Made available by Hasselt University Library in https://documentserver.uhasselt.be

Effect of TiOx Surface Modification on the Electrochemical
Performances of Ni-Rich (NMC-622) Cathode Material for Lithium-lon Batteries

Peer-reviewed author version

MYLAVARAPU, Satish Kumar; ULU, Fulya; YARI, Saeed; DE SLOOVERE, Dries;
D'HAEN, Jan; SHAFIQUE, Ahmed; VAN BAEL, Marlies; SAFARI, Momo & HARDY,
An (2021) Effect of TiOx Surface Modification on the Electrochemical Performances
of Ni-Rich (NMC-622) Cathode Material for Lithium-lon Batteries. In: Acs Applied
Energy Materials, 4 (10), p. 10493-10504.

DOI: 10.1021/acsaem.1c01309
Handle: http://hdl.handle.net/1942/35510



“Effect of TiOx surface modification on the electrochemical performances of

Ni-rich (NMC-622) cathode material for lithium-ion batteries”

Satish Kumar MYLAVARAPU 2b¢ Fulya Ulu Okudur ¢, Saeed Yari ¢, Dries De Sloovere
abe Jan D’Haen®, Ahmed Shafique ¢ Marlies K. Van Bael ¢, Mohammadhosein Safari P¢®

and An Hardy 2b¢ *

aHasselt University, Institute for Materials Research (IMO-IMOMEC), Materials Chemistry,

DESINe Group, Agoralaan Building D, 3590, Diepenbeek, Belgium
b EnergyVille 2, Thor park 8320, 3600 Genk, Belgium
¢ IMEC division, IMOMEC, Wetenschapspark 1, 3590 Diepenbeek, Belgium

d Hasselt University, Institute for Materials Research (IMO-IMOMEC), Materials Physics,

ELPHYC Group, Wetenschapspark 1, 3590, Diepenbeek, Belgium

¢ Hasselt University, Institute for Materials Research (IMO-IMOMEC), Engineering Materials
and Applications (EMAP), Electrochemical Engineering Group, Wetenschapspark 1 3590,

Diepenbeek, Belgium

f Sustainable Materials, VITO (Flemish Institute for Technological Research), 2400 Mol,

Belgium

Abstract:

Ni-rich layered lithium transition metal oxides (LiNixMnyCo,02) have gained
significant attention as high capacity positive electrode materials for lithium-ion batteries.
However, their poor cyclability, capacity retention and rate capability at higher working
potentials limit their applications in commercial batteries. Here, we demonstrate a cost-effective
chemical solution deposition route of a thin TiOx shell on LiNiosMno.2C0020, (NMC-622)
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particles and the effect of surface modification on the electrochemical properties. The
crystallinity and morphology of the NMC-622 particles are unaffected by the deposition step,
verified by powder X-ray diffraction and electron microscopy. HRTEM and SAED analysis
showed the TiOx surface layer is amorphous and prone to enhance the electronic conductivity
of the cathode material. The TiOx-coated material has an improved rate performance and
experiences a lower charge transfer resistance compared to the pristine material. The effect of
the surface modification on the electrochemical performance of NMC-622 was investigated
further by the assembly of NMC-622/Li4TisO12 (LTO) full cells. The beneficial impact of the
TiOx coating on the electrochemical performance of NMC-622 positive electrodes in lithium-
ion battery applications was showcased by the higher initial Coulombic efficiency and lower

aging rates during 150 cycles at 1C in NMC-622/LTO cells.

Keywords: Lithium-ion batteries, Ni-rich layered NMC, surface modification, amorphous

TiOx coating, and capacity retention

Introduction:

Since the commercialization of rechargeable lithium-ion batteries in the 90°’s, the main
research focus has shifted to the development of high energy density batteries for portable
electronics, and more recently, for electric mobility in an effort to reduce the consumption of
non-renewable resources and CO2 emissions™2. Ni-rich layered lithium transition metal oxides
(LiNixMnyCo,02; NMC) are among the best alternatives for the original LiCoO2 and belong to
the high capacity LiNiO, material family>*55, When cycled at higher working potentials, Ni-
rich NMC positive electrode materials are vulnerable to capacity fade and premature end of
life”. Such degradation is induced by mechanical instability, parasitic reactions, and low NMC
conductivity values®®.

A recent report by, Ruan et al.1® summarizes the capacity degradation mechanisms and

structural evolution of Ni-rich NMC at higher working voltages. They summarized that the
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upper cut-off voltage limit has a significant influence on capacity decay and on the parasitic
reactions at the surface. When charged up to 4.8/4.7 V vs Li*/Li, NMC-622 tends to form an
insulating surface layer combined with an irreversible change of the bulk lattice. In general,
this structural degradation is associated with oxygen loss and irreversible phase transformation.
One of the main reasons for the capacity fade is believed to be the cation mixing*2*3. When Li*
is extracted, Ni?* will migrate out of the transition metal (TM) layer and occupy the vacant Li*
sites in the lithium layer since they have a similar ionic radius (Ni%*: 69 pm; Li*: 76 pm)*1,

In an effort to mitigate these issues, previous studies reported surface modification®
or surface doping®®*® techniques to improve the (electro)chemical stability over prolonged
cycling®®?!, Weigel et al.? reported that surface doping with multivalent cations (AI®*, Zr#*,
Ti*, Mg?*, Ta>") remarkably improved the structural stability and electrochemical performance
of Ni-rich NMC. Zhao et al.?® observed that surface coating can lead to surface doping during
high temperature sintering of LiCoO..

Deposition techniques like atomic layer deposition (ALD), physical vapor deposition
(PVD), and chemical vapor deposition (CVD) are costly tools to coat layers on active materials
and prepare core-shell particles. ALD also suffers from limited upscaling potential. Still, many
researchers have applied ALD?* to coat layers on positive electrode materials, including Ni-rich
NMC materials®®. Numerous metal oxides such as Al,032%2", MgO?, and Ti02?>* have been
used as coating materials to enhance the electrochemical performances of electrode materials.
Also fluorides (AlFs)3 and phosphates (AIPO(N))*? were successfully deposited by ALD and
improved the electrochemical performance of a number of positive electrode materials.
However, several of them show poor ionic and electronic conductivities, thereby compromising
the electrode’s rate capability®.

As a flexible and cost-effective alternative, continuous and uniform coatings of metal

oxides can also be achieved by wet chemical solution deposition (CSD) routes, allowing to



adapt the surface of core particles®*%36:3738 The deposition thickness is typically in the order
of ten to a few hundred nm thickness®. The simple experimental setup and high processing
rates constitute considerable advantages to upscale the solution-based synthesis. Hyejung et
al.3* mitigated NMC-622 surface degradation by CSD coating nano-scale LiCoOz layers as shell
material. Gao et al.** used CSD to apply a TiO- coating on NMC-622. The coating procedure
also induced some extent of surface Ti** doping. The combined effect of surface coating and
doping suppressed the occurrence of parasitic reactions on the NMC/electrolyte interface.
Recently, Fengxia Xin et al*“? reported Li-Nb-O coating or (Nb®") substitution via the wet
chemical method and enhanced the electrochemical properties of layered Ni-rich cathode
material.

Ulu Okudur et al.*® from our research group reported an amorphous TiOx surface
coating/doping of LNMO via a hydrolysis-condensation route, and studied the effect of
annealing temperature on the surface and bulk doping of Ti into the LNMO-spinel structure.
TiOx coated LNMO showed superior cycling stability, Coulombic efficiency and rate
performances compared to bare LNMO.

TiO. was selected as the coating material because it is a stable negative electrode
material for the lithium-ion batteries in itself**4°, and as such could possibly store lithium-ions
and provides sufficient lithium-ion conductivity at higher current rates and enable to reach
higher power densities. The TiO. coating or Ti-surface doping could enhance the Li-ion
diffusion co-efficient and the rate performance. Besides that, TiO has a stable structure, which
could improve the cathode material's structural stability.

In this work, we assess whether this coating procedure can be extended to other positive
electrode materials for lithium-ion batteries: we report the preparation of TiOy surface coated
NMC-622 via a chemical solution deposition route, using ammonia as catalyst in a non-aqueous

medium. Furthermore, we study the effect of surface modification on the electrochemical



performance of NMC-622 positive electrodes combined with Li and LTO negative electrodes.
The TiOx surface coating process was performed in an inert atmosphere and in anhydrous
ethanol to avoid homogeneous nucleation of TiO: particles. We show that TiOx coated NMC-
622 has an increased power and energy density compared to NMC used in this study. We ascribe
these positive effects to the mitigation of side reactions occurring at the NMC-622/electrolyte
interface, which prevents transition metal ion dissolution. The TiOx coating delivers functional
lithium-ion conduction networks. Full cell studies further revealed the improved cyclability and
capacity retention of NMC-LTO.

Experimental:

Materials. All chemicals in this work are high purity and used without any further
purification. LiNio.sMno.2C00202 (NMC-622, a commercial product) was used as received as
core particles. Titanium (1V) butoxide (TBOT, Ti (OCH2CH2CH>CH3)4, 97%, Sigma Aldrich)
was used as Ti source, with absolute ethanol (Merck EMSURE anhydrous, 99.9%, for analysis)
as the solvent in the synthesis. Aqueous ammonia (25%, Merck) was used as catalyst and
reagent for the hydrolysis of TBOT.

Synthesis of TiO2@NMC core-shell particles. The core-shell particles were prepared
by a hydrolysis deposition method catalyzed by ammonia. In a typical experiment, 3 g NMC-
622 dispersed in 100ml of absolute anhydrous ethanol (to avoid the presence of moisture before
the addition of ammonia, to avoid irreproducibility and side reactions) and sonicated for 15
minutes (Branson bath sonicator, 3510). Aqueous ammonia (0.5 ml) solution was added very
quickly (avoiding ammonia evaporation) to the dispersion using a micropipette and the whole
was connected to a reflux setup (45°C, 500 rpm stirring). The titanium precursor was prepared
separately by quickly mixing 2.4 ml of TBOT into 17.6 ml absolute anhydrous ethanol in
ambient air, just before the addition, avoiding take-up of moisture from the atmosphere. This

solution was added dropwise to the NMC-622/ammonia/ethanol dispersion using an auto-



titrator (Schott Gerate, T100, T20) at a flow rate of 1.43 ml/h. The reaction setup was flushed
with N2 gas (Air Liquid, Alphagaz 1) with continuous N2 flow to avoid any moisture contact
during the addition of TBOT solution. Finally, the reaction mixture was stirred for 6h. At the
end of the reaction, the dispersed particles were collected by centrifuging (Eppendorf 5804R,
50ml tubes, 12000 rcf, 10 minutes) four times with intermediate washing with ethanol. The
particles were dried (at 80°C, overnight) and further heat-treated in a tube furnace (500°C, 3h,
5°C/min heating rate, 0.5 L/h dry air (Air Liquid, Alphagaz 1)). NMC-622 was similarly treated
without titanium precursor and annealed (500°C, 3h, 5°C/min) for better comparison and to see
the effect of the wet chemical coating technique.

Physical characterization. The crystalline properties of as prepared core-shell particles
were characterized by powder X-ray diffraction analysis (XRD, Bruker AXSD8 Discover
diffractometer, Cu K-Alpha radiation, Ni filter, Lynx Eye detector). The particle size
distribution and surface morphologies were analyzed using scanning electron microscopy
(FEG-SEM, FEI Quanta 200F: only secondary electron images made with ETD (Everhart-
Thornley detector) are presented)), EDX spectra were recorded using FEI quanta energy-
dispersive X-ray spectroscopy (EDX) detector, and transmission electron microscopy (TEM,
FEI Tecnai G2 Spirit Twin, 120 kV). High resolution transmission electron microscopy (HR-
TEM), EDX and selected area electron diffraction (SAED) analysis were performed using a
FEI Tecnai microscope operated at 200 kV. TEM samples were prepared by dispersing the
powder in absolute anhydrous ethanol, sonicating for 1 min, drop-casting onto copper grids
coated with a formvar foil (EMS, FCF-200-Cu), and drying under an infrared lamp for a few
minutes.

Electrochemical characterization. NMC and surface treated NMC electrodes were
prepared by mixing 91 wt.% active material, 4 wt.% carbon black (C-NERGY super C-45) and

5 wt.% polyvinylidene di-fluoride (PVDF, Solvay) dissolved in NMP (Carl Roth chemicals,



99.8%) in a planetary vacuum mixer (Thinky ARV 310 LED) at 2000rpm for 10min under
vacuum. The resulting slurry was casted (200 pum wet coating thickness) on a degreased
aluminum current collector with 16 um thickness using a blade coater (MT]I). The coatings were
subsequently dried at 110°C for 2h and calendared (reducing the thickness from 50pum to 40pum)
to achieve the desired thickness (after calendaring ~40um) and electrode porosities. Tap density
of NMC 622: ~3.1 g/cm?®, cathode mass loading 9.3+0.1 mg/cm?, thickness excluding the
current collector 40 +1 pum, porosity 36.6 +1.6%, electrode density 2.6 + 0.06 g/cm?®).

The electronic conductivity of electrode coatings of both NMC and TiOx coated
NMC-622 was measured using a four-point probe (Ossila, at room temperature). The coatings
were prepared on a non-conductive, thermally stable and chemically resistant substrate
(Polyimide based Kapton film, DuPont) instead of the current collector. The probes were in-
line and equally spaced. The sheet resistance was measured in three locations with 25 iterations
at each location.

The following equation was used to calculate the electronic conductivity of the samples

at the electrode level,

o= (equ.1)

t.R

where g (S/cm) is the electronic conductivity, t (um) is the electrode thickness, and (R,

Ohms-cm) is the sheet resistance.

The powder sample's electronic conductivity (the powder resistivity and converted) was
measured using a homebuilt setup at a partner research institute VITO at room temperature
(details attached in the supporting information). In a typical experiment, the powder samples
were placed in the sample holder and applied 1 bar pressure, and the pressure was kept constant
for all the samples. Also, we used the same volume (amount) of the sample in all measurements.

The electronic conductivity measurements were repeated three times to ensure the reliability of



the data, and the results were averaged. The following equation was used to calculate the

electronic conductivity of the powders.

p= % (equ. 2) &
1
o= ;(equ. 3)

Where, R is the resistance (Q), A is the area (cm?), | is the thickness of the sample (um), p is

the resistivity (QQ*cm) and o is the electronic conductivity (S/cm).

NMC-622 half cells (Li metal as the negative electrode) and full cells (LisTisO12 as the
negative electrode) were assembled to study the electrochemical performance. The
commercially available LTO electrodes (custom cells GMBH) were used (formulation; AM+
CB+ Binder: 84:8:8, active material loading 12.7 +0.1 mg/cm?, thickness excluding the current
collector 70 +1 pm, porosity 30 +0.3%, electrode density 2.14 + 0.02 g/cmq) in the full cell
study. Punches (15 mm diameter) were cut out of the calendared electrodes and dried at 110°C
overnight in a vacuum oven (Blchi), to remove any residual moisture before cell assembly. The
samples were then transferred into an argon-filled glove box (O2and H2O < 1ppm) to fabricate
CR-2025 type coin cells. The separator was a Celgard 2325 polypropylene sheet. As electrolyte,
1M LiPFe in EC: EMC (3:7 w/v of ethylene carbonate and ethylene methylene carbonate,
Soulbrain) with 2 wt.% of VC (vinylene carbonate) was used.

Electrochemical characterization was carried out using a BCS-805 (Bio-Logic) battery
tester at room temperature. All coin cells underwent a 24 h open-circuit potential period before
beginning galvanostatic cycling. The electrodes were activated by three galvanostatic
charge/discharge cycles (formation cycles) at C/10 (1C defined based on 180 mAh as
theoretical capacity) between 3.0 V to 4.4 V vs Li*/Li. A rate capability test was performed by
(dis)charge cycles at rates ranging from 0.2C to 5C. The electrochemical impedance

spectroscopy (EIS, 10 kHz- 100 mHz, 10 mV amplitude) was performed before and after rate
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capability tests. The NMC-622/LTO full cells underwent three formation cycles at C/10 (1.4-
2.7 V vs Li*/Li, 1C=175 mAh/g). Subsequently, they were galvanostatically cycled between

1.4V and 2.8 V for long-term constant current (CC) cycling at 1C.

Results and Discussion:
Reaction mechanism:
a. Effect of aqueous ammonia on the formation of TiO2 surface layers:

Kessler et al.,*®4” reported that in sol-gel synthesis, transition metal alkoxides under
hydrolytic or non-hydrolytic conditions tend to form metal oxide nanoparticles through the
formation of oxometallate clusters: upon hydrolysis, primary particles form almost instantly.
These have an oxide core with ligands on the surface, implying that their size (~5 nm) does not
gradually increase. Gelation or precipitation is caused by aggregation of these particles®.

In general, Ti-alkoxides can follow a homogeneous nucleation pathway in the presence
of trace amounts of moisture, leading to the formation of free TiO, particles®. However, the
presence of such free TiO> particles together with active material particles is highly undesirable,
as it will lead to a lower capacity of the final cell due to the redundant mass of the non-active
TiO; particles. Therefore, here, the aim is to achieve only heterogeneous nucleation. Li et al.>
reported a versatile kinetically controlled coating method to coat uniform porous TiO> shells
on various core particles. Here, the effect of the ammonia concentration on the formation of a
porous TiO- shell formation within a mixed solvent was thoroughly investigated, and it was
shown that an optimal amount of ammonia will allow to achieve purely heterogeneous
nucleation®. In the study at hand, the core particles are neither nanoparticles nor unreactive
towards ammonia, in the sense that the metal ions can form amine complexes®®. Therefore, it is
worth further investigation for this particular core-shell growth of Titania on NMC surface 23,

The TBOT concentration (10 wt.%, or 12 ml) was kept constant and the volume of aq.

ammonia was varied to study the effect of ammonia on TiO; surface coating formation. Figure



1a shows the EDX spectrum of NMC, processed without any aq. ammonia addition. The surface
morphologies of NMC and TiOx coated NMC are shown in the supporting information (SI,
figure S1a). Whereas a coating could be observed (figure S1d) for sample processed with 0.5ml
of ammonia (10 wt.% of TiOy), this was not the case for sample processed without any
ammonia. As shown in the Figure 1b, with a small amount (0.1ml) of ammonia added to the
reaction system, no apparent Ti signal from TiOx could be found in the EDX spectrum. Figure
S1b shows the surface morphology of NMC (treated with 0.1ml of ammonia), where no surface
layers could be detected. With this low ammonia volume, the deposition rate was very slow,
resulting in no significant TiOx deposition. When the volume of aq. ammonia was increased to
0.3ml, there was a growth of TiOx nano layers on the surface of NMC particles, which could be
hardly observed in the SEM images (shown in Figure S1c), but a very small Ti signal at 4.5
keV was detected in the EDX spectrum, represented in figure 1c. When even higher quantities
of ag. ammonia (0.5ml) were used in the reaction system, as depicted in the figure S1d, a
uniform TiOx layer formed on the NMC surface, and the EDX spectra showed a clear indication

of the Ti presence at the surface, demonstrated in the figure 1d.
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Figure 1. EDX spectrum of 10 wt.% TiOx coated NMC, indicating the effect of ammonia
concentration on the deposition of TiOx (a) 0.0ml of ammonia, (b) 0.1ml of ammonia, (c)
0.3ml of ammonia and (d) 0.5ml of ammonia.

b. Controlling the thickness of the TiO2 coating layers:

The TiO> formation Kkinetics depend on the quantity of ag. ammonia. It is essential to control
the thickness of the TiO> layers in view of the application. In LIBs, the particle coating/shell
layers should be continuous to provide protection but thinner than 15-20 nm to offer sufficient
conductivity®*. Thicker coatings proved to worsen the electrochemical performance of positive
electrode materials due to the lithium-ion blocking effect®. Low-lithium-ion conducting
materials tend to hinder the lithium-ion’s intercalation during the fast (dis)charging steps. This
means that the kinetics of lithium-ion intercalation and de-intercalation is impeded by the thick
non-conducting layers'®. The coating thickness was controlled by lowering the TBOT
concentration, as in agreement with earlier reports 3. In this case, the TBOT concentration was
lowered to 2 wt.% (2.4ml), while keeping aq. ammonia volume (0.5ml) and all other parameters
constant in comparison to the previous set of experiments. Figure S2 (supporting information)
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shows the surface morphology NMC-622 with two different weight percentages of TiOyx: 10
wt.% (Figure S2a) and 2 wt.% (Figure S2b). Thick layer deposition was found in the 10 wt.%
TiOx coated samples. The EDX spectra confirm that by reducing the TBOT concentration, the
TiOx shell thickness was reduced. As shown in figure S2c and S2d, the intensity of the Ti peak
(at 4.5 keV) EDX signal in the 10 wt.% TiOx coated NMC was higher than that of 2 wt.% of
TiOx coated NMC.
Physical characterizations:

Based on the above results of TiOx layers formation on the NMC-622, 2 wt.% TiOx (and
10 wt.% TiOyx) coated samples were further characterized. The powder X-ray diffraction (XRD)
patterns of NMC-622 and TiOyx coated NMC-622 are shown in figure 2. Due to the low TiOx (2
wt.% and 10 wt.% TiOx, logarithmic scale, supporting information; figure S4) content, only the
NMC-622 (a layered structure with space group R3m) diffraction peaks were found, with no
evidence of a separate crystalline TiOx phase within the detection limits of XRD>®*"8, Both
patterns are in good agreement with the layered structure of NMC-622, where lithium and
transition metals (TMs) are arranged in alternate layers, in which lithium atoms occupy
octahedral sites (Lion) in the Li layers and transition metals Ni, Mn and Co (TMon) occupy the
TM layers. It is concluded that the bulk structural properties of the NMC-622 were unaffected
by the TiOx surface coating procedure. Table S1, shows the refined parameters of the NMC and
TiOx coated NMC samples. The results suggest that the some of Ti** could be surface doped at
the NMC structure, as a slight increase in the cell volume and lattice constants been observed.
Perhaps this could be related to the larger ionic radii of Ti** (68 pm) compared to Co®* (54.5

pm) and Mn** (53 pm).
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Figure 2. XRD patterns of NMC, 2 wt.% TiOx coated NMC and 10 wt.% TiOx

coated NMC after annealing at 500°C for 3h in DA.
The morphology of the electrode materials was investigated to visualize the coating

A o

i
i

process's effect on the morphologies of NMC. Figures 3a and 3b show the SEM-SE (secondary
electron/ETD) images of the NMC-622 and 2 wt.% TiOx coated NMC at lower magnifications.
As received NMC-622 secondary particles have an average particle size of 12 um. These
secondary particles are spherical and densely packed with primary particles sizing from 200 to

500 nm, which is beneficial for the volumetric energy density of the electrode materials>®°.

| e—A ") V1| —

Figure 3. SEM images of NMC secondary particles (a) and 2 wt. % of TiOx coated NMC
(b).
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Such larger aggregate size of particles is favorable to decrease the surface area in direct contact
with the electrolyte and as such decelerate the side reactions at the electrode/electrolyte
interface. It can be concluded that the coating process did not change the core morphology at
the magnifications that were studied in SEM.

To further investigate the coating efficiency and confirm the presence of TiOx surface
protecting layers, TEM-EDX analysis was performed on the particles. Figures 4a and 4b show
the higher magnification TEM images and EDX spectrum of NMC-622, and figures 4c and 4d
depict higher magnification images of 2 wt.% TiOx coated NMC, with an SAED pattern taken
at the surface of the TiOx coating. SAED analysis showed that the layered NMC structure was
undisturbed by the TiOx surface coating/doping. Figure S3 shows the TEM images of 10 wt.%
TiOx coated NMC. Figure S3b depicts the amorphous TiOy surface layer over the layered NMC
structure. From the EDX spectrum of uncoated and coated NMC at the surface layers, a weak
signal for Ti was observed at 4.5 keV in the TiOx coated NMC samples confirming the presence
of TiOx protecting layers at the NMC surface (EDX analysis was performed at different spots
at the surface of the NMC). The amount of oxygen in the TiOx coated NMC is uncertain. During
the heat treatment, titanium ions from the TiOx coating might diffuse into the core particles,
resulting in surface doping®. It is noteworthy to point out the recent literature which, advises
that, regardless of the crystalline or amorphous nature of the TiOy, it acts as an excellent
electronically conducting material®%2, Besides that the surface modification could perhaps
enhance the electronic conductivity/electronic percolation of active (both cathode & anode)
materials at the electrode and material level®2. Furthermore, the electronic conductivity

measurements further confirm this on both powder and electrode levels.
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Figure 4. HR-TEM images of NMC and TiOx coated NMC. (a) higher magnification image
of NMC, (b) EDX spectrum of NMC, (c) 2 wt.% of TiOx coated NMC (insert is SAED
analysis at the surface of the 2 wt.% TiOx coated NMC), higher resolution of 2 wt.% TiOx
coated NMC (insert at the surface amorphous (d1) and layered NMC pattern (d2)) and (e)

EDX of 2 wt.% of TiOx coated NMC.
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Electronic conductivity:

The effect of TiOx coating on the electronic conductivity of NMC-622 was studied since
the electronic conductivity of an electrode material significantly influences the electrochemical
performances of a battery, especially at higher charge/discharge rates®. Besides the theoretical
capacity and loading of the active material, the cathode’s energy density also depends on the
electronic conductivity of the electrode through improved network connections with the current
collector. This is generally ensured by adding conductive additives such as carbon black to the
electrode composition, which reduces the net mass of active material in the electrode.
Alternatively, the conductivity can be improved without significantly lowering the energy
density, by introducing conductive layers on cathode materials while reducing the amount of
conductive additives.

The measured thickness of the electrode coating on the non-conductive substrate
(Kapton film) is around 70um for both samples. The conductivity of the NMC electrode was
slightly lower than the TiOx coated NMC electrode. The electronic conductivity vs. number of
interactions was plotted for both NMC and TiOx coated NMC, shown in Sl figure S5. There is
avg. ca.11% improvement in the electronic conductivity of the TiOx-coated NMC relative to
that of the NMC, which is beneficial for the long-range transport of the electrons between the
current collector and the NMC particles. Furthermore, to understand the electronic conductivity
of the TiOyx surface modification, conductivity measurements were carried out on powder
samples and compared. TiOx surface modified samples showed better electronic conductivity
than NMC powders, shown in the supporting information (Table S2). As noticed, 10 wt.% TiOx
coated NMC showed higher electronic conductivity than rest of the samples, which could be

related the amorphous TiOx coating on the NMC particles (figure S3a).

16



Electrochemical characterization:

The effect of the coating procedure on the electrochemical properties of NMC-622 was
assessed by incorporation in coin cells. Figure 5a shows the galvanostatic charge-discharge
profiles (formation cycles) of NMC and 2 wt.% TiOx coated NMC-622 in half cell
configuration. The 2 wt.% TiOx coating does not negatively affect the discharge capacity, which
remains similar to the capacity of NMC, namely 180 mAh/g at C/10, averaged over three cells.
The formation cycles are meant to improve the wetting of the electrode and complete the
formation of a thin cathode electrolyte interface (CEI) during the initial lithium (de)intercalation
process. The TiOx coating slightly increased the initial Coulombic efficiency of the electrode,
shown in figure 5b. The main reason behind the selection of 2 wt.% of TiOx coated NMC
samples over 10 wt.% TiOyx coated NMC is the thick coating could act as a Li-ion blocking
layer and worsen the electrochemical performances of the NMC samples. The electrochemical
properties of the 10 wt.% TiOx coated NMC samples are compared with 2 wt.% TiOx coated
NMC in figure S6 and this indeed supports the argumentation given. Figure S6 shows the
comparison of rate capability test of NMC, 2 wt.% TiOx coated NMC and 10 wt.% TiOx coated
NMC.

Figures 5¢ and 5d show the rate capability (constant current — constant voltage (CC-
CV)) test NMC-622/Li half cells containing either NMC or TiOx coated positive electrodes. In
this mode, the cells were always charged till 4.4V at 0.2C, 0.5C, 1C, 2C, 3C, and 5C, followed
by a constant voltage step until the current decreased to C/20. Afterwards, the cells were
discharged in the same way until 3V, followed by a CV step (until the current decreased to
C/20). The constant-voltage step was used to ensure that the electrodes always reached a similar
state of charge before starting the next discharge step. As such, a fair comparison can be made
between the delivered discharged capacities at different C-rates®. At current rates up to 3C, the

effect of the TiOx on the discharge capacity is negligible (Figure 5¢). When the current is further
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increased to 5C, the TiOx coated material showed a significantly higher discharge capacity (ca.
111 mAh/g) than its bare counterpart (ca. 100 mAh/g). Figure 5d shows the capacity retention

values normalized to the capacity at 0.2C. At 5C, the coated NMC-622 is able to deliver 74%
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Figure 5. Galvanostatic charge-discharge profiles (a) and the Coulombic efficiency vs cycle
number of the formation cycles at C/10 (for 3 initial cycles)(b), charge-discharge profiles of
NMC and TiOx coated NMC in the rate test (c) [each current step was performed for 3 cycles
and the second cycle charge-discharge profile is shown], discharge capacity retention with
respect to cycle number (d), life cycle test at 1C discharge rate (e) and efficiency of both
NMC and coated NMC at 1C (f). [The values represent the average discharge capacity of
three coin cells from the same electrode coating]
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of the discharge capacity available at 0.1C, whether this was only 60% for its NMC counterpart.
This improvement in rate capability demonstrates that the thin layer of TiOx advances the
kinetics of the electrochemical processes. Besides that, the cyclability of both NMC and coated
NMC-622 was studied in an asymmetric charge-discharge mode (Figure 5e), i.e., all the cells
were charged at 0.5C, followed by a constant voltage charging step at 4.4V (C/20 cut-off
current). Subsequently, the cells were discharged at 1C. This was repeated for 100 cycles. There
was no considerable difference between the cycle stability of either sample, and both showed
very stable performances. The difference in Coulombic efficiency between NMC and TiOx
coated NMC-622 was negligible as shown in figure 5f. The Coulombic efficiency of the first
cycle was ~92.5% for both NMC and TiOy coated NMC and it was maintained above 99% for
both electrodes during the investigated 100 cycles.

To better understand the effect of TiOx surface modification on NMC-622, the
electrochemical impedance spectroscopy (EIS) was performed before and after cycling. The
lower charge-transfer resistance for the TiOx coated samples compared to NMC both before
(figure 6a) and after (figure 6b) cycling show that the TiOx coating on the NMC enhances the
charge transfer kinetics. The lower charge transfer resistance (Rct) could be related to the
improved electronic percolation in the porous electrode, supported by the sheet resistance

measurements, and a more stable and conductive CEI layer.

300 300
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Figure 6. EIS analysis of NMC and TiOx coated NMC before cycling (a) and after rate
capability test (b).
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NMC-LTO system:

In commercial lithium-ion cells, graphite is commonly used as negative electrode
because of its low working potential at 0.15 V vs Li*/Li, enabling a high cell voltage and energy.
However, the low reduction stability of conventional liquid electrolytes at the graphite electrode
leads to the continuous formation of a solid electrolyte interface (SEI), to loss of cyclable
lithium, and to resistance increase of the cell. Therefore, to minimize the contribution of the
negative electrode in the overall aging behavior of the cell over long-term cycling, LisTisO1.
(LTO) was used in our full cells®. LTO is known to have a faster kinetics, low aging rate, and
zero strain ® during prolonged cycling. LTO’s high electrochemical stability can be traced back
to its negligible volume expansion/reduction during lithium-ions insertion/deinsertion®. Its
superior electrochemical stability and operating potential of 1.55 V vs Li*/Li imply that any
observed capacity decay or electrochemical instability of NMC-622/LTO full cells can be
directly related to the electrochemical properties of the positive electrode®’. LTO compared to
graphite has a higher stability against SEI formation, given that its redox potential is well above

the reduction potential of most common conventional liquid electrolytes®®.
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Figure 7. Galvanostatic (formation at C/10) charge-discharge profiles of NMC-622/LTO
cells, cycled between 1.4V - 2.7 V (a) and cycled between 1.4V - 2.8 V.
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Figure 7 shows the electrochemical characterization of (TiOx coated) NMC-622/LTO
full cells, cycled between 1.4 V and 2.7 V in the formation cycles (at a current rate of C/10),
and between 1.4V - 2.8 V in the second formation cycle. Figure 7a shows the charge-discharge
profiles of both NMC and 2 wt.% TiOx coated NMC/LTO full cells charged until 2.7V.
However, both samples delivered the initial charge capacity of 195 £2 mAh/g. Although the
initial discharge capacity was ~162 mAh/g, it causes more than 16% of irreversible capacity
loss during the initial formation cycle, related to the electrolyte decomposition and CEI growth.
Besides that, the irreversible capacity loss was negligible in the second formation cycle charged
until 2.8V (figure 7b), which is because of the stable CEI formation, which further helps in the

long-term cycling stability.
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Figure 8. Electrochemical properties of TiOx coated and NMC-622/LTO cells, discharge
capacity (mAh/g) vs cycle number (a), Capacity retention (%) vs cycle number (b), Nyquist
plots of NMC-LTO cells over cycling (c) and Nyquist plots of TiOx coated NMC-622/LTO
cells over studied 150 cycles (d).
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The capacity retention was investigated at 1C (constant current/CC mode for 150
cycles). An intermittent characterization step was used after every 50 cycles to perform the EIS
(rested at OCV for 1h before EIS) and full charge (discharge) for one cycle at C/10 (Figure 8a).
In the initial cycles, NMC-622/LTO cells delivered a slightly higher average discharge capacity
(avg. ca. 150.72 + 3mAh/g) than the TiOx coated NMC-622/LTO cells (avg. ca. 149.83 +
2mANh/g). The capacity fade of the 2 wt.% TiOx coated NMC-622/LTO was lower than NMC-
622/LTO cells in the initial 50cycles. In the initial 100 cycles, the TiOx coated NMC-622
experienced a considerably lower capacity decline than its bare counterpart. Figure 8b shows
the discharge capacity retention (%) vs. cycle number over the investigated 150 cycles. In the
initial 50 cycles, the TiOx coated NMC-622/LTO cells exhibited higher capacity retention
(~88%) than NMC-622/LTO cells (~83.7%). In the subsequent 50 to 100 cycles, TiOx coated
NMC-622/LTO cells retained their capacity retention at 88%, whereas NMC-622/LTO cells
further dropped to 81.9%. The enhanced capacity retention would be related to the protective
behavior of TiOx coating on the NMC particles. The discharge profiles of (coated)NMC/LTO

cells at initial cycle and last cycle just before the interruption have been shown in the figure S8.

Figures 8c and 8d show the EIS Nyquist plots for the NMC and TiOx coated NMC-
622/LTO cells respectively. The EIS was performed during intermittent characterization
periods and after a discharge at C/10 to fully lithiated state. For the uncoated NMC electrode,
the charge transfer resistance decreased between 50 to 100" cycles and stabilized thereafter.
The EIS spectra for TiOx coated samples, however stabilized only after 50 cycles, which can
be interpreted as a higher stability of the cathode interface layer for the NMC particles and is
in line with the lower average rate of capacity loss for the coated samples. For instance, the %
loss of capacity between cycles 50 and 100 is ~7% higher for the uncoated relative to the coated
samples (figure 8b). Please be advised that although our results suggest a more facilitated

exchange of lithium at the electrode/electrolyte interface for the TiOx-coated NMC, the
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underlying mechanisms are not limited to the improved electronic conductivity and CEI
properties. One needs to consider other possible contributions, to be investigated by further

research, such as pseudo-capacitance reported for the similar systems®®7°,

In summary, the TiOy surface coating effectively improves the electronic conductivity
of the NMC samples and provides sufficient electronic percolation at the electrode level. It is
crucial to investigate the effect of coating layer thickness and the weight % of the coating
materials, as they could significantly influence the electrochemical properties of the electrode
materials. In this article, 10 wt.% TiOx surface modification showed higher electronic
conductivity than the rest of the samples. However, it suffers from the faster Li-ion kinetics due
to the shell thickness. Besides that, the desired thickness and sufficient electronic conductivity
could be achieved by lowering the weight % of the coating material. Furthermore, the rate-
capability (Li-ion Kinetics at higher current rates), capacity retention, and interfacial stability of

the NMC electrode have been enhanced by the 2 wt.% TiOx coating on NMC materials.

Conclusions:

In this work, a continuous thin TiOx layer was deposited on NMC-622 particles by a
simple wet chemical hydrolysis deposition method. The role of aqueous ammonia during the
coating process was investigated, and it was concluded that its concentration was critical to
control the shell deposition. The surface modification process did not adversely affect the bulk
crystalline properties and morphologies of the core particles. Furthermore, the TiOx coating
improved the rate capability of NMC-622 in half-cell configuration. The electrochemical
stability of NMC-622/LTO full cells was considerably improved at 1C when TiOx coated NMC-
622 was used as positive electrode. These effects may be ascribed to the coating acting as a
protecting layer. This work clearly shows that the material level improvements are the key
parameter to improve the power density and cyclability of Ni-rich NMC based cathode

materials at the full cell level.
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