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A B S T R A C T

Ceria (CeO2) nanoparticles are considered potential ultraviolet (UV) absorbers for practical applications owing to 
their high absorption capability and long-term stability. However, there remain challenges in modulating their 
UV-blocking properties. Herein, we tailored the UV-blocking properties of CeO2 nanoparticles through surface 
modification by depositing Al2O3 and ZnO nanofilms via atomic layer deposition (ALD) in a custom fluidized bed 
reactor. The absorption band blue-shifted from 3.34 eV (pristine) to 3.39 eV after 10 Al2O3 ALD cycles, whereas 
it red-shifted to 3.21 eV after 30 ZnO ALD cycles. The colors of ALD-modified nanoparticles changed from light 
yellow to light gray as the number of ALD cycles increased. XRD, HRTEM, element mapping, and XPS analysis 
were conducted and demonstrated that a uniform amorphous Al2O3 nanofilm with abundant oxygen vacancies 
coated the CeO2 nanoparticle as a shell, forming a CeO2@Al2O3 core@shell structure, whereas ALD-deposited 
ZnO nanofilms with high lattice oxygen content were crystalline and formed CeO2/ZnO heterostructures at 
the interfaces. Based on valence band (VB) XPS, we proposed a band structure model to analyze the origin of the 
band shifts. This study demonstrates that ALD can effectively modulate the UV-absorption properties of CeO2 
nanoparticles, thereby enabling value-added utilization of high-abundance rare earth resources.

1. Introduction

Ultraviolet (UV) rays in sunlight, which can be divided into three 
parts, namely UVA (320–400 nm), UVB (280–320 nm), and UVC 
(200–280 nm) [1,2], are seem as very important factors which could 
produce skin cancer, accelerate skin aging, and induce other deleterious 
effects of human skin [3,4]. Because of the high photon energy, UV rays 
could cause sunburn and suntanning [3]. It is well known that sunburn is 
mainly caused by UVB rays, whereas suntanning is mainly caused by 
UVA rays [5]. Due to the protect of the atmosphere of Earth, most of 
UVC rays are impeded before they get to the surface of Earth [2]. To 
shield the UV rays, many organic UV absorbers and inorganic blocking 

materials are usually used in practical cosmetics [6–8]. Organic UV 
absorbers may degrade under long-term UV irradiation, cause safety 
problems such as skin allergies and dermatitis, and induce environment 
concerns [8,9]. Compared to organic absorbers, inorganic blocking 
materials such as rutile titanium dioxide (TiO2), zinc oxide (ZnO), and 
ceria (CeO2), show mild to skin, friendly to environment, and long-term 
stability [8].

As one of the high-abundance rare earth materials, CeO2 has been 
widely investigated in the fields of antibacterial materials [10–12], 
chemical mechanical abrasives [13,14], and photo-catalysis [15,16]. 
Besides that, CeO2 nanoparticles have attracted much attention for the 
applications in UV-blocking materials due to their large UV-absorption 
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capability and long-term stability under UV irradiation [17]. The cubic 
CeO2 has a theoretical band gap of ca. 3.1 eV [18,19]. According to the 
Planck-Einstein equation (E = hυ = hc/λ), the relation between optical 
band gap (Eg) and absorption edge (λ) can be expressed as Eg(eV) =

hc
eλ ≈ 1240/λ, where the unit of λ is nm. Therefore, the cubic CeO2 has an 
absorption band at about 400 nm, meaning that almost all UV light can 
be filtered by cubic phase CeO2 nanoparticles. However, CeO2-related 
materials still face the challenge in adjusting their UV-absorption 
capability for various UV-shielding requirements. Tuning of energy 
band gap is deemed as an effective way to adjust the UV-absorption 
property of CeO2 nanoparticles. To tune the band-gap energies, doping 
of ions into CeO2 via solution chemical routes is usually used. Using soft 
solution chemical routes, Yabe and Sato have doped serial M+ ions into 
CeO2 nanoparticles and found that Ca2+- and Zn2+-doped CeO2 show 
high UV-absorption capability and high transparency in the visible 
spectrum [20]. Similarly, doping of transition metal ions (Co3+, Zr4+, 
and Cu2+) by solution chemical method has been verified to adjust the 
energy band gap of CeO2 [21]. Bao and co-worker have applied a 
modified sol–gel method to dope F- and achieved F ion-doped CeO2 
nanoparticles with a blue shift of absorption band [22]. To extend the 
UV-shielding property, Li et al. have used solution chemical method to 
co-dope Sm and S and achieved CeO2-based nanoparticles with ab
sorption band in the blue light region (400–450 nm) [23]. Coating films 
on CeO2 could also tune the UV-absorption property. Masui et al. have 
employed solution chemical method to coat turbostratic boron nitride (t- 
BN) on CeO2 [5]. Additionally, size control is deemed as an effective way 
to adjust the band gap of CeO2 nanoparticles [24]. The above-mentioned 
ways to adjust the band gap of CeO2-related materials are commonly 
fabricated in the environment of aqueous solutions. Under this 
circumstance, the prepared CeO2-based materials usually need to be 
washed and dried before using, which is deemed as a time-consuming 
process. Therefore, it is superior to the traditional solution chemical 
methods that tuning the absorption property of CeO2 nanoparticles 
without solutions.

As a gaseous chemical reaction, atomic layer deposition (ALD) can 
deposit conformal, uniform, and atomic-level films on the substrates 
including particles due to the characteristic of self-limiting and self- 
saturated surface chemical reaction [25,26]. This characteristic results 
from the unique dosing manner in which gaseous reactants are 
sequentially pulsed into the reaction chamber and intermitted by a 
purging step of an inert gas [25]. Therefore, ALD is emerging as a 
promising technique for surface modifications of functional nano
particles [27–29]. However, particles, especially nanoparticles, tend to 
attract each other and form agglomeration due to the strong attractive 
forces between them [30], which may reduce the interactions between 
gaseous reactants and surfaces of nanoparticles, thereby leaving the 
nanoparticles uncoated [31]. To separate nanoparticles effectively, 
many techniques such as rotation, vibration, and fluidization, have been 
used in particle ALD systems [31–35]. Among them, fluidization is 
considered a useful way to separate particles and has the ability in scale- 
up solutions [28,35]. Therefore, to tune the absorption property of CeO2 
nanoparticles, we utilize particle ALD technique to deposit Al2O3 and 
ZnO nanofilms on the nanoparticles in a gaseous process. The selection 
of Al2O3 and ZnO is based on: (1) the availability of ALD precursors and 
(2) their complementary properties (insulating vs. semiconducting). It is 
also worth noting that ZnO possesses diverse chemical optical, elec
tronic, and magnetic properties, which is considered a promising ma
terial for user-friendly multifunctional devices [36–41].

In this study, a custom fluidized bed reactor (FBR) that is fully 
enclosed into a resistance wire furnace has been fabricated and assem
bled into a control cabinet to form a FBR-ALD system. CeO2 nano
particles with the diameter in the range of 20–50 nm are used as particle 
substrates in our study. With the set-up FBR-ALD, nanoscale Al2O3 and 
ZnO films are successfully deposited on CeO2 nanoparticles. The phase 
structures, morphology, and chemical states of the deposited nanofilms 

are carefully observed via X-ray diffraction (XRD), high-resolution 
transmission electron microscopy (HRTEM), and X-ray photoelectron 
spectroscopy (XPS). The UV-absorption properties of the ALD-coated 
CeO2 nanoparticles were conducted on a UV–vis–NIR spectrometer. 
The UV-absorption properties caused by different coatings are compared 
and discussed. This paper provides a gaseous method to modulate the 
UV-absorption properties of CeO2 nanoparticles and could benefit the 
value-added utilization of the high-abundance cerium element.

2. Experimental details

2.1. Set-up of FBR-ALD

The particle ALD system used in this work was based on a homemade 
fluidized bed reactor, while the control cabinet was provided by Jiangsu 
MNT Micro and Nanotech Co. Ltd. The schematic diagram of FBR-ALD 
system is shown in Fig. 1. The reaction vessel that was used to func
tionalize the CeO2 nanoparticles was made from 316L stainless steel 
with the inner diameter of 22 mm. The vessel was equipped with a 
removable 10–20 μm porous steel distributor plate at the inlet to support 
the particles and cylindrical filters at the outlet to prevent the particles 
from being extracted from the vessel. Pirani manometers (P1 and P2) 
were used to monitor the pressure state of the particle bed in the vessel 
while the Pirani manometer P3 was used for monitoring the pressure of 
outlet. The inlet and outlet of the vessel were connected by Conflat (CF) 
flanges and sealed using copper gaskets. The whole vessel was placed 
inside a resistance furnace with a thermal couple (T) to monitor the 
reactor temperature. The left part in Fig. 1 represents dosing zones, 
consisting of main N2 inlet line which can be regulated by a rotameter 
and two precursor lines which can be regulated by mass flow controller 
(MFC) using N2 as the carrier gas. The precursor doses were controlled 
by high speed ALD valves (Swagelok company). PLC software was used 
to control precursor dosing by pneumatic valves. The whole photograph 
of set-up ALD system which consists of control cabinet, reactor, and 
furnace is displayed in Fig. S1 (Supporting Information).

Fig. 1. Schematic diagram of FBR-ALD. The system mainly consists of (1) ni
trogen container, (2) pressure reduction valve, (3) rotameter, (4) mass flow 
controller, (5) ALD valve 1, (6) manual valve 1, (7) steel bottle for precursor 1, 
(8) ALD valve 2, (9) manual valve 2, (10) steel bottle for precursor 2, (11) 
connecting pipelines, (12) diaphragm valve, (13) cylinder filter, (14) furnace, 
(15) reactor, (16) particle bed, (17) plate filter, (18–21) conflat flanges, (22) 
Pirani manometer P3, (23) Pirani manometer P2, (24) Pirani manometer P1, 
and (25) thermal couple.
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2.2. Preparation process

CeO2 nanoparticles (purity > 99.5 %) with particle size in the range 
of 20–50 nm were purchased from Shanghai Macklin Biochemical Co. 
Ltd. The color of the pristine CeO2 nanoparticles displayed light yellow. 
The surface area of the nanoparticles was 36. 2 m2/g measured by BET 
method. To fluidize the CeO2 nanoparticles, nitrogen (N2) gas was 
continuously introduced into the reaction vessel and the gas flow was 
depended on the particle mass. In this paper, the mass of CeO2 nano
particles was ~ 2.0 g and the flow of fluidizing gas was set at 0.1–0.4 L/ 
min. For Al2O3 ALD process, Trimethylaluminium (Al(CH3)3, TMA) and 
deionized water (H2O) were used as precursors. The reactor was set at 
the temperature of 177 ℃ and maintained at least 2 h with a continuous 
fluidizing gas before starting the ALD process. In one Al2O3 coating 
cycle, TMA and H2O were introduced through multiple pulses and 
purges. The total dosing/purging times were 10 s/26.75 min for TMA 
pulses, and those were 5 s/14.25 min for H2O pulses. The N2 carrier gas 
of TMA and H2O was set as 10 sccm. Both the containers of TMA and 
H2O were set at room temperature. Regarding ALD ZnO process, 
diethylzinc (Zn(C2H5)2, DEZ) and H2O were selected as precursors. The 
reactor was heated to the reaction temperatures for at least 2 h with a 
continuous fluidizing gas before starting pulses of precursors. In one 
ZnO coating cycle, the dose manner of DEZ and H2O was similar as TMA 
and H2O. The total dosing/purging times of DEZ and H2O were 6 s/ 
17.75 min and 3 s/10.25 min, respectively. The N2 carrier gas of DEZ 
and H2O was set as 10 sccm. The containers of DEZ and H2O were set at 
room temperature.

2.3. Characterization

Powder X-ray diffraction (XRD) results were obtained on Bruker D8 
Advance with Cu-Kα radiation at λ = 0.15418 nm to analyze the phases 
of samples. The morphology and energy-disersive X-ray spectroscopy 
(EDX) of the ALD-coated nanoparticles were characterized by trans
mission electron microscopy (TEM, JEOL JEM F200) at 200 kV. The 
chemical states of surface elements were investigated by X-ray photo
electron spectroscopy (XPS, Thermo Scientific Nexsa G2) using mono
chromatic Al Kα X-ray source (hν = 1486.6 eV), with the X-ray gun 
oriented at 30◦ to the horizontal plane. For XPS analysis of particle 
samples, the material was uniformly dispersed on double-sided 
conductive copper tape mounted on aluminum foil. To minimize 
charging effects, the sample surface was gently pressed to ensure good 
electrical contact and removed loose particles. The pass energies for 
survey and high-resolution XPS scans were set to 100 eV and 50 eV, 
respectively. All the survey and high-resolution XPS spectra were 
charge-corrected by referencing the C 1 s peak to 284.8 eV. The diffuse 
reflectance spectra (DRS) in the wavelength range of 250–1800 nm were 
collected by UV–vis–NIR spectrophotometer (PerkinElmer Lambda 
1050 + ), during which BaSO4 was served as the reference. The Tauc plot 

method was employed to analyze the DRS results. The valence band-XPS 
(VB-XPS) was used to analyzed the valence band of the functionalized 
nanoparticles. The above-mentioned experiments can be illustrated 
using a process flow chart, as shown in Fig. 2.

3. Results and discussion

3.1. Amorphous Al2O3 coating

Different Al2O3 ALD cycles (0, 5, 10, and 20 cycles) were conducted 
on CeO2 nanoparticles. Fig. 3 reveals that the pristine and ALD-coated 
CeO2 nanoparticles show almost the same XRD patterns. The diffrac
tion peaks (2θ) at 28.33◦, 32.95◦, 47.39◦, 56.25◦, 59.04◦, 69.31◦, 76.64◦, 
78.94◦, and 88.36◦ correspond to the crystal planes (1 1 1), (2 0 0), (2 2 
0), (3 1 1), (2 2 2), (4 0 0), (3 3 1), (4 2 0), and (4 2 2) of the cubic CeO2 
phase (PDF#34-0394), respectively. No Al2O3 peak is detected in the 
XRD patterns. It indicates that ALD-deposited Al2O3 films may be 
amorphous.

To investigate the influence of ALD coating on micro-strain and 
crystalline size of CeO2 nanoparticles, the W-H (Williamson-Hall) 
method was employed, which can be expressed [42,43]: 

βcosθ =
Kλ
D

+4ε • sinθ (1) 

where β is the full width at half maxima (FWHM) of peaks, K represents 
the Scherrer constant (=0.9), λ is the wavelength of Cu-Kα radiation, D is 
the grain size, ε denotes the micro-strain, and θ is the angular position of 

Fig. 2. Process flow chart of experiments.

Fig. 3. XRD patterns of uncoated and Al2O3-coated CeO2 nanoparticles with 0, 
5, 10, and 20 ALD cycles.
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XRD peaks (in radian). According to the W-H method described in ref
erences [44–46], the crystalline size is calculated from the intercept of 
the linear fitting the plot between βcosθ versus 4sinθ, and the slop of the 
plot represents the micro-strain. Due to the shapes of peaks, the FWHM 
of XRD peaks has been determined by fitting of Lorentz distribution of 
the 5 strongest peaks in the XRD patterns. The results of W-H plots are 
shown in Fig. S2 (Supporting Information). Based on the plots, the size 
and micro-strain of the ALD-modified CeO2 nanoparticles are summa
rized in Table 1. The average crystalline size is 25–27 nm, showing no 
big difference, which can be ascribed to the ultrathin Al2O3 coating. On 
the other hand, the micro-strain first decreases slowly and then increases 
slightly. The low micro-strain of 5 ALD Al2O3 samples may be attributed 
to the high deposition temperature of 177 ℃ and non-uniform Al2O3 
coatings onto CeO2 nanoparticles caused by nucleation delay in ALD 
Al2O3 process. As the number of Al2O3 ALD increases beyond 10, the 
uniform coating could impose strain on the CeO2 nanoparticles, thereby 
inducing increase of micro-strain.

To investigate the morphology of Al2O3 films, TEM analysis was 
conducted. Fig. 4a clearly shows that the surfaces of nanoscale CeO2 are 
clean and no coating is found on the nanoparticles. As the number of 
ALD cycles increases to 10, a nanoscale film is obviously found on the 
CeO2 nanoparticles as a shell (Fig. 4b) and the coated film seems to be 
thicker in the samples with 20 ALD cycles (Fig. 4c). The morphological 
analysis confirms that ultrathin, conformal Al2O3 films are successfully 
coated onto CeO2 nanoparticles via a homemade FBR-ALD system, 
resulting in a core@shell structure.

For uncoated CeO2, the HRTEM images clearly show that the same 
lattice fringes exist both on the surfaces and inside the nanoparticles, as 
shown in Figs. 5a and d. The spacing distance of 0.282 nm marked in 
Fig. 5d represents crystal plane (2 0 0) of CeO2 with cubic phase. As the 
number of ALD cycles increases to 10, a nanoscale film with a thickness 
of about 1.9 nm is observed to cover the CeO2 nanoparticle as a shell, 
forming a CeO2@Al2O3 core@shell structure (Fig. 5b). Meantime, no 
lattice fringe is seen in the coated nanofilms, as indicated by the white 
dashed line enclosed area (Fig. 5e). When the number of ALD cycles 
increases further to 20, the coated nanofilms become thicker to ca. 3.8 
nm (Fig. 5c). The morphology of the coated nanofilms shows no lattice 
fringe while the lattice fringe with a spacing distance of 0.328 nm rep
resents crystal plane (111) of CeO2 (Fig. 5f). HRTEM analysis evidently 
verifies that the ALD-coated Al2O3 nanofilms on CeO2 nanoparticles are 
amorphous. It has been reported that the growth rate of Al2O3 nanofilms 
on ZrO2 nanoparticles can reach ca. 0.2 nm/cycle [33]. Our growth rate 
of Al2O3 of ca. 0.19 nm/cycle agrees with the reported result. From the 
EDX mapping of the CeO2 nanoparticle deposited with 10 ALD Al2O3 
cycles, a nanoscale shell with the thickness of ca. 1.9 nm, which is rich in 
Al and O elements and poor in Ce element, is observed in the outer 
surface of CeO2, as shown in Fig. 5g–l. The EDX results further confirm 
that the ALD-coated Al2O3 nanofilms on CeO2 nanoparticles using TMA 
and H2O as precursors at 177 ◦C are amorphous alumina oxide.

XPS spectra of Al2O3-coated CeO2 nanoparticles were recorded to 
investigate the chemical states of surface elements, as the results shown 
in Fig. 6. The survey spectra of uncoated and Al2O3-coated CeO2 nano
particles with 5 and 10 ALD cycles are shown in Fig. 6a. It is clearly seen 
that peaks with binding energies of ca. 74.1 eV appear in the Al2O3- 
coated samples. These peaks belong to Al 2p of the coated amorphous 
Al2O3, which are also confirmed in the Al 2p high-resolution XPS spectra 
(Fig. 6b). In uncoated and Al2O3-coated CeO2 nanoparticles, the high- 

resolution XPS spectra of Ce 3d and O 1 s are shown in Figs. 6c and d, 
respectively. Fig. 6c displays the fitted peaks of Ce 3d high-resolution 
XPS spectra and the results agree well with the ref. [47,48]. The peaks 
marked as v, vʹ́ , vʹ́ʹ, u, uʹ́ , and uʹ́ʹ with binding energies of ca. 881.8 eV, 
888.3–888.4 eV, 897.7 eV, 900.4 eV, 906.9–907.0 eV, and 916.1 eV, 
respectively, belong to Ce4+ ion, while v0, v́ , u0, and uʹ with binding 
energies of ca. 879.8–880.0 eV, 884.2–884.4 eV, 897.6–898.2 eV, and 
903.1 eV, respectively, belong to Ce3+ ion. All the Ce 3d XPS results of 
binding energies and FWHM are listed in Table S1 (Supporting Infor
mation). The peak fitting parameters, i.e., FWHM, are consistent with 
the references [49,50]. The existence of Ce3+ ion in CeO2 nanoparticles 
is caused by oxygen vacancies, which is a common defect in oxide 
nanoparticles [51]. As the number of Al2O3 ALD cycles increases, the 
profiles of high-resolution XPS of O 1 s become distinct. Fig. 6d displays 
the peak fitting of O 1 s high-resolution XPS spectra. For the uncoated 
CeO2 sample, the binding energies of 529.0 eV and 531.2 eV belong to 
the lattice oxygen (O-M-O) and oxygen vacancy (VO), respectively, while 
those of lattice oxygen and oxygen vacancy remain almost the same in 
Al2O3-coated CeO2 nanoparticles. However, the relative percentages of 
these two states of O 1 s are different. As summarized in Table 2, the 
percentage of lattice oxygen decreases from 72.7 % in uncoated CeO2 
nanoparticles to 11.4 % in 10 ALD Al2O3-coated counterparts while the 
oxygen vacancy increases from 27.3 % in uncoated samples to 88.6 % in 
10 ALD Al2O3-coated ones. Additionally, the ratio of atomic percentage 
of VO/O-M-O increases from 0.37 to 7.77 drastically. It is worth noting 
that the ratio of atomic percentages between Ce3+ and Ce4+ in uncoated 
CeO2 nanoparticles is calculated as 0.30, which agrees with the value of 
0.37 obtained from O 1 s spectrum. In addition, the FWHM of oxygen 
vacancy enlarges from 2.1 eV to 3.0 eV, which can be attributed to the 
drastic increase of oxygen vacancy induced by amorphous Al2O3 
coating. As the HRTEM results shown, the thickness of the Al2O3 
nanofilm increases with the number of ALD cycles. It is worth noting 
that the results of XPS are the information about the surface of samples 
with the depth in the range of 1–10 nm. Therefore, the oxygen vacancies 
in Al2O3 nanofilms induce the increase of oxygen vacancies in the 
CeO2@Al2O3 core@shell nanocomposites. On the other hand, the XPS 
results verify that the ALD-coated Al2O3 nanofilms on CeO2 are amor
phous and rich in oxygen vacancies.

3.2. Crystalline ZnO coating

For depositing ZnO nanofilms on CeO2 nanoparticles, different 
reactor temperatures (80 ℃, 100 ℃, 120 ℃, 150 ℃, and 177 ℃) and 
ALD cycles (0, 10, 20, and 30) were conducted in the homemade FBR- 
ALD system. Fig. 7 shows the XRD results of different CeO2 nano
particles with different coating conditions. At different reactor temper
atures, CeO2 with cubic structure (PDF#36-0394) is clearly detected in 
all the samples (Fig. 7a). As the reactor temperature increases from 80 ℃ 
to 177 ℃, XRD peaks of crystalline ZnO with wurtzite structure begin to 
appear. At 177 ℃, the diffraction peaks at 31.56◦ and 36.22◦, which 
represent the crystal planes (1 0 0) and (1 0 1) of the wurtzite ZnO phase 
(PDF#36–1451), respectively, are more distinct than that of the samples 
deposited at 80 ℃ (Fig. 7b). As ZnO ALD cycles increase to 30 with the 
reactor temperature remaining at 177 ℃, the peaks (1 0 0) and (1 0 1) of 
crystalline ZnO appear more obvious than other samples, as shown in 
Figs. 7c and d. The XRD results indicate that it could improve the 
crystallinity of atomic layer-deposited ZnO on CeO2 nanoparticles by 
appropriately increasing reactor temperature and the number of ALD 
cycles.

Similar to process the XRD data of Al2O3 ALD samples, the W-H plots 
were obtained to analyze the micro-strain and average size, as shown in 
Figs. S3 and S4 (Supporting Information). And the results of crystalline 
size and micro-strain are summarized in Table 3. It is noteworthy that 
the ZnO related peaks are not adequate in the XRD patterns and the W-H 
plots is based on the XRD peaks of CeO2. The crystalline size shows no 

Table 1 
Crystalline size and micro-strain of Al2O3-modified CeO2 nanoparitcles.

Physical parameter Pristine sample Different Al2O3 ALD cycles

5 10 20

Crystalline size (nm) 26.3 24.8 26.9 26.2
Micro-strain (× 10− 3) 0.89 0.75 0.98 0.92
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Fig. 4. TEM images of CeO2 nanoparticles with different ALD Al2O3 cycles: (a) uncoated, (b) 10 ALD cycles, (c) 20 ALD cycles.

Fig. 5. HRTEM of CeO2 nanoparticles for uncoated sample (a, d), 10 ALD Al2O3 sample (b, e), and 20 ALD Al2O3 sample (c, f). (g–l) STEM-EDX of Al2O3-coated CeO2 
nanoparticles with 10 ALD cycles.
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big difference after ZnO ALD with different deposition temperatures and 
number of ALD cycles. Before 100 ℃, the micro-strain of CeO2 initially 
increases slightly, then decreases and remains stable up to 177 ℃. It 
indicates that high crystallinity of ZnO coatings could reduce the micro- 
strain in CeO2 nanoparticles. As the number of ZnO ALD cycles in
creases, the micro-strain increases slightly, which can be attributed to 
the increased thickness of ZnO coatings.

Fig. 8 shows the morphology of ZnO-coated CeO2 nanoparticles. For 
the sample with 10 ALD ZnO@80 ℃, non-conformal coatings are seen 
on CeO2 (Fig. 8a) while lattice fringes are clearly displayed in the non- 
conformal coating (Figs. S5a–b in Supporting Information). It indicates 
that crystalline ZnO is formed in the atomic-layer-deposited nanofilms at 

that temperature. As the temperature increases to 177 ℃, more 
conformal coating is found on the CeO2 nanoparticle (Fig. S5c in Sup
porting Information) and the average thickness can be found ca. 2.5 nm 
(Fig. 8b). Further increasing the number of ALD cycle to 30, thicker ZnO 
coating (~7.5 nm) is found on the CeO2 nanoparticle as a shell, thereby 
forming a CeO2@ZnO core@shell structure (Fig. 8c). It has been re
ported that the growth rate of ZnO nanofilms on TiO2 and SiO2 nano
particles is ca. 0.2 nm/cycle [52]. A growth rate of about 0.22 nm/cycle 
has been achieved for ZnO ALD coated onto multiwalled carbon nano
tubes [53]. Our growth rate of ZnO ALD is similar to the reported results. 
Since that crystalline ZnO is deposited on CeO2 nanoparticles, the in
terfaces between cubic CeO2 and wurtzite ZnO could form 
heterostructures.

In order to clarify the CeO2/ZnO interface, HRTEM was conducted 
for the sample with 30 ALD ZnO cycles deposited at 177 ℃. Fig. 9a–d 
show that CeO2 core with crystal plane (1 1 1) is surrounded by a 
nanofilm coating with different lattice fringes, indicating poly
crystallinity of deposited ZnO nanofilms. By zooming the areas enclosed 
by rectangles in Fig. 9a, marked as Site 1, Site 2, and Site 3, the results 
are shown in Fig. 9b–d. Site 1 can be divided into two parts by a white 
dashed line, showing different patterns of lattice fringes (Fig. 9b). The 
spacing distance of 0.265 nm represents the crystal plane (002) of 
crystalline ZnO with wurtzite structure while other part represents 

Fig. 6. (a) Total XPS spectra of uncoated and Al2O3-coated CeO2 nanoparticles. (b) XPS spectra of Al 2p. (c) XPS spectra and peak fitting of Ce 3d. (d) XPS spectra and 
peak fitting of O 1 s.

Table 2 
XPS results for the uncoated and Al2O3-coated CeO2 nanoparticles: binding en
ergies (eV); (FWHM *); relative percentages.

O 1 s Binding energy (FWHM) Relative percentage

Uncoated 5 ALD Al2O3 10 ALD Al2O3

O–Ce–O 529.0 (1.1) 72.7 % 528.9 (1.1) 34.8 % 528.9 (1.0) 11.4 %
VO 531.2 (2.1) 27.3 % 531.2 (3.0) 65.2 % 531.1 (3.0) 88.6 %

* full width at half maxima, (eV).
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crystal plane (111) of cubic CeO2. Thus, the white dashed line is the 
interface between these two phases. Similar interfaces are found in Site 2 
and Site 3 (Figs. 9c and d). The HRTEM analysis demonstrates that 
CeO2/ZnO heterostructures are formed in ZnO-coated CeO2 nano
particles. STEM-EDX mapping of the sample shows that a nanoscale 
shell, rich in Zn and O elements, is on the outer of the CeO2 core 
(Fig. 9e–j), which further confirms that CeO2 is enclosed by a poly
crystalline ZnO film with a nanoscale thickness.

XPS spectra are also used to analyze the chemical states of surface 
elements in ZnO-coated CeO2 nanoparticles. The survey spectra of un
coated and ZnO-coated CeO2 nanoparticles with different ALD cycles 
and different reactor temperatures are shown in Fig. 10a. Compared to 
uncoated CeO2 sample, the ZnO-coated CeO2 nanoparticles clearly show 
Zn 2p peaks and other peaks such as Zn 3d, Zn 3p, Zn 3 s, Zn(LMM), and 
Zn 2 s. To verify the chemical states in ZnO-coated CeO2 samples, the 
XPS of ZnO nanoparticles with the purity of 99.9 % and the diameter in 

Fig. 7. XRD patterns of uncoated and ZnO-coated CeO2 nanoparticles. (a–b) 10 ZnO ALD cycles at different temperatures. (c–d) Different ALD cycles with reactor 
temperature at 177 ℃.

Table 3 
Crystalline size and micro-strain of ZnO-modified CeO2 nanoparticles.

Physical parameter Pristine sample Different temperature (℃) with 10 ALD cycles Different ALD cycles at 177 ℃

80 100 120 150 177 20 30

Crystalline size (nm) 26.3 28.41 28.89 27.46 26.46 25.97 25.97 26.72
Micro-strain (× 10− 3) 0.89 0.92 0.96 0.75 0.79 0.78 0.65 0.79
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the range of 20–40 nm has been conducted, as the results shown in 
Fig. S6 (Supporting Information). The Zn-related peaks observed in ZnO- 
coated CeO2 nanoparticles (Fig. 10a) agree well with those in the ZnO 
survey spectrum (Fig. S6a in Supporting Information). High-resolution 
XPS of Zn 2p further confirms that Zn 2p with binding energies at 
1021.5 eV (Zn 2p3/2) and 1044.6 eV (Zn 2p1/2) exists in the ZnO- 
coated CeO2 nanoparticles, as shown in Fig. 10b. In uncoated and 
ZnO-coated CeO2 nanoparticles, the high-resolution XPS spectra of Ce 
3d and O 1 s are shown in Figs. 10c and d. Fig. 10c displays the peak 
fitting of Ce 3d high-resolution XPS spectra. The peaks, marked as v, vʹ́ , 
vʹ́ʹ, u, uʹ́ , and uʹ́ʹ with binding energies of 881.8–881.9 eV, 888.2–888.4 
eV, 897.6–897.8 eV, 900.2–900.4 eV, 907.0–907.1 eV, and 916.0–916.1 
eV, respectively, belong to Ce4+ ion, while v0, v́ , u0, and uʹ with binding 
energy of 880.0–880.7 eV, 883.7–884.3 eV, 898.3–898.4 eV, and 
902.6–903.1 eV, respectively, belong to Ce3+ ion. The peak fitting pa
rameters regarding Ce 3d for ZnO-coated CeO2 nanoparticles, i.e., 
FWHM, are listed in Table S2 (Supporting Information). Compared to 
the uncoated CeO2, the high-resolution XPS spectra of O 1 s for ZnO- 
coated CeO2 nanoparticles become distinct, and the difference appears 
more obvious for the sample with 30 ALD cycles. Fig. 10d shows the 
results of peak fitting for the high-resolution XPS spectra of O 1 s. From 
the O 1 s spectra of the uncoated CeO2 sample, there are two binding 
energies of 531.2 eV (VO) and 529.0 eV (O–Ce–O). Compared to the 
uncoated CeO2 nanoparticles, three peaks of O 1 s located at 
528.8–529.0 eV, 530.1–530.3 eV, and 531.7–531.8 eV, are obviously 
found in the ZnO-coated CeO2 sample, as displayed in Fig. 10d. For ZnO 
nanoparticles, the binding energies of O–Zn–O and VO are located at 
530.2 eV and 531.8 eV, respectively (Fig. S6b in Supporting Informa
tion). Based on the analysis of O 1 s XPS in ALD-coated CeO2 and ZnO 
nanoparticles, it can be concluded that the binding energies located at 
530.1–530.3 eV and 528.8–529.0 eV belong to the lattice oxygen, 
namely O–Zn–O and O–Ce–O, respectively. And the binding energy 
located at 531.7–531.8 eV belongs to oxygen vacancies. Thus, in ZnO- 
coated CeO2 nanoparticles, there are two types of lattice oxygen 
(O–Ce–O and O–Zn–O) and one oxygen vacancy (VO). The binding en
ergy and related percentage of O 1 s for ZnO-coated CeO2 nanoparticles 
are summarized in Table 4. For all the uncoated and ZnO-coated CeO2 
samples, the binding energies of lattice oxygen O–Ce–O remain constant 
at ca. 529.0 eV. However, the relative percentage decreases steadily 
from 72.7 % for uncoated samples to 11.6 % for 30 ALD ZnO@177 ℃ 
sample. The binding energy of O–Zn–O lattice oxygen for the ZnO- 
coated CeO2 sample stands at 530.1–530.3 eV, agreeing well with the 
binding energy of 530.2 eV for pure ZnO nanoparticles. And the relative 
percentage of O–Zn–O increases from 28.2 % for 10 ALD ZnO@80 ℃ 
sample to 62.2 % for 30 ALD ZnO@177 ℃ sample. The binding energy 
of VO in the uncoated CeO2 sample is 531.2 eV, smaller than that of VO 
531.9 eV in pure ZnO nanoparticles. In the ZnO-coated CeO2 sample, the 
binding energy of VO is in the range of 531.7–531.8 eV, higher than that 
in the uncoated CeO2 sample (531.2 eV). The relative percentage of VO 

decreases from 33.0 % for 10 ALD ZnO@80 ℃ samples to 28.2 % for 10 
ALD ZnO@177 ℃ samples, and further reduces to 26.2 % for 30 ALD 
ZnO@177 ℃ samples. It is worth noting that the relative percentage of 
oxygen vacancy VO is 33.3 % in ZnO nanoparticles. The relative per
centage of low content of oxygen vacancies and high content of lattice 
oxygen indicate high crystallinity of ZnO nanofilms in the 30 ALD 
ZnO@177 ℃ samples, which agrees with the XRD results. Additionally, 
the FWHM of oxygen vacancies is about 1.7–1.8 eV for ZnO-coated 
samples, which is much lower than that for Al2O3-coated samples (ca. 
3.0 eV) with amorphous coatings. From the ratio of relative percentage 
of O 1 s in ZnO-coated CeO2 samples (Table 5), O–Zn–O/O–Ce–O in
creases from 0.73 for the 10 ALD ZnO@80 ℃ sample to 5.36 for the 30 
ALD ZnO@177 ℃ sample. Meantime, VO/O–Ce–O increases from 0.85 
for the 10 ALD ZnO@80 ℃ sample to 2.25 for the 30 ALD ZnO@177 ℃ 
sample. The relative high percentage of O–Zn–O for samples ZnO ALD 
deposited at 177 ℃ indicates that the crystallinity of ZnO nanofilms 
could be improved by increasing reactor temperature. And the highest 
ratio of lattice oxygen O–Zn–O in the 30 ALD ZnO sample is attributed to 
the thicker crystalline ZnO nanofilms.

3.3. UV-blocking property

To investigate the optical absorption properties of the uncoated and 
ALD-coated CeO2 nanoparticles, DRS were conducted on a UV–vis-NIR 
spectrometer. For Al2O3-coated nanoparticles, the DRS in the range of 
250–800 nm show an intense absorption of UV light (Fig. 11a). As the 
number of ALD cycles increases, the reflectance in the visible light 
(400–800 nm) decreases. With Al2O3 coating on CeO2 nanoparticles, the 
appearance of powders change from light yellow to light gray and be
comes further gray as the number of ALD cycles increases (the inset of 
Fig. 11a). On the other hand, after 10-cycle Al2O3 ALD, the UV- 
absorption edge exhibits a blue shift, showing decreased value of the 
absorption edge.

Regarding ZnO-coated samples, at different reactor temperatures, 
the DRS in the range of 250–800 nm show an intense absorption of UV 
light, and UV-absorption edge appears a slight red shift as the reactor 
temperature increases. Specifically, the CeO2 samples deposited at 177 
℃ has the largest UV-absorption edge of ca. 377 nm compared to that of 
371 nm for uncoated CeO2 samples (Figs. S7a and b in Supporting In
formation). For the samples deposited at 177 ℃ with different ALD 
cycles, the DRS results are illustrated in Fig. 11c. From the figure, the 
DRS spectra in the range of 250–800 nm show an intense absorption of 
UV light, similar to that of Al2O3-coated CeO2 nanoparticles. As the 
number of ZnO ALD cycles increases, the reflectance in the visible light 
(400–800 nm) decreases. And the color of powders changes from light 
yellow to light gray (the inset of Fig. 11c). Moreover, with an increase of 
the number of ZnO ALD cycles, a red shift of the UV-absorption edge 
occurs, differing from that of Al2O3-coated samples.

To further investigate the color of appearance of powders in the 

Fig. 8. TEM images of uncoated and ZnO-coated CeO2 nanoparticles. (a) Sample with 10 ALD cycles deposited at 80 ℃. (b) Sample with 10 ALD cycles deposited at 
177 ℃. (c) Sample with 30 ALD cycles deposited at 177 ℃.
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visible light, the average reflectance R is defined as follows: 

R =

∫ λ2
λ1

R • dλ
(λ2 − λ1)

(2) 

where λ1 and λ2 represent the wavelength, and R is the measured 
reflectance. Based on the equation, the average reflectance of the sam
ples in the wavelength range of 400–800 nm is calculated and displayed 
in Figs. 11b and d. For the pristine CeO2 nanoparticles, the reflectance in 
the ranges of 570–600 nm (yellow light region) is larger than those in 
400–500 nm (blue light region) and 500–570 nm (green light region), 
resulting light yellow color for uncoated CeO2 nanoparticles. As Al2O3 
and ZnO coating on CeO2 nanoparticles, the average reflectance in the 
different wavelength regions decreases. However, the reflectance in the 
yellow light region drops faster than that in the blue light region and 
green light region, resulting the latter outperforming the former. As the 

number of ALD cycles increases beyond 10 for Al2O3-coated samples and 
20 for ZnO-coated samples, the color of coated CeO2 nanoparticles be
comes light gray or even medium gray. It indicates that the thickness of 
ALD-coated nanofilms affects the appearance of CeO2 nanoparticles. 
Additionally, the thicker coatings can lead to the disappearance of ab
sorption in the NIR region for CeO2 nanoparticles. In the uncoated CeO2 
samples, a weak absorption occurs between 1360 and 1455 nm, which 
disappears both in Al2O3-coated samples with beyond 10 ALD cycles and 
ZnO-coated samples with beyond 10 ALD cycles (Figs. S8a and b in 
Supporting Information).

For the UV-absorption edge shifting in the ALD-coated samples, 
Fig. 11e clearly shows the difference of UV-absorption edges in the range 
of 300–500 nm. The optical band-gap energies can be analyzed by 
Tauc’s equation [54–56]: 

(αhν)1/n
= A(hν − Eg) (3) 

Fig. 9. (a) HRTEM of ZnO-coated CeO2 nanoparticles with 30 ALD cycles at 177 ℃. (b), (c), and (d) Enlarged images of areas marked as Site 1, Site 2, and Site 3 in 
(a), respectively. (e–j) STEM-EDX mapping of ZnO-coated CeO2 nanoparticles with 30 ALD cycles at 177 ℃.
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where α is the absorption coefficient, hν is the photon energy (eV), A is a 
physical constant related to the material, Eg is the band-gap energy (eV), 
and n characterizes the electronic transition type of the materials (n = 1/ 
2 for direct band-gap materials; n = 2 for indirect band-gap materials). 
In this study, the band-gap energies of the uncoated, 10 ALD Al2O3, and 
30 ALD ZnO samples are determined through Tauc plot analysis for 
direct band-gap materials (n = 1/2). To analyze the DRS data obtained 
from the particle samples, the Kubelka-Munk function F(R) was 
employed, which is expressed as follows [57–59]: 

F(R) =
(1 − R)2

2R
(4) 

where R (0 < R < 1) represents the measured reflectance of the samples. 
Assuming that the absorption coefficient (α) is proportional to the 
Kubelka-Munk function F(R), the band-gap energies can be obtained 
from the plot of [F(R)hν]2 versus hν, as the intercept of the extrapolated 
linear part of the plot at[F(R)hν]2 

= 0. Based on the UV–vis DRS, the 
corresponding curves are obtained and displayed in Fig. 11f. The band- 
gap energies of the uncoated, 10 ALD Al2O3-coated, and 30 ALD ZnO- 
coated CeO2 nanoparticles are found to be 3.34, 3.39, and 3.21 eV, 
respectively. On the other hand, the reflectance onset wavelength ob
tained by extrapolation of the DRS curves shows comparable band-gap 
energies, which are found to be 3.33, 3.41, and 3.25 eV, as listed in 
Table 6. The results indicate that the ZnO coating lead to a decease of 
band-gap energy for CeO2 nanoparticles while the Al2O3 coating gives 

Fig. 10. (a) Total XPS spectra of uncoated and ZnO-coated CeO2 nanoparticles. (b) XPS spectra of Zn 2p. (c) XPS spectra and peak fitting of Ce 3d. (d) XPS spectra and 
peak fitting of O 1 s.

Table 4 
XPS results for the ZnO-coated CeO2 nanoparticles: binding energies (eV); 
(FWHM); relative percentages.

O 1 s Binding energy (FWHM) Relative percentage

Uncoated Pure 
ZnO

10 ALD@80 
℃

10 ALD@177 
℃

30 ALD@177 
℃

O–Ce–O 529.0 − 529.0 528.9 528.8
(1.1) (1.1) (1.0) (1.0)
72.7% 38.8 % 20.2 % 11.6 %

O–Zn–O − 530.2 530.3 530.2 530.1
(1.3) (1.3) (1.4) (1.4)
66.7 % 28.2 % 51.6 % 62.2 %

VO 531.2 531.8 531.7 531.8 531.8
(2.1) (1.9) (1.8) (1.7) (1.7)
27.3 % 33.3 % 33.0 % 28.2 % 26.2 %

Table 5 
Ratio of relative percentage in ZnO-coated CeO2 nanoparticles.

O 1 s Ratio of relative percentage

Uncoated 10 ALD@80 
℃

10 ALD@177 
℃

30 ALD@177 
℃

O–Zn–O/ 
O–Ce–O

0 0.73 2.55 5.36

VO/O–Ce–O 0.37 0.85 1.40 2.25
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an increase of that value.

3.4. Mechanism analysis

The shifts in the UV-absorption band edges of the uncoated, 10 ALD 
Al2O3-coated, and 30 ALD ZnO-coated CeO2 samples are carefully 
observed using valence band XPS (VB-XPS), as the results shown in 
Fig. 12. For a better observation, the zoomed areas of each sample as 

depicted in Fig. 12a are separately shown in Fig. 12b–d. According to the 
figures, the VB maximum (VBM) of uncoated CeO2 nanoparticles was at 
2.17 eV. On the other hand, CeO2@10 ALD Al2O3 sample shows a 
lowering of VBM to 2.23 eV. The CeO2@30 ALD ZnO sample exhibits 
VBM at 2.33 eV, showing a further dropping compared to the uncoated 
sample. The optical band-gap energies of the uncoated CeO2, CeO2@10 
ALD Al2O3, and CeO2@30 ALD ZnO sample are 3.34, 3.39, and 3.21 eV, 
respectively, which are obtained from Tauc plot analysis based on 

Fig. 11. Optical absorption property of ALD-coated CeO2 nanoparticles. (a) DRS spectra in the range of 250–800 nm for the Al2O3-coated nanoparticles with different 
ALD cycles, with the inset showing the photograph of the coated nanoparticles. (b) Average reflectance calculated from (a). (c) DRS spectra in the range of 250–800 
nm for the ZnO-coated nanoparticles with different ALD cycles, with the inset showing the photograph of the coated nanoparticles. (d) Average reflectance calculated 
from (c). (e) DRS spectra of CeO2 nanoparticles, Al2O3-coated, and ZnO-coated CeO2 nanoparticles in the wavelength of 300–500 nm. (f) Tauc plot analysis for band- 
gap calculation.
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UV–vis DRS of the samples. Therefore, the proposed band structures of 
the ALD-coated CeO2 nanoparticles are shown in Fig. 12e, which are 
based on the combination of VB-XPS and UV–vis DRS results. From the 
optical band-gap energies and VBM, the conduction band minima (CBM) 

of the uncoated CeO2, CeO2@10 ALD Al2O3, and CeO2@30 ALD ZnO 
samples would occur at − 1.17, − 1.16, and − 0.88 eV, respectively. For 
the Al2O3-coated sample, the dropping of VBM is ca. 0.06 eV while the 
CBM shows almost the same. Regarding the ZnO-coated sample, the 
dropping of CBM is 0.29 eV while that of VBM is 0.16 eV. Therefore, the 
blue shift of the UV-absorption band edge for the Al2O3-coated sample 
could be attributed to the dropping of VBM, while the red shift for the 
ZnO-coated sample is mainly due to the dropping of CBM.

Additionally, as the HRTEM analysis shown, the amorphous alumina 
nanofilm is deposited on CeO2 cores, serving as an insulation layer. It has 
been reported that the ALD amorphous alumina layer shows a wild band 
gap of ca. 7.0 eV [60,61]. The insulated layer could hinder the excitation 
of electrons from the valence band, resulting an enlarged band-gap en
ergy of CeO2@Al2O3 nanoparticles. Regarding CeO2@ZnO nano
particles, the crystalline ZnO shell is coated on CeO2 cores, and 
heterostructures are formed at the interface between CeO2 core and ZnO 

Table 6 
Band-gap energies of uncoated, 10 ALD Al2O3-coated, and 30 ALD ZnO-coated 
CeO2 nanoparticles from Tauc plot analysis (Fig. 11f) and extrapolation from 
the reflectance onset wavelength (Fig. 11e).

Sample Band-gap energy obtained 
from Tauc plot analysis (eV)

Band-gap energy from DRS 
data extrapolation (eV)

Uncoated CeO2 3.34 3.33
CeO2@10 ALD 

Al2O3

3.39 3.41

CeO2@30 ALD 
ZnO

3.21 3.24

Fig. 12. (a) Valance band-XPS for uncoated and ALD-coated CeO2 nanoparticles. (b) Valance band spectra for uncoated CeO2 nanoparticles. (c) Valance band 
spectrum for CeO2@Al2O3 nanoparticles. (d) Valance band spectrum for CeO2@ZnO nanoparticles. (e) Schematic diagrams of the proposed band structures.
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shell. It has been reported that the band gap of ZnO film is 3.3–3.5 eV, 
and the heterostructures of CeO2/ZnO interface can be deemed as type II 
[62–64]. The blending of band structures could occur, which may result 
in valence band and conduction band getting closer to each other, 
thereby leading to a shrinkage of the effective band gap in the 
CeO2@ZnO core@shell structure.

4. Conclusions

In summary, nanoscale Al2O3 and ZnO films are deposited on CeO2 
nanoparticles using atomic layer deposition with a custom fluidized bed 
reactor. As the number of ALD cycles increases, the colors of ALD-coated 
CeO2 nanoparticles change from light yellow to light gray. The ALD- 
coated Al2O3 nanofilms that form CeO2@Al2O3 core@shell structure 
are verified to be amorphous and rich in oxygen vacancies, while ZnO 
nanofilms are crystalline and form heterostructures at the interfaces 
between CeO2 and ZnO. Both the Al2O3-coated and ZnO-coated CeO2 
nanoparticles show intense UV absorption. Compared to pristine CeO2 
nanoparticles, the absorption band edge of Al2O3-deposited nano
particles after 10 ALD cycles shows a blue shift from 3.34 eV (pristine) to 
3.39 eV, whereas that of ZnO-deposited nanoparticles after 30 ALD cy
cles exhibits a red shift to 3.21 eV. The blue shift of absorption band for 
Al2O3-modified nanoparticles can be ascribed to the existence of the 
insulation layer of amorphous alumina and the dropping of the valence 
band, which induces an enlarged band gap in CeO2@Al2O3 core@shell 
structure. The red shift for ZnO-modified nanoparticles may result from 
the formation of heterostructures at the CeO2/ZnO interfaces and the 
dropping of valence band, which leads to a shrinkage of the effective 
band gap. This work suggests that the color change of ceria nano
particles can serve as a rapid indicator for preliminary assessment of the 
ALD process. Furthermore, it shows that the UV-absorption property of 
CeO2 nanoparticles can be modulated by depositing nanofilms via par
ticle ALD technique, enabling a feasible approach to utilize high- 
abundance rare earth elements in value-added applications.
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