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Dielectric Surface Modification of NCM Cathodes Using BaTiO3 
for High-rate Lithium-ion Batteries
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ABSTRACT: Ni-rich NCM811 cathodes offer a high specific capacity but experience severe degradation under high-
rate cycling owing to interfacial side reactions and structural instability. In this study, BaTiO3 (BT), a high-dielectric
ferroelectric, was applied as a nanodot surface coating using a room-temperature, solvent-free Resonant Acoustic
Mixing (RAM) process. The RAM process enables uniform nanoparticle dispersion without requiring thermal
treatment or complex post-processing, thereby providing a simple and efficient strategy for interfacial modification
using dielectric coatings. NCM811 powders were coated with varying amounts of BT (1-10 wt%) and evaluated via
rate capability, impedance spectroscopy, and long-term cycling. Among them, the 2 wt% composition showed the
most pronounced improvement. The BT-coated electrodes exhibited consistently enhanced rate performance compared
to bare NCM across all charge-discharge rates (C-rates; 0.1-10C). Notably, at 10 C, the 2 wt% BT-coated sample
delivered a 14.2% higher discharge capacity, confirming superior high-rate capability. Charge transfer resistance was
reduced by 51.8%, and lithium-ion diffusion improved by 107%, indicating faster reaction kinetics. Furthermore,
under long-term cycling at 10 C, the coated electrode retained more than 50% of its initial capacity after 200 cycles,
demonstrating improved structural and interfacial stability. These findings demonstrate that the BT nanodot coating,
applied via a solvent-free and room-temperature RAM process, functions as a multifunctional interfacial layer that
suppresses interfacial degradation through physical protection and enhances lithium-ion mobility by modulating local
electric fields. The RAM technique enabled uniform nanodot dispersion without damaging the NCM crystal structure
and offers an efficient, scalable, and post-treatment-free route for advanced lithium-ion battery cathode design.
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1. INTRODUCTION

Lithium-ion batteries (LIBs), known for their high energy
density and long cycle life, are widely utilized as essential
energy storage systems in various applications, including por-
table electronics, electric vehicles (EVs), and energy storage
systems (ESSs) [1,2]. In particular, for applications requiring
high-rate charge/discharge, such as EVs and ESSs, the lithium-
ion diffusion rate and interfacial resistance of the electrode
materials play critical roles in determining battery perfor-
mance [3].

Among various cathode materials essential for improving
LIB performance, Ni-rich layered oxide LiNi0.8Co0.1Mn0.1O2
(NCM811) has garnered attention due to its high theoretical

capacity (~275 mAh g-¹) and energy density. However, Ni-rich
NCM cathodes (Ni ≥ 80%) experience low initial coulombic
efficiency and capacity fading due to surface residual lithium
compounds and cation mixing [4,5]. In particular, under high-
rate charge/discharge and high-voltage (e.g., 4.5 V) operating
conditions, complex challenges, such as interfacial reactions
with electrolytes, increased charge transfer resistance, and
structural degradation of particles, can result in rapid perfor-
mance deterioration [6].

To address these challenges, surface coating strategies using
inorganic materials have been proposed to enhance chemical
stability at the cathode-electrolyte interface [7]. Materials, such
as TiO2, Al2O3, ZrO2, and Li3PO4, have demonstrated effec-
tiveness in improving cycle life by suppressing interfacial reac-
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tions [8, 9]. However, most of these coatings exhibit low
lithium-ion conductivities or insulating properties, which limit
their effectiveness under high-rate conditions [10,11].

As an alternative, BaTiO3 (BT), a ferroelectric material with
a high dielectric constant, has recently attracted attention [12,
13]. BT induces a localized electric field at the interface,
thereby facilitating lithium-ion migration and suppressing side
reactions with the electrolyte. Although BT is inherently insu-
lating, when applied in the form of dispersed nanodots, it can
contribute to interfacial stabilization without hindering Li+

transport [14]. Previous studies have reported that BT coatings
can effectively suppress a Cathode Electrolyte Interphase
(CEI), induce lithium vacancies, and enhance lithium-ion dif-
fusion coefficients [15,16].

However, conventional coating processes rely on high-tem-
perature annealing or solvent-based wet processes, which
introduce limitations, such as high processing costs, long treat-
ment times, environmental concerns, and procedural com-
plexity [17]. In particular, organic solvents pose risks because
of their flammability, toxicity, and significant disposal costs,
whereas aqueous-based systems are hindered by high energy
consumption owing to the large latent heat of vaporization of
water and limited applicability to moisture-sensitive materials
[18,19]. To overcome these drawbacks, this study introduces
Resonant Acoustic Mixing (RAM), a room-temperature,
solvent-free technique that can achieve uniform nanoparticle
dispersion and surface coating within seconds using low-
frequency acoustic energy. RAM offers several advantages,
including the elimination of heat treatment, minimized
particle damage, and reduced processing time [20].

In this study, nanostructured BT was coated onto polycrys-
talline NCM811 particles using RAM with varying contents
(1–10 wt%), and the resulting electrochemical performance
was systematically investigated. This approach evaluates the
potential of a dielectric coating strategy to improve the cycle
performance and lithium-ion diffusion characteristics of
Ni-rich cathode materials and demonstrates its applicability as
a simple, low-cost, and efficient coating technique that does
not require complex processing.

2. EXPERIMENTALS

2.1 Solvent-free Surface Coating of NCM811 Using Res-
onant Acoustic Mixing (RAM)

Commercial NCM811 powder (d50 = 11.4 μm, POSCO
Future M, Korea) was mixed with BT powder (d50 = 250 nm,
KCM Co., Japan) at designated weight ratios without any pre-
treatment. The mixed powders were filled into a container to
over 60% of their volume and processed using a Resonant
Acoustic Mixer (LabRAM, Resodyn Acoustic Mixers, USA)
under 60 G acceleration for 20 min. This process induced
particle–particle collisions and friction through strong vibra-
tions, which promoted the uniform dispersion and adhesion

of BT onto the surface of the NCM811 particles. The final
coated powders were used without any additional heat treat-
ment. A schematic of the RAM coating process is shown in
Fig. 1.

2.2 Electrochemical Evaluation of BT-Coated NCM811
Composite Cathodes

Composite cathode slurries were prepared using both the
BT-coated and bare NCM811 powders. The active material
(NCM811), conductive carbon (Super P, IMERYS Graphite &
Carbon, France), and binder (PVDF, Typolymer Co., Korea)
were mixed at a weight ratio of 8:1:1 using N-methyl-2-
pyrrolidone (NMP, 99%, Sigma-Aldrich, USA) as the solvent.
The resulting slurries were uniformly cast onto aluminum foil
using a doctor blade, dried at 80°C in a vacuum oven, and sub-
sequently roll-pressed to obtain the desired thickness. Circular
electrodes (14 mm diameter) were punched from the dried
films.

Cell assembly was conducted in an argon-filled glove box
(LABstar, MBraun), where H2O and O2 concentrations were
kept below 0.1 ppm. Coin-type 2023 half-cells were developed
using lithium metal (0.3 mm thick, >99.9%, MTI Korea) as the
counter electrode and 1 M LiPF6 dissolved in EC/DMC/DEC
(1:1:1, v/v/v; Enchem Co., Korea) as the electrolyte. After
assembly, the cells were aged at 60°C for 12 h before elec-
trochemical testing. All the electrochemical tests were con-
ducted at room temperature within a voltage range of 3.0-
4.5 V.

3. RESULTS AND DISCUSSION

3.1 Optimization of BaTiO3 Coating on NCM Cathodes
Fig. 2 presents the surface analyses of the BT-coated

NCM811 composite cathode materials using field-emission
scanning electron microscopy (FE-SEM) and energy-dispersive
X-ray spectroscopy (EDS) after coating via the RAM process.
The FE-SEM images show that the NCM particles retained
their typical polyhedral morphology, with no noticeable
particle fracture or structural collapse after vibrational coating
(60 G, 20 min). This indicates that the RAM process did not
induce any mechanical degradation, such as microcracks or
particle detachment, confirming its suitability as a gentle and
nondestructive surface modification method. EDS elemental

Fig. 1. Fabrication process of NCM and BT coating via the RAM
method  
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mapping confirmed the presence of Ba and Ti on the particle
surfaces, indicating that the BT was effectively coated. Further-
more, as the BT content increased from (a) to (e), a progressive
increase in the surface coverage of BT particles was observed.
Specifically, uncoated surfaces were observed at 0 wt% (a),
partial surface coverage appeared at 1 wt% (b), uniform and
continuous coatings were formed at 2–5 wt% (c–d), and exces-
sive BT particle aggregation was evident at 10 wt% (e).

Fig. 3 shows the X-ray diffraction (XRD, X’Pert PRO MPD,
Bruker, USA) analysis results of the NCM811 composite
powders used to investigate the effect of the presence and
content of the BT coating on their crystal structures. All samples
exhibited distinct diffraction peaks corresponding to the
typical α-NaFeO2-type layered structure of NCM, indicating
that the BT coating process did not affect the crystal structure.

In the BT-coated samples, the characteristic diffraction
peaks of BT were partially observed, and their relative inten-
sities increased with increasing BT content. This confirmed
the increasing amount of BT present on the NCM surface, as
evidenced by the XRD data.

The layered structure of NCM was further confirmed by the
clear peak splitting of the (006)/(102) and (108)/(110) doublets
and I (003)/I (104) intensity ratio, as summarized in Table 1.
Generally, an I(003)/I(104) ratio greater than 1.2 indicates a
well-maintained layered structure with suppressed Li/Ni
cation mixing [21,22].

In this study, all the samples exhibited ratios above 1.9, indi-
cating that a stable layered structure was preserved regardless
of the BT coating content [23]. Notably, the 2 wt% BT-coated
sample showed the highest ratio of 2.3, suggesting that an
optimal amount of BT coating can enhance surface stabili-
zation and lattice ordering. In contrast, the 5 wt% BT-coated
sample showed a slightly lower ratio than that of bare
NCM811; however, the difference was small and likely within

the experimental error. These results indicate that the crystal
structure remained stable even with an increased BT coating
content, and all the samples maintained high structural integrity.

Additionally, as the BT content increased, the intensity of
the (006) peak of NCM811 gradually increased. In samples
with 5 wt% BT or higher, the (006) peak became more intense
than the (012) peak. This increase may be attributed to a com-
bination of preferred orientation along the c-axis and the
superposition of the (111) peak of BaTiO3, which shares a
similar 2θ value (~38.9°) [24]. Therefore, the enhancement of
the (006) peak intensity can be interpreted as a result of both
structural rearrangement and peak overlap.

To compare the electrochemical performance of NCM
samples under various C-rate conditions (0.1–10 C; 1C = full
charge/discharge in 1 hour), charge–discharge tests were
conducted in the voltage range of 3.0–4.5 V using a constant
current/constant voltage (CC/CV) charging mode. Fig. 4a
presents the rate capabilities of the bare NCM and BT-coated
samples with BT contents ranging from 1 to 10 wt%. All the
samples exhibited a typical trend of decreasing discharge
capacity with increasing current rate. Nevertheless, the BT-
coated samples demonstrated superior overall performance
compared to bare NCM. In particular, the NCM BT 2 sample,
with 2 wt% BT coating, delivered discharge capacities of 196.3
mAh g-¹ at 1C and 144.2 mAh g-¹ at 10C, representing approx-
imately 5.7% and 14.2% improvements over bare NCM (1C:
185.8 mAh g-¹, 10C: 126.3 mAh g-¹), respectively. These results
indicate that the BT coating effectively enhances lithium-ion
diffusion and reduces the interfacial resistance, thereby
improving the electrochemical performance even under high-
rate charge–discharge conditions.

Additionally, the capacity recovery rate was evaluated based
on the discharge capacity measured after reverting to 0.1C
following high-rate cycling at 10C. The recovery ratio reflects

Fig. 2. Field-emission SEM and corresponding EDS elemental
mapping results of BT-coated NCM811 powders prepared
via RAM process with varying BT contents: (a) 0 wt%, (b)
1  wt%, (c) 2 wt%, (d) 5 wt%, (e) 10 wt% 

Table 1. I(003)/I(104) intensity ratios of BT-coated and bare
NCM811 samples for evaluating layered structure integrity

NCM Bare BT 1 wt% BT 2 wt% BT 5 wt% BT 10 wt%
I(003)/I(104) 2.0 2.1 2.3 1.9 2.1

Fig. 3. XRD patterns of bare and BT-coated NCM811 powders
prepared via RAM process with varying BT contents (1, 2,
5, and 10 wt%) 
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the degree of reversible capacity retention under low-rate
conditions after high-rate stress. The NCM BT 2 sample
exhibited the highest recovery of approximately 92%, which
was approximately 3% higher than that of bare NCM (89%).
These results suggest the superior resilience of NCM BT 2
against the structural degradation and irreversible lithium loss
commonly induced under extreme rate conditions.

In contrast, both insufficient and excessive amounts of BT
coating resulted in discharge capacities that were either
comparable to or lower than those of the bare NCM. At a low
coating level of 1 wt%, the performance degradation can be
attributed to non-uniform and discontinuous coating coverage,
which may disrupt the electronic conduction pathways or
locally hinder Li+ transport across the electrode–electrolyte
interface. Conversely, excessive coatings, such as 5 wt% and
10 wt%, can form thick insulating BT layers that impede the
transport of both ions and electrons, resulting in increased
interfacial resistance and reduced electrochemically active
surface area [25].

This result is further corroborated by the Electrochemical
Impedance Spectroscopy (EIS) analysis, as shown in Fig. 4b.
The NCM sample coated with 2 wt% BT exhibited a signifi-
cantly smaller semicircle diameter compared to the bare
NCM, with a charge transfer resistance (Rct) of 84.5 Ω, rep-
resenting a 51.8% reduction relative to that of the bare NCM
(175.4 Ω). While the 1 wt% sample also demonstrates a lower
Rct (98.0 Ω) than the bare NCM, its resistance remains higher
than that of the 2 wt% sample. As the BT content increased,
the semicircle diameter gradually expanded again, and the
5 wt% and 10 wt% samples exhibited Rct values of 102.0 Ω and
158.2 Ω, respectively. These results indicate that an optimal
coating amount is essential to balance the interfacial resistance
and charge-transfer efficiency, with 2 wt% BT confirmed as
the most effective condition in this study.

In summary, the improved electrochemical performance
observed at 2 wt% BT is not solely due to the optimized coat-
ing thickness but is more fundamentally attributed to a com-
position that enables the ferroelectric properties of BT to be
most effectively expressed. Specifically, the high dielectric con-
stant under these conditions modulates the electric field dis-
tribution at the electrode–electrolyte interface and mitigates

local lithium-ion concentration gradients, resulting in more
efficient ion conduction pathways [15,26]. These benefits were
experimentally validated through increased discharge capacity
at 10C and a significant reduction in Rct. Thus, the 2 wt% BT
composition was considered the most effective for achieving
both interfacial stability and enhanced electrochemical
reactivity. Accordingly, further electrochemical analyses were
conducted by comparing bare NCM with 2 wt% BT-coated
NCM (denoted as NCM@BT).

3.2 Electrochemical Evaluation of Bare and Coated
NCM Cathodes

Fig. 5a presents the discharge voltage profiles at 1C and 10C
for bare NCM and NCM@BT, corresponding to the samples
shown in Fig. 4a. Compared to bare NCM, the NCM@BT
sample exhibits consistently higher discharge voltages and a
more gradual voltage drop at both current rates. Notably,
under the high-rate 10C condition, bare NCM shows a sharp
voltage drop and significant capacity loss, whereas NCM@BT
maintains a more stable voltage profile and delivers approx-
imately 14.2% higher discharge capacity. This improvement is
attributed to enhanced charge transfer and electrochemical
reaction efficiency, resulting from reduced interfacial resis-
tance and stabilized Li+ diffusion pathways provided by the BT
coating.

To further investigate the electrochemical behavior, cyclic
voltammetry (CV) analysis was performed at a scan rate of
0.1 mV s-¹, and the results are shown in Fig. 5b. All samples
exhibit characteristic redox peak pairs typical of the NCM811
system within the voltage range of 3.0–4.5 V, indicating
reversible lithium intercalation/deintercalation behavior. The
oxidation (Va) and reduction (Vc) peak potentials of bare

Fig. 4. (a) Rate performance of bare NCM and BT-coated
NCM811 cathodes with varying BT contents (1, 2, 5, and
10 wt%), (b) Nyquist plots obtained from electrochemical
impedance spectroscopy (EIS) of the same electrode 

Fig. 5. Electrochemical performance comparison between bare
NCM and NCM@BT (2 wt% BT-coated NCM) (3.0–4.5 V):
(a) Discharge profiles at 1 C and 10 C, (b) Cyclic voltam-
metry (CV) curves at 0.1 mV s-1, (c) Long-term cycling per-
formance at 10 C over 200 cycles, (d) Coulombic
efficiency corresponding to (c)
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NCM and NCM@BT were observed at 3.761 and 3.705 V, and
3.741 and 3.706 V, respectively, resulting in corresponding
potential differences (ΔV) of 0.056 V and 0.035 V. This potential
gap generally reflects the degree of electrochemical polariza-
tion within the electrode, suggesting that BT coating reduces
polarization in NCM and improves the reversibility of the
redox reactions [22,27]. Furthermore, the NCM@BT sample
exhibits higher peak current density and a larger enclosed area
compared to the bare NCM, indicating faster charge transfer
and improved Li+ insertion/extraction behavior, thereby con-
tributing to enhanced energy storage capability and electro-
chemical activity [28].

Fig. 5c and 5d illustrate the long-term cycling stability and
coulombic efficiency (CE) evolution of the bare NCM and
NCM@BT electrodes at 10 C conditions over 200 cycles. All
cells were charged within a voltage window of 3.0–4.5 V in
CC/CV mode, and five pre-cycling steps at 0.1C were con-
ducted to ensure electrochemical activation and interfacial sta-
bilization before long-term cycling. The initial discharge
capacities of bare NCM and NCM@BT were 143.1 mAh g-¹
and 144.5 mAh g-¹, respectively, indicating comparable initial
performance. As the cycles progressed, both electrodes exhibited
a gradual capacity decrease, reaching 52.4 mAh g-¹ (bare
NCM) and 75.9 mAh g-¹ (NCM@BT) after 200 cycles. The
corresponding capacity retentions were 36.3% for bare NCM
and 52.6% for NCM@BT, corresponding to an improvement
of approximately 44.9%. This result indicates that the BT coat-
ing significantly enhances the long-term cycling stability.

This result correlated with the CE trends is shown in Fig. 5d.
As cycling proceeded, both samples exhibited a gradual
decrease in the CE. However, a slight and non-linear increase
in the CE was observed around the 162nd cycle for bare NCM
and 188th cycle for NCM@BT, after which the CE declined
again. This variation in the CE is more likely attributed to
normal fluctuations within the measurement range caused by
experimental noise or minor interfacial reactions rather than a
true sign of CE recovery. However, considering the concurrent
rapid capacity decline, this can be interpreted as a sign of pro-
nounced degradation.

In particular, the high cutoff voltage (4.5 V) employed in
this study is regarded as a major contributor to the accelerated
degradation of the electrode. In Ni-rich NCM systems, such as
NCM811, operating at high voltages can induce oxygen release
and surface oxidation, promoting CEI instability and phase
transitions [29]. These high-voltage conditions also hinder Li+

diffusion, increase CEI thickness, and accelerate electrolyte
decomposition, thereby exacerbating capacity fading and CE
deterioration [30,31].

In addition, the poor long-term stability of the bare NCM
electrode was attributed to mechanical stress and microcrack
formation caused by repeated lattice contraction and expan-
sion during cycling. These structural changes resulted in the
formation of an inhomogeneous and thick CEI, which con-

sumes active Li and causes irreversible capacity loss and
reduced CE [32].

In contrast, the NCM@BT electrode exhibited a delayed
onset of non-linear coulombic efficiency and capacity fading
compared to bare NCM. This indicates that the BT coating
effectively acts as an interfacial stabilizer under high-voltage
conditions. Consequently, the NCM@BT electrode demon-
strates excellent capacity retention during long-term cycling,
which contributes to an enhanced electrode lifespan.

Fig. 6a and 6b show the diffusion characteristics in the low-
frequency region based on the EIS results shown in Fig. 4b.
Specifically, they present the Z' vs. ω−1/2 plot and calculated Li+

diffusion coefficient, respectively. The Warburg factor (σ) is
obtained using Equation (1), and by substituting σ into Equa-
tion (2), the Li+ diffusion coefficient (DLi+) can be determined
[33,34].

Z' = R1 + Rct + σω−1/2    (1)

DLi+ = R2T2/(2A2n2F4C2σ2)    (2)

Here, Z' represents the real part of the impedance, R1 the
ohmic resistance at the electrolyte/electrode interface, Rct the
charge transfer resistance, and ω the angular frequency. In
addition, R, T, A, n, F, and C denote the gas constant, absolute
temperature, electrode area, number of electrons involved in
the reaction, Faraday constant, and the molar concentration of
Li+, respectively. 

The Warburg factor (σ) and the corresponding DLi+ were
calculated to be 41.5 and 0.87 × 10-17 cm2 s-1 for the bare
NCM sample and 26.7 and 1.80 × 10-17 cm2 s-1 for the
NCM@BT sample, respectively. Notably, the DLi+ value for the
NCM@BT sample was approximately 107% higher than that
of the bare NCM, quantitatively confirming the significantly
enhanced Li+ diffusion performance.

Based on the comprehensive experimental results, the BT
coating played a multifaceted role beyond that of a simple
physical barrier, contributing to both interfacial electric field
regulation and optimization of Li+ diffusion pathways. The
high dielectric constant of BT effectively modulates local electric
fields at the electrode–electrolyte interface, alleviating Li+ con-

Fig. 6. Lithium-ion diffusion characteristics of bare NCM and
NCM@BT: (a) Z'–ω-¹/2 linear plots in the low-frequency
region derived from the EIS spectra (Fig. 4b), (b) Lithium-
ion diffusion coefficients (DLi+) for each sample 
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centration gradients and thereby enabling more uniform and
efficient ion transport [13,35]. In addition, the uniformly
dispersed nanoscale BT particles simultaneously block direct
contact with the electrolyte and perform a dual function of
suppressing interfacial side reactions and enhancing Li+

mobility [36]. This comprehensive interfacial modulation
effect contributes to the maintenance of excellent interfacial
stability and electrochemical reactivity, even under high-rate
cycling conditions, which agrees well with the observed
improvements in rate performance, reduced Rct, and long-
term cycling stability. Therefore, BT has been experimentally
validated as a functional coating material that simultaneously
enhances the interfacial stability and ion transport efficiency.
These enhancements were achieved using the RAM process,
which offers a simple and energy-efficient fabrication route
and underscores the practical significance of this approach
from a manufacturing perspective.

4. CONCLUSIONS

In this study, a functional dielectric coating strategy was
proposed to simultaneously achieve interfacial stability and
fast Li+ transport under a high cut-off voltage of 4.5 V. The
experimental results demonstrated that coating nanodot-
structured ferroelectric BaTiO3 (BT) on the surface of
NCM811 significantly improved both high-rate performance
and long-term cycling stability.

RAM, a solvent- and heat-free process, provides clear
advantages in terms of simplicity, minimal particle damage,
and scalability. Among the various BT coating contents, the
2 wt% sample exhibited the most favorable performance,
delivering a 14.2% increase in capacity at 10 C, 51.8% reduc-
tion in charge transfer resistance (Rct), and 107% enhancement
in the Li+ diffusion coefficient (DLi+). Additionally, it main-
tained 44.9% higher capacity retention after 200 cycles, indi-
cating outstanding long-term cycling stability.

These performance enhancements are attributed to the dual
role of BT as both a physical barrier that suppresses direct con-
tact with the electrolyte and a dielectric layer that regulates the
interfacial electric field distribution and mitigates local Li+

concentration gradients, thereby simultaneously improving
the interfacial stability and facilitating Li+ diffusion.

This study presents a coating strategy that integrates high-
permittivity dielectric materials with a facile, solvent-free
RAM process, providing a practical interfacial design to mit-
igate high-voltage instability and promote the commercializa-
tion of next-generation high-energy lithium-ion batteries.
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