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Abstract

Maintaining a conductive network is essential for achieving high energy density and long-
term reliability in lithium-ion batteries. However, its stability is often compromised by
structural non-uniformity, and under high-voltage operation, by the oxidative degradation
of carbon-based conductive additives. To address these issues, we propose a composite
cathode design that combines multi-component electrophoretic deposition (EPD) with
a chemically stable Ti4O; conductive oxide. The EPD conditions were systematically
investigated, and an applied voltage of 100 V was identified as the standard voltage for
controlling electrode loading while avoiding cracking and delamination under severe
deposition conditions. The electrochemical performance of the EPD-derived electrodes
depended strongly on the Ti4O7 content in the initial EPD suspension. Ti-0 and Ti-1,
prepared from suspensions containing 0 and 1 wt% TisOy, respectively, maintained stable
capacity delivery over a wide loading range, with areal capacities in good agreement
with the theoretical values. In contrast, Ti-5, prepared from a suspension containing
5 wt% TiyO7, exhibited significant capacity degradation and failed under high-loading
conditions. High-voltage cycling over 50 cycles and impedance analysis further showed
that Ti-1 exhibited better cycling behavior than Ti-0, with less pronounced resistance
growth, whereas Ti-5 displayed poor cycling performance. These results suggest that
multi-component EPD with an appropriate amount of Ti;O7 can provide a balanced hybrid
conductive network for improving the relative high-voltage cycling behavior of cathodes
within the tested condition.

Keywords: lithium-ion batteries; electrophoretic deposition; co-deposition; TisO7; Magnéli
phase; high-voltage cathodes

1. Introduction

Global trends toward decarbonization and the electrification of transportation systems
are driving the rapid expansion of electric vehicles (EVs) and large-scale energy storage
systems (ESSs). Accordingly, lithium-ion batteries (LIBs) have established themselves as
a core technology for realizing carbon neutrality [1]. With this market expansion and
the diversification of application environments, there is a continuous demand for LIBs to
operate at higher voltages for increased energy density and to possess stable long-term
reliability [2].
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Recent studies on advanced lithium-battery systems have emphasized that electrode-
level transport, interfacial stability, and microstructural control are critical for achieving
high energy density and stable operation. In particular, thick or high-loading electrodes
require continuous electron pathways and accessible ion-transport channels to avoid non-
uniform reaction distribution and premature capacity loss [3]. In addition, recent studies
on lithium-battery interfaces and functional components have shown that interfacial side
reactions and unstable transport pathways remain major obstacles to durable high-voltage
or high-energy operation [4]. These findings indicate that electrode-fabrication strategies
must simultaneously consider active-material utilization, conductive-network stability, and
microstructural uniformity. In particular, under high-voltage and high-loading conditions,
long cycle life depends critically on maintaining a continuous conductive network [5-7].

The loss of this electrical continuity can be broadly attributed to two factors: physi-
cal disruption arising from processing limitations and chemical degradation originating
from material instability. First, physical disruptions in electrical continuity can arise from
processing-related limitations. Conventional slurry-based coating processes, including
slurry casting and slot-die coating, are highly established for lithium-ion battery electrode
manufacturing. However, when thick or compositionally complex electrodes are targeted,
simultaneous control of electrode loading, thickness, and multi-component distribution
can become increasingly challenging [8]. In particular, during the drying process after coat-
ing, relatively lighter conductive additives and binders can migrate toward the electrode
surface along the solvent evaporation pathway, resulting in structural non-uniformity [9].
These effects may become more pronounced as the electrode loading increases, causing
compositional non-uniformity along the electrode depth and ultimately hindering electrical
continuity. Second, chemical degradation of the conductive network stems from material in-
stabilities. Widely used carbon-based conductive additives (e.g., carbon black and graphite)
are thermodynamically unstable under the operating potentials of LIB cathodes. During
charge and discharge, carbon materials undergo side reactions with the electrolyte, forming
irreversible films such as a cathode electrolyte interphase (CEI) on the surface [10-12], or
they undergo electrochemical oxidation and are consumed as CO and CO, gases [13,14]. In
addition, the intercalation of electrolyte anions such as PFs™ can induce volume expansion
and exfoliation of the carbon lattice, further damaging its structure [10,15,16]. As a result,
high-voltage operation can accelerate degradation of the conductive network, leading to
increased internal resistance and shortened battery life.

Various advanced deposition strategies have been explored for functional multi-
component oxide films, including approaches that enable precise control over compo-
sition, interface quality, and microstructure [17,18]. These methods provide important
advantages for designing functional oxide layers and well-defined interfaces. However,
battery composite cathodes require the integration of active material particles, conductive
additives, and polymeric components over relatively large electrode areas. In this context,
electrophoretic deposition (EPD) is attractive as a solution-based and electrically driven
process because it can deposit heterogeneous particulate components onto a current collec-
tor while allowing the deposited mass and thickness to be tuned by the applied electric
field and deposition time.

To address the need for both process-level control of electrode structure and material-
level stabilization of the conductive network, the EPD and Magnéli phase titanium oxide
(TigO7) can therefore be combined as a practical strategy for fabricating high-voltage com-
posite cathodes. Specifically, EPD enables direct particle deposition onto a substrate under
an electric field, allowing for the precise control of electrode thickness and loading [8]
while also providing strong physical adhesion to the substrate [19-26]. In addition, the
electric-field-driven deposition mechanism can mitigate the localized concentration phe-
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nomena that occur during drying in conventional coating processes [27,28]. Meanwhile,
Ti4O; exhibits high electronic conductivity, reported to exceed 10° S/cm, owing to its
crystallographic shear structure and mixed-valence state (Ti**/Ti*") [29-31]. Its oxide-
based chemical stability also makes it an attractive candidate for partially replacing carbon
conductive additives in high-voltage cathodes.

However, despite these advantages, multi-component EPD involving the co-deposition
of heterogeneous particles with different densities, dielectric constants, and surface charge
characteristics requires complex process control [32-34]. Unlike single-particle deposition,
multi-component suspensions can exhibit differences in deposition rate due to particle-
dependent surface charge (zeta potential) and electrophoretic mobility [35]. Furthermore,
density-dependent sedimentation may generate vertical concentration gradients in the
suspension over time, which can lead to compositional non-uniformity in the deposited
electrode [36]. Accordingly, although EPD has been widely explored for energy-storage
electrodes, experimental studies that directly correlate co-deposition behavior, resulting
electrode composition, and electrochemical performance in multi-component cathode
systems remain limited. Therefore, a systematic analysis of how process parameters
affect the deposited structure and final electrochemical behavior is needed to establish the
reliability of the multi-component EPD process.

This study examines the applicability of multi-component EPD for fabricating com-
posite cathodes and clarifies how process conditions influence electrode structure and
electrochemical performance. Specifically, the effects of conductive additive composition,
applied voltage, and deposition time on the physical properties of the deposited layer are
quantitatively analyzed, and the influence of Ti4O7 incorporation on the electrochemical
behavior of the resulting cells is comparatively evaluated. This work provides practical
process and material insights into the design of structurally uniform and electrochemically
stable EPD-derived composite electrodes.

2. Materials and Methods
2.1. Electrode Fabrication via EPD

The EPD suspension was prepared using isopropyl alcohol (IPA, 99.5%, Sigma-Aldrich,
St. Louis, MO, USA) as the solvent. Li[NiOszOO.zMno'lg]Oz (NCM622, 4-7 um, Rov
Co., Incheon, Republic of Korea) was used as the cathode active material, while carbon
black (50% compressed, 99.9+%, Alfa Aesar, Ward Hill, MA, USA) and conductive oxide
Ti4O7 (<2 um, Handan Muhua New Materials Co., Ltd., Handan, China) were used as
conductive additives. Additionally, MgCl, (Sigma-Aldrich, USA) and the polymeric binder
polyvinylpyrrolidone (PVP, MW: 360,000, Thermo Fisher Scientific, Swindon, UK) were
used as additives to induce surface charges on the particles within the suspension [26,37].
The suspension was prepared by first completely dissolving MgCl, and PVP in IPA at
concentrations of 0.2 g/L and 0.5 g/L, respectively, followed by the addition of the active
material and conductive additive powders. The total solid content was fixed at 5 g/L.
To evaluate the effect of conductive additive composition, the weight ratio of the solid
components (NCM622:carbon black: Ti4O7) was set to 90:10:0, 90:9:1, and 90:5:5, and
the corresponding suspensions/electrodes were hereafter denoted as Ti-0, Ti-1, and Ti-5,
respectively. Subsequently, to ensure uniform dispersion, the mixture was ultrasonicated
(5510, Branson Ultrasonics, Brookfield, CT, USA) for 30 min and then magnetically stirred
(PC-4200, Corning Inc., Corning, NY, USA) for 60 min.

A schematic diagram of the EPD system is shown in Figure S1. The deposition cell
was assembled with an Al foil (15 um, UAC]J, Tokyo, Japan) as the working electrode and a
SUS304 foil (10 um, UAC], Japan) as the counter electrode, separated by a 1 cm gap. The
deposition area was fixed at 2 cm x 3 cm. Constant voltages of 60, 100, and 200 V were
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applied, and the deposition time was adjusted in the range of 2-20 min. To suppress particle
sedimentation during prolonged deposition and to maintain suspension homogeneity,
the deposition was temporarily paused every 5 min, and the suspension was briefly re-
dispersed by stirring before resuming the deposition. To ensure the reproducibility of the
deposited mass and thickness data, experiments for each condition were repeated at least
three times, and the results are presented as mean =+ standard deviation. The deposited
electrodes were naturally dried at room temperature for 12 h to primarily remove the
solvent, and then dried in an oven (DS-520MP, Daewon Science, Bucheon, Republic of
Korea) at 110 °C for 12 h to completely remove residual moisture. The mass loading was
calculated from the weight difference of the Al foil before and after deposition and drying,
normalized by the defined deposition area.

2.2. Electrode Microstructural Analysis

To analyze the microstructural characteristics of the electrodes prepared under dif-
ferent EPD conditions (conductive additive composition, applied voltage, and deposition
time), a field-emission scanning electron microscope (FE-SEM, Mira3, TESCAN, Brno,
Czech Republic) was used. Top-view observations were first performed to compare the sur-
face cracks and defect patterns formed under different deposition conditions. Subsequently,
to investigate the elemental distribution, the electrodes were calendered under the same
condition used for electrochemical evaluation (Section 2.3) and then ion-milled (IM-4000,
HITACHI, Tokyo, Japan) to prepare flat cross-sections. On these prepared cross-sections,
elemental mapping was performed using an energy-dispersive X-ray spectrometer (EDS,
51-XMZ1004, Oxford Instruments, Abingdon, UK) to examine the spatial distribution of
the major constituent elements (Ni, C, and Ti). Furthermore, additional quantitative EDS
analysis was conducted to determine the compositional ratio (wt%) of each deposited
material, from which the phase ratio of NCM622:carbon:Ti;O7 in the deposited electrodes
was estimated based on the elemental compositions and the nominal stoichiometries of the
constituent phases.

To further quantify the spatial distribution of Ti-containing regions, grid-based im-
age analysis was performed using the Ti elemental maps with Image] software (version
1.54k, National Institutes of Health, Bethesda, MD, USA). Each Ti map was divided into
5 x 5 subregions, and the Ti-covered area fraction was calculated in each subregion using
the same thresholding procedure. The average Ti area fraction was used to compare the
overall Ti-containing area, while the standard deviation among the 25 subregions was used
as an indicator of spatial heterogeneity in the Ti distribution. The electrode porosity was es-
timated from the measured electrode density and the theoretical density of the solid compo-
nents. The electrode density was calculated from the areal mass loading and electrode thick-
ness, while the theoretical solid density was estimated from the final NCM622:carbon:TisOy
phase ratio obtained by quantitative EDS analysis. The porosity was calculated using the
following equation: Porosity (%) = [1 — electrode density/solid density] x 100.

2.3. Cell Assembly and Electrochemical Evaluation

To evaluate the electrochemical properties, the as-deposited electrodes were calen-
dered in two successive passes, with the roll gap set to 50% of the measured electrode
thickness before each pass, to enhance the physical adhesion and electrical contact between
the deposited particles and the current collector. The electrodes were then punched into
14 mm diameter disks to serve as working electrodes and assembled into CR2032-type
coin cells (Hohsen Corporation, Tokyo, Japan). Lithium metal foil (99.9%, 10 pm, MTI
Corporation, Richmond, CA, USA) and a Celgard 2400 membrane (Celgard LLC, Charlotte,
NC, USA) were used as the counter electrode and separator, respectively. The electrolyte
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consisted of 1 M lithium hexafluorophosphate (LiPFg) dissolved in a mixture of ethy-
lene carbonate and ethyl methyl carbonate (EC/EMC, 3:7 vol.%) (Dongwha Electrolyte,
Seoul, Republic of Korea). All cells were assembled in an argon-filled glove box (O,,
H,0 < 0.1 ppm, MBraun, Garching, Germany).

For the initial activation, the cells were cycled three times at 0.1 C within the voltage
range of 2.5-4.3 V (vs. Li/Li*). The C-rate was calculated based on a nominal specific
capacity of NCM622 of 170 mAh g~!. The areal capacity corresponding to the electrode
loading was determined based on the discharge capacity of the third cycle. The high-voltage
cycle life was evaluated by performing 50 charge/discharge cycles at 0.5 C in the range
of 2.5-4.5 V. Electrochemical impedance spectroscopy (EIS) was conducted to analyze the
changes in the internal resistance of the electrodes. The EIS measurements were performed
before and after the cycle tests at a 50% state of charge (SoC 50) under open-circuit voltage
(OCV) conditions, over a frequency range from 1 MHz to 0.1 Hz with an AC amplitude
of 10 mVrms. Before each EIS measurement, the cells were rested at SoC 50 for 1 h to
ensure a stabilized OCV condition. At least three cells were tested for each condition.
The electrochemical trends discussed in this study were reproducibly observed across
repeated cells, and representative data are shown in the main figures. All electrochemical
measurements were carried out at room temperature (25 °C). The charge/discharge tests
were performed using a multichannel potentiostat/galvanostat system (BCS; Biologic Co.,
Seyssinet-Pariset, France) equipped with EC-Lab software, and the AC impedance analysis
was conducted using a Solartron 1470E multichannel potentiostat coupled with a Solartron
1455A frequency response analyzer (AMETEK Scientific Instruments, Wokingham, UK)
using ZView software.

3. Results
3.1. Effect of EPD Parameters on Co-Deposition Behavior and Microstructure

The deposition behavior and physical structure formation of electrodes were inves-
tigated as a function of process conditions in a multi-component EPD system containing
the active material (NCM622) and heterogeneous conductive additives (carbon black and
Ti4Oy). To this end, changes in the electrode mass loading, thickness, and density were eval-
uated according to the applied voltage, deposition time, and conductive additive condition
(Ti-0, Ti-1, and Ti-5). Given the nature of the EPD process, the actual composition of the
deposited electrode may differ from the initial suspension composition due to differences in
particle mobility. Therefore, the subsequent results were interpreted primarily in terms of
overall trends in electrode characteristics as a function of conductive additive composition,
rather than absolute compositional values.

Figure 1 shows the changes in the physical properties of the electrodes according to
the applied voltage (60, 100, and 200 V) and deposition time (2-20 min) under the three
conductive additive conditions (Ti-0, Ti-1, and Ti-5). The electrode thickness and mass
loading increased with the deposition time, and this trend was similar across all three
compositions (Figure 1a,c,e). This demonstrates that the multi-component EPD process
exhibited broadly similar deposition behavior across the conductive-additive compositions
examined in this study. However, under conditions of both high voltage and prolonged
deposition time, the increasing trend became less pronounced. Notably, at 200 V for 20 min,
a distinct slowdown in the loading increase rate was observed.

https:/ /doi.org/10.3390/en19133014


https://doi.org/10.3390/en19133014

Energies 2026, 19, 3014

6 of 20

200V, Thickness

250 } - 125 | - 200V
(a) 200V, Mass loading r Py (b) «— 100V
| +— 100V, Thickness | ”E 12} - B0V
100V, Mass loading
,E\ZOO [ +— 60V, Thickness 120 g’ é [ I a3
| a-- 60V, Mass loading £ !
3 é S 10+ + 1 .
0 150 | 15 o 5 |« [ -
[0} ) &= » 4
Q | ¥ - > B ¥
c o =08} ¢ T\
X © 7] 1 e
© 100 + 10 O c bod \ I
= ¥ 3 - o * 17
- | I 8 0ot
©
Or g A ¥ 5 =
| 2 | L . {
: Ti-0 (90:10:0) 04 Ti-0 (90:10:0)
ol . . ~Jo — . . ]
2 5 10 20 2 5 10 20
— . . . 14
250 } 125 |
(9 I (d)
| | &
! € 12}
,E\zoo- I dJ20 % — |
= | £ £ 1.0} I 1
= = Y T ) 3 |
$ 150 ¢ 15 o o - a‘. -~ 2
ol ¥ - = > | A al
c t o =081 3 1 1
e @ 7} ! !
© 100 | 10 O e 1 N
= ot o «
g P — ((2 0 os!}
% ¥ 4 % s g
1 Ti-1(90:9:1) | 04 Ti-1(90:9:1)
olx . . —Jo L " . -
2 5 10 20 2 5 10 20
— 14 .
250 + {25
(e) . U]
200 | ' 20 Ng -
£ 5 & 1 $ s
=) 1 £ S 10 1 , I
~ ~ ~ ~—~————
» 150 | 15 o o g 3
o ) £ - 1/ /- -
c | $ i) 208} g
= © 7] | iy
© 100} 10 O c ) Ny
< ¥ -~ [0} «
[ | £ } » O os
i ©
50 } 1 5 s
p
3 g —— { . 1
= Ti-5 (90:5:5) 04 Ti-5 (90:5:5)
o L= " " Fa—, L " " PR—
2 5 10 20 2 5 10 20
EPD Time (min) EPD Time (min)

Figure 1. Physical characteristics of the multi-component EPD electrodes as a function of deposition
time and applied voltage. (a,c,e) Electrode thickness (left y-axis) and areal mass loading (right y-axis),
and (b,d,f) calculated packing density of the films fabricated under Ti-0 (a,b), Ti-1 (c,d), and Ti-5 (e,f)
conditions. The red dotted circles highlight the significant drop in electrode density observed at the
extreme condition of 200 V for 20 min. Error bars represent the standard deviation obtained from
three independent experiments (n = 3). Some error bars are smaller than the data markers.

This trend is also reflected in the changes in electrode density (Figure 1b,d,f). During
the initial deposition stage (2-5 min), the electrode density increased under all conditions,
with a higher initial density forming at a higher applied voltage. However, as the deposition
time increased, the extent of the density increase gradually diminished, approaching
saturation after 10 min under most conditions. Notably, under the 200 V condition, the
density slightly decreased after 10 min, and at 20 min, a drastic density drop was confirmed,
as indicated by the red dotted circles in Figure 1b,d f.

To identify the cause of this decrease in density, the surface microstructure of the
electrode was analyzed (Figures 2 and S2). Under conditions of low voltage and short
deposition time, a relatively uniform structure with almost no surface defects was observed
(green region). In contrast, under the 100 V, 20 min and 200 V, 5-10 min conditions, surface
micro-cracks began to appear (yellow region), and under the 200 V, 20 min condition,
severe cracks, and delamination were clearly observed across the entire electrode surface
(red region).
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Figure 2. Surface morphological evolution of the multi-component EPD electrode prepared under the
representative Ti-5 condition as a function of applied voltage and deposition time. Top-view scanning
electron microscopy (SEM) images are categorized by colored borders indicating the structural
integrity: uniform and stable surfaces without visible defects (green region), the onset of surface
micro-cracks (yellow region), and severe structural degradation including macroscopic delamination
(red region). In particular, the specific areas where delamination occurred are highlighted by white
dotted circles. The results demonstrate that while uniform and dense coatings are formed at low
voltages and short durations, mechanical failure becomes evident under high-voltage and prolonged
deposition conditions.

Additionally, to more clearly identify the physical limits of the EPD process, conditions
exceeding 200 V and 20 min were also examined. As shown in Figure S3, under the
condition of an excessively prolonged deposition time of 200 V and 30 min, severe pores
were formed on the electrode surface. On the other hand, under the condition of an
excessively high applied voltage of 300 V and 5 min, the solvent boiled due to Joule heating,
preventing the formation of the electrode.

To further examine whether the intermittent pause-and-stirring procedure affected the
deposited structure, cross-sectional SEM images of electrodes prepared with and without
intermediate stirring were compared (Figure S4). The electrode deposited without inter-
mediate stirring showed more noticeable thickness variation along the vertical direction.
In contrast, the electrode prepared with intermediate stirring exhibited a more uniform
coating thickness. Importantly, no clear interlayer boundary or discontinuous interface cor-
responding to the temporary pause was observed. However, since the particle size, density,
and surface charge characteristics are different in multi-component EPD, the suppression
of surface defects alone is insufficient to determine the compositional uniformity inside
the electrode. Accordingly, the cross-sectional composition and particle distribution of the
electrodes fabricated under the standard condition were additionally analyzed.

Figure 3 presents the cross-sectional morphology of the electrodes fabricated at 100 V
for each composition, together with the corresponding EDS elemental maps. To improve
the visibility of the local Ti distribution, the Ti elemental maps were replotted using
adjusted contrast, and pseudo-color heatmap visualization was additionally applied. In all
electrodes, the Ni signal associated with the cathode active material was broadly distributed
over the mapped region. The C signal was also detected across the electrode in all cases.
In the Ti-1 electrode, the Ti signal was relatively dispersed over the mapped region. In
contrast, the Ti-5 electrode showed more pronounced local variation in the Ti signal. This
visual difference was further quantified by grid-based Ti area-fraction analysis. The Ti-
1 electrode showed an average Ti area fraction of 5.87%, with a standard deviation of
2.72 percentage points among the 25 subregions. In contrast, the Ti-5 electrode showed

https://doi.org/10.3390/en19133014


https://doi.org/10.3390/en19133014

Energies 2026, 19, 3014

8 of 20

a higher average Ti area fraction of 9.91%, with a much larger standard deviation of
8.43 percentage points. Here, the standard deviation represents the spatial variation of the
Ti-covered area fraction among the grid subregions, rather than experimental uncertainty.
In addition, the calculated porosity values of the Ti-0, Ti-1, and Ti-5 electrodes were 46.05%,
45.52%, and 44.28%, respectively. These porosity values, together with the EDS mapping
results, indicate that the electrochemical behavior of the electrodes should be interpreted
not only in terms of electronic conductivity, but also in terms of local packing structure and
ion-transport pathways.

Ti-0'(90:10:0)

Ti-1 (90:9:1)

5
‘\

g TS (90:5:5)

Intensity
(a.u)

Low

Figure 3. Cross-sectional compositional analysis and co-deposition behaviors of the multi-component
EPD electrodes. Cross-sectional SEM images and corresponding EDS elemental maps for the films
deposited under (a) Ti-0, (b) Ti-1, and (c) Ti-5 conditions, together with (d) pseudo-color heatmap
visualization of the Ti distribution in Ti-1 and Ti-5 electrodes. Grid-based quantitative analysis of the
Ti-covered area fraction was performed by dividing each Ti map into 5 x 5 subregions, and the results
are discussed in the main text. The results show that the heterogeneous particles were co-deposited
without apparent macroscopic segregation, although local Ti-related compositional heterogeneity
became more noticeable with increasing Ti4O7 content.
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Subsequently, to determine the compositional ratio, quantitative EDS analysis was
performed on the cross-sections of the electrodes. From the quantitative analysis results
in Figure S5, the final compositional ratios (NCM622:carbon: TiyO7) of the deposited
electrodes were confirmed as 90.5:9.5:0 for Ti-0, 90.6:8.2:1.2 for Ti-1, and 91.9:4.3:3.8 for
Ti-5, respectively. Although some differences were observed in the absolute values, the
overall compositional trends remained consistent with those of the initial suspension. These
confirmed final compositions were utilized as the basis for interpreting the electrochemical
properties hereafter.

Based on these microstructural observations, the subsequent electrochemical evalua-
tions were performed under the 100 V condition, where structural stability and broadly
distributed constituent particles were secured.

3.2. Effect of Conductive Additive Composition on Electrochemical Properties

Using electrodes fabricated at the optimized applied voltage of 100 V, the effects of con-
ductive additive composition on electrochemical performance and high-voltage cycle-life
stability were evaluated. Prior to electrochemical evaluation, tape-peel and bending tests
qualitatively confirmed the good adhesion and flexibility of the EPD electrodes (Figure S6).
Although micro-cracks began to appear at 100 V under the longest deposition time, 100 V
was retained as the standard applied voltage because it provided the most practical balance
between loading controllability and structural stability across the investigated conditions.
In this study, the Ti-0 electrode was used as a carbon-only reference electrode because it
was fabricated using the same NCM622 active material, EPD process, and loading-control
protocol as the Ti-1 and Ti-5 electrodes, but without TisOy. Thus, a comparison among Ti-0,
Ti-1, and Ti-5 allows for the composition-dependent role of Ti4O; to be evaluated while
minimizing the influence of other processing variables.

Figure 4 illustrates the changes in areal capacity relative to the mass loading of the
EPD electrodes according to the conductive additive conditions (Ti-0, Ti-1, and Ti-5). Each
loading condition was achieved by adjusting the deposition time (2, 5, 10, and 20 min),
and the dotted line represents the theoretical areal capacity calculated based on the specific
capacity of the active material. Under both the Ti-0 electrode (carbon-only) and the Ti-1
electrode (with a small amount of Ti;O7 added), the areal capacity increased linearly, close to
the theoretical capacity, as the loading increased. This demonstrates that these compositions
can maintain a relatively stable capacity delivery even as the electrode becomes thicker.
Conversely, for the Ti-5 electrode (with a higher nominal Ti;O7 content), the rate of increase
in areal capacity gradually diminished with increased loading. Particularly in the high-
loading region of approximately 12 mg/cm? or more, as indicated by the shaded region in
the figure, the capacity delivery significantly deteriorated, leading to cell failure.

Subsequently, to evaluate the effect of TiyO7 incorporation on battery durability in
a high-voltage (4.5 V) environment, the electrode deposited for 10 min, which achieved
the highest loading under the 100 V applied-voltage condition while retaining acceptable
structural stability, was selected as the standard electrode for cycle-life evaluation. Figure 5
presents the cycle-life results and Coulombic efficiency changes over 50 cyclesina 4.5V
high-voltage environment for the electrodes fabricated under these conditions. The electro-
chemical trends described below were reproducibly observed across repeated cells, and
representative data are shown. As the cycling progressed, the Ti-1 electrode with a small
amount of TiyO7 added generally exhibited the highest capacity-retention trend, while the
Ti-0 electrode (carbon-only) showed a somewhat lower retention behavior in comparison.
In contrast, the Ti-5 electrode exhibited a rapid capacity drop from the initial cycles. This
trend was also consistent with the changes in Coulombic efficiency. While the Ti-1 and
Ti-0 electrodes maintained a relatively stable Coulombic efficiency at the level of 98-99%

https:/ /doi.org/10.3390/en19133014


https://doi.org/10.3390/en19133014

Energies 2026, 19, 3014

10 of 20

during the 50 cycles, the Ti-5 electrode showed an unstable behavior, with the efficiency
fluctuating irregularly between 94% and 98%.
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Figure 4. Areal capacity as a function of mass loading for the multi-component EPD electrodes. The
electrodes were deposited at a constant applied voltage of 100 V, with the mass loading controlled
by varying the deposition duration. The discharge capacities were measured at a 0.1 C-rate within
a voltage range of 2.5-4.3 V vs. Li* /Li. The graph compares three conductive additive conditions:
Ti-0 (carbon-only reference electrode), Ti-1, and Ti-5. The gray dashed line represents the theoretical
areal capacity based on the specific capacity of the active material. The shaded region indicates the
critical high-loading region above approximately 12 mg cm 2, where the Ti-5 electrode exhibited
severe capacity loss and cell failure.

To further examine the cycle-life behavior of each composition, the changes in the
galvanostatic charge—-discharge voltage profiles as the cycling progressed were analyzed.
Figure 6 presents the voltage curves of the Ti-0, Ti-1, and Ti-5 electrodes at the 1st, 10th, 20th,
30th, and 50th cycles. As cycling progressed, polarization phenomena were commonly
observed in all electrodes. However, the rate of degradation and the pattern of voltage
drop exhibited distinct differences depending on the conductive additive composition. The
carbon-only electrode (Ti-0; Figure 6a) exhibited a clear pattern of increasing polarization
over 50 cycles, characterized by a gradually increasing initial voltage drop and a noticeable
increase in voltage hysteresis. Conversely, for the Ti-1 electrode with an appropriate amount
of Ti4O7 (Figure 6b), the initial voltage drop and the extent of the polarization increase were
significantly suppressed, keeping the charge—discharge curves highly compact throughout
the 50 cycles. This suggests that the increase in polarization was relatively suppressed
during cycling. In contrast, Ti-5 (Figure 6c) showed a significantly larger initial voltage
drop than the other electrodes from the first cycle, and as the cycling progressed, the
voltage profiles degraded rapidly, with both charge and discharge capacities decreasing
substantially. Consequently, the voltage profile analysis suggests that polarization growth
was relatively moderate with an appropriately designed hybrid conductive additive (Ti-1),
supporting its improved relative cycling stability within the tested cycle range.
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Figure 5. Electrochemical cycle performance and coulombic efficiency of the multi-component EPD
electrodes. The cells were cycled at a constant current density of 0.5 C-rate under high-voltage
conditions (2.5-4.5 V vs. Li/Li+). The capacity retention and coulombic efficiency are compared
for three different conditions: Ti-0 (carbon-only reference electrode), Ti-1, and Ti-5. Representative
cycling data are shown. The same composition-dependent trends were reproducibly observed across
repeated cells.
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Figure 6. Galvanostatic charge—discharge voltage profiles of the multi-component EPD electrodes
at the 1st, 10th, 20th, 30th, and 50th cycles: (a) Ti-0 (carbon-only reference electrode), (b) Ti-1, and
(c) Ti-5. The cells were tested within a voltage range of 2.5-4.5 V (vs. Li/Li+) at a 0.5 C-rate. The
progressive widening of the gap between the charge and discharge curves represents the increased
voltage hysteresis (polarization) during cycling, which was notably suppressed in the Ti-1 electrode
compared to the Ti-0 and Ti-5 electrodes.

https:/ /doi.org/10.3390/en19133014


https://doi.org/10.3390/en19133014

Energies 2026, 19, 3014

12 of 20

To electrochemically compare the composition-dependent degradation behavior iden-
tified in the preceding high-voltage cycle-life evaluation, EIS analysis was performed on
the electrodes before and after the cycle-life test. Figure 7 shows the impedance measure-
ment results presented as Nyquist plots according to the conductive additive conditions
(Ti-0, Ti-1, and Ti-5). Because the impedance of the Ti-5 electrode was much larger than
those of Ti-0 and Ti-1, the differences between Ti-0 and Ti-1 were difficult to distinguish
in the full-scale Nyquist plot. Therefore, an enlarged linear-scale inset focusing on the
high-frequency semicircle region of Ti-0 and Ti-1 is provided. In addition, the apparent
resistance was estimated from the semicircle diameter to enable a more quantitative com-
parison of resistance evolution among the electrodes. This value should be regarded as an
apparent interfacial resistance reflecting the combined contribution of multiple interfacial
and transport-related processes, rather than a separately fitted charge-transfer resistance.
Thus, the EIS analysis was used to compare the relative resistance evolution among the
electrodes, rather than to strictly separate individual resistance components. After un-
dergoing the cycle life evaluation under the 4.5 V high-voltage condition, the size of the
semicircles increased in all electrodes. This result suggests an accumulation of interfacial
changes and electrode degradation due to cycling. The Ti-0 electrode exhibited a relatively
large increase in semicircle size after the cycle-life evaluation. On the other hand, the Ti-1
electrode maintained a relatively smaller semicircle compared to Ti-0 even after cycling,
indicating that resistance growth under high-voltage cycling was relatively suppressed
in Ti-1. Furthermore, the Ti-5 electrode exhibited a remarkable increase in semicircle size
after cycling, suggesting the further deterioration of resistance-related processes within the
electrode. The resistance changes observed before and after cycling in the EIS analysis were
generally consistent with the capacity-retention results (Ti-1 > Ti-0 > Ti-5) observed in the
cycle-life evaluation (Figure 5).
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Figure 7. Electrochemical impedance spectroscopy (EIS) analysis of the multi-component EPD
electrodes. Nyquist plots were measured before and after 50 cycles for Ti-0 (carbon-only reference
electrode), Ti-1, and Ti-5. The evolution of the semicircle size represents the change in interfacial
resistance for each condition. The inset provides a magnified view of the high-frequency region
to clearly distinguish the smaller semicircles of the Ti-0 and Ti-1 conditions, which are otherwise
obscured in the main plot due to the severe resistance increase of the Ti-5 electrode after cycling.
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4. Discussion
4.1. Structural Stability and Co-Deposition Behavior in Multi-Component EPD

Based on the density changes observed during the initial deposition stage (Figure 1),
the higher initial density formed at a higher applied voltage suggests the possibility of a
denser initial deposition under a stronger electric field. Furthermore, the drastic density
drop confirmed at 200 V and 20 min indicates that structural changes leading to this
density decrease likely occurred within the deposited layer formed under these high-
voltage conditions. As observed in the surface microstructures (Figure 2), the formation of
severe cracks is consistent with the density degradation observed in Figure 1 and indicates
increased structural instability in the thick electrode layer formed under severe deposition
conditions. Such cracking and delamination phenomena can be attributed to the shrinkage
stress generated during the drying process. The electrode formed immediately after EPD is
subjected to internal stress as the solvent evaporates during drying, and it is known that
this stress increases as the electrode layer becomes thicker [38,39]. Therefore, when a thick
electrode is formed, as in the 200 V, 20 min condition, the cracks likely intensified due to
the influence of stress during drying. Consequently, the rapid density reduction observed
under the 200 V, 20 min condition is likely associated with an increase in structural defects,
such as cracking and delamination induced during the drying process.

Moreover, the observations under extreme conditions (Figure S3) demonstrate that
excessive deposition times and high-voltage conditions are inappropriate in terms of pro-
cess stability. Taken together, these findings indicate that the overall deposition behavior of
the electrodes in the multi-component EPD process was largely independent of changes
in the conductive additive composition, whereas the structural stability was significantly
governed by the applied voltage and deposition time. Therefore, in this study, 100 V was
selected as the standard applied voltage because it provided a practical balance between
loading controllability and structural stability, offering a higher loading capability than
60 V while avoiding the severe structural deterioration observed at 200 V. The selection
of 100 V can be further understood in terms of the balance between deposition kinetics
and microstructural stability. At 60 V, the electric-field driving force was relatively weak,
resulting in a slow increase in electrode loading, although the deposited layers remained
mechanically stable. In contrast, at 200 V, the stronger electric field accelerated particle mi-
gration and deposition, enabling higher loading within a shorter time. However, this rapid
accumulation likely promoted less uniform particle packing and greater stress buildup
during drying, leading to surface microcracking, and under prolonged deposition, severe
cracking and delamination. The 100 V condition therefore represents an intermediate
deposition regime that provides sufficient loading controllability while avoiding the severe
structural deterioration observed at 200 V.

To further ensure the microstructural uniformity required for high-performance elec-
trodes, the effect of the intermittent pause-and-stirring procedure was also examined
(Figure S4). The noticeable thickness variation along the vertical direction observed with-
out intermediate stirring can be attributed to the sedimentation of relatively dense particles
during deposition. Consequently, these results indicate that the pause-and-stirring proce-
dure helped suppress sedimentation-induced non-uniformity without causing noticeable
interfacial discontinuity in the deposited layer.

Based on the cross-sectional EDS analysis (Figure 3), the broad distribution of the Ni
signal indicates that the active material was incorporated throughout the deposited layer.
Similarly, for the Ti-1 electrode, the relatively dispersed Ti signal suggests that a small
amount of Ti4O7 was incorporated without severe local accumulation. In contrast, the larger
spatial variation in Ti-5 indicates that Ti-containing regions were more locally concentrated
at a higher Ti4O7 content. These results suggest that the multi-component EPD process
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enabled co-deposition of the heterogeneous particles without apparent macroscopic phase
separation, while local compositional heterogeneity became more pronounced as the Ti;O7
content increased. Furthermore, regarding the final compositional ratios confirmed by
quantitative analysis (Figure S5), the observed deviation from the input composition likely
reflects differences in electrophoretic mobility, sedimentation behavior, and dispersion
stability among the particle types.

In summary, these results indicate that in the multi-component EPD process, elec-
trode deposition behavior was relatively consistent across the compositional conditions
examined, whereas structural stability was strongly influenced by the applied voltage and
deposition time. In particular, under the 100 V condition, it was possible to form a structure
where surface cracking was suppressed and the constituent particles were incorporated
throughout the electrode without apparent segregation, although some local compositional
heterogeneity remained depending on the TisO7 content.

4.2. Mechanistic Role of the Conductive Network in High-Voltage Stability

As comprehensively summarized in Table 1, the conductive additive composition
significantly influenced both the local microstructural characteristics and the resulting
high-voltage electrochemical performances of the composite electrodes fabricated at 100 V.

Table 1. Summary of the quantitative and qualitative properties of the multi-component EPD
electrodes under different conductive additive conditions (Ti-0, Ti-1, and Ti-5).

Properties Ti-0 Ti-1 Ti-5
Initial Suspension
Composition (NCM622: 90:10:0 90:9:1 90:5:5
Carbon:TiyOy)
Final Composition 90.5:9.5:0 90.6:8.2:1.2 91.9:4.3:3.8

(NCM622: Carbon:TizO7)

Stable at 100 V for 10 min;

Cracking Tendency

Stable at 100 V for 10 min;
minor defects under more
severe conditions

Stable at 100 V for 10 min;
minor defects under more
severe conditions

pronounced cracking
under more severe

conditions
Electrode Porosity (%) 46.05 45.52 44.28
Ti Distribution 5.87 £2.72% 9.91 £ 8.43%
(Area fraction N/A (relatively uniform (locally concentrated
=+ Std. dev.) distribution) distribution)
High-Loading Stable capacity Stable capacity Critical failure
Stability delivery delivery above ~12 mg/cm?
High-Voltage
Cycle Life . Highest capacity . .
(Capacity Gradual capacity fade retention Rapid capacity drop
Retention)
Coulombic Stable Stable Unstable
Efficiency (98-99%) (98-99%) (94-98%)
Polarization Growth Gradual increase Significantly Large 1n1t1al. voltage drop
suppressed and rapid growth
Interfacial Large increase Suppressed 'Substantlally larger
. . : resistance before and after
Resistance (EIS) after cycling resistance growth cycling
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Specifically, regarding the performance under high-loading conditions (Figure 4), the
slowdown in capacity delivery and the inability to operate under high-loading conditions
can be understood in terms of a practical limitation in the effective percolation of the
conductive network. Carbon black forms a chain-like structure consisting of agglomerated
nanosized primary particles, which is advantageous for constructing continuous electronic
pathways between active material particles. In contrast, although TiyOy possesses high
intrinsic electronic conductivity, the TiyO7 particles used in this study were relatively coarse
and dense compared with carbon black. Consequently, when carbon black is excessively
replaced by Ti4O7 on a weight basis, the effective volume fraction of the chain-like carbon
network can be substantially reduced, making it more difficult to maintain long-range
electronic percolation through the electrode thickness. This interpretation is supported by
the quantitative cross-sectional EDS analysis (Figure S5). The final carbon contents in the
Ti-0 and Ti-1 electrodes were maintained at approximately 9.5 and 8.2 wt%, respectively,
and both electrodes exhibited stable capacity delivery over the investigated loading range.
In contrast, the carbon content in Ti-5 decreased to 4.3 wt%, while the deposited TisOy
content was estimated to be 3.8 wt%. Although this amount of Ti4O; contributes electronic
conductivity, it appears insufficient to fully compensate for the reduced nanoscale carbon
network. As the electrode loading increases, the electron-transport distance through the
electrode thickness also increases. Therefore, above the critical high-loading region of
approximately 12 mg cm 2, the reduced carbon network in Ti-5 likely becomes insufficient
to maintain continuous electronic pathways throughout the thick electrode. This can
increase internal resistance, intensify reaction non-uniformity, and eventually lead to
capacity failure. These results indicate that the electrochemical performance of multi-
component EPD electrodes is governed not only by the intrinsic conductivity of each
additive, but also by the balance between particle morphology, effective volume fraction,
and conductive-network percolation.

Furthermore, the differences in cycle-life characteristics (Figure 5) can be interpreted
as reflecting the varying patterns of electrode performance degradation depending on
the conductive additive composition in a high-voltage environment. The carbon-only
electrode (Ti-0) showed gradual performance degradation as the cycles progressed, which
is likely related to the limited high-voltage stability of the carbon-only conductive additive.
Conversely, the Ti-1 electrode exhibited more moderate performance degradation compared
to Ti-0. In contrast, as the proportion of the carbon conductive additive substantially
decreased in the Ti-5 electrode, a rapid capacity drop and unstable Coulombic efficiency
were observed from the early stages of cycling. This behavior is likely associated with
the restricted conductive pathways within the electrode due to the change in conductive
additive composition [6,7]. This limitation of conductive pathways is consistent with
the rapid performance degradation observed during the high-voltage cycling process. In
summary, the Ti-1 electrode, incorporating an appropriate amount of TizOy, exhibited
more gradual capacity fade than Ti-0 and demonstrated the best cycle-life performance
among the conditions examined in this study. It should be noted that the 50-cycle test at
4.5V is not sufficient to conclusively demonstrate long-term stabilization of the NCM622
cathode. Therefore, the cycling results should be interpreted as a relative improvement
within the tested high-voltage cycling condition. In addition, the Coulombic efficiencies
of approximately 98-99% for Ti-0 and Ti-1 indicate that parasitic reactions are still present
under the 4.5 V condition. Because the present study focused on conductive-additive
design rather than electrolyte optimization or surface-coating strategies, high-voltage
electrolyte oxidation and cathode/electrolyte interfacial side reactions may still contribute
to the observed irreversible capacity loss. Extended cycling tests combined with additional
interfacial-stabilization strategies will be required to evaluate long-term practical durability.
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This limitation of conductive pathways is also evident in the voltage profiles and
impedance spectra. The abnormal voltage behavior observed in Figure 6¢ indicates pro-
nounced initial polarization, which is likely attributable to restricted conductive pathways
inside the electrode. Importantly, even before cycling, the impedance semicircle of Ti-5
appeared significantly larger than those of the other electrodes (Figure 7). This is consistent
with the pronounced initial voltage drop observed in the voltage profiles (Figure 6¢c) and the
inability to operate under high-loading conditions (Figure 4), supporting the interpretation
that the Ti-5 electrode had unfavorable initial transport characteristics.

Taken together, the cycling, voltage-profile, and EIS results are consistent with the
interpretation that the improved behavior of Ti-1 arises from a balanced hybrid conductive
network rather than from the simple replacement of carbon black by Ti4Oy. In the Ti-0
electrode, electronic conduction is mainly provided by the percolating carbon black net-
work, which is effective in forming continuous electron pathways because of its nanoscale
primary particles, chain-like agglomerated structure, and large effective volume fraction.
However, under high-voltage operation, carbon-based conductive additives can participate
in interfacial side reactions and may gradually lose electrical connectivity. In the Ti-1
electrode, most of the carbon black network is preserved, while a small amount of Ti4Oy is
incorporated into the conductive framework. Because Ti4O7 has high intrinsic electronic
conductivity and oxide-based chemical stability, it may serve as a stable conductive bridge
or contact-supporting component between the active material and the carbon network [40].
This complementary role is consistent with the reduced polarization growth and smaller
apparent resistance increase observed for Ti-1. In contrast, excessive TisOy incorporation in
Ti-5 substantially reduces the carbon fraction, and the relatively coarse and dense TisO;
particles cannot fully replace the nanoscale percolating network formed by carbon black.
Therefore, the favorable behavior of Ti-1 is plausibly attributed to a balanced hybrid con-
ductive structure rather than the simple replacement of carbon black by Ti;O7. Among the
conditions investigated in this study, the process condition of 100 V for 10 min combined
with the Ti-1 composition showed the most favorable performance within the tested high-
voltage cycling condition. Although Ti-1 showed the most favorable performance in this
study, additional intermediate Ti4O7/carbon ratios will be required to determine the full
composition—performance relationship and to identify the precise optimum composition.
In addition, because no direct post-mortem surface analysis was performed in this study,
the suppression of carbon degradation or cathode-electrolyte-interphase growth cannot
be concluded directly. Therefore, the role of TigO7 should be regarded as a plausible in-
terpretation based on the electrochemical results and the expected oxide-based stability
of Ti407.

From a practical perspective, the present multi-component EPD approach provides a
controllable platform for preparing composite cathodes over a broad loading range and for
systematically investigating the co-deposition behavior of heterogeneous particles such as
NCM622, carbon black, and Ti4O;. Because the deposited mass can be tuned by the applied
voltage and deposition time, this process is useful for examining how electrode loading and
conductive-additive composition affect electrochemical performance. In principle, EPD
can also be extended to larger substrates or continuous processing systems because it is
driven by an externally applied electric field. However, several technical challenges must
be addressed for practical scale-up. First, suspension stability is critical because particles
with different size, density, surface charge, and electrophoretic mobility can sediment or
deposit at different rates. Second, excessive TiyO7 addition can increase local compositional
heterogeneity and reduce the effective carbon network, as observed for Ti-5. Third, for large-
area deposition, uniform electric-field distribution, bath agitation, and suppression of Joule
heating will be important engineering factors. Therefore, the present results demonstrate
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the usefulness of multi-component EPD as a controllable electrode-fabrication platform,
while further optimization is required for practical large-scale implementation.

It should be noted that the present study does not aim to provide a direct process-level
benchmark between EPD and optimized slurry-cast electrodes. Such a comparison would
require the independent optimization of slurry formulation, binder content, drying con-
ditions, calendaring pressure, and accessible loading range. Therefore, direct comparison
with optimized slurry-cast reference electrodes under equivalent practical processing con-
ditions remains an important topic for future work. At the same time, direct post-mortem
surface and interfacial analyses after cycling will be necessary in future work to verify
whether Ti4O7 actually suppresses carbon degradation or other interfacial degradation
processes during high-voltage cycling.

5. Conclusions

In this study, NCM622/carbon black/TisO; composite cathodes were fabricated by a
multi-component EPD process, and the effects of the process conditions and conductive
additive composition on electrode microstructure and electrochemical performance were
systematically investigated. The main results are as follows:

1. The deposition behavior was broadly similar across the compositional conditions
examined, whereas structural stability strongly depended on the applied voltage and
deposition time. Increasing voltage and deposition time increased mass loading, but
severe conditions, particularly 200 V for 20 min, caused density reduction accompanied
by cracking and delamination. In contrast, 100 V provided a practical balance between
loading controllability and structural stability. Cross-sectional EDS analysis further
showed that the heterogeneous particles were co-deposited throughout the electrode
without apparent phase separation at the electrode scale, although local compositional
heterogeneity became more noticeable at higher Ti;O7 content.

2. The conductive additive composition had a clear influence on areal capacity and
high-voltage cycle-life stability. Ti-0 and Ti-1 exhibited nearly linear increases in areal
capacity with increasing loading, indicating stable capacity delivery over the loading
range investigated. Among the compositions examined, Ti-1 showed the best electro-
chemical performance under 4.5 V cycling, with improved capacity retention and less
pronounced resistance growth compared to Ti-0. This behavior is plausibly attributed
to a balanced hybrid conductive structure, in which most of the percolating carbon
black network is preserved while a small amount of TiyO7 provides additional stable
conductive contact points. In contrast, Ti-5 showed poor capacity delivery at high
loading, unstable Coulombic efficiency, and severe performance degradation during
cycling, which is likely to be associated with restricted conductive pathways resulting
from reduced carbon content and increased local compositional heterogeneity. Further
optimization using additional intermediate compositions is required to determine the
full composition—performance relationship.

3.  EIS analysis before and after cycling revealed that resistance increased in all electrodes,
but the extent of this increase depended strongly on composition. Ti-1 maintained the
smallest post-cycle semicircle, whereas Ti-5 exhibited the largest resistance growth,
consistent with the cycling and voltage-profile results. These findings indicate that
multi-component EPD combined with an appropriate amount of Ti4Oy is a promising
strategy for improving the structural and electrochemical stability of cathodes under
high-voltage operation.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/en19133014/s1, Figure S1: Schematic illustration of the
cathodic electrophoretic deposition (EPD) process and an optical photograph of the resulting as-
deposited electrode; Figure S2: Top-view SEM images demonstrating the morphological evolution of
the (a) Ti-0 and (b) Ti-1 electrodes under various EPD conditions (applied voltage: 60-200 V, deposi-
tion time: 2-20 min); Figure S3: Identification of EPD process limitations and morphological defects
formed under extreme conditions; Figure S4: Cross-sectional SEM comparison of EPD electrodes
prepared (a) without and (b) with the intermediate pause-and-stirring procedure during a total
deposition time of 10 min; Figure S5: Energy-dispersive X-ray spectroscopy (EDS) spectra and the
corresponding quantitative elemental analysis tables for the EPD electrodes prepared with different
initial suspension formulations: (a) Ti-0, (b) Ti-1, and (c) Ti-5; Figure S6: Macroscopic mechanical
stability and flexibility of the prepared EPD electrode.
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