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ARTICLE INFO ABSTRACT

Keywords: Layered transition metal oxides, particularly those containing nickel, have been widely used as cathode materials
Lithium-ion batteries and are considered among the most promising options for high-performance lithium-ion batteries. To enhance
NMC811

the cycling and thermal stability of nickel-rich transition metal layered cathodes, surface coating is widely
employed in industrial applications. Niobium coating or substitution has shown potential for stabilizing nickel-
rich LiNixMnyCo,02 (NMC) cathodes. However, its effectiveness is not universal, as pristine commercial materials
are often optimized for direct battery use but sometime are unsuitable for further research due to limited pro-
cessing information. In our efforts to scale up one of our promising coating methods, we initially turned to a
commercially available NMC material. However, our attempts to apply the coating method to a commercial NMC
were unsuccessful. We attribute this to unknown post-synthesis processing steps used in the commercial product.
To circumvent this limitation and properly evaluate our coating technique, we synthesized our own nickel-rich
NMC material, NMC811. Electrochemical testing confirmed that the coating method is effective for lab-
synthesized NMC materials and also revealed that differences in the Nb precursor composition, despite the
same synthesis grade and high nominal purity, significantly influence the resulting electrochemical performance.

Layered oxide cathodes
Surface coating
LiNbO3

1. Introduction

Rechargeable lithium batteries have rapidly emerged as key tech-
nologies in the development of green and sustainable energy systems.
Today, they are widely used as power sources for electric vehicles and
other high-demand applications. Among various cathode materials,
layered oxides are considered some of the most promising candidates for
high-performance lithium-ion batteries due to their high energy density
and structural versatility [1,2]. However, to fully realize their potential,
the intrinsic properties of these materials often require optimization. To
enhance their electrochemical performance, a variety of experimental
strategies have been developed, including elemental doping,
morphology control, and surface coating. Due to its excellent ability to
facilitate both electron conduction and lithium-ion diffusion, LiNbO3
has been widely employed as a coating material for layered oxide-based
cathode materials [3-8]. However, to achieve optimal performance with
surface coatings, it is essential to have comprehensive information about
the cathode material being modified. This includes detailed knowledge
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of its structure, composition, and any existing surface modifications,
such as coatings or dopants, together with their chemical nature and
concentrations. Commercial Ni-rich cathode materials may already
contain proprietary surface coatings or other post-synthesis modifica-
tions introduced by the manufacturer. Nevertheless, several studies have
demonstrated that additional surface coatings or co-coating strategies
can further improve the electrochemical performance of such materials
[9]. Therefore, knowledge of the surface chemistry and processing his-
tory is important for the rational design and interpretation of further
surface modification strategies. However, such information is not al-
ways disclosed by manufacturers, making it more difficult to establish
structure-property relationships and to directly compare results ob-
tained using different commercial materials.

We previously developed a coating method that utilizes hydrogen
peroxide (H202) as an activating agent, achieving excellent results with
spinel-type LNMO (LiNigsMn; 504) materials [10-12]. This approach
significantly shortened the reaction time and promoted uniform depo-
sition of various coating layers, leading to improved surface stability and
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enhanced electrochemical performance. Given these advantages, we
hypothesized that the method could also be effectively applied to
layered oxide cathodes such as NMC (LiNixMnyCo,02). To facilitate
scaling up the method, we required large quantities of active material
and therefore acquired a commercial single-crystal NMC,
LiNig g2Mng g7C09.1102 (Ni82), from MSE Supplies, which reported
>80% capacity retention after 1500 cycles at 1C. In addition, single-
crystal NMC materials are generally regarded as structurally more sta-
ble and are considered promising candidates for long-lifetime EV ap-
plications. However, even materials with excellent baseline
performance can often be further optimized. This was the motivation
behind our work - to improve an already high-performing material. In
this study, we applied a LiNbO3 coating to Ni82, aiming to enhance its
interfacial stability and overall electrochemical performance. LiNbO3 is
well known for its ability to facilitate both electronic conductivity and
lithium-ion transport, and has therefore been widely used as a surface
modifier for layered oxide cathodes [10-15]. Despite this, our efforts to
apply a LiNbOj3 coating to the Ni82 material yielded unexpected and
disappointing results. Specifically, we observed lower specific capacity,
poor cycling stability, and generally catastrophic electrochemical
performance.

The unexpectedly poor electrochemical performance of the LiNbO3-
coated commercial Ni82 material using HoO3 stood in sharp contrast to
the promising results previously obtained with spinel cathodes [10-12],
prompting a closer examination of the coating method. To determine
whether the observed failure was specific to the commercial Ni82 ma-
terial or inherent to the HyO»-assisted coating process itself, we syn-
thesized layered LiNipgMng1C00102 (NMC811) using two different
synthesis routes. NMC811 was deliberately selected instead of self-
synthesized Ni82 because it is one of the most extensively studied
nickel-rich layered oxides, allowing direct comparison of our results
with a large body of published literature. In contrast, only a limited
number of studies are available for Ni82, making a meaningful com-
parison considerably more difficult. Although the nickel content differs
by only 2 mol% (80% vs. 82%), both materials belong to the same family
of Ni-rich layered oxides and are often considered part of the Ni80+
class of cathode materials. Consequently, they exhibit very similar
structural and electrochemical characteristics, making such a compari-
son scientifically justified.

The synthesized NMC811 powders were coated with Li/Nb oxides
using niobium ethoxide precursors from two suppliers following exactly
the same H,05-assisted coating procedure that had previously failed for
the commercial Ni82 material. The coated samples were subsequently
characterized by electrochemical testing, X-ray photoelectron spectros-
copy (XPS), scanning electron microscopy (SEM), and X-ray diffraction
(XRD). In contrast to commercial Ni82, both NMC811 systems exhibited
improved electrochemical performance after coating, demonstrating
that the HpO»-assisted coating strategy itself is effective. These findings
indicate that the poor performance observed for commercial Ni82 is not
an intrinsic limitation of the coating method but is instead likely related
to the unknown processing history and proprietary post-synthesis
treatments of the commercial material. While recognizing the differ-
ences in initial morphology, composition, and surface states between
these host matrices, evaluating them side-by-side is highly justified
within the Ni80+ class. This comparison serves to expose a critical
practical issue: how undisclosed commercial pre-treatments can directly
dictate the success or failure of subsequent coating reactions. The origin
of this contrasting behavior is discussed in detail in the following
sections.

2. Experimental section
2.1. Synthesis of cathode active material

Commercial single-crystal LiNipgoMng 07C00.1102 (Ni82) was ac-
quired from MSE Supplies. The synthesis of NMC811 was carried out in
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two main steps. First, the Nig gMng 1Coq.1(OH), precursor was synthe-
sized via a conventional coprecipitation method in a continuously stir-
red tank reactor, following a procedure similar to that described by Van
Bommel et al. [16] In the second step, the obtained hydroxide precursor
was thoroughly mixed with a stoichiometric amount of either Li,CO3 or
LiOH and subsequently calcined in an oxygen atmosphere. The thermal
treatment involved an initial heating at 250 °C for 2 h, followed by
calcination at either 800 °C or 775 °C for 5 h at a heating rate of 4 °C/
min. The samples were then cooled to room temperature at a rate of
2 °C/min. The resulting materials were designated as NMC811C (Li2COs3
route) and NMC811H (LiOH route), respectively. For comparison,
reference samples NMC811C-350 and NMC811H-350 were prepared by
calcining the same precursors at 350 °C in O, using the same heating
and cooling program.

The choice of 800 °C for the Li,CO3s-based route and 775 °C for the
LiOH-based route reflects the different thermal behaviors and re-
activities of the lithium sources: LiOH decomposes and becomes reactive
at lower temperature than Li»COs, enabling sufficient lithiation and
crystallization at a slightly lower sintering temperature and reducing Li-
loss; LioCO3, being more thermally stable, typically requires a higher
final temperature to ensure full reaction, crystallinity, and reduced
cation mixing [17-19]. These temperatures represent standard, opti-
mized conditions for each specific lithium precursor in literature. Using
identical temperatures for both would result in either incomplete reac-
tion for the carbonate or high lithium loss for the hydroxide, preventing
a fair comparison.

2.2. Surface coating via a Hy02-chemistry approach

A lithium niobium oxide LiNbOs-based surface coating was applied
to Ni82, NMC811C, and NMC811H cathode materials using a solution-
based chemical method involving H205 as an activating agent, in
accordance with our previously reported procedure [20].

To prepare the Li/Nb coating solution, 0.30 g (0.94 mmol) of
niobium(V) ethoxide (either Aldrich (A) or TANiOBIS (T), both synthesis
grade, high purity) was dissolved in 20 mL of absolute ethanol, while
0.057 g (1.08 mmol) of lithium ethoxide (Aldrich) was separately dis-
solved in 40 mL of absolute ethanol. The two solutions were then
combined, followed by the addition of 60 mL of 30% hydrogen peroxide
and ~ 0.1 mL (8 drops) of 65% nitric acid (HNO3). The resulting mixture
was stirred until a clear solution was obtained, indicating complete
dissolution of the precursors.

To coat Ni82, NMC811C, and NMC811H with 0.5 wt% LiNbO3, 1.2 g
of the respective cathode active material and 13 mL of absolute ethanol
were added to a round-bottom flask (V = 50 mL). The resulting sus-
pension was stirred for approximately 3 min before 5.2 mL of the Li/Nb
coating solution (corresponding to ~0.5 wt% LiNbOs), prepared using
niobium(V) ethoxide (A or T), was added dropwise under continuous
stirring. Stirring was continued until gas evolution ceased (approxi-
mately 25 min). The suspension was then decanted, and the powder was
washed with ethanol, centrifuged, dried at 80 °C, and calcined in oxygen
first at 250 °C for 2 h, followed by 350 °C for 5 h at a heating rate of 4 °C/
min. The samples were subsequently cooled to room temperature at a
rate of 2 °C/min.

Uncoated samples (Ni82, NMC811C, and NMC811H) were calcined
under the same conditions and in the same oven as the coated samples to
ensure comparability. Samples were labeled as follows: Ni82, Ni82-350,
and Ni82-LN-E-350 (LN = LiNbOg, E = Ethanol). Self-synthesized sam-
ples were labeled as follows: for the Li,COs3 route — NMC811C,
NMC811C-350, NMC811C-LN(A)-350, and NMC811C-LN(T)-350; for
the LiOH route - NMC811H, NMC811H-350, NMC811H-LN(A)-350, and
NMC811H-LN(T)-350. Here, LN(A) and LN(T) refer to LiNbO3 coatings
using the Nb(V) precursor A and T, respectively. All coated and uncoated
materials were stored in a glovebox.

Since Ni82 is the most sensitive to the reaction conditions, a test
coating experiment was conducted using water instead of ethanol. The
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material was coated with 0.5 wt% LiNbO3 via an aqueous route, using
lithium acetate and ammonium niobium oxalate (NbAmOx, NH4[Nb(O)
(C204)2(H20)2]-3H20) as precursors, both dissolved in water. The Li/Nb
(W) solution was prepared as follows: 0.35 g (3.43 mmol) of
LiO,CCH3-2H,0 was dissolved in 10 mL of water, and 1.32 g
(3.35 mmol) of NbAmOx was separately dissolved in 20 mL of water.
The two solutions were then combined, followed by the addition of
30 mL of 30% H»05 and approximately 0.1 mL (8 drops) of 65% HNO3.

To coat Ni82 with ~0.5 wt% LiNbOs, 5.4 g of Ni82 and 75 mL of
water were added to a 250 mL round-bottom flask. The resulting sus-
pension was stirred for approximately 3 min before 3.2 mL of the Li/Nb
(W) coating solution was added dropwise under continuous stirring.
Stirring was continued until gas evolution finished (approximately 6 h).
The suspension was then decanted, and the powder was washed with
water, centrifuged, and dried at 80 °C.

Additionally, uncoated Ni82 was treated with water and with diluted
(~7%) Hy05 (under similar conditions but without Li/Nb precursors) to
evaluate whether these solvents affect the electrochemical behavior of
Ni82. After synthesis, all three materials were calcined at 350 °C under
the same conditions as the other samples. The samples were labeled as
Ni82-LN-W-350, Ni82-H»0-350, and Ni82-Hy0,-350, respectively.
Analogous to Ni82-LN-W-350, an aqueous coating reaction was also
performed for NMC811C, yielding the sample NMC811C-LN-W-350.

2.3. Material characterization

A scanning electron microscope SEM (Zeiss Supra 55) was used to
analyze the morphology. Powder X-ray diffraction was recorded using a
Bruker D2 Phaser Diffractometer with Cu-K, radiation (A = 1.5406 i\)
and a LynxEye XE-T detector in reflection mode. XRD patterns were
recorded over a 26 range of 10-80°/90° with step size of 0.02° and
counting time of 1 or 2 s per step. Rietveld refinements were performed
on TOPAS-V6 (Bruker AXS) and software jEdit.

2.4. Electrochemistry

Electrochemical testing of the materials coated with 0.5 wt% LiNbO3
was conducted following previously established protocols. Electrode
slurries were prepared using a composition of 80 wt% active material,
10 wt% Super C carbon black, and 10 wt% polyvinylidene fluoride
(PVDF), with N-methyl-2-pyrrolidone (NMP) serving as the solvent. The
resulting slurry was cast onto aluminum foil and dried 24 h at 80 °C
before cell assembly. The average active material mass loading of the
electrodes was approximately 4.1 mg cm ™2, with an electrode area of
1.13 cm?. Coin-type half-cells (CR2032) were assembled in an argon-
filled glovebox. Lithium metal foil (12 mm diameter, 25 pm thickness)
was used as the counter electrode, and Celgard 2325 (Celgard, Sélestat,
France) served as the separator. The electrolyte consisted of 210 pL of
commercial LP30 (1.0 M LiPF6 dissolved in a 50:50 wt% mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC)). Galvanostatic
cycling was carried out at 23 °C within a voltage window of 3.0-4.3 V vs.
Li*/Li. The first cycle was performed at a C/20 rate, followed by two
cycles at C/10. Subsequent cycling was conducted at a charge rate of C/2
and a discharge rate of 1C to evaluate long-term performance, where the
1C rate is defined based on a theoretical specific capacity of 220.4
mAhg L. To ensure reproducibility, 3 replicate cells were fabricated and
tested for each sample group. The figures display representative curves,
showing consistent electrochemical trends with typical cell-to-cell ca-
pacity variations of approximately 4 rnAhgfl.

2.5. Elemental analysis

Elemental analysis (EA) was done at the IAM-AWP, Chemical anal-
ysis laboratory, KIT, using inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 7600 DUO, Thermo Fisher Scientific
GmbH, Dreieich, Germany) to determine the Li, Ni, Co, Mn, O and Nb
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elements.(Table S1).
2.6. X-ray photoelectron spectroscopy

XPS measurements were performed using a K-Alpha+ XPS spec-
trometer (ThermoFisher Scientific, East Grinstead, UK). Data acquisition
and processing were conducted with the Thermo Avantage software. All
powders were analyzed using a microfocused, monochromated Al Ko X-
ray source (400 pm spot size). The K-Alpha+ charge compensation
system was employed during analysis, using electrons of 8 eV energy,
and low-energy argon ions to prevent any localized charge build-up.

3. Results and discussion

As mentioned in the Introduction, to build on our earlier success with
a HyO,-based coating method, previously shown to be highly effective
for spinel-type LNMO (LiNigp sMn; 504) materials [10-12], we sought to
extend this approach to layered NMC materials and explore its scal-
ability. As an initial step toward upscaling, we selected a commercially
available NMC material. However, applying the coating method to the
commercial NMC proved unsuccessful. We suspect this outcome is due
to undisclosed post-synthesis treatments commonly applied by manu-
facturers, which may interfere with the coating process. To overcome
this issue and enable a proper evaluation of the technique, we proceeded
to synthesize our own nickel-rich NMC811 material. This composition
was selected because NMC811 is the most widely studied Ni-rich layered
oxide in the context of Li/Nb-based surface coatings [3,7,21].

3.1. Morphological characterization

Fig. 1 presents scanning electron microscopy (SEM) images of the
commercial, single crystal layered oxide material Ni82 (Fig. 1, a) and
two self-synthesized NMC811 (LiNipgMng 1Co0g.102) samples prepared
via different lithium sources: LioCOg3 (Fig. 1, b) and LiOH (Fig. 1, c). The
commercial Ni82 sample exhibits well-faceted, polyhedral primary
particles with a dense and compact microstructure. The particle surfaces
appear relatively smooth, indicating high crystallinity (also confirmed
by X-Ray diffraction, vide infra). The average particle size ranges from
approximately 300 to 1600 nm. The large, uniform grains and clean
grain boundaries are indicative of a well-developed layered structure,
typically associated with solid-state synthesis routes and high-
temperature calcination.

In contrast, the self-synthesized NMC811C materials show distinctly
different morphologies. The sample synthesized via the Li,CO3 route
displays agglomerated, sub-micron-sized primary particles with irreg-
ular shapes and a rougher surface texture. A qualitative, visually derived
particle size distribution indicates a much narrower range compared to
the commercial sample, with primary particles visually estimated to be
roughly 300 nm. The agglomerates form a porous network, which could
be beneficial for lithium-ion diffusion due to increased surface area.

The NMC811H sample synthesized using the LiOH route shows an
even more porous and loosely agglomerated structure. The primary
particles are smaller and more spherical compared to the Li;COs-derived
sample, with dimensions generally below 200 nm. The high degree of
agglomeration and the pronounced porosity observed in this sample
may arise from differences in the thermal decomposition behavior of
LiOH compared to Li;CO3 during the synthesis process. Using LiOH as
the lithium precursor leads to faster reactions, which can result in
lithium loss and cation mixing [22] (proved by XRD, vide infra) at high
temperatures. This morphology suggests a potentially higher specific
surface area, which may enhance electrochemical reactivity but could
also increase side reactions with the electrolyte.

3.2. Structural characterization via X-ray diffraction

X-ray diffraction (XRD) is typically the initial characterization
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Fig. 1. SEM images of the commercial Ni82 (a) and self-synthesized NMC811C (Li»CO3 route) (b) and NMC811H (LiOH route) (c) cathode materials.

technique employed when a new material, such as a cathode material, is
synthesized. This approach ensures that the crystal structure corre-
sponds to the expected phase, as proceeding with further analysis is not
meaningful if structural integrity is not confirmed.

Fig. 2 displays the X-ray diffraction (XRD) patterns of the commercial
Ni82 sample (top, blue) and the two self-synthesized NMC811 materials
prepared via the LioCO3 (NMC811C, middle, red) and LiOH (NMC811H,
bottom, black) routes. All samples exhibit diffraction peaks character-
istic of a layered a-NaFeOo-type structure with a rhombohedral (R-3 m)
space group, commonly found in Ni-rich layered oxides.

The commercial Ni82 material shows sharp and well-defined
diffraction peaks, indicating high crystallinity and a well-ordered R-
3 m layered structure. The clear splitting of the (006)/(012) and (108)/
(110) peaks is especially noteworthy, as this is a reliable indicator of
good phase purity and low cation mixing between Li" and Ni2" in the
structure. Such peak splitting is widely used as an indicator of good
structural ordering in Ni-rich layered oxides [23,24]. The strong in-
tensity ratio of the (003)/(104) reflections further supports a well-
developed layered structure with minimal Ni?* migration into the Li
layers (~3.4%) (Fig. S1).

In comparison, both self-synthesized NMC811 samples also exhibit
the typical reflections of the layered structure, but with notable differ-
ences in peak sharpness and resolution. The NMC811C sample displays
slightly broader peaks than the commercial sample, suggesting smaller
coherent crystallite sizes or minor structural disorder. While the peak
splitting at (006)/(012) and (108)/(110) is still observable, it is less

pronounced, indicating smaller crystallite sizes, a moderate degree of
cation mixing (~6.7%) (Fig. S1) and/or slightly lower structural
ordering than the commercial counterpart. This may reflect the fact that
synthesis using LioCO3 often requires higher temperatures and longer
calcination times, and if these conditions are not fully optimized, it can
lead to slight compositional inhomogeneity or incomplete structural
ordering.

The NMC811H sample shows the broadest peaks among the three,
with less distinct separation between the (006)/(012) and (108)/(110)
reflection pairs. This broadening implies a further reduction in crystal-
lite size and/or local disorder/cation mixing, consistent with the highly
agglomerated, nanostructured morphology observed in SEM (Fig. 1).
The diminished (003)/(104) intensity ratio suggests increased cation
mixing (~8.8%), which can impede lithium-ion diffusion and negatively
impact electrochemical performance, and this is corroborated by the
electrochemical measurements (vide infra): the electrochemistry for
these two pristine materials, meaning they were only once calcined at
775 and 800 °C, respectively, shows that the NMC811H compound ex-
hibits a much smaller initial capacity and much faster degradation. Only
after a second calcination at 350 °C (NMC811H-350) does the cation
mixing decrease (~5.1%) (Fig. S2 and S3), and the electrochemistry
becomes nearly identical to that of NMC811C-350 (vide infra, Fig. 5).
This is likely a result of the more reactive LiOH precursor, which may
induce rapid phase formation and insufficient atomic ordering during
synthesis, as evidenced by in-situ studies showing that lithiation pro-
ceeds faster with LiOH-H50O than with Li2CO3 [25].
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Fig. 2. XRD patterns for commercial Ni82 and self-synthesized NMC811C (Li»CO3 route), and NMC811H (LiOH route). Rietveld refinement analysis is presented in

SI (Fig. S1).
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These structural findings are in good agreement with the SEM ob-
servations. The commercial Ni82 sample, with its large, well-formed
crystals, exhibits a high degree of structural order and crystallinity. In
contrast, the self-synthesized NMC811 samples, particularly the LiOH-
derived variant, show smaller, more agglomerated particles and corre-
spondingly lower crystallinity and layered ordering. Such structural and
morphological differences are expected to influence the electrochemical
behavior, particularly in terms of capacity retention and stability.

3.3. Electrochemical testing of Ni82 electrodes

As an initial step in evaluating the electrochemical performance of
the three materials, we investigated Ni82 as the active material for
positive electrodes. Electrodes were first prepared using the pristine
Ni82 powder without any additional treatment. Subsequently, the same
material was subjected to calcination at 350 °C, and electrodes were
again fabricated under identical conditions. The choice of 350 °C as the
calcination temperature is deliberate, as this temperature is employed in
the subsequent coating procedure using LiNbOs. According to the
literature, calcination at 350 °C results in the formation of an amorphous
LiNbOg layer, which has been shown to yield optimal electrochemical
performance [20,26].

The Fig. 3 compares the electrochemical behavior of bare Ni82
(black), thermally treated Ni82 at 350 °C (Ni82-350, blue), and Ni82
coated with 0.5 wt% LiNbOs and calcined at 350 °C (Ni82-LN-E-350,
green). The initial discharge capacities were 182.5, 173.2, and
146.4 mAh g~ !, respectively. The slight reduction in initial capacity
observed for Ni82-350 compared to pristine Ni82 may be attributed to
subtle structural degradation induced by the thermal treatment, despite
350 °C being a relatively mild annealing temperature. Both the pristine
and thermally treated samples show a comparable trend of gradual ca-
pacity fading over 400 cycles.

In contrast, the coated sample Ni82-LN-E-350 exhibits a noticeably
different behavior. After the first few cycles, a rapid drop in capacity is
observed, falling to ~70.1 mAh g~! by the third cycle. A minor recovery
is noted around cycle 40, followed by a continued decline. This unex-
pected performance degradation suggests an adverse interaction

200
0.05C/0.05C Voltage range: 3.0 - 4.3 V
— 0.1C/0.1C
< Temperature: 23 °C
<éf o
=1.150 0.5C/1C
>
=
®
g 100 Nig2
o N Nig82-350
.9 Ni82-E-350
= Ni82-LN-E-350
8 50 Ni82-LN-W-350
o Ni82-H20-350
(7)) Ni82-H202-350

0 50 100 150 200 250 300 350 400
cycles [n]

Fig. 3. Cycling performance of various Ni82-based electrodes at a 1C rate (after
one initial formation cycle at 0.05C and two at 0.1C): bare Ni82 (black),
thermally treated Ni82 at 350 °C (Ni82-350, blue), and Ni82 coated with 0.5 wt
% LiNbO3 (Nb-ethoxide)/Ethanol route) (Ni82-LN-E-350, green), Ni82 coated
with 0.5 wt% LiNbO3 (NbAmOx/Water route) (Ni82-LN-W-350, brown), Ni82
treated with H,O (Ni82-H,0-350, violet), Ni82 treated with Ethanol (Ni82-E-
350, orange) and Ni82 treated with H>O, (Ni82-H,0,-350, turquoise), all being
calcined at 350 °C. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Journal of Electroanalytical Chemistry 1023 (2026) 120693

between the coating and the Ni-rich NMC surface under the applied
conditions, contrary to the typical improvement seen with LiNbOs
coatings in similar systems [3-8].

To further investigate the influence of solvents used in the coating
reactions, a 0.5 wt% LiNbO3-coated Ni82 sample was prepared using
NbAmOx as a precursor in water (Ni82-LN-W-350, brown). However,
this approach resulted in an even more severe capacity loss, indicating a
complete failure of electrochemical activity. Additional tests with Ni82
samples treated only with Hy0, diluted H2O2, or Ethanol, Ni82-H,0-350
(violet), Ni82-H505-350 (turquoise) and (Ni82-E-350 (orange), respec-
tively, also exhibited poor performance, suggesting that surface modi-
fication caused by these solvents may be detrimental.

These findings are somewhat surprising, considering that this ma-
terial is generally regarded as suitable for direct use in batteries. It seems
that it is stable when it comes in contact with common battery elec-
trolytes and has most probably undergone extensive factory testing.
However, our results indicate that while the material performs well
under standard conditions, its surface is highly sensitive to contact with
certain solvents, specifically HoO, H0,, or ethanol, during processing
steps such as coating. Even brief exposure during these treatments can
induce surface degradation, ultimately altering the electrochemical
behavior of the cathode active material, despite subsequent coating,
drying, and calcination steps.

This interpretation is further complicated by the limited information
typically available for commercial cathode materials. While manufac-
turers generally provide the nominal composition and, in some cases,
information on the presence of dopants or surface modifications,
detailed information about their chemical nature and processing history
is often not available. For the commercial Ni82 material investigated in
this study, the supplier indicated the presence of Zr as a dopant and a Zr/
B surface coating. However, this description does not specify the
chemical form of these species. For example, it remains unclear whether
boron is present as a borate, whether zirconium exists as an oxide or
another compound, or whether both elements are incorporated into a
single phase. Similarly, no information is available regarding the crys-
tallinity of the coating, its thickness, the coating process, or the thermal
treatments applied during manufacturing. Such details are important for
understanding how subsequent surface modifications interact with the
original material and for interpreting the resulting electrochemical
behavior.

As mentioned above, to overcome these limitations, we synthesized
our own cathode material, LiNiypgMng1Cog 102 (NMC811), using two
different synthetic routes based on Li;CO3 and LiOH. For both NMC811
variants, a single coating procedure was applied using Li/Nb precursors
dissolved in ethanol (under the same conditions as for Ni82), with
niobium ethoxide obtained from two suppliers. The use of precursors
with different purity grades (p.a. and technical grade) also enabled
evaluation of the influence of precursor quality on the coating process
and the resulting electrochemical performance. This approach, using Li/
Nb precursors dissolved in ethanol, is frequently reported in the litera-
ture for studies involving Li/Nb-based surface coatings such as LiNbO3
[3,7,21]. Unlike for the commercial Ni82 sample, no detailed variations
in solvent systems were investigated for the self-synthesized materials in
this work, as such studies have already been extensively reported in the
literature [27]. Only for NMC811C, which exhibited a better-defined
layered structure, an analogous aqueous coating reaction using NbA-
mOx was performed, resulting in the sample NMC811C-LN-W-350
(Fig. S4).

3.4. Electrochemical testing of NMC811 electrodes

The cycling performance of the carbonate-based samples is presented
in Fig. 4. The pristine NMC811C (black) exhibits moderate capacity
retention over 400 cycles at 0.5C/1C. Thermal treatment at 350 °C
(NMC811C-350, blue) results in a slight reduction in specific capacity
and cycling stability, possibly due to surface densification or Li loss
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Fig. 4. Specific capacity vs. cycle number for NMC811 cathode materials
synthesized using Li,CO3 as the lithium source. Samples include uncoated
NMC811C (black), thermally treated NMC811C-350 (blue), LiNbOjs-coated
NMC811C-LN(A)-350 (green) using A-Nb-precursor, and NMC811C-LN(T)-350
(red) using T-Nb-precursor. All coated samples contain 0.5 wt% LiNbO3 and
were calcined at 350 °C. Testing was conducted at 0.5C/1C (after one initial
formation cycle at 0.05C and two at 0.1C) in a voltage window of 3.0-4.3 V at
23 °C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

during calcination.

Surface coating with LiNbOj significantly improves electrochemical
performance. The A-derived coating (NMC811C-LN(A)-350, green) of-
fers improved capacity retention compared to uncoated samples.
Notably, the T-derived coating (NMC811C-LN(T)-350, red) outperforms
all other variants, showing the highest specific capacity and a modest
improvement in capacity retention, suggesting a superior coating uni-
formity or reactivity of the T-precursor. This result highlights the critical
influence of Nb-precursor chemistry on coating effectiveness and elec-
trochemical stability.

Given the better defined layered structure of NMC811C, an addi-
tional aqueous coating step using NbAmOx was performed, resulting in
the sample NMC811C-LN-W-350. However, the electrochemical per-
formance was poor (Fig. S4), indicating that self-synthesized nickel-rich
NMCB811 materials (similar to Ni82) are also highly sensitive to water,
and that successful coating of such materials using HoOs-method can
only be achieved via the ethanol-based route, despite the presence of
water in the HyO5 used for this process. Although the aqueous route uses
a different precursor (NbAmOx) and longer reaction times, the primary
reason for the poor performance is the well-known water sensitivity of
Ni-rich host matrices, which leads to severe lithium leaching. Our H20--
assisted method itself is robust, as proven by cross-sectional TEM on
similar systems in our recent work [20]. The failure on commercial Ni82
is caused by the interaction with the unknown pre-existing surface layer
rather than a failure of the coating method.

Fig. 5 displays the cycling performance of the LIOH-based NMC811H
samples. The unmodified NMC811H (black) demonstrates the lowest
capacity retention among all samples, indicative of inferior surface
stability or structural degradation possibly induced by residual lithium
compounds or greater Li/Ni cation mixing typically associated with
LiOH-based synthesis.

Thermal treatment (NMC811H-350, blue) markedly improves per-
formance but remains inferior to coated samples. Coating with LiNbOg
again shows enhancement in electrochemical behavior. Similar to the
carbonate-based series, the T-coated sample (NMC811H-LN(T)-350,
red) delivers the best performance among the LiOH-derived materials,
both in terms of initial capacity and cycling stability, confirming the
consistency of the T-precursor's effectiveness across different synthesis
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Fig. 5. Specific capacity vs. cycle number for NMC811 cathode materials
synthesized using LiOH as the lithium source. Samples include uncoated
NMC811H (black), thermally treated NMC811H-350 (blue), LiNbOs-coated
NMC811H-LN(A)-350 (green) using A-Nb-precursor, and NMC811H-LN(T)-350
(red) using T-Nb-precursor. All coated samples contain 0.5 wt% LiNbO3 and
were calcined at 350 °C. Testing was conducted at 0.5C/1C (after one initial
formation cycle at 0.05C and two at 0.1C) in a voltage window of 3.0-4.3 V at
23 °C. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

routes. It also appears that the Li/Nb coating can reduce the degree of
polarization associated with the redox reactions. It is noteworthy that,
although this effect is not clearly pronounced for NMC811C, it is clearly
observable for NMC811H (Figs. S6,S7). After 400 cycles, the potential
differences between the redox peaks of the coated samples
(~0.078-0.085 V) were smaller than those of the pristine (~0.142 V)
and pristine-calcined (~0.155 V) electrodes. This clear difference in
peak separation demonstrates that the coated samples possess enhanced
electrochemical stability and reversibility.

Interestingly to mention that Li/Ni cation mixing is clearly visible in
the XRD patterns of the unmodified sample (NMC811H) (Fig. 2), and is
notably reduced after calcination at 350 °C (see NMC811H-350, Figs. S2,
S3). This suggests that an additional thermal treatment at 350 °C for the
LiOH-based NMC811 samples leads to beneficial changes in their elec-
trochemical performance. Moreover, although carried out at a relatively
low temperature, this thermal treatment appears to induce significant
structural modifications, as supported by the XRD data: for example, the
sharper (006)/(012) reflections and the increased (003)/(104) intensity
ratio indicate a better-developed layered structure with a much lower
degree of cation mixing (NMC811H (8.8%) - > NMC811H-350 (5.1%)).
Therefore, the improved capacity observed in the coated and thermally
treated NMC811H samples is likely due not only to the presence of the
Li/Nb coating, but also to the structural effects of the 350 °C treatment.
The extent of cation disorder reduction achieved at this modest tem-
perature is unexpectedly high, as such substantial changes are typically
associated with higher-temperature processes. In contrast, for the
commercial Ni82 material, the same 350 °C treatment results in a slight
decline in electrochemical performance (Fig. 3). This indicates that for
certain commercial NMC materials, even mild post-synthesis thermal
treatments can be detrimental.

3.5. Comparative analysis

Across both synthesis routes, LiNbO3 surface modification clearly
improves long-term cycling stability and specific capacity. The positive
impact is more pronounced in LiOH-derived samples, where coating
mitigates the otherwise poor cycling performance of the pristine
NMC811H. The superiority of the T-based coatings indicates that
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precursor residuals play a key role in stability. While full dynamic
evolution of the interface requires further investigations like long-term
EIS or rate capability tests, the present dQ/dU peak data confirms an
improvement in structural capacity retention and voltage stability
[28,29].

Overall, the results confirm that: (a) LinCOs-based NMC811
(NMC811C) offers better intrinsic cycling performance than LiOH-based
NMC811 (NMC811H); (b) LiNbOg3 coating, particularly using T-precur-
sor, significantly enhances the initial capacity and reduces degradation;
(c) proper selection of both lithium precursor and niobium coating
precursor is critical for optimizing NMC811 cathode performance; (d)
aqueous Nb-based coating attempts (NbAmOx route) on NMC811C
resulted in poor electrochemical performance, indicating that nickel-
rich self-synthesized NMC materials are also highly sensitive to water
and require the ethanol-based HyO, coating route for successful
modification.

It is worth mentioning, that we are aware that the self-synthesized
NMC811C and NMC811H materials leave room for improvement, for
example, a longer initial calcination time might reduce cation mixing
more effectively, potentially eliminating the need for an additional
350 °C treatment in the case of NMC811H. However, optimization of the
synthesis process was not the focus of this study. The goal here was not
to produce a “perfect” material, but rather to apply a consistent coating
process and assess the contribution of the coating itself. This approach
allows a fair comparison between coated and uncoated samples,
regardless of the initial quality of the material. While commercial ma-
terials like Ni82 are likely already optimized (though their synthesis
details are not disclosed), our aim was also to use well-defined, repro-
ducible in-house materials to investigate the effect of two different Nb
precursors. Finally, we acknowledge that deeper insights into the
observed electrochemical behavior will require further advanced char-
acterization, which is beyond the scope of this work and will be
addressed in future studies.

3.6. Role of Nb-ethoxide precursor purity

To investigate the origin of the performance differences observed
between samples coated using two different niobium ethoxide pre-
cursors, X-ray photoelectron spectroscopy (XPS) was performed on the
decomposition products of each precursor. Upon exposure to air, the
liquid niobium ethoxide rapidly decomposed into a white powder,
which was collected and analyzed.

The XPS spectra of the powder obtained from the T-precursor
revealed the presence of two weak peaks corresponding to silicon (Si)
and fluorine (F), indicating minor impurities or residuals from the pre-
cursor synthesis or packaging process. In the powder derived from the A-
precursor, the corresponding Si and F signals were only barely detect-
able, suggesting markedly lower impurity levels (Fig. S8). While at first
glance these impurities may seem undesirable, their presence may in
fact contribute positively to the observed electrochemical behavior. The
superior initial capacity, cycling stability and specific capacity retention
of the LiNbOs-coated NMC811 samples using the T-precursor could be
partially attributed to these trace elements. Possible explanations
include:

(a) Surface passivation effects: Fluorine plays a key role in stabilizing
the cathode interface. It promotes the formation of a robust, thin
cathode-electrolyte interphase (CEI), which is distinct from the
solid-electrolyte interphase (SEI) traditionally formed on the
anode side. This well-defined fluorinated CEI enhances structural
stability at high operating voltages by suppressing continuous
electrolyte oxidation and parasitic side reactions [30-32];
Silicon-related compounds: Silicon oxides or silicates may
contribute to additional surface passivation or alter the coating
morphology, enhancing the mechanical and chemical stability of
the coating layer [33,34];

()
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(c) Modified coating chemistry: The presence of Si and F may subtly
influence the decomposition pathways or crystallization behavior
of the LiNbOj3 layer during thermal treatment, possibly affecting
ionic and/or electronic conductivity, interface adhesion, or
coating uniformity [35,36].

The last explanation is the most plausible, because the amounts of F
and Si are too small for explanations (a) and (b) to be realistic. It is also
important to note that LiNbOs is an electronic insulator, and, for
example, partial substitution of oxygen ions by fluoride ions would in-
crease the electronic conductivity, as Nb>* would be partially reduced,
introducing mixed-valence states/partially filled d-orbitals. We note
that these mechanisms remain hypothetical. The trace amounts of Si and
F on the final coated active materials were below the detection limit of
our laboratory XPS. However, the correlation between these precursor
residuals and the improved electrochemical stability is reproducible,
and similar adjustments to electronic conductivity via fluoride substi-
tution are known in literature.

Although the exact mechanism by which these impurities influence
performance requires further investigation, the correlation between
their presence (as identified by XPS) and the enhanced electrochemical
performance of the T-derived coatings is noteworthy. These findings
highlight the importance of precursor purity and composition, even at
trace levels, in determining the final electrochemical behavior of
surface-modified cathode materials.

4. Conclusions

This work demonstrates that the HyO5-assisted LiNbO3 coating pro-
cedure, previously optimized for spinel cathodes, is also highly effective
for layered oxide materials. Comparative studies between commercial
and self-synthesized nickel-rich layered oxides clearly show that the
unexpectedly poor performance of coated commercial material is not
attributed to the coating chemistry itself, but rather to the unknown
processing history of the commercial powder, which likely involves
prior surface treatments that hinder new coating reactions. In contrast,
self-synthesized layered oxides provided a reproducible and well-
defined platform for studying surface modifications. Both carbonate-
and hydroxide-based syntheses yielded phase-pure materials, but the
LioCOs-derived NMC811 consistently exhibited superior electro-
chemical stability and specific capacity, underscoring the strong influ-
ence of lithium precursor chemistry on bulk and interfacial properties.
Application of LiNbOg coatings via the HyO»-assisted route, followed by
mild calcination at 350 °C, significantly enhanced the cycling stability of
both NMC811 variants.

XPS analysis revealed minor trace Si and F species in the T-derived
precursor, suggesting that even minor impurities or residual elements in
precursor solutions can beneficially influence interfacial stability and
electrochemical performance. These findings highlight the sensitivity of
Ni-rich layered oxides to surface chemistry and demonstrate that for
self-synthesized layered oxides the HyOs-assisted coating approach is
broadly applicable and intrinsically benign.

In summary, the HyOy-based LiNbO3 coating method represents a
robust and versatile surface modification strategy for both spinel and
layered oxide cathodes. However, reliable interpretation and optimiza-
tion require the use of self-synthesized, compositionally well-
characterized materials with known processing histories. Such control
enables the establishment of reproducible correlations between syn-
thesis, surface chemistry, and electrochemical behavior, ultimately
guiding the rational design of durable high-energy cathodes.
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