-level spectra from
SNMC and Ti-SNMC electrodes after the initial cycle.
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