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Unique redox properties in defective CeO2-x

nanocrystallines synthesized by laser melting
Lu Song1, Jing Ma1*, Qinghua Zhang2, Yidan Cao3, Rui Ran3 and Zhijian Shen1,4*

ABSTRACT Defects in cerium oxide, especially oxygen va-
cancies, play an essential role in its versatile applications and
are efficiently preserved at ambient conditions in a non-
equilibrium process. Herein, defective CeO2-x with hetero-
geneous structure was synthesized by high-energy laser melt-
ing, where a large amount of oxygen vacancies and Ce3+ could
be introduced, leading to improved visible light absorption,
narrowed bandgap and room temperature ferromagnetism.
Moreover, this laser melted CeO2-x exhibits significantly en-
hanced low-temperature oxidation behaviors than the coun-
terpart prepared by normal hydrogen-reduction. This unique
redox performance could be attributed to the intragranular
diffusion at the boundaries of assembled nanocrystallites. This
method paves a new way for introducing unique multi-func-
tions in oxide ceramics.
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INTRODUCTION
Materials prepared by non-equilibrium processes have
often exhibited altered physical properties compared to
their counterparts obtained at equilibrium conditions.
This might be attributed to factors like altered micro-
structure, different phases or grains with defects. Nowa-
days, laser has been proven to be a powerful and versatile
tool in non-equilibrium material processing. In case of
high-energy laser modification of oxide ceramics this
process would become even more complex, as the ten-
dency of losing oxygen is remarkably enhanced under the
high temperature by laser absorption at the material
surface. Yet, this provides ideal conditions to introduce
point defects in functional ceramics. Combining the ab-
normal behaviors of crystal growth, some unique char-

acteristics, such as distribution of defects and their
chemical activity under high temperature, could be pre-
served by the following rapid quenching. Thus, in-
vestigation on crystallographic features and functional
performance of laser melted ceramics could promote our
understanding of materials’ behaviors under non-equili-
brium state, while it may also act as a novel approach for
synthesis of defective oxide ceramics.
An appropriate candidate for this study is CeO2, which

is known for the high structural tolerance of defects that
play an essential role in its functional applications. The
generation/elimination of oxygen vacancies, together with
the corresponding alteration of valence state of Ce, leads
to the widely-recognized oxygen storage capacity (OSC)
that makes CeO2 a highlight in catalysis research [1–4],
and applications like photocatalysis and solid oxide fuel
cells that significantly rely on the amount and mobility/
diffusion of carriers, such as light absorption and band
structure, while the generation of defects can be beneficial
by inducing more carriers [5–9]. Thus, tailoring compo-
sition and morphology of pure and doped ceria has been
a highlight in catalyst and electrolyte research [10–12].
Herein, induction of defects by laser melting and the
corresponding effects on the redox performance of CeO2

were studied in this research. A heterogeneous nanos-
tructure, containing nanocrystallites with abundant oxy-
gen vacancies, was found to be induced during laser
melting that remarkably enhanced the low-temperature
oxidation ability. The role of the interfacial diffusion
through the high density of sub-grain boundary in na-
nocrystallines will be discussed in this article.

EXPERIMENTAL SECTION
Commercial CeO2 nanopowder (Aladdin

TM), with a pur-
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ity of ≥99.95% and a mean particle diameter of 50 nm
(information supplied by the manufacturer), was used as
the precursor material. The ceria powder was compressed
into pellets with no added organic binders to avoid ex-
plosion or residuals during laser melting. An ytterbium
fiber laser (wavelength 1,071 nm) attached to a laser
melting machine (AM 250, Renishaw, UK) was applied in
the experiment, while the pellets were placed inside the
closed chamber with pure Ar gas as the protective at-
mosphere (oxygen concentration below 2,000 ppm). The
laser focused upon the pellets’ top surface and the spot
(75 μm in diameter and 50 W in laser power) moved
along a scheduled path to fully melt the entire area. The
energy density of the laser is about 600 J cm−2, which is
much higher than that normally used in laser ablation or
annealing of ceramics [13,14]. The surface zone treated by
laser was then carefully removed and ground into powder
manually for characterization, and will be marked as “LT”
in the following text.
X-ray photoelectron spectra (XPS) were recorded by a

spectrometer (ESCALAB 250Xi, Thermo Fisher Scientific,
USA) equipped with an Al Kα source (kinetic energy
=1,486.7 eV). The C 1s peak (284.6 eV) was used for ca-
libration. The crystallite structure was characterized by X-
ray diffractometry (XRD, D/max 2500X, Rigaku Co, Ja-
pan) equipped with a Cu target. The transmission elec-
tron microscope (TEM) imaging and selected area
electron diffraction (SAED) were performed using a TEM
with a field emission gun (FEG-TEM, Tecnai G2 F20,
FEI, USA), and an electron energy loss spectrometer
(EELS) was also utilized to analyze the valence states. The
accelerating voltage for TEM imaging and EELS was set
to 200 kV.
Reflectance and bandgaps were measured by diffuse

reflectance spectroscopy in the wavelength range of
250–750 nm conducted on a UV-vis spectrophotometer
(U-3310, Hitachi, Japan). Magnetic properties were ex-
amined using a superconducting quantum interference
device (SQUID-VSM, Quantum Design, USA) under the
magnetic field between −10,000 and +10,000 Oe at 300 K.
Specific surface area (SBET) of the samples were measured
by N2 adsorption (SI-MP, Quadrasorb, USA) at 77.3 K.
Before SBET measurement, the samples were outgassed in
vacuum at 100°C for 2 h to remove any adsorbed water or
containments. Temperature programmed oxidation-
temperature programmed reduction (TPO-TPR) experi-
ments were performed by a chemisorption analyzer
(AutoChem II 2920, Micromeritics, USA) to analyze the
redox behaviors of ceria. About 50 mg sample was placed
in a U-shaped quartz tube and pretreated in flowing He at

400°C for 30 min to remove absorbents, after which the
sample was cooled down to 0°C. A mixture of 10% H2/Ar
(50 mL min−1) was used in TPR, while 10% O2/He
(50 mL min−1) was used in TPO. The temperature range
for both experiments was 0–800°C with a heating rate of
10°C min−1. Helium gas was used during all cooling
processes.

RESULTS AND DISCUSSION
The XPS patterns of the pristine and laser melted CeO2

samples were recorded (Fig. 1a, b). Due to the complexity
of Ce 3d spectra, nonlinear least square fitting method of
the obtained spectra was applied using standard spectra
of Ce3+ and Ce4+ as references. It turns out that Ce3+ ions
made no contribution to the spectra of the pristine
sample, while 1/10 of the total cerium ions are Ce3+ after
laser melting. Correspondingly, O 1s spectra for LT CeO2

contain a weaker peak representing oxygen species related
to defects (O(V), 530.3 eV) besides the major oxygen
species presenting in lattice (O(L), ~529.0 eV) and che-
misorbed hydroxyl groups (O(C), ~531.5 eV). The cal-
culated peak areas correspond to around 12% content of
O–Ce3+ and Ce3+ in LT CeO2 sample. Additional in-
formation about the valence states was collected by EELS,
as shown in Fig. 1c, d, respectively. For the Ce M-edge,
the spectrum of the pristine sample is dominated by the
Ce4+ feature, while an inversion in the intensity ratio of
M5/M4 in the spectrum of LT CeO2 is regarded as the
symbol of higher Ce3+ content [15,16]. In the O K-edge
spectrum of LT CeO2, the intensity of the peak around
529.3 eV is much weaker, due to the additional electrons
in 4f state where a Ce3+ ion broke the transition between
O 1s state and a hybridized state of O 2p and Ce 4f levels
[17]. As expected, the induced defects don’t cause any
obvious phase transformation, proven by the very similar
CeO2 diffractograms of the pristine and the laser treated
samples (Fig. 1e). Sharp peaks of the cubic fluorite
structure indicate good crystallinity. However, the peak
positions for LT CeO2 shift slightly towards lower 2θ
angles compared to the pristine precursor (e.g. 59.060° in
pristine CeO2 and 58.920° in LT CeO2 for (222) planes),
indicating a slight lattice expansion of the cubic structure,
which might be attributed to oxygen vacancies generated
by rapid laser heating and cooling.
As XPS and EELS are sensitive to the chemical com-

position of surface materials, the overall abundance of
defects implanted could be indicated by the changes of
physical properties. For example, laser melting turns the
light yellow pristine CeO2 into opaque black (insets of
Fig. 1e). The samples by laser-melting show much lower
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reflectance (about 20%) than pristine CeO2 (exceed 80%)
within UV-vis wavelength range (Fig. 2a). The deviation
from stoichiometry has resulted in generation of color
centers and higher absorption of electromagnetic radia-
tion, which indicates the potential of better utilization of
visible light in energy-conversion applications. Further-
more, by fitting Tauc plots, the value of bandgap could be
collected, which was strongly narrowed from 3.17 eV in
the pristine CeO2 to 2.93 eV after laser melting (Fig. 2b).
The accumulated defects also influence the magnetic
properties, where a hysteresis loop clearly exhibits room
temperature ferromagnetism in LT CeO2, as shown in
Fig. 2c. As no magnetic impurities were detected by XPS,
this ferromagnetism seems to follow the F-center ex-
change (FCE) mechanism that oxygen vacancies with
single positive charge (VO

+/F+ centers) were induced by

the laser melting and ferromagnetism would arise once
the density of F+ centers reached the threshold to excite
effective polaron interaction, which is favored by abun-
dant defects in current case [18–20].
As the pristine CeO2 was rapidly melted under inert

atmosphere, generation of oxygen vacancies is sort of
predictable like other reduction treatments, but what
makes this laser melted CeO2 unique is the heterogeneous
grain morphology observed in TEM imaging (Fig. 3).
While the size of pristine CeO2 nanoparticles is more than
50 nm), the laser melted CeO2 contains many crystallite
sub-grains, as shown in Fig. 3a, b, respectively, demon-
strating that intergrown crystallite areas have much
smaller size than that of the precursor. Two sub-grain
nanocrystallites with the continuous lattice fringe are
presented in Fig. 3c. The identity of crystallographic or-

Figure 1 The XPS spectra of (a) Ce 3d and (b) O 1s of pristine and LT CeO2 samples. The red curves above the baseline represent the existence of
Ce3+ in the Ce 3d spectra. (c) Ce M-edge and (d) O K-edges in EELS for pristine and LT CeO2. (e) XRD patterns of pristine and LT CeO2 samples.
Inset: photos of corresponding samples.
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ientation for adjacent nanocrystallites could be further
verified by the independent diffraction spots in SAED
shown in Fig. 3d, with no obvious transition phase de-
tected along the boundary zone. These features in mor-
phology are quite similar to those observed in
mesocrystals formed by self-assembling, which might be
the direct consequence of this nonequilibrium laser
melting and cooling process (Fig. 3d), without obvious

transition phase at the boundary. These features are quite
similar to those observed in mesocrystals formed by self-
assembling, probably due to nonequilibrium laser melting
and cooling process [21]. Nanoparticles on the surface of
pellets were melted instantly once the interaction with
laser spot was initiated, and considering the oxygen-de-
ficient circumstance, vigorous emission of oxygen is ex-
pected. The following rapid cooling process leads to
suppressed grain growth of crystal nuclei during solidi-
fication process and the thermal stress which ruptures
larger grains into the assemblies of nanocrystallites in the
following cooling [21].
The abundant defects and assembled nanocrystallites

facilitate us to investigate their redox performance by
TPO-TPR experiments (Fig. 4). Two peaks of gas con-
sumption exhibited in TPR curve of pristine CeO2 (Fig.
4a): one peak at lower temperature (400–600°C) related to
the reduction of surface oxygen species and the other at
higher temperature (≥700°C) corresponding to the re-
duction of bulk oxygen [22,23]. In this case, while the H2

consumption at high temperature is similar for these two
samples, we noticed an obvious decrease in the low-
temperature reduction in TPR curve of LT CeO2. The
decreased H2 consumption at low-temperature can be
attributed to the decreased outer surface area of the LT

Figure 2 (a) UV-vis reflectance spectra and (b) Tauc plots and the fitted band gap of pristine and LT CeO2 samples. (c) M–H curves of both samples.

Figure 3 (a) TEM images of the pristine CeO2. (b) Low-magnification
TEM image of LT CeO2. (c) and (d) HRTEM images of LT CeO2. The
white arrow points at the boundary between two nanocrystallites. Inset:
SAED of the two adjacent nanocrystallites in (d).

Figure 4 (a) Comparison in hydrogen consumption of the pristine and LT CeO2 during TPR, (b) comparison in the original TCD signal in TPO
measurement for pristine and LT CeO2 (the same range of TCD signal is used).
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CeO2 powder as it was grounded manually, which is
consistent with the SBET measurement (2.0 m2 g−1 for LT
CeO2 vs. 20.5 m2 g−1 for pristine CeO2). On the other
hand, in TPO measurement, the reduced pristine CeO2

showed a relatively smooth thermal conductivity detector
(TCD) signal curve, indicating a relatively stable oxida-
tion rate among the whole temperature range, while a
significant oxidation peak around 100°C exhibited in the
curve for LT CeO2 (Fig. 4b). As the oxidation reaction in
bulk is less efficient than the surface reaction, there
should be some novel and highly-efficient approaches
exist account for this fast low-temperature oxidation
phenomenon in laser melted CeO2.
In this way, we propose that intergranular diffusion

through the boundaries of assembled LT CeO2 nano-
crystallites could be the origin of this unique redox be-
havior. Interfaces and boundaries are known to be
nonstoichiometric intrinsically, due to the mismatch in
crystallographic orientations and surface tension. Thus,
high density of intergranular boundaries could suffi-
ciently reduce the diffusion length for significant oxida-
tion. Furthermore, in fluorite structure oxides such as
ZrO2 and CeO2, the accumulation of oxygen vacancies
along grain boundaries with space charge layers of ne-
gative potential alongside has been proved by the in-
creased electrical conductivity, TEM [17,24–26] and
experiments of quenching from high temperature also
support this notion by preserving the high temperature
defect structure [27]. The clusters of vacancies are bene-
ficial to oxygen migration [28–30], and the space charge
layer nearby could provide enough electrons (or polarons,
Ce’Ce) for the further reaction. Intergranular boundaries
could act as the thermodynamically preferable routes of
interfacial diffusion and shorten the diffusion path, and
may also provide numerous low-energy reaction sites for
the oxidation process [31], leading to the distinct redox
behaviors of laser melted CeO2. Besides, this unique redox
performance of the laser treated CeO2 could be preserved
during redox cycles, revealing the stability in structure
and performance.

CONCLUSION
In summary, we demonstrate that high-energy laser
melting could induce the defective ceria nanocrystallites
containing abundant oxygen vacancies, which would in-
duce deep evolution in the physical properties and the
redox behaviors of the CeO2−x. The combination of al-
tered chemical composition and multi-scale structures
not only enhances the understanding of nonequilibrium
processes and defect chemistry, but also has the potential

to initiate deeper evolution in physical and chemical
performance of oxide ceramics.
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激光熔融合成CeO2−x纳米晶的氧化还原性能
宋路1, 马静1*, 张庆华2, 曹译丹3, 冉锐3, 沈志坚1,4*

摘要 本文采用高能激光熔化技术制备出具有非平衡非均匀结构的CeO2−x纳米晶. 大量氧空位和Ce3+的引入使可见光吸收率提升, 禁带宽
度变窄及室温铁磁性增强. 此外, 与通常氢还原的样品比较, 这种激光熔融得到的CeO2−x呈现出增强的低温氧化能力. 这种独特的氧化还
原行为可归因于通过并聚的纳米晶的晶界扩散. 这一方法为多功能氧化物陶瓷的制备提供了一条新的途径.
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