
Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

Atomic layer deposition-based synthesis of TiO2 and Al2O3 thin-film 
coatings on nanoparticle powders for sodium-ion batteries with 
enhanced cyclic stability 

Song Yeul Lee1, Dasom Park1, Byung Sun Yoon, Yun-Sung Lee⁎, Yong Il Park⁎, Chang Hyun Ko⁎ 

School of Chemical Engineering, Chonnam National University, Gwangju 61186, Republic of Korea    

a r t i c l e  i n f o   

Article history: 
Received 1 August 2021 
Received in revised form 14 October 2021 
Accepted 2 December 2021 
Available online 4 December 2021  

Keywords: 
Atomic layer deposition 
Sodium-ion batteries 
Energy storage 
Electrode materials 
Protective layer 
Thin films 

a b s t r a c t   

Despite it being the leading technology for fabricating uniform-thickness metal and metal-oxide thin films 
on wafer-based substrates, atomic layer deposition (ALD) is yet to be utilized with powder-based substrates. 
Via the successful deposition of TiO2 and Al2O3 thin films on the surfaces of silica (SiO2) nanospheres, 
Prussian blue (PB) nanocubes, and NaTi2(PO4)3 (NTP) nanocubes using a home-built ALD system, this study 
demonstrates that ALD is a viable technique for depositing thin films on powdered substrates. Furthermore, 
amorphous TiO2 thin films are used as a protective layer to enhance the electrochemical properties of NTP 
nanocubes, which have application prospects in sodium-ion batteries. Whereas uncoated NTP nanocubes 
loses 67.9% of its initial charge capacity within 100 charge/discharge cycles, TiO2-coated (thickness: ~ 3 nm) 
NTP nanocubes reduces this capacity loss to 22.1%. This strongly suggests that powder-optimized ALD can 
be used to fabricate thin films for multiple applications that use powder-type nanoparticles, such as 
electrode materials and catalysts. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Lithium-ion batteries (LIBs) are a key component of energy sto-
rage systems used for multiple purposes; in particular, with the 
development of electric vehicles, their demand is increasing. 
However, with its reserves being limited, lithium is becoming an 
increasingly expensive commodity. Recently, the low price of sodium 
has seen sodium-ion (Na+) batteries (SIBs) thrust into the spotlight 
as an alternative to LIBs for energy storage systems [1–3]. In addi-
tion, sodium reserves are abundant, and the electrochemical char-
acteristics of Na+ are similar to those of Li+ [4–7]. However, since 
relatively large size of Na+ affects the volume change of the electrode 
material during charging and discharging, SIBs are hindered by their 
low cyclic stability over long periods of use [8]. To solve this pro-
blem, several studies have reported on potential electrode material 
developments such as new methods for electrode material synthesis  
[9], composite formation [10], and coating surfaces [11–13]. Among 
these approaches, surface coating techniques have proven to be the 
most effective strategy for improving the cyclic stability of 

conventional electrode materials. Typically, coating of surfaces using 
carbon or metal oxides is performed using a liquid-phase synthetic 
method; however, the range of suitable coating materials is limited 
depending on the electrode material, and achieving coatings with a 
uniform thickness is challenging [14]. Previous studies on the fab-
rication of semiconductor devices have demonstrated that gas-phase 
coating can solve the difficulties encountered in liquid-phase coating  
[15]. Gas-phase surface coating methods include chemical vapor 
deposition (CVD), whereby coating layers are formed via chemical 
reactions, and physical vapor deposition (PVD), whereby coating 
layers are formed via recondensation as the deposited vapor cools. 
Neither of these coating methods offers surface conformality or the 
ability to control the coating thickness at the nanoscale. Further-
more, volatile precursors are prone to generating impurities owing 
to incomplete decomposition. Atomic layer deposition (ALD), a type 
of CVD that deposits materials in single-atom layers, does not suffer 
from such problems. Because ALD applies the precursors in se-
quence, only a single layer of atoms is deposited per cycle, thus fa-
cilitating precise thickness control. Further, as the single-atom layers 
are deposited via adsorption, they adhere to the surface effectively, 
irrespective of location, and are conformal. In addition, there are far 
fewer restrictions regarding material selection [16–19]. Owing to 
these advantages, ALD is widely deployed in the semiconductor in-
dustry and in the production of energy storage systems. However, 
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because conventional ALD is designed to work with wafer-based 
substrates, it is seldom utilized for coating nanoparticles. Although 
both fluidized beds and rotary reactors have been developed for this 
purpose, high precursor losses during the reaction means that they 
are extremely inefficient [20], while there is a risk of leakage during 
rotation, which leads to the aggregation of powders owing to the 
high operating temperature [21]. The use of protective coatings on 
the surfaces of coin-cell-type electrodes using wafer-based ALD has 
also been explored as a means of improving the performance of 
battery electrodes [22–24]. However, as these coin cells consist of a 
mixture of conductive materials and binders, there is a risk of de-
composition when performing ALD at high temperatures. Therefore, 
it is necessary to use ALD to coat electrode materials in the pow-
dered form [14]. To this end, we have developed a home-built batch- 
type ALD instrument that uses precursors efficiently and can form 
uniform-thickness thin films on the surface of powdered nanoma-
terials. Using the proposed ALD system, TiO2 and Al2O3 thin films 
were successfully deposited on the surface of powder-type nano-
particles including NaTi2(PO4)3 (NTP) nanocubes, silica (SiO2) na-
nospheres, and Prussian blue (PB) nanocubes. A SIB using optimally 
coated NTP nanocubes as the anode material maintained its initial 
charging capacity after repeated charge/discharge cycles for con-
siderably longer than uncoated NTP nanocubes, demonstrating that 
the proposed batch-type ALD method is a useful and viable approach 
for applying thin-film coatings on powder-type nanoparticles. 

2. Experimental procedure 

2.1. Synthesis of nanoparticles 

SiO2 nanospheres were synthesized using the Stöber method  
[25]. First, 10 mL of NH4OH was added to a 40 mL solution of ethanol 
and distilled water (mixed in a ratio of 3:2 by volume) and stirred for 
30 min (solution A). Next, 5 mL of tetraethyl orthosilicate was mixed 
in 45 mL of ethanol (solution B). Then, solutions A and B were 
combined and stirred at room temperature for 5 h. The product was 
recovered via centrifugation and washed several times with distilled 
water and ethanol. Finally, it was dried in an oven at 80 °C overnight. 

The PB nanocubes were prepared according to the procedure 
reported in [26]. First, 4 mmol of sodium ferrocyanide was added to 
200 mL of distilled water, and the temperature was raised to 60 °C. 
Next, 2 mmol of HCl solution (37%) was added to the solution, which 
was stirred for 4 h while maintaining the temperature at 60 °C. The 
PB nanocubes were collected via centrifugation, washed with dis-
tilled water and ethanol, and dried in an oven at 80 °C overnight. 

The NTP nanocubes were synthesized using a hydrothermal 
method [27]. First, 4 g of anatase TiO2, 4 g of NaH2PO4, 4 mL of 
distilled water, and 4 mL of H3PO4 were mixed using a pestle and 
mortar. This mixture was placed in a 200 mL Teflon-lined autoclave 
and heated at 150 °C for 6 h. The resulting particles were collected 
via centrifugation, rinsed several times with distilled water, and 
dried in an oven at 80 °C overnight. 

To increase the electrochemical conductivity of TiO2-coated NTP, 
the surface of each sample was further modified with a carbon layer. 
NTP nanocubes and TiO2-coated NTP were dispersed in oleic acid 
overnight. The samples were collected by centrifugation and cal-
cined at 800 °C for 2 h under Ar. 

2.2. ALD procedure 

To deposit the Al2O3 and TiO2 thin films, we constructed a batch- 
type ALD reactor (see Fig. S1). The home-built ALD instrument 
consists of a vacuum pump, a trap, and three chambers, two of 

which are for precursors and the other for the powdered material 
being coated (e.g., NTP nanocubes, SiO2 nanospheres, and PB nano-
cubes). To coat a uniform thin film on powder-type nanomaterials by 
ALD, precursor molecules should be adsorbed as a monolayer on 
high-surface-area nanomaterial powder. This requires a higher par-
tial pressure of the precursor and a longer precursor contacting time. 
The home-built ALD instrument developed in this study achieves 
these requirements and simply coats thin films on powder-type 
nanomaterials. Proper valve operation and evacuation allow pow-
dered nanomaterials and precursor molecules to coexist in the same 
closed space. In that space, the precursor molecules achieve a higher 
partial pressure of the precursor as the only gas-phase component. 
Therefore, they easily diffuse into the voids between the nanoma-
terials. It is also easy to achieve longer precursor contacting time by 
simply maintain the valve position fixed. In contrast, it is very dif-
ficult to achieve these conditions with conventional flow-type ALD 
instrument. Because conventional instrument was designed based 
on fixed-bed reactor, most of the precursor molecules may be 
wasted due to the short contacting time, and a longer precursor 
contacting time may only be achieved by increasing the precursor 
feeding time and flow rate. Nevertheless, conventional instrument 
limits the maximum partial pressure of the precursor because an 
inert gas (N2 or Ar) carries the precursor molecules towards the 
nanomaterial powder. Therefore, considering the working me-
chanism and advantages, the home-built batch-type ALD instrument 
developed in this study is suitable for uniformly coating TiO2 and 
Al2O3 thin films on nanomaterial powders. 

The base vacuum pressure of the ALD reactor was maintained at 
approximately 0.05 mbar (0.038 torr). Prior to coating, the chamber 
containing the precursor was subjected to freeze-vacuum-thaw de-
gassing to remove gaseous impurities other than the precursor. To 
ensure that they were coated uniformly and received maximum 
exposure to the precursor gases, only a small amount (250 mg) of 
the powder-type nanoparticles were used. 

For the TiO2 coating, titanium isopropoxide (TTIP, > 97%, Sigma 
Aldrich) and deionized (DI) water were used as precursors. To in-
crease the vapor pressure of TTIP to 12 mmHg, the TTIP reservoir was 
heated to 80 °C. The DI water was not heated because the room- 
temperature vapor pressure was sufficient. The tube connecting the 
precursor reservoirs and the powder material reservoir was heated 
to 80 °C to prevent the precursor gases from condensing. In addition, 
the nanoparticles were heated to 250 °C, which is the maximum 
temperature at which TTIP does not decompose, to guarantee a 
sufficient level of adsorption and reaction. The temperature of the 
powder chamber was maintained at 250 °C during the ALD process. 
In the designed ALD system, one cycle of ALD comprises four steps. 
First (step 1), gas-phase TTIP was supplied to the powder chamber 
for 600 s to saturate the TTIP vapor. Next (step 2), the powder 
chamber was evacuated to remove the gas-phase and physically 
adsorbed TTIP. Then (step 3), water (in gas phase) was supplied to 
the powder chamber for 600 s to saturate the water vapor and 
convert TTIP into TiO2. Finally (step 4), the powder chamber was 
evacuated for 600 s to remove the reaction products (isopropyl al-
cohol) and the unreacted water. The number of ALD cycles was de-
termined to control the thickness of the TiO2 thin film. 

For the Al2O3 coating, aluminum isopropoxide (AIP, ≥ 98%, Sigma 
Aldrich) and DI water were used as precursors. To increase the vapor 
pressure of AIP to 1.33 mmHg, it was heated to 120 °C (the water was 
not heated for the reason mentioned earlier). The tube connecting 
the precursor reservoirs and the powder material reservoir was 
heated to 120 °C because the gas-phase precursor was not con-
densed. The powder-type nanoparticles were heated to 120 °C (AIP 
decomposes above this temperature) to ensure a sufficient level of 
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reaction. The coating procedure followed the same four steps, as 
described for TiO2. Similarly, the number of ALD cycles was de-
termined to control the thickness of Al2O3 thin film. 

2.3. Characterization 

The morphology of each material and the variation in the 
thickness of the TiO2 and Al2O3 surface layers according to the 
number of ALD cycles were observed using transmission electron 
microscopy (TEM, JEOL 2010, Japan). The composition of the coating 
layers was confirmed via TEM-based element mapping (TECNAI G2 
F20, USA). X-ray photoelectron spectroscopy (XPS, K-ALPHA+ spec-
trometer, USA) was used to analyze the relative concentrations of Ti 
and Al ions according to the number of ALD coatings. X-ray dif-
fraction (XRD, Rigaku Rint 1000, Japan) was performed to analyze 
the changes in the crystal structure of the synthesized materials 
before and after being coated using the ALD system. The surface 
functional groups of the nanoparticles before and after the ALD 

coating process were confirmed via infrared spectroscopy analysis 
(IR, Shimadzu IR Prestige-21, Japan). 

2.4. Electrochemical characterization 

The electrodes were made by casting slurry comprising active 
material, carbon black, and polyvinylidene difluoride (PVDF) in a 
weight ratio of 7:2:1 on Al foil. The typical electrode mass loading 
ranged from 1.5 to 2.0 mg/cm2. The electrochemical properties of the 
uncoated NTP nanocubes and the TiO2-coated NTP nanocubes were 
measured using a CR2032 coin-type half-cell. The coin cells were 
assembled in an Ar-filled glovebox: a Na metal disk was used as the 
counter and reference electrodes, and the electrolyte comprised 1 M 
NaClO4 in equal volumes of ethylene carbonate (EC) and dimethyl 
carbonate (DMC). Whatman glass fiber (GF/F) was used as the se-
parator. The galvanostatic charge/discharge test and the cyclic per-
formance were measured versus Na/Na+ using a Won-A-Tech battery 
tester (WBCS 3000, Korea) in the 1.5–2.8 V voltage range. The 

Fig. 1. Representative high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and elemental maps for (a) TiO2 thin films on SiO2 

nanospheres, (b) Al2O3 thin films on SiO2 nanospheres, (c) TiO2 thin films on PB nanocubes, and (d) Al2O3 thin films on PB nanocubes. 
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electrochemical impedance spectroscopy (EIS) measurements were 
performed versus Na/Na+ using Won-A-Tech impedance tester (SP1, 
Korea) at various scan rates in the 1.5–2.8 V voltage range. 

3. Results and discussion 

The uniformity of the ALD-fabricated thin-film coatings was 
verified using uniform nanoparticles such as SiO2 nanospheres and 
PB nanocubes. After performing 10 ALD cycles to synthesize TiO2 and 
Al2O3 coatings on the surfaces of the SiO2 nanospheres and PB na-
nocubes, elemental maps were obtained using HAADF-STEM. Fig. 1a 
and c show TiO2-coated SiO2 nanospheres and PB nanocubes, re-
spectively. Although it is faint because of the small amount of ma-
terial used, the TiO2 is uniformly coated on the exterior of the SiO2 

nanospheres. In contrast, Fig. 1(b) and (d) show the Al2O3-coated 
SiO2 nanospheres and PB nanocubes, respectively. After 10 ALD 
coating cycles, the amount of Al deposited is comparable to the 
amount of Ti deposited during the TiO2 deposition. 

The TiO2 and Al2O3 coatings were deposited on SiO2 nanospheres 
via 5, 10, and 15 ALD cycles, with XPS analysis performed to measure 
the respective Ti and Al concentrations. Fig. 2a and Table 1 show that 
the atomic % of Ti increases as the number of TiO2 deposition cycles 
increases. A similar trend is observed for Al2O3, with Fig. 2b and  
Table 2 showing that the % of Al atoms increases as the number of 
Al2O3 deposition cycles increases. However, whereas the atomic % of 
TiO2 increases most rapidly when the number of ALD cycles in-
creases from 5 to 10, for Al2O3, the largest increase occurs when the 
number of ALD cycles increases from 10 to 15. Considering the pe-
netration depth of XPS, the non-linearity of the Ti and Al con-
centrations can be ascribed to the XPS analysis only measuring the 
concentrations within the topmost 10 nm of the coatings rather than 
the total concentrations throughout the samples. 

The interfaces between the coatings (TiO2 or Al2O3) and the SiO2 

nanosphere surfaces cannot be distinguished clearly via TEM owing 
to their amorphous structure. In addition, the PB nanocubes are 
crystalline but very thick, making the lattice pattern difficult to 
verify via TEM. Conversely, the crystalline NTP nanocubes are well- 
defined (Fig. S2), allowing the thicknesses of the ALD-synthesized 
TiO2 and Al2O3 thin films to be confirmed using TEM. As a con-
sequence, the NTP nanocubes were selected for further stability 
testing to determine their suitability for SIBs. As NTP is an electrode 
material whose cyclic stability decreases during long-term charging 
and discharging, its cyclic stability is expected to increase when it is 
coated with a protective layer of optimal thickness. To determine the 
optimal thickness, TiO2 thin films were deposited on the surfaces of 
NTP nanocubes, with the changes in thickness according to the 
number of ALD cycles measured through TEM analysis. Fig. 3a, b, and 
c show TEM images of TiO2-coated NTP following 10, 20, and 30 
cycles of ALD, respectively. The TEM images show that the thickness 
of the amorphous TiO2 thin film deposited on the crystalline NTP 
lattice increases as the number of ALD cycles increases. The re-
lationship between the thickness of the TiO2 coating and the number 
of cycles is shown in Fig. 3d, with the plotted data and the error bars 
representing the mean ±  standard deviation of three measurements. 
As the number of ALD cycles increases, the thickness increases lin-
early: the equation of the trend line is y = 0.2335x − 0.1162, which 
corresponds to an increase of approximately 2.3 Å per cycle. The 
deposition rate for ALD-synthesized TiO2 thin films has been re-
ported as 1.2 Å per cycle at 100 °C [28]. However, the deposition rate 
observed here exceeds that value. To clarify this, we repeated the 
TiO2 thin-film coating process with the NTP nanocubes and the 
feeding time maintained (600 s), while the heating temperature of 
target material chamber was lowered to 100 °C. The corresponding 
TEM image is shown in Fig. S3. Lowering the temperature to 100 °C 

Fig. 2. XPS spectra of the TiO2 and Al2O3 films deposited on SiO2 nanospheres: (a) Ti 2p spectra, (b) Al 2p spectra.  

Table 1 
Atomic % of Ti in the TiO2 thin films on the SiO2 nanospheres.       

Cycle No. 0 5 10 15 
Ti atomic % 0.00 1.80 10.76 12.89    

Table 2 
Atomic % of Al in the Al2O3 thin films on the SiO2 nanospheres.       

Cycle No. 0 5 10 15 
Al atomic % 0.00 1.03 2.04 7.40    

S.Y. Lee, D. Park, B.S. Yoon et al. Journal of Alloys and Compounds 897 (2022) 163113 

4 



resulted in the deposition rate falling to 1.6 Å per cycle, which is 
closer to the value reported in [20]. Therefore, the ALD mode is 
dominant when coating is performed at 100 °C. At 250 °C, the 
coating temperature approaches the decomposition temperature of 
TTIP, and therefore, the ALD is supplemented by CVD when forming 
the TiO2 thin films on the surface of the NTP nanocubes. 

A similar tendency was observed for the Al2O3 thin films. Fig. 4 
shows the evolution in film thickness as a function of the number of 
ALD cycles. As with the TiO2 thin films, the thickness of the non- 
crystalline Al2O3 thin films increases linearly as the number of cycles 
increases: the equation of this trend line is y = 0.1312x + 0.3649, 
corresponding to a deposition rate of approximately 1.3 Å per cycle. 
This Al2O3 deposition rate is consistent with values reported else-
where [29,30], indicating that the ALD was conducted under favor-
able conditions [31,32]. Note that aluminum isopropoxide (AIP) was 
used as the precursor of Al2O3 and not trimethylaluminum (TMA). 
Typically, the highly reactive TMA is considered to produce better- 
quality Al2O3 thin films than AIP when using ALD [33,34]. However, 
we successfully realized the ALD of uniform-thickness Al2O3 coat-
ings using AIP, which is a safer precursor. 

The electrochemical performances of TiO2-coated NTP nanocubes 
produced using several different numbers of ALD cycles were eval-
uated using a half-cell with Na metal serving as the counter and 
reference electrodes. Fig. 5a shows the galvanostatic charge/dis-
charge curves of the samples for four different TiO2 coating thick-
nesses, with the measurements performed between 1.5 V and 2.8 V 
with a current density of 100 mA/g. The plateaus at 2.1 V and 2.2 V 
correspond to the Ti4+/Ti3+ redox reactions induced by sodiation and 
desodiation, respectively (Fig. 5a and Fig. S4) [35]. The initial capa-
city increased after 5 cycles of ALD coating, which can be explained 
by the synergistic effect between the surface layer and the active 
material, and prevention of solid electrolyte interphase (SEI) film 

formation [36,37]. To confirm the improvement that the ALD coat-
ings make to the electrochemical properties of the test battery, the 
pristine sample was not subjected to additional heat treatment, 
which resulted in large polarization between the plateaus of the 
pristine cube. This polarization is reduced by coating the pristine 
cube with amorphous TiO2 because the electrolyte infiltrates 
the amorphous shell, reducing the migration distance of Na+ ions 
and resulting in rapid ion exchange between the interfaces [38]. As 
the coating thickness increases with the number of ALD cycles, the 
slope of the plateau gradually increases because Na+ ions are se-
quentially inserted/extracted through the amorphous TiO2. In addi-
tion, the passive layer established by the ALD coating stabilizes or 
prevents the formation of a SEI layer, while the flexibility of the 
amorphous structure increases the structural stability by reducing 
the volume change due to the charge/discharge process, demon-
strating that this characteristic is effective for improving the cyclic 
stability of the battery [39,40]. The cyclic performance of all samples 
was evaluated at the same current density (Fig. 5b). Increasing the 
thickness of the ALD-fabricated coating enhanced the battery sta-
bility without causing a sharp deterioration in its specific capacity. 
Notably, uncoated NTP retains only 32.1% of its initial capacity after 
100 charge/discharge cycles, while 77.9% remains when the NTP 
nanocubes are coated using 15 ALD applications of TiO2. As the 
number of ALD cycles increases, the charge/discharge cycle stability 
of the NTP nanocubes was improved, but the initial capacity was 
decreased (Fig. S5). 

EIS was performed with a symmetrical cell and the results were 
fitted by the ZMAN program (Fig. 5c). The semicircle at high fre-
quency can be ascribed to the charge transfer resistance (Rct). 
Compared with NTP nanocubes, the size of the semicircle increases 
as the ALD cycles increases, and the resistance increases sharply at 
15 ALD cycles, due to the increase in TiO2 film thickness. To further 

Fig. 3. TEM images of TiO2 films deposited on the NTP lattice at 250 °C: (a) 10 cycles, (b) 20 cycles, (c) 30 cycles, and (d) coating thickness as a function of the number of ALD cycles.  
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Fig. 4. TEM images of Al2O3 films deposited on the NTP lattice: (a) 10 cycles, (b) 20 cycles, (c) 30 cycles, and (d) coating thickness as a function of the number of ALD cycles.  

Fig. 5. (a) Charge/discharge curves for TiO2-coated NTP nanocubes produced using different numbers of ALD cycles. (b) Cyclic stability of TiO2-coated NTP nanocubes as a function 
of the number of cycles. (c) Nyquist plots and (c) plots of real capacitance against frequency for TiO2-coated NTP nanocubes produced using different numbers of ALD cycles. 
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investigate of ion diffusivity, the real capacitance was plotted against 
frequency (Fig. 5d). The real capacitance (C′) was calculated using 
following equation: 

=C
Z
Z

’( )
”( )

| ( )|2

where Z″ is the imaginary impedance (ohm), ω is the frequency (Hz), 
and Z is the complex impedance (ohm). In the frequency region 
around 100 Hz, the C′ value starts to increase because ions accu-
mulate on the electrode surface. When 5 ALD cycles were per-
formed, the ionic diffusivity was higher compared to the pristine 
NTP nanocubes because the C″ value began to increase at higher 
frequency [41]. This may explain why the sample with 5 ALD cycles 
has a higher initial capacity. The samples with 10 ALD cycles and 15 
ALD cycles samples had reduced ionic diffusivity due to the in-
creased TiO2 film thickness. 

Due to the low electrical conductivity of NTP coated with 
amorphous TiO2, the samples showed overall low electrochemical 
performance. Therefore, the surface of NTP@TiO2 was modified with 
carbon to improve the electrochemical performance (Fig. S6). Sur-
face modification with carbon increased the capacity of TiO2-coated 
NTP nanocubes (Fig. 6a). And, with increasing current density, NTP 
nanocubes and samples with 5 ALD cycles showed a sharp decrease 
in capacity. However, the samples with the 10 ALD cycles and 15 ALD 
cycles showed relatively high capacity retention, which is con-
sidered to be due to the structural and electrochemical stability of 
the thick TiO2 layer. The cyclic stability of carbon modified samples 
was measured at a current density of 0.2 A g−1 (Fig. 6b). The initial 
capacity of the pristine NTP nanocubes was 78.8 mA h g−1, leaving 
only 26.6% of the initial capacity after 300 cycles. In contrast, the 
NTP@TiO2 with 15 ALD cycles showed an initial capacity of 
78.0 mA h g−1 and retention of 66.0% after 300 cycles. After cycling, 
the nanostructure did not collapse, and the structure was main-
tained (Fig. S7). However, at high current density, only the sample 
with 15 ALD cycles showed a retention of about 62.1% of the initial 
capacity after 500 cycles, and the capacity of the samples with 5 ALD 
cycles and 10 ALD cycles decreased rapidly after the initial several 
cycles (Fig. S8). These results demonstrate that the proposed ALD 
system enables the uniform coating of powder-type nanoparticles, 
thereby improving the electrochemical performance of the en-
capsulated active material. 

4. Conclusion 

In summary, we developed a batch-type ALD instrument for 
applying uniform metal-oxide thin-film coatings to the surface of 
powder-type nanoparticles. To demonstrate the capabilities of the 
proposed ALD system, uniform-thickness TiO2 and Al2O3 thin films 
were synthesized on the surfaces of several different powdered 

nanoparticles, namely NTP nanocubes, silica nanospheres, and PB 
nanocubes. The thin-film coatings serve as a protective layer that 
increases the cyclic stability of the electrode material. In particular, 
TiO2-coated NTP nanocubes were used to fabricate a prototype SIB 
with substantially improved electrochemical properties. The TiO2- 
coated NTP exhibited superior cyclic stability than that of uncoated 
NTP, indicating that the ALD-based coating of powder nanoparticles 
can be utilized to improve the performance of electrode materials 
and catalysts. 
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