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1 | INTRODUCTION

Lanthanides in the form of R,0;3 (sesquioxides) have been
extensively studied, but the study of Ce,0; is limited.
Ce,0; exhibits some unique properties, such as giant
magnetocapacitance' and excellent reducing properties
resulting from a low affinity for oxygen vacancies due
to the complete reduction of Ce atoms to Ce*, forming
a hexagonal (A-type) structure.’ This configuration has
been investigated theoretically as a good potential agent
for hydrogenation catalysis.” Some additional recent
examples focusing on ceria and related systems are
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The formation of Ce,0O; from cerium metal requires complex reducing condi-
tions. Alternatively, we show that different stoichiometries and structures of
cerium oxides can be generated in high-temperature laser experiments by vary-
ing the availability of oxygen and the use of either pulsed laser ablation (PLA)
or continuous wave (CW) laser heating of cerium metal. X-ray diffraction and
Raman spectroscopy suggest that a low structural order Ce,03/CeO, mixed
structure is formed in a 1% O, atmosphere with PLA. For CW heating in a 1%
O, environment, Raman measurements show the formation of crystalline A-type
Ce, 03 in proximity to the point of laser impingement. These experiments were
repeated in 80, and allowed us to report for the first time the corresponding
Raman spectrum of Ce,'0;.

cerium/cerium compounds, deposition, Raman spectroscopy, X-ray methods

adjusting oxygen vacancies by engineering amorphous
cerium oxides, which have the property of increas-
ing active sites and dangling bonds useful in nitrogen
fixation,> synthesis via pulsed laser ablation (PLA)
that mixes fluorite/sesquioxide structure,* or adding
lanthanum to synthesized cerium oxides.’

CeO,_, was synthesized using several different methods,
including processing in plasma reactors,’ via chemical
reactions,’ heating in the presence of H, or low O, partial
pressure,” thin-film annealing,8 electrolysis,9 and laser-
induced plasmas.* Methods for bulk Ce,0; synthesis
range from more complex multi-step annealing processes
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involving reduction using a hydrogen intermediate,'!!

reduction of CeO, by Ce at 1500°C heating in an induction
furnace,'” or by removing oxygen in an ultrahigh vacuum
at 727°C." The difference in local temperature (~1000 K
for continuous wave [CW] heating'#) and heating and
cooling times between PLA and CW heating results in
potentially different stoichiometries. CW heating has
synthesized unique oxide stoichiometries of, for example,
vanadium,">'® tantalum,”'® and has additionally been
applied to the synthesis of various other metal oxides.'*
For CW vanadium oxidation, it was found that oxide
formation occurred in the liquid phase, which cooled into
either polycrystalline or single crystal states depending on
irradiation time.'® Oxidation by laser offers the advantages
of localized heating with extreme heating and cooling
rates. The previous work varying atmospheric conditions
and formation of metal oxides by nonequilibrium con-
ditions motivated us to show that hexagonal Ce,05 can
be formed under a novel set of conditions—a bottom-up
synthesis method of formation from pure cerium using
limited oxygen availability coupled with CW laser heating.

As pointed out by Filotti et al.,'” Ceria’s reversible redox
cycle allows oxygen atoms to be mobile within the lat-
tice. When oxygen atoms vacate the ceria lattice, they
give rise to a large variety of non-stoichiometric oxides
between CeO, and Ce,0;." The transition between Ce**
and Ce** ions and vacancy formation has been demon-
strated at low oxygen pressures with varying annealing
times and temperatures.'>!° Variations in bond length or
the formation of oxygen vacancy defects lead to changes
in molecular vibrational frequency that are detectable in
Raman spectra, as indicated by Schmitt et al.’*’ Raman
spectroscopy is a powerful characterization tool that has
been used to probe complex cerium oxide local structures®!
and the chemical properties of defects from dopant ions
and oxygen vacancies.’’-?*>* In this work, we produce dif-
ferent structures of cerium oxide using PLA and CW laser
heating of a solid target in low-oxygen atmospheres. We
use Raman spectroscopy to characterize hexagonal cerium
sesquioxide formed by laser heating and an amorphous or
poorly crystallized cerium oxide formed from PLA along
with X-ray diffraction, which is in good agreement with
previous work.*

2 | MATERIALS AND METHODS

A dual-laser platform was used in this study. PLA exper-
iments used a Q-switched Nd:YAG pulsed laser (Quantel
Ultra 100, 1064 nm, shot frequency of 20 Hz, pulse width
of 7 ns) focused on a single spot for 10 min (~12 000
pulses). The laser was focused to a spot size of approxi-
mately 300 um with a 10 cm biconvex lens, with an energy
measured to be 50 mJ at the sample position (intensity of

approximately 2 x 10° W/cm?). For CW heating, a 1064 nm
laser (IPG Photonics) was focused by the same focusing
lens to a spot size of approximately 200 um and estimated
to be 30 W at the sample surface, resulting in an approxi-
mate intensity of 1 X 10° W/cm?. Either a polished NaCl or
silicon substrate was placed approximately 3 cm in front
of the cerium surface to collect the particulates in similar
fashion to Pereira et al.* The dwell time for CW heating
was 1 min on a single spot. The lasers were focused through
apolished sapphire window into a sealed vacuum chamber
where the cerium target was clipped to a linear translator
(see Burton et al.”® for a schematic of the chamber set-up).

Cerium foil (1 mm thick, 99.9% purity, Sigma-Aldrich)
was mechanically polished with diamond polish followed
by 0.1 um silica bead colloidal solution. The sample
was then immediately evacuated in a vacuum cham-
ber to <30 mTorr. Consecutive experiments on different
cerium samples were each conducted by backfilling the
chamber to 760 Torr with oxygen mixtures of differ-
ent concentrations—deficient oxygen (pre-mixed 1% 1°0,,
99.99% Ar, Matheson) and pure O, (99%, Sigma-Aldrich)
for PLA and abundant oxygen (20% O,, 80% Ar) and defi-
cient oxygen (1% O,, 99% Ar) for CW heating. Isotopic
shift experiments were also conducted on separate pol-
ished cerium samples in a 1% 80, (99%, Sigma-Aldrich)
and Ar (99.999%, Sigma-Aldrich) mixture, which was pro-
duced by mixing pure argon and oxygen isotope canisters
and reading the line pressure sensor to +0.5% uncertainty.

After the PLA or CW heating, the chamber was evac-
uated to prevent potential oxidation and transferred to
an XYZ linear micrometer translation stage within the
Raman system. The chamber was oriented such that the
sapphire window was facing a 20X microscope objective
(Mitutoyo apochromatic), which was used to survey the
cerium surface and collect scattered light. The ablated
cerium surface was translated forward to within 2 mm of
the internal surface of the sapphire window. Particulates
were imaged by white light illumination of the cerium
surface and then targeted with the 632.8 nm HeNe (Melles
Griot LHR Laser Tube) Raman excitation laser. Particles
analyzed had a diameter approximately equal to or greater
than the focused laser ~10 ym spot diameter. The exci-
tation laser power was less than approximately 10 mW
at the sample surface. Backscattered light was collected
through the objective and passed through three laser
rejection filters. Spectra were recorded with a Princeton
Instruments Acton SP2300 spectrometer coupled with
a Pixis 400 detector, first at 300 lines/mm grating and
additionally at 1800 lines/mm. The spectrometer was
calibrated using multiple lines from a neon lamp. The
estimated accuracy of this procedure was +1 and +2 cm™!
for the 1800 and 300 lines/mm grating, respectively.
Acquisition times and accumulations were set to a maxi-
mum of 60 s and 10 accumulations, respectively, and were
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chosen depending on signal strength. Because spectral
comparisons were made over a small wavenumber win-
dow, correction for instrument response was unnecessary.
Spectra were processed by removal of background light
and cosmic rays, where necessary. For comparison pur-
poses, some spectra were normalized in such a manner
that the highest peak was set to 1 and lowest point to 0. A
CeO, ceramic sputtering target (Kurt Lesker) was used as
a reference standard.

Particulates formed in 1% O, and 99.99% Ar from PLA
were collected on a single crystal silicon plate for low back-
ground X-ray diffraction (XRD) measurements. The plate
was then mounted onto a polymethyl methacrylate sample
holder and analyzed on a Bruker AXS D8 ADVANCE X-ray
diffractometer equipped with a LynxEye one-dimensional
linear Si strip detector with Bruker DIFFRAC.EVA V5 soft-
ware package used for data analysis. The scan parameters
were 20°-80° 26 with a 0.02° step and 3 s counting time
per step with a 0.6° divergence slit and the Lynx Iris set
to 13 mm position. The X-ray source was Ni-filtered Cu
radiation from a sealed tube operated at 40 kV and 40 mA.

Following Raman measurements of the metal surface,
the cerium foil was characterized by secondary electron
mode of an FEI Inspect F50 scanning electron microscope
to survey surface morphology corresponding to the differ-
ent particulates near within the crater itself up to within
20 um of the edge and further away. The accelerating volt-
ages were 15 and 20 kV for surface imaging following
PLA and CW heating, respectively, and 11.5 mm working
distance was maintained for all images.

3 | RESULTS

Changes to laser type (PLA vs. CW) led to observable dif-
ferences in particulate appearance both near and away
from the crater formed at the point of laser impinge-
ment. Figure la shows a secondary electron image of
the damage area (crater) produced by CW heating in
an oxygen-deficient atmosphere. The CW laser produced
two morphologically distinct populations of particulates
indicated by red and blue arrows in Figure 1b. The first
population, indicated by the red arrow on the left side of
the image, was found in the crater and identified by the
qualitative change in topology indicated by the lighter gray
tint. These spherical particulates are scattered through-
out the smooth melt. The second population, indicated
by the blue arrow, consists of non-spherical particles scat-
tered around the outside of the crater. PLA of cerium foil
in an oxygen-deficient atmosphere also formed a hemi-
spherical crater (Figure S1) in addition to an abundance of
~1 um spherical particles more than 500 um away from the
crater, as well as larger metallic spheres ~5 pm in diam-
eter (Figure 1c). The features and size of the particulates

found inside the PLA crater (Figure 1d) have a similar mor-
phology to those found outside the crater for CW heating
(Figure 1b, blue arrow), but vary greatly in cluster size.

3.1 | CW heating (away from the crater)
and PLA (in the crater)

Particulates surveyed outside of the CW heated crater in
Figure 1b (blue arrow) and in the PLA crater (Figure 1c)
were identified as CeO, by the strong symmetric breathing
Raman F,, mode for the fluorite structure at approxi-
mately 461 cm~! (Figure S2). The Fj, mode for these
particulates as well as other cerium oxide particulates
made here exhibited a shift to lower wavenumber than
native oxide that naturally forms on the surface of cerium
foil following long-term oxygen exposure of pure cerium
measured before ablation or heating (Figure 2, blue) at
465 cm™! in addition to broadening compared to the
cerium sputtering target (Figure 2, black).52-2

The PLA experiment was conducted in a pure 80, atmo-
sphere to observe the spectral shift imparted by isotopic
substitution. In the simplified case where we consider
oscillating linear diatomic masses, the magnitude of the
Raman isotopic shift can be determined from (see, e.g.,
Weckhuysen et al.?”):

Fo )

V18 ® V16
Hig

where v is the Raman shifted signature in cm~! and ;s and
g are the relevant reduced masses given by

MoMc

po=—— )

mo + Mce
where mc, is the mass of cerium and my, is the mass of 1°0
and 180. For the fluorite mode, the symmetric breathing
vibration motion is of the oxygen atoms with the cerium
atom remaining static, and hence the frequency is given
by (see, e.g., Lv et al.?®)

My

V18 R V16 _m18 (3)

This approximately 6% shift, corresponding to 26 cm™!,
is somewhat larger than our measured shift of ~18 cm™.
Our value is consistent with a previously observed shift of

~17 cm™! for 81 nm particles.?
3.2 | PLA (>1.5 crater diameters away
from the crater center)

In an oxygen-deficient atmosphere, different particulates
produced by PLA were found outside the crater edge
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FIGURE 1

Secondary scanning electron microscopy (SEM) image of the cerium foil surface showing laser induced damage in an

oxygen-deficient atmosphere and oxide formation. (a) Crater from continuous wave (CW) heating; (b) region of interest for the CW heating
crater with red and blue arrows indicating two regions of distinct particulates; (c) pulsed laser ablation (PLA) outside the crater edge

(particulates marked by a red arrow); (d) PLA inside the crater.
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FIGURE 2
formed from pulsed laser ablation (PLA) in a pure '*0, atmosphere

Raman isotopic shift comparison of particulates

on a cerium metal surface ex situ to native oxide coating the
unpolished cerium prior to ablation. Also shown for reference is a
spectrum obtained spectrum from a CeO, sputtering target.

(Figure 1c, red arrow). These particulates had a Raman
spectrum featuring additional broad lower wavenumber
modes and a reduced fluorite mode relative to the Fy,
mode from the native oxide when comparing the rela-
tive baseline intensity (Figure 3a, black). The broad modes
of this particulate spectrum suggest low structural order.
The same spectral signature was found from surveying
nanocrystalline clusters of particulates collected from loca-
tions located toward the most particle dense center area
on the NaCl substrate. The relative strength of the Raman
modes was heterogeneous between different clusters on
the film deposited on a NaCl substrate (Figure 3a, red
and blue). When subjected to increasing CW Raman laser
power, unlike particulate identified in the crater, these
particulates were unstable when heated. A time depen-
dent transformation was observed for laser powers tested
(<10 mW) as a particulate was heated over seconds, and
the ~461 cm™ fluorite mode intensity increased in real
time to match the intensity of the CeO, native oxide F,,
mode. This was also observed on apparently mostly cerium
metal particulates formed following PLA in trace oxy-
gen conditions in situ (>99.99% Ar). These particulates
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FIGURE 3

Characterization of particulate formed from pulsed laser ablation (PLA) in a 1% '°0O, atmosphere. (a) Ex situ Raman

measurements of particulates formed away from the point of laser impingement on the cerium metal surface and additionally of film

collected on a NaCl substrate. (b) X-ray diffraction (XRD) pattern of the cerium oxide film collected on a silicon substrate with (inset) smaller

scale of XRD pattern.

similarly exhibited an F,, feature that formed and
increased in intensity in real time.

The PLA experiment was repeated to collect particulates
on Si for XRD characterization. Ex situ Raman spectra of
these particulates match those collected on NaCl (with the
additional Si Raman modes). The XRD pattern (Figure 3b)
has clear peaks at 26 ~ 28.5°, 33.0°, and 47.4° observed by
Pereira et al.* following pulsed ablation of pure cerium and
additionally 56.4° seen in the XRD pattern of an experi-
ment of the annealing and crystallization of CeO, from an
amorphous state*” (Figure 3b). Furthermore, peaks at 26 ~
28.5° and 33.1° that correspond to the (111) and (200) crys-
tal orientations, respectively, exhibit a slightly broadened,

irregular shape (Figure 3b, inset) consistent with multiple
phases, including the defective poorly crystallized CeO,_,
or amorphous Ce, 05" or poorly crystallized or amorphous
Ce0,*° structure that was reported.

3.3 | CW heating (in the crater)

Additional cerium oxide particulates (Figure 1b, red arrow)
were identified by their Raman spectrum in the crater
produced by CW heating in a 1% oxygen atmosphere
(Figure 4 and additional high-resolution spectra in Figure
S3). The spectra include a somewhat downshifted fluorite
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FIGURE 4 Raman spectra of particulate located around the point of continuous wave (CW) laser impingement in oxygen-deficient 1°O,

(black) and *0, (red and blue) environments showing isotopic shifts.

mode, in addition to three new lower wavenumber modes
(Figure 4). The 103 and 409 cm~! modes are in good agree-
ment with the anti-Stokes modes assigned to the hexagonal
A-type crystalline Ce,05 spectrum.'”!" The 103 cm~! was
assigned to the E, Ce-O(II) bend, and 409 cm™! was
assigned to a combination of A, stretch and more dom-
inant shorter E, Ce-O(II) bond stretch.'”!" The presence
of lower wavenumber modes is also present in surveyed
particulate clusters formed in 180, in the crater (Figure 4,
blue and red). As seen, the relative intensity of the 442 and
389 cm™! features, that is, CeO, to Ce, 05, suggests particle
formation can be variable. The very weak Ce,03 A;g mode
at189 cm™! can be discerned in the red trace of Figure 4. Of
note, previous studies that heated pellets in the presence of
H, gas did not see the F,, fluorite mode.'*!!

To confirm the accuracy of previously assigned Raman
active modes, the CW heating experiment was conducted
in a <1% 180, and >99% Ar atmosphere to observe the
spectral shift imparted by isotopic substitution. There is
good agreement with the approximately 5% shift predicted
from Equation (1) seen in higher wavenumber modes in
our spectra. For example, from a corresponding high-
resolution spectra, the E, Ce-O(II) stretch shifts from 409
to 389 cm~! (Figure 4). The direction of motion for the
103 cm™! E, bend (shown in Ref. [10]) is both Ce and
O atoms moving in the same direction. This motion pro-
duces a Raman isotopic shift that would result from the
approximate correction:

Mce + My
U18 ~ Ul6 —_— (4)
Mce + Mg

where the shift now accounts for the combined motion of
both masses in concert. The magnitude of this shift would

then be ~0.5%, which is likely beyond the resolution of our
Raman system.

4 | DISCUSSION

Three types of particulates were identified by Raman spec-
troscopy in distinct regions relative to the craters produced
by laser impingement on cerium targets: CeO, from both
CW heating and laser ablation, poorly crystallized cerium
oxide phase from laser ablation, and hexagonal Ce, O3 from
CW heating. These results indicate that there is a ther-
modynamic effect on the crystallinity and speciation of
cerium oxides as well as the morphology of the crater spe-
cific to these oxides. Although the CW heating temperature
is difficult to measure, based on the observed features that
appear due to melt around the observed Ce, 05 particulate
(see Figure 1b), it likely exceeded 1000 K. This is in contrast
to the PLA where initial temperatures are extremely high
(>10 000 K) but drop to comparable temperatures within
microseconds or tens of microseconds.

It is shown that the cerium sesquioxide phase seen here,
as formed with CW heating, is similar to that formed by
other forms of annealing.!”"!! The absence of Ce, 05 in the
PLA experiments suggests that a relatively long heating
time is needed to promote the formation of this reduced
phase. However, as shown in previous work,'*!! the forma-
tion of hexagonal Ce, 05 while heating is greatly favored in
reducing environments, such as H,, which explains why
both CeO, and Ce,0; are concurrently seen here when
formed in O,.

The fluorite mode is shifted to lower wavenumber, and
peak broadening in collected Raman spectra is consistent
with reported changes in the lattice constant and the
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formation of vacancies.®?">*> The process of reduction
and reoxygenation of CeO, is shown to induce vacancies
that led to a transformation into Ce,05.”* In this work,
we explored the reverse direction where scarce oxygen
interacts with cerium metal in a relatively slow process
of constant CW heating. This may provide the right
conditions in the cerium melt to contribute to the gradual
incorporation of oxygen with a high density of vacancies
that over the length of heating approach a stable stoichiom-
etry of Ce,05. Both Ce** and oxygen vacancies are active
sites for reactions such as hydrolysis®' and catalysis.’"*?

5 | CONCLUSION

Subjecting cerium in the presence of oxygen to different
thermodynamic conditions generated by pulsed and CW
lasers leads to various oxides with distinct structures and
compositions. Future studies could investigate the role
of surface melt in the formation of A-type sesquioxide
that was observed only in the melted region of the crater.
Furthermore, our results (e.g., the Ce,'®0; Raman spec-
trum from CW laser synthesis) suggest a simpler synthesis
method for Ce,0;. We have demonstrated a bottom-up
method to synthesize and characterize a variety of cerium
oxide structures that presents a potential step forward for
quality control of their industrial manufacture and the
expansion of their utility.
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