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High-pressure ruby fluorescence spectroscopy and synchrotron X-ray diffraction are used to investigate the
differential stress development and structural stability of 3 nm ceria. Upon compression of nanoceria to
∼28.2 GPa,R1 andR2 lines of ruby remain consistent in shape and sharpness. X-ray diffraction displays no
reasonable evidence of peak broadening to 28.6 GPa and phase transformation to 65.1 GPa. These observations
suggest an anomalous quasihydrostatic state of compressed nanoceria and a highly enhanced structural stability.
Although a pressure-driven oxygen release and subsequent vacancy-induced interface superfluid reasonably
explains the generation of extended quasihydrostaticity, a particle size dependent isotropic stress field and
surface energy contribution to total energy explain a reversal of structural stability as compared to the size-
induced reduction of transformation pressure in large scale nanoceria. These findings provide significant
information not only for understanding the reversed Hall-Petch relation of nanomaterials but also for
synthesizing engineering materials with tunable mechanical properties.

Ceria (CeO2) has been extensively investigated as a catalyst
and a promising candidate for solid oxide fuel cells.1 In this
capacity, the formation and transport of oxygen vacancies are
pivotal. One effective approach is the particle size tuning.
Studies indicate that reducing particle size not only increases
oxygen vacancies and surface area for improvement of catalyst
efficiency2 but also changes structural, electronic, and lattice
vibrational properties for development of advanced materials.3∼8

Most of these properties display an apparent variation while
particle size reduces down to∼10 nm or smaller. Such a critical
size has also been observed in a large body of materials.9 On
the contrary to ceria, these materials mostly display size-tuned
lattice shrinkage and decreased defect ratio or defect-free.
Dynamic simulations of nanomaterials demonstrate that a direct
particle-to-particle contact under pressure drives particle and
hosted defect to react with others through grain boundary and
interface.10 Below the critical size of∼10 nm, this type of
reaction enhances and plays a critical role in tuning of materials
properties and performances, especially mechanical properties,
such as hardness, toughness, etc.11 One of the most striking

discoveries is the reversal of the well-known Hall-Patch relation
upon reduction of particle size down to a critical size. Nanoceria
displays an unusual lattice expansion and large oxygen vacancy
ratio, so it is expected that a distinct mechanical response comes
from ultrafine nanoceria (e.g.,<10 nm). As a result, we
conducted an in situ high pressure study of 3 nm ceria and
explored the particle-to-particle interactions and resulting
properties by using diamond anvil cell (DAC) along with in
situ optical spectroscopy and synchrotron X-ray diffraction. In
this letter, we report an anomalous/extended quasihydrostatic
state in compressed ceria without any pressure medium and a
reversal of structural stability in which the transition pressure
as a function of particle size develops from an initial reduction
(30 GPa in bulk vs 23 GPa in 10 nm ceria) to a significant
enhancement (>65.1 GPa in 3 nm ceria). A size-dependent stress
field and vacancy-involved reaction through interface were
employed to decipher the resulting mechanism.

Nanoceria was synthesized using a microemulsion process
with cerium nitrate as a precursor and ammonium hydroxide
as a coprecipitanting agent.7 X-ray and electron diffractions
indicate that as-synthesized ceria has a cubic fluorite structure
(Fm3hm). High-resolution transmission electron microscopy
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(HRTEM) characterizes that ceria has a particle size of 3 nm
on average.7 The samples were loaded in a DAC without a
pressure medium, allowing direct particle-to-particle contact for
potential interaction. Several ruby chips serve as pressure
markers to monitor the pressure gradient and stress distribution
across the sample chamber. High-pressure ruby fluorescence
spectra were collected by an optical system in which a green
laser with a wavelength of 532 nm was used to illuminate the
ruby chip. The excited emission signals were collected by a
thermoelectrically cooled CCD detector. An in situ pressure
energy dispersive synchrotron X-ray diffraction study was
conducted at CHESS, Cornell. Energy calibration was made by
the well-known radiation sources of55Fe and133Ba, whereas
angle calibrations were made at 2θ ) 15° by the five Bragg
diffraction lines of the Au standard.12 The collected synchrotron
X-ray diffraction patterns were used for characterization of
crystal structure, differential stress, and particle size.

Ruby displays two strong laser-excited fluorescence peaks:
R1 andR2. These emission lines are distinct spectroscopically
and are very sharp at ambient or hydrostatic pressure conditions.
Compression of a material generates deviatoric stress that can
be monitored by the shape changes ofR1 and R2. Upon
increasing the magnitude of deviatoric stress,R1 andR2 broaden,
overlap and eventually merge into a single peak. Ceria is a
highly incompressible ceramic, and has a bulk modulus of
∼230 GPa.12 A slight compression of bulk CeO2 in DAC
produces noticeable deviatoric stress and pressure gradient.
Figure 1 shows the laser-excited ruby fluorescence spectra of
several samples in different pressure mediums at a close range
of pressure. At∼15.1 GPa, a pressure gradient across 100
microns of bulk ceria was observed as large as 3∼4 GPa,
producing an apparent overlapping ofR1 andR2 (Figure 1C).
Similar results were observed in a wide range of nanocrystals
as well (e.g., SiC, Figure 1A). Surprisingly, compression of
3 nm ceria did not modify the peak features ofR1 and R2

(Figure 1D); the shape and sharpness remained almost the same
as these observed in bulk materials (e.g., SiC) that were merged
in a liquid with a volumetric ratio of methanol/ethanol/water
(MEW) ) 4:1:1 (Figure 1B). Such a liquid is capable of
maintaining a hydrostatic state of a solid to∼12 GPa; above
12 GPa, a quasihydrostatic state is developed. Figure 2 shows

that the peak features of ruby in nanoceria remain consistent to
pressure as high as 28.2 GPa, indicative of a quasi-hydrostatic
state in highly compressed nanoceria.

Energy dispersive synchrotron X-ray diffraction was per-
formed to evaluate the pressure-induced stress field and
structural stability of nanoceria. Broadening of the X-ray
diffraction peak relates to two factors: particle size and
deviatoric stress (differential strain). This can be quantified by
the full width at half maximum (fwhm) of X-ray diffraction
peaks as a function of pressure. High-pressure X-ray diffraction
patterns may differ in intensity and background relatively from
one to another because of the variations of beam intensity, time-
of-flight, and focusing spot, etc., but these instrumental factors
do not contribute a significant influence on the fwhm of X-ray
peaks. Without a phase transformation, the pressure-induced
reduction of particle size of highly incompressive materials can
be ignored within a moderate pressure of 30 GPa due to a slight
volumetric shrinkage. Therefore, if particles neither break nor
grow, and also hold an isotropic stress field, the fwhm of X-ray
peaks during compression should remain identical. Figure 3
shows the key X-ray diffraction patterns of nanoceria at a
medium-free environment, indicating that the X-ray peak fwhm
remains indistinguishable to pressures as high as 28.6 GPa.
Additionally, the inset in Figure 3 reveals that particle size of
nanoceria does not change before and after compression to 36.1
and 65.1 GPa. Thus, it is reasonably suggested that a self-driven
isotropic stress field results in such a consistency of the fwhm
of X-ray diffraction peaks to 28.6 GPa, in agreement with the
ruby fluorescence observations and resulting conclusion.

Figure 3 also demonstrates that the cubic fluorite structure
of 3 nm ceria is stable to the maximum achieved pressure of

Figure 1. Ruby fluorescence spectra of several samples in different
pressure mediums at a close range of pressure. (A) SiC nanocrystals
without pressure medium at 16.2 GPa; (B) bulk SiC in a liquid of
methanol, ethanol and water at 14.7 GPa; (C) bulk ceria without medium
at 15.1 GPa; and D, 3 nm ceria without pressure medium at 15.8 GPa.

Figure 2. High-pressure ruby fluorescence spectra in 3 nm ceria to a
pressure of 28.2 GPa.
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65.1 GPa. High-pressure studies indicate that ceria with a
particle size of 10 nm on average transforms to an orthorhombic
phase at a lower pressure of∼23 GPa as compared to the
transition pressure of∼32 GPa observed in bulk.12 Obviously,
3 nm ceria does not follow the size-tuned reduction tendency
of structural stability predicted from the studies of large scale
nanoceria (e.g.,>10 nm)12 and controversially displays a
remarkable enhancement. An extended quasihydrostatic state
could result in an increase of transition pressure as compared
to that in a nonhydrostatic condition, but the resulting difference
is only within several gigapascals. Therefore, such a tremendous
enhancement with a magnitude of difference as large as
∼33 GPa is apparently not induced only by a quasihydrostatic
state. It must be related to the specific internal structure of these
ultrafine nanoceria.

Extensive studies document that nanoceria displays a sig-
nificant lattice expansion and a higher oxygen vacancy ratio
(Figure 4). These structural properties enhance obviously while
particle size reduces down to∼10 nm.3∼8 Deshpande et al. have
investigated the oxygen vacancy characteristics of 3 nm ceria,7

indicative of a vacancy ratio of 0.017 (Figure 4). The lattice
parameter is calculated as 5.48 Å, greater than the bulk value
of 5.40 Å (inset, Figure 4), indicative of a 4.5% volumetric
expansion relative to bulk ceria. These observations agree with
the developing trends of vacancy and volumetric expansion as
a function of particle size (Figure 4). Previous simulations of

nanoceria nucleation indicate that oxygen vacancies prefer to
form at the particle surface.1c The existence of oxygen vacancy
effectively weakens the lattice energy and expands the lattice
volume. Compression of ceria induces a stress concentration at
oxygen vacancy site. Thermodynamically, a new structural phase
prefers to nucleate at a defect or dislocation site from the parent
phase, suggesting that oxygen vacancies in ceria serve as a series
of nucleation sites to form a new phase. In a perfect crystal,
only when pressure approaches a theoretical (maximum) value,
it overcomes the energy barrier to form a high-pressure phase,
but in a defected ceria, even at a lower pressure, the vacancy-
induced stress concentration is capable of driving the formation
of a high-pressure phase. This mechanism explains well the size-
induced softening of transition pressure as observed in large
scale nanoceria but give no answer for the tuning up of the
structural stability upon the continuous decrease of particle size.
Moreover, the resulting large stress inhomogeneousity in highly
defected ceria makes it impossible to explain the observed
quasihydrostaticity in 3 nm ceria.

In order to understand the anomalous/extended quasihydro-
staticity in compressed ultrafine ceria, two factors need to be
considered. As is well-known, ceria is capable of releasing or
absorbing oxygen by a reaction of Ce4+ + O2- T Ce3+ + VO

+ O2, whereVO is oxygen vacancy, and the processing direction
depends on its existing environment.1,2,13Application of pressure
most likely leads to a release of oxygen from nanoceria to fill
into the small gap between ceria particles. Therefore, oxygen
can serve as a gas pressure medium and produce a hydrostatic
state around ceria. Another factor is the existence of a vacancy-
induced superfluid state. Solid helium displays a superfluid
behavior while cooling to a temperature of 230 mK.14 Surface
defect and boundary instability play critical roles for the
formation of a superfluid; application of pressure enhances such
a critical effect in these quantum crystals.15,16 First-principles
simulations of solid hydrogen predict that a low-temperature
liquid metallic state emerges at a pressure of∼400 GPa,
associated with superconducting properties and a rapid kink of
melting temperature.17 A reduction of melting temperature
proves to be one striking phenomenon of nanomaterials. When
the empirical equation given by Goldstein et al. is applied,18

Figure 3. High-pressure X-ray diffraction patterns (XRD) of 3 nm
ceria. Inset figure shows a comparison of XRD patterns of starting and
recovered ceria. Note: the nonlinear dependence of X-ray intensity on
energy and pressure-induced thinning of the samples result in a
significant weakening of X-ray diffraction peaks and intensity variation
at different energies.

Figure 4. Size-dependent lattice parameter and oxygen vacancy ratio
of ceria (Data from refs 3-8 and this study).
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the melting temperature of 3 nm nanoceria can be calculated
and is several hundred degrees lower than that of the bulk.
Experimental measurements indicate that nanoceria has an
enhanced electrical conductivity.19 Combining these salient
properties of nanoceria with the tuning factors and associated
properties of a superfluid in solid helium at low temperature
and in solid hydrogen under extreme pressure, it is anticipated
that a superfluid will appear in nanoceria under compression,
thus creating a quasihydrostatic state.

The enhancement of structural stability is closely related to
the stress distribution of each single defected particle. Nano-
mechanic simulations of nanolayer materials under compression
indicate that a homogeneous stress field distributes across the
entire layer while the nanolayer reduces in thickness down to a
critical value. It is most striking that, below this thickness,
defects or vacancies do not behave like that in bulk enabling
inducing a stress concentration.20 This thickness can be calcu-
lated byD ) (πγG)/(h2), whereD, γ, G, andh denote critical
size (nm), surface energy (J/m2), Young’s modulus (GPa), and
Vickers hardness (GPa), respectively. The critical thickness in
ceria is therefore predicted to be 7∼18 nm. Nanoceria particles
could be assumed as an irregular thin layer in which the largest
thickness equals the diameter of the particle. The particle size
of ceria in this study is only 3 nm, far below the critical value,
attesting that a homogeneous stress distribution field can be
generated in each single defected ceria particle upon compres-
sion. Therefore, only when pressure is achieved as the same as
the transition pressure occurring in a defect-free single crystal,
the phase transformation can take place in these ultrafine
nanoceria. Meanwhile, the surface energy contribution to the
total internal energy has been proved to significantly affect the
structural stability, resulting in an apparent increase of transition
pressure, particularly for ultrafine particles.21 Therefore, a
combination of particle-related stress field and surface energy
contribution can reasonably explain the remarkable enhancement
of the transition pressure in 3 nm ceria, rather than a continuous
reduction of transition pressure observed in large scale defected
nanoceria (e.g.,>10 nm). This mechanism can also be applied
to explain the reversal of mechanical properties (e.g., reversed
Hall-Petch relation) of nanomaterials. It is quite useful for
tuning up the yield strength and toughness of hard materials
and composites for practical applications.

In summary, high-pressure ruby fluorescence spectroscopy
and synchrotron X-ray diffraction studies have been conducted
to explore the particle-to-particle interaction of 3 nm ceria and
the resulting stress distribution and structural stability. Results
indicate the generation of an anomalous/extended quasihydro-
static state within highly compressed nanoceria and remarkable
enhancement of structural stability relative to bulk and size-
induced reduction of transition pressure in large scale nanoceria.

A quasihydrostatic state remains to a pressure as high as
28.6 GPa; the structural stability extends at least to 65.1 GPa.
Although a pressure-driven release of oxygen and vacancy-
induced surface superfluid at interface can explain the extended
quasihydrostaticity, the size-dependent isotropic stress field and
surface energy contribution explain the enhanced structural
stability. These results not only cast significant implication for
understanding the reversal of the Hall-Petch relation through
a large body of nanomaterials but also have important applica-
tion for synthesizing novel engineering materials with tunable
mechanical properties.
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