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The development of future generation catalysts and fuel cells based on oxide nanostructures is dependent
upon our ability to control the size, shape, and surface chemistry of individual particles. It is currently
not possible to characterize the surface of substantial numbers of oxide nanocrystals within large scale
samples using exclusively experimental methods. In this paper, we outline a combined methodology for
partnering advanced imaging techniques, to provide local experimental structural information, with
multiscale computer modeling, to identify the terminal (surface) atomic layer, and apply this technique
to the case of CeO2 nanoparticles.

1. Introduction

The field of nanocatalysis has undergone explosive growth
during the past decade, driven by the discovery that, due to
their high surface area, oxide nanoparticles are more effective
catalysts than their bulk counterparts. In particular, ceria
(CeO2) has attracted considerable interest due to its unique
properties and applications in various aspects of nanocatal-
ysis1-4 and solid fuel cells.5-7 Given the impending energy
crisis and the current global dependence on fossil fuels for
the automotive industry, possibly the most important (and
immediate) application of ceria nanoparticles is as an efficient
“oxygen buffer” in an automotive three-way catalyst (TWC).

These buffers are essential in stabilizing the air-to-fuel ratio
necessary to achieve simultaneous conversion of NO, CO,
and hydrocarbons during both the fuel-lean and fuel-rich
stages of the combustion cycles.8 Bulk ceria is known to be
an excellent oxygen buffer,9 and (high surface area) nano-
particles have been shown to achieve the desired redox
efficiency.10 However, significant technological problems
arise as the particles size decreases, as ceria nanoparticles
tend to aggregate (decreasing the effective surface area) with

consequent degradation in catalytic performance.10 This
aggregation behavior is driven by the compatibility of the
shape of individual nanoparticles (characterized by the
relative fractions of different crystallographic facets11 and
their surface terminations) and can be substantially reduced
by control of the shape of individual nanoparticles during
synthesis.

Ceria nanoparticles may be prepared via thermal hydroly-
sis,12 coprecipitation,13,14 combustion,15,16 microemulsion,17-19

thermal decomposition,20 and other techniques.21-24 Each
of these methods provides opportunities to tailor their shape
through control of specific synthetic parameters such as
temperature and the composition of precursors which influ-
ence the surface chemistry and surface structure. Unfortu-
nately, the underlying relationships between these experi-
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mental parameters and the resulting nanoparticle shape are
still poorly understood. Hence, improvements in the perfor-
mance of ceria-based and other nanocatalysts will not be
realized until a fundamental investigation as to how their
shape is governed by the surface structure and surface
chemistry is undertaken, so as to guide future synthesis
efforts. In this regard, experimental characterization using
electron microscopy is necessarily highly selective within a
bulk sample and does not immediately provide predictive
capability with respect to size and morphology. However
using experimental data as a calibration for accurate theoreti-
cal models enables the effects of size and morphological
changes on the surface structure to be predicted for a wide
range of external conditions.

2. Experimental Details

Using advanced high resolution transmission electron microscopy
(HRTEM), the structure and chemistry of a range of ceria
nanocrystals has been investigated with the intention of character-
izing the overall particle shape and surface structure. Specimens
for TEM were prepared by dispersion of the as-synthesized CeO2

powder25 in propanol followed by sonication and a drop of the
resultant suspension was subsequently allowed to dry on a TEM
grid coated with a “holey” amorphous carbon support film. The
nanoparticulate powders of CeO2 were synthesized using combus-
tion chemical vapor condensation, as described in detail elsewhere.25

For the studies reported here, only CeO2 particles synthesized by
this method were examined although, as noted earlier, preparation
conditions (and in particular the presence of precursor counter-
ions) can have a significant effect on the developed particle
morphology. Suitable oriented (generally 〈110〉) particles were
examined in a 400 kV TEM (JEOL 4000EX) with an interpretable
point resolution of 0.17 nm. Experimental images were recorded
at close to the Scherzer defocus condition37 at primary magnifica-
tions of between 300 000 and 500 000×. Initial screening of
particles at low magnification gave a mean particle size of 4.6 (
0.8 nm based on measurement of 63 particles with a clearly
identifiable morphology in projection. We also note that within the
as-synthesized sample there were also larger aggregates of particles
present which were not analyzed.

Figure 1a shows a typical 〈110〉 oriented CeO2 particle with
extended {111} facets and a small (4 atomic column width) apical
{100} facet. In Figure 1a, individual black spots correspond to
unresolved OsCesO atom groups projected along a 〈110〉 direc-
tion, and at this resolution, is not possible to assign the surface
termination as O or Ce. We note however that there is evidence
for incomplete surface layers along the {111} facets of the crystal
and for disorder on the apical {100} plane. However, during the
course of our studies we have not observed any radiation induced
changes or instabilities in the crystal and hence these local defects
are assumed to be present in the as-synthesized material. We have
imaged many similar crystals and in all cases the preferred
morphology was one with extended {111} facets and small apical
{100} facets. For the smallest particles imaged the apical {100}
facets are best described as low index surfaces formed from stepped
{111} surface, as shown in Figure 1b. On the basis of measurement
of 16 HRTEM images, the ratio of {111}:{100} for 4-6 nm
particles gives a mean ∼97 ( 1% {111} surface area.

These results demonstrate that although the terminal atomic layer
cannot always be definitely identified, the shape of the nanocrystals
(characterized in terms of the {100}/{111} ratio) can be relatively
unambiguously determined. Fortunately, examining the relationship
between surface structure and shape of nanocrystals is relatively
straightforward using computer modeling. Since the nanocrystals
are enclosed by {100} and {111} facets, which may be either
oxidized or reduced, there are four possible combinations that could
represent the surface structure of our specimens. Therefore, by
modeling the shape and thermodynamic stability of nanocrystals
with oxidized/reduced {100}/{111} facets and comparing the
predicted shape with those observed, it is possible to indirectly
determine which species occupy the terminal atomic (surface) layer.
The combination of experimental shape determination and modeling
provides the complete set of information required to comprehen-
sively characterize oxide nanocrystals.

3. Theoretical Details

The computer modeling was carried out using a shape-
dependent thermodynamic model based on a geometric
summation of the Gibbs free energy29 which has previously
been successfully used to examine the shape of oxides.30-32

The version of the model used here is applicable specifically
to isolated, defect-free structures in the range ∼3-100 nm.29

In this version, the total free energy G is described in terms
(25) Maric, R.; Oljaca, M.; Vukasinovic, B.; Hunt, A. T. Mater. Manufac.

Proc. 2004, 19, 1143.

Figure 1. (a) HRTEM image of a typical 〈110〉 oriented CeO2 particle with extended {111} facets and a small (4 atomic column width) apical {100} facet
and (b) example of the smallest particles with apical {100} facets best described as low index surfaces formed from stepped {111} surfaces, all recorded at
close to the Scherzer defocus condition at primary magnifications of between 300 000 and 500 000×.

5461Chem. Mater., Vol. 20, No. 17, 2008Determining the Surface Chemistry of Nanocrystals



of the specific surface free energies γi, for facets i, weighted
by the factors fi (such that Σifi ) 1):

G)∆Gf°+
M
F (1-
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Pex

B0
)[q∑

i

fiγι] (1)

where M is the molar mass, F is the density, and the volume
dilation induced by the isotropic surface stresses σi and
external pressure Pex is included using the Laplace-Young
formalism.29 In all cases, atmospheric external pressure was
assumed.

The parameters required for the Gibbs free energy sum-
mation are the specific surface free energies and the isotropic
surface stresses. We have used the set of ab initio surface
energies for the reconstructed {100} and {111} surfaces of
ceria calculated by Jiang et al., using density functional
theory (DFT) evaluated within the generalized gradient
approximation using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional and projected augmented
wave (PAW) potentials for Ce and O atoms.33 In order for
the surface energies to be useful in experimental situations,
these authors have expressed the surface energy in terms of
the partial pressure of oxygen PO2, giving the nonstoichio-
metric surface formation energy, as follows:

γi(PO2))
1

2Ai
[Etotal,i -NCeµCeO2,bulk

0 + (NCe -NO2) ×

(µCeO2,bulk
0 - µCe,bulk

0 -∆Hf,bulk
0 )+ (NCe -NO2)kT ln PO2] (2)

where,

∆Hf,bulk
0

kT
< ln PO2

< 0 (3)

All chemical potentials (µCeO2,bulk
0 and µCe,bulk

0 ) and energies
(Etotal,i and ∆Hf,bulk

0 ) were approximated by calculations at 0
K, and the value of ∆Hf,bulk

0 ) -10.4 eV was shown to be in
excellent agreement with experimental measurements under
ambient conditions. Therefore, using Jiang’s results for
γi(PO2) (together with eq 1), we are able to predict the shape
of nonstoichiometric ceria nanostructures as a function of
PO2. In each case, the effects of surface stress on the total
free energy have been tested by comparing results calculated
with σi ) 0 and σi ) γi, ∀ i. These tests indicated that, at
the sizes discussed here, the affect of surface stress is small
but may still be significant, so we have used the approxima-
tion σi ) γi as first approximation. It is also important to
point out that the quantities were here were those corre-
sponding to 300 K.33 This implies that the specific results
presented here are more related to low-temperature quasi-
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Figure 2. Predicted shape (in terms of the percent (111) surface area) as a function of oxygen partial pressure (PO2), with (a) oxidized {111} and {100}
facets, (b) oxidized {111} and reduced {100} facets, (c) oxidized {100} and reduced {111} facets, and (d) reduced {100} and {111} facets.
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equilibrium conditions and not to cases where ceria nanoc-
rystals are grown at high temperature.

4. Discussion of Results

Using the expression given in eq 1 and the set of values
for a, B0, γi, and σi given in ref 33, the predicted equilibrium
shape of a ceria nanocrystals over a range of diameters is
shown in Figure 2. Each of the four possible surface
combinations is represented, with oxidized {111} and
{100} facets shown in Figure 2a, oxidized {111} and reduced
{100} facets shown in Figure 2b, oxidized {100} and reduced
{111} facets shown in Figure 2c, and reduced {100}
and {111} facets shown in Figure 2d. In each case the shape
is described by the fraction of {111} surface area. Since the
samples were grown using hydrothermal synthesis tech-
niques, we have restricted the model results to supersatura-
tions close to equilibrium, where ln PO2 is close to zero.

From this collection of data, a number of interesting trends
can be discerned. First, when the degree of oxidation/
reduction is isotropic over the entire surface of the particle
(being either all O-terminated or all Ce-terminated), the shape
of the particle is largely independent of both the oxygen
partial pressure and the particle size. We can also see from
Figure 2a and d that the predicted shape is intermediate
between a truncated octahedron (with ∼76% (111) surface
area) and a regular cuboctahedron (with ∼36% (111) sur-
face area). For cases of anisotropic surface oxidation, the
shape is highly dependent on the oxygen partial pressure,
but still changes very little as a function of size. When the
{100} facets are oxidized and the {111} facets are reduced
the shape changes from an octahedron to a cube as ln PO2

decreases from 0 to -150, whereas when the {111} facets
are oxidized and the {100} facets are reduced the shape
changes from a cube to an octahedron over the same range.

Clearly anisotropic surface oxidation is required to main-
tain consistency with our experimental observations. Fur-
thermore, given that the our nanoparticles were not synthe-
sized under reducing conditions (and the electron beam is
the only reducing medium present during characterization),
we can conclude that our ceria nanoparticles are most likely
to be O-terminated on the majority (111) surfaces, but Ce-
terminated on the minority apical (100) facets. We may even
infer the oxygen partial pressure present during synthesis to
be approximately ln PO2 ) -9.

5. Conclusion

Therefore, we demonstrated here by using accurate
experimental characterization of the shape of ceria nanoc-
rystals as input into a shape-dependent thermodynamic
model, that it is possible to determine the detailed surface
chemistry of ceria at the nanoscale. This simple (but general)
methodology can be easily applied to any oxide nanostructure
and may prove invaluable in cases where local high resolu-
tion information is not available and direct assignment of
the surface termination is not possible. Future work on this
type of combined methodology will be focused on examining
the affect of surfactants on the shape of ceria nanocrystals,
since it is also impossible to image the position, type, and
degree of coverage of molecular adsorbates directly using
electron microscopy.
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