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bstract

This paper reports a study of nanocrystalline ceria prepared by both sol–gel and ball-milling methods. EXAFS measurements show that the

all-milled samples contain a considerable fraction of amorphous material, whereas there is a high degree of order in the sol–gel samples of similar
rain size. In addition, a study has been made of the effect of silica and alumina as effective additives to reduce the grain growth of nanocrystalline
eria at elevated temperatures.

2006 Elsevier B.V. All rights reserved.
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. Introduction

An important technological application of the rare earth
xides is in the electrolyte of solid oxide fuel cells, SOFCs
1,2], where the fuel is hydrogen and the oxidant is air The
equirements for the electrolyte are a high oxygen ion conduc-
ivity, good mechanical and chemical stability. The dominant

aterial has been cubic stabilized zirconia, where the stabilizing
dditive is yttrium (as in YSZ) or a rare earth. High oxygen
on conductivity is a result of the open nature of the fluorite
tructure and the high concentration of oxygen ion vacancies
the mobile defects) introduced to charge compensate for the
liovalent dopant. However, a zirconia based SOFC has to be
perated at temperatures around 1000 ◦C for the conductivity
f the electrolyte to be sufficiently high for useful power. This
laces severe constraints on the other components of the SOFC,
uch as electrodes gas-seals and gas feeds, and has been an
bstacle in the commercial exploitation of SOFCs. Amongst the
ossible alternatives to zirconia the most promising electrolyte

aterial is gadolinium doped cerium oxide, CGO. This material

lso has the fluorite structure and similar defect chemistry to
SZ, but the conductivity at moderate temperatures is higher
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ith the promise of lowering the operating temperature to
00–600 ◦C.

There is now considerable interest in nanomaterials [3–5]
ecause of their unusual chemical and physical properties when
ompared to the parent bulk materials. One of the properties
eported is exceptionally high diffusion coefficients, and conse-
uently enhanced ionic conductivity in solid electrolytes [6,7].
lthough some of the evidence has been the matter of debate

8] there are now convincing reports of conductivity enhance-
ent which have potential consequences for applications, such

s SOFC electrolytes. Recent data for two doped CeO2 sam-
les, nanocrystalline Gd doped CeO2 [6] (Fig. 1) and Sm doped
eO2, which are different in terms of the compositions and tem-
erature ranges studied and also in respect to the physical nature
f the samples, show a very significant increase in conductivity.

Understanding the origin of the conductivity enhancement in
anocrystalline ionic solids requires a detailed understanding
f the microstructure of the material. We have been investi-
ating the microstructure of a range of nanocrystalline oxides
sing X-ray absorption spectroscopy (XAS) as the structural
robe [9], including preliminary studies of CeO2 films and pow-
ers [9,10]. In this contribution we report an EXAFS study of

anocrystalline CeO2 and the dependence of microstructure on
he preparative route. We also report the effect of using silica
nd alumina additives to pin the boundaries in ceria to reduce
rain growth.
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Table 1
The particle sizes of the nanocrystalline CeO2 samples after 1 h calcining at the
specified temperature

Calcination temperature (◦C)

400 600 800 900 1000 1200

Average particle size (nm)
Pure CeO 32 34 61 116 270 1352
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pinned CeO2 annealed at 600 ◦C (23 nm) and CeO2 ball milled
for 1800 min (25 nm) are shown in Fig. 3. This figure shows
that there is a reduction in the intensity of the EXAFS, com-
pared to the bulk sample, for the nanocrystalline samples. This
ig. 1. The ionic conductivity of Gd doped CeO2 (Ce0.8Gd0.2O1.9) nanocrys-
alline thin films (after [6]).

. Experimental

The preparation of the nanocrystalline ceria samples is described below.

.1. Nanocrystalline CeO2 via precipitation

Nanocrystalline CeO2 was prepared by precipitation from an aqueous solu-
ion of cerium(III) nitrate hexahydrate by the addition of ammonia solution.
he resulting solid was filtered, washed and dried at 60 ◦C overnight, ground
sing a pestle and mortar and portions calcined at temperatures in the range
00–1200 ◦C for 1 h.

.2. Nanocrystalline CeO2–SiO2 via sol–gel pinning

Nanocrystalline CeO2–SiO2 (to give 15% by weight of SiO2 in the final
aterial) was prepared by precipitation from an aqueous solution of cerium(III)

itrate hexahydrate, tetraethylorthosilicate and ethanol by the addition of ammo-
ia solution. The resulting solid was filtered, washed and dried at 60 ◦C
vernight, ground using a pestle and mortar and portions calcined at temperatures
n the range 400–1200 ◦C for 1 h.

.3. Nanocrystalline CeO2–Al2O3 via sol–gel pinning

Nanocrystalline CeO2 was prepared by precipitation as described in Section
.1. The powder was mixed with butan-2-ol to form a slurry and the required
mount (to give 10% by weight of Al2O3 in the final material) aluminium tri-
ec-butoxide was added and mixed for 1 h. Sufficient water was added to gel
he slurry, this was dried at 80 ◦C overnight. The resulting solid was ground
sing a pestle and mortar and portions calcined at temperatures in the range
00–1200 ◦C for 1 h.

.4. Nanocrystalline CeO2 via high energy ball milling

Eight grams of bulk cerium(IV) oxide was ball milled using a stainless steel
ial and balls (initial ball-to-powder ratio = 2) using a SPEX 8000M Mixer Mill.
ortions were removed after various milling times for analysis (final ball-to-
owder ratio = 3.2).
XRD patterns were collected using a Philips PW 1720 diffractometer with Cu
� radiation (1.514 Å) and the data were analysed using Traces v3.0 (Diffraction
echnology, Pty) commercial software, which also performed the calculation of

he average particle sizes via the Scherrer equation. The Ce L3-edge EXAFS
ere collected on station 9.3 at the CCLRC Daresbury Synchrotron Radiation

F
(

2

CeO2–SiO2 7 7 8 11 19 104
CeO2–Al2O3 23 23 31 53 88 811

ource, operating at an energy of 2 GeV and an average ring current of 150 mA
n transmission mode. The EXAFS results were analysed using the Daresbury
uite of programme; EXCALIB, EXBACK and EXCURV98 [11].

. Results and discussion

The grain growth of nanocrystalline oxides is very rapid even
t moderate temperatures [12]. The effect of adding silica and
lumina as a pinning agent to reduce the growth has been shown
o be effective for several oxides [12]. The results of the present
xperiments, shown in Table 1, demonstrate that the pinning
gents are also very effective for CeO2. Clearly SiO2 is the most
ffective of the additives, maintaining a particle size less than
0 nm even after calcining at 1000 ◦C. It is interesting to note that
o peaks for SiO2 or Al2O3 were detected in the XRD patterns
ndicating that the additives were amorphous in the samples.
he effect of milling time on the average particle size of the
all-milled CeO2 is shown in Fig. 2. This clearly shows that
ncreasing the milling times leads to a decrease in the average
article size. It is interesting to note that there is a significant
eduction in average particle for milling times up to 300 min,
ut further increasing the milling time leads to only a slight
eduction in particle size.

The EXAFS spectra and corresponding Fourier transforms
or the Ce L3-edge EXAFS spectra for bulk CeO2 (507 nm),
anocrystalline CeO2 annealed at 600 ◦C (34 nm), Al2O3-
ig. 2. The effect of milling time on average particle size of ball-milled CeO2

the line is a guide).
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Fig. 3. The normalised EXAFS (a) and corresponding Fourier transforms (b)
of the Ce L3-edge EXAFS data for bulk CeO2 (solid line), Al2O3 pinned CeO2
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Solids 156 (2001) 117.
00 ◦C (triangles), nanocrystalline CeO2 600 ◦C (crosses) and CeO2 ball milled
800 min (squares).

eduction in amplitude can arise from (i) the particle is so small
<5 nm) that the average coordination numbers for the neigh-
ouring shells is reduced or (ii) there is sufficient disorder in the
ample that the Debye–Waller factors are increased. In this work
he nanocrystalline samples are all 20–30 nm meaning that (i)
annot be the cause of the reduction in amplitude [9]. In the case
f the nanocrystalline CeO2 and Al2O3-pinned CeO2, this reduc-
ion could be due to incomplete crystallisation of the samples.
ince they were only heated at 600 ◦C, they may still contain
ome amorphous material that is not detected by XRD analysis.
his has been shown previously in the case of sol–gel prepared
anocrystalline ZrO2, where annealing at temperatures above
00 ◦C was required to fully crystallise the material [13], while
ow temperature (17 K) EXAFS spectra have shown that there

s no reduction in amplitude for well crystallised 10 nm tetrag-
nal ZrO2 compared with bulk tetragonal ZrO2 [14]. However,
he ball-milled sample shows a greater reduction in the ampli-

[

oys and Compounds 488 (2009) 1–4 3

ude of the Fourier transform, than the Al2O3-pinned CeO2 even
hough the particle sizes are similar. In this case, the reduc-
ion in amplitude cannot be due to incomplete crystallisation of
he sample, but is likely to be due to presence of amorphous

aterial produced during the preparation. Ball milling has been
hown previously to produce nanocrystalline materials with a
ignificant amorphous fraction [12,15] and EXAFS studies of
all-milled SnO2, ZrO2 [16,17] and LiNbO3 [18] have all shown
large decrease in the amplitude of the EXAFS oscillations.

The EXAFS results reported here are for the nanocrystalline
owders of a similar particle size. Previous studies of nanocrys-
alline ceria thin film prepared by polymer spin-coating show no
eduction in the EXAFS intensity even at particle sizes of 4 nm
9,10], adding further evidence that the ball-milled samples in
articular contain amorphous material. XAS studies of the SiO2
inned samples with particle sizes less than 20 nm are currently
n progress.

. Conclusions

The present work yields a number of interesting results.
irstly it is possible to restrict the grain growth of nanocrystalline
eO2 at elevated temperatures by the addition of Al2O3 and
iO2, the latter being the more effective. Secondly, the EXAFS
easurements show that ball-milled samples of CeO2 contain a

arge fraction of amorphous material when compared to sol–gel
amples of a similar particle size. Both these results have con-
equences on the ionic conductivity studies of nanocrystalline
eO2. The ability to reduce grain growth will be useful in extend-

ng conductivity to high temperatures. The highly ordered nature
f the sol–gel samples will help in the modelling of the transport
xperiments.
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