Rare Metal Materials and Engineering
Volume 45, Issue 8, August 2016
Online English edition of the Chinese language journal

Available online at www.sciencedirect. com

ScienceDirect

Cite this article as: Rare Metal Materials and Engineering, 2016, 45(8): 1988-1991.

Enhanced Visible Light Adsorption of Heavily Nitrogen
Doped CeO2 Thin Film via lon Beam Assisted Deposition

Jia Yizheng'?, Li Hui?, Hu Nannan?,

Wang Qingyuan®

! Key Laboratory for Energy Engineering Safety and Disaster Mechanics, Ministry of Education, Sichuan University, Chengdu 610065, China;

%Innovation and Practice Base for Postdoctors, Sichuan College of Architectural Technology, Deyang 618000, China; * Sichuan College of

Architectural Technology, Deyang 618000, China

Abstract: CeO; is a promising material for the utilization of solar light in photocatalytic reactions. However, the major obstacle for
these studies is the lack of reliable methods to incorporate the desired elements such as nitrogen into the crystal lattice of CeO,. In
the present study, a nitrogen-doped CeO, thin film was synthesized by IBAD technique. With this technique, the nitrogen was
heavily and uniformly doped into the CeO, thin films. XPS analysis clearly demonstrates the greatest N concentration of 25 mol%
can be doped in CeOy thin films which is much higher than that obtained via traditional methods. The high resolution N 1s spectrum
shows that nitrogen dopants are uniformly doped into CeO;, lattice by substituting O. The XRD results indicate ion bombardment on
the growing film surface does not alter the crystal structure of the film by itself. Instead, the heavy nitrogen doping induces smaller
grain size of CeO,. The SEM images show that with the increase of N doping, the surface become smoother with smaller particle
size. The heavily nitrogen doping also induces a red shift of the visible light absorbance from 380 nm to 450 nm.
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Metal oxides have been extensively studied for the
utilization of solar light as energy source because of their
relatively low cost, high photostability and useful
optoelectronic properties™™!. However, their photocatalytic
capabilities are limited to ultraviolet (UV) illumination,
which means that only a small portion (3%~4%) of the
whole solar spectrum can be utilized. Therefore, it is greatly
interesting to develop photocatalysts that can yield high
reactivity under visible light that accounts for around 45%
of solar spectrum.

Since the report of nitrogen-doped TiO, by Asahi et al.”,
N-doping has been demonstrated to be an important method
for modifying the properties of oxides, which show good
mechanical, catalytic and optical properties’®*". Cheng et
al™ reported the nitrogen doping into ZrO, increased the
anion vacancy concentration and stabilized the cubic or
tetragonal form at room temperature, which has been
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reported as super-ionic conductors.  Stoichiometric
oxynitrides also have useful optical properties such as
photocatalytic TaON and yellow-red pigments in the solid
solution series CaTaO,N-LaTaON, %4,

As one of the most abundant and least expensive rare
earth metal oxides, cerium oxide has been extensively
studied as catalyst™, electrolyte materials of solid oxide
fuel cells™ UV shielding materials™”, and chemical
mechanical planarization materials™® because of its specific
physical and chemical properties. Bamwenda et al. have
reported that cerium dioxide is a promising material for the
utilization of solar light in photocatalytic reactions™™. Mao
et al™™ have recently reported photocatalytic activity under
visible light of nanoparticles of nitrogen-doped ceria in
methylene blue decomposition. However, the major
obstacle for the studies on the nitrogen doping is the lack of
reliable methods to incorporate the desired elements. For

Corresponding author: Wang Qingyuan, Ph. D., Professor, Key Laboratory for Energy Engineering Safety and Disaster Mechanics, Ministry of Education, Sichuan

University, Chengdu 610065, P. R. China, E-mail: wangqy@scu.edu.cn

Copyright © 2016, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.

1988



Jia Yizheng et al. / Rare Metal Materials and Engineering, 2016, 45(8): 1988-1991

example, Jorge et al ?" showed that just 4.5 mol% N can be
introduced into ceria under reducing conditions between
550 and 900 <C through ammonolysis.

In this study, we synthesized nitrogen-doped CeO, thin
films by IBAD technique. The morphology and crystal
structure of these thin films were characterized by SEM and
XRD techniques. The chemical states of nitrogen in the
CeO, were investigated by X-ray photoelectron
spectroscopy (XPS).

1 Experiment

1.1 Thin Film Fabrication

The ion-beam-assisted deposition (IBAD) system used in
this study consisted of a 3 kW electron-beam evaporator,
3-cm-diameter Kaufman-type ion source, and a substrate
holder with a heater made of tantalum. A quartz-crystal
monitor was used to control the film thickness as well as
the deposition rate. The material of substrate was
microscope glass slide, which was ultrasonically cleaned in
acetone and methanol baths successively, and blow dried
under nitrogen purge. Prior to deposition, the substrate was
cleaned by 1000 eV Ar” ions for 5 min to remove surface
contamination. Nitrogen-doped cerium oxide was deposited
by electron-beam evaporation of cerium oxide, anatase,
99.9% (Alfa Aesar, USA). Simultaneously, the growing
CeO, film was bombarded by nitrogen ions. During
deposition, the nitrogen partial pressure was controlled at a
stable value in the range of 1.3x10%~3.9x102 Pa. The
working pressure and the deposition rate were adjusted to
regulate N incorporation. The deposition was carried out at
a substrate temperature of 450 <C. After the deposition, the
thin film was heated to about 150 <C and then bombarded
by ions (nitrogen 50% and oxygen 50%) for 3 min followed
by holding at 80 <C for 20 min in oxygen atmosphere.
1.2 Characterization

The crystal structures of these films were analyzed by the
glancing angle X-ray diffraction (GAXRD) using a
D/MAX-2004 X-ray diffractometer (Rigaku Corporation,
Tokyo, Japan) with Ni-filtered Cu (4 = 0.15418 nm)
radiation at 56 kV and 182 mA. The morphology of these
films was examined by scanning electron microscopy
(SEM). SEM observation was made with a SEM LEO
SUPRA 35 (Carl ZEISS Inc., Oberkochen, Germany) at an
acceleration voltage of 20 kV. Before imaging, the samples
were sputtered with gold for 120 s to enhance their surface
conductivity (Cress ington Sputter Coater 208HR,
Cressington Scientific Instrument Ltd., Watford, U. K.).
The UV-vis spectra of these films were measured on a
UV-2550 spectrophotometer (Shimadzu Corporation, Kyoto,
Japan). Compositions of these samples were analyzed by a
X-ray photoelectron spectrometer (XPS). The XPS
measurements were made using an ESCALAB250 X-ray
Photoelectron Spectrometer (Thermo Fisher Scientific Inc.,

Waltham, MA) with an Al K anode (1486.6 eV photon
energy, 300 W).

2 Results and Discussion

2.1 Surface elemental composition and chemical
states of N doped CeO,

XPS spectra were obtained for each sample and analyzed
to provide compositional data, as shown in Table 1. XPS
results clearly demonstrate the existing elements of Ce 3d,
O1s and N1s. The composition of the film was estimated
by taking the average intensity ratio from multiplex scans
of Ce 3d, O 1s and N 1s using the method adopted
previously ™. Since the evaporation and ion bombardment
were simultaneous and well controlled in the deposition
process, compositional ratios as-obtained from a limited
volume of the film were taken to represent the whole film.
A substantial increase in nitrogen concentration is observed
with CeO;¢4Ng o1, CeO176Ng 17 and CeO; g4Ng 25, responding
to the molar ratio of N/Ce of 1%, 17% and 25%,
respectively. The N concentration is much higher than
molar ratio of 4% in the Ref.[22].

The X-ray photoelectron spectroscopy was used to study
the surface chemical compositions of the N doped ceria. As
shown in Fig.1l, the full scale XPS spectra reveal the
presence of Ce, O and adsorbed C. After N is doped into
ceria, the N 1s spectra occur in the XPS wide scan, which
confirm the presence of N. High resolution XPS
measurements were performed on CeO;gNg2s. From the
experimental N 1s line shape, two contributions are
identified with binding energies of 400.1 and 396.1 eV. The
400.1 eV contribution correspond to molecularly
chemisorbed nitrogen (y-N,) at the surface®, while the
396.1 eV contribution is assigned to the formation of Ce-N
bonds, which indicates that N is successfully incorporated
into CeO.,.
2.2 Crystal

analysis

Fig.2 shows some representative X-ray diffraction
patterns of the specimens at various N doping levels. The
diffraction peaks of both pure CeO, and N doped CeO, are
indexed to the fluorite cubic phase of ceria with the lattice
constant a=0.5411 nm, which are in good agreement with
the JCPDS card N0.43-1002, whereas samples with higher
nitrogen doping concentration show a wide (111) peak.

structure and surface morphology

Table 1 Composition data and band gap (Eg) for N doped

CeO;
pres?lil%ellit(.il.%l'zPa x (N+O)/Ce  EgleV Sample
0 0 1.96 3.35 CeO1.96
1.3 0.01 1.95 3.30 CeO1.04No.01
2.6 0.17 1.93 2.62 CeO1.76No.17
3.9 0.25 1.89 2.14 CeO1.64No.25
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Fig.1 XPS spectra of the surface chemical compositions of the N
doped ceria: (a) the full scale XPS spectra of CeON with
different N-doping levels and (b) XPS high-resolution
scans over the N 1s peak of CeO1.64No.25 sample
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Fig.2 XRD patterns of the pure and N doped CeO

Apparently, ion bombardment on the growing film surface
does not alter the crystal structure of the film by itself.
Instead, the heavy nitrogen doping induces smaller grain
size of CeO,, which is also observed in the SEM images of
the pure CeO, and CeON thin film, as shown in Fig.3.

From Fig.3a we can see that the pure ceria shows a
triangular pyramidal shape. After N doping, the triangular
pyramids become smaller or disappear compared with pure
CeO0,, as seen in Fig.3b. Furthermore, with the increase of

100 nm

Fig.3 SEM images of pure CeO, (a) and CeON thin film surfaces:
(b) CeO1.94No.01, () CeO1.76No.17, and (d) CeOx.64 No 25

N doping, the surface becomes smooth with smaller particle
size, as shown in Fig.3c-3d, which is corresponded with the
XRD results.
2.3 Optical properties analysis

Fig.4 shows the optical property of all the thin films,
investigated by measuring the optical absorbance spectrum
using UV-Vis spectrophotometer in the transmission mode.
The pure CeO, thin film exhibits its characteristic spectrum
with the major absorbance in the UV range, whereas the
CeON, synthesized by IBAD doping method presents a
clear shift into the visible-light range (wavelength > 400
nm). we also observe that with the increase of N-doping
levels, the absorption of N-doped CeO, experiences a red
shift. The greatest shift is observed in to 450 nm. The
results indicate that the improved dopant concentration and
uniform distribution of substitutional nitrogen increases
visible light absorption in CeON thin film.
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Fig.4 Optical absorbance (in arbitrary units) of CeON with
different N-doping levels
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3 Conclusions

1) The nitrogen doping CeO, thin films can bee
synthesized by IBAD technique.

2) The 25 mol% nitrogen is introduced into CeO, thin
films, which is much higher than that via traditional
methods.

3) The high resolution N 1s spectrum shows that the
nitrogen is uniformly doped in CeO, thin films by
substituting O via IBAD.

4) The ion bombardment on the growing film surface
does not alter the crystal structure of the film by itself.
Instead, the heavy nitrogen doping induces smaller grain
size of CeO.,.

5) With the increase of N doping, the surface become
smoother with smaller particle size. The heavily nitrogen
doping induces a red shift of the visible light absorbance
from 380 nm to 450 nm.
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