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Abstract Hydrothermal crystallisation of CeO> from aqueous sodium hydroxide solution at
240 °C using CeCls-7H20 in the presence of hydrogen peroxide with addition of either SbClz
or ShCls yields polycrystalline samples of antimony-containing ceria directly from solution.
Powder X-ray diffraction sShows a contraction of the cubic lattice parameter with increasing
Sb content, and also a broadening of Bragg peaks, from which Scherrer analysis yields
crystallite domain sizes of 5 - 20 nm. Scanning transmission electron microscopy provides
consistent results with observation of highly crystalline particles of a few nm in diameter. X-
ay absorption near edge structure spectroscopy at the Ce L and Sb K edges reveals the
presence of Ce** and Sb® in the solids. To balance charge the presence of co-included Na is
proposed, corroborated by elemental analysis. The general chemical formula of the materials
can thus be written as (Ce1xShx)1.yNayO2-s (where x < 0.4 and y > x/3). Sb K-edge extended
X-ray absorption fine structure spectroscopy of the substituted ceria samples shows that the
local structure of Sb resembles that in NaShOs, where six-coordinate metal sites are found,
but with evidence of a longer interatomic correlation due to surrounding Ce/Sh atoms in the
fluorite structure; this implies that the Sb is displaced from the ideal eight-coordinate site of
the fluorite structure. This structural distortion gives materials that are unstable under
reducing conditions, coupled by the ease of reduction to elemental antimony, which is

extruded leading to phase separation.
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Sb®*-substituted CeO crystallises directly from solution: the substituent cation has octahedral

coordination, implying local structural distortion of the fluorite structure.



Introduction

Cerium dioxide, ceria, is well known for its considerable uses in heterogeneous
catalysis where it provides a redox-active support material, often for precious metals, that
allows storage and release of oxygen.! These properties arise from the reversible switching of
cerium oxidation state from +4 to +3, aided by oxide ion transport in the fluorite lattice. The
use of ceria as one of the components in three-way automotive catalytic convertors dates back
to the 1970s, and this relies on its inherent oxygen storage capacity providing oxygen under
fuel rich conditions and promoting reduction when the exhaust is lean.? Other more recent
applications of ceria in catalyst supports include in diesel soot oxidation,® CO oxidation, such
as in the water-gas-shift reaction used for removal of carbon monoxide from hydrogen
streams produced by steam reforming,* and in the oxidation of volatile organic compounds.®
More widely, ceria has been reported as a functional solid in diverse areas, such as UV
shielding in cosmetics,® humidity sensing,” antimicrobial activity,® solar splitting of water and
carbon dioxide,® and is used as an abrasive.*® Emerging work on ceria materials is focussing

on using nanostructure to tune properties, with emphasis upon uses in environmental fields.!

An important strategy in optimising the properties of ceria for any of its uses is the
partial substitution of cerium by another element whilst maintaining the average fluorite
structure. The case of ceria-zirconia is especially well-developed in this respect and over a
wide composition range Ce** can be replaced by Zr*" to yield a ternary oxide system, with
certain compositions having cation-ordered configurations under specific preparative
conditions.*? In ceria-zirconias the bulk oxygen content is stoichiometric since the cation
substitution is isovalent, but the effect of the cation size mismatch is to induce local strain
and it is this that is believed to be responsible for enhanced oxygen storage capacity.'® If an
aliovalent substituent is introduced into ceria then charge must be balanced by oxygen non-
stoichiometry; commonly +3 cations are used and often lanthanide ions, since their radius is
similar to Ce*" and so have a preference for high coordination numbers appropriate for the
fluorite structure. The case of Gd**-substituted ceria is especially well-studied since the
material finds application as a solid-oxide conductor, such as an anode in solid-oxide fuel
cells;** here, the presence of charge-balancing oxide-ion vacancies provides hopping
pathways for ionic conduction. In fact ceria is remarkably accommodating in terms of the
substituent species that can be taken up and elements from all parts of the Periodic Table
have been reported as substituting for cerium in its structure.’® This includes transition-metals

such as Fe®® and Ti%’, s-block cations, such as Ca*® and Na'® and main-group elements such
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as In?® and Pb.2! Each substituent element brings its own coordination preference and

distinctive chemistry to the material that may be beneficial for catalytic applications.

Solution-mediated crystallisation provides a versatile route to oxide materials, and
hydrothermal chemistry in particular has been developed to allow formation of atomically
homogeneous multi-element oxides under mild conditions.'® 22 From this work it is evident
that unusual substitutional chemistry can be achieved, with high levels of incorporation of
particular elements or inclusion of ions with considerable size mismatch that would not be
possible at high temperatures, where phase separation would occur. In the case of
hydrothermal synthesis of ceria?® our own work has demonstrated the crystallisation of Pd?*-
containing CeO2, with the substituent occupying interstitial square-planar sites and expanding
the fluorite lattice,®* while inclusion of Bi** can be achieved to a higher degree in
hydrothermal reactions than by conventional solid-state synthesis, giving a significant

expansion of the unit cell.?®

We recently reported the hydrothermal formation of Nb®*-containing ceria and
showed how the unusually highly-charged substituent could be accommodated in the fluorite
structure by a displacement from the ideal 8-coordinate cation site, in turn leaving under-
coordinated oxide ions that account for the observed enhanced oxygen storage capacity of the
material.?® The element niobium is unique in possessing a stable +5 oxidation state that is not
easily reduced and charge balance in CeO is achieved by co-inclusion of Na* from the alkali
solution used in its synthesis. To explore further the counterintuitive idea of using a
pentavalent substituent to disrupt the local structure of ceria, we herein report a study of
inclusion of the element antimony. Like niobium, antimony also has an accessible +5
oxidation state, although reduction to the +3 oxidation state can more readily occur; the

incorporation of antimony into ceria has not to our knowledge been previously reported.
Results and Discussion

Figures 1a and 1c show profile fits to powder X-ray diffraction (XRD) patterns, and
Figures 1b and 1d show lattice parameters and crystallite domain sizes determined by profile
fitting against these patterns from samples prepared using either SbCls or SbCls as an
antimony source with the ratio of metal salts used in synthesis defined as (1-x)Ce: xSb.
Similar trends are seen in each case with a contraction of the lattice with increasing Sb added
in synthesis, which is consistent with the smaller ionic radii of both Sb®" and Sb°* (in six-

coordinate sites) compared to the eight-coordinate Ce** in ceria.?’ The fact that the lattice
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parameter decreases with increasing x with the same gradient, however, would suggest the
same oxidation state of antimony is found in both sets of materials (see below for
spectroscopic confirmation of this). The crystallite domain sizes derived from Scherrer
analysis of the peak broadening in the XRD profile show a decrease with increasing Sh
content. This effect has been seen in other hydrothermally prepared ceria samples with
increasing substituent level 2426 Whilst the crystallite domain sizes of the samples prepared
using SbCls decrease approximately linearly (Figure 1b), the crystallite size drops abruptly
upon addition of even a small amount of antimony (x = 0.05) in samples prepared using
SbCls, which is then followed by a modest decrease in crystallite size over the range 0 < x <
0.35.(Figure 1d). The contrasting behaviour must be a result of the different solution
chemistry taking place, such as the different concentration of chloride used in the synthesis or
the differing redox chemistry possible with the different antimony oxidation states.
Ultimately, however, a similar crystallite domain size of ~5 nm is reached for both sets of
samples at the highest amount of antimony included, x = 0.4 for materials prepared from

SbCls and x = 0.35 for materials prepared from SbCls.
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Figure 1: Powder XRD (A4 = 1.5418 A) analysis of Sb-substituted ceria materials: left, fitted
profiles and, right, refined cubic lattice parameters and Scherrer crystallite size for (a-b)
materials prepared from SbCls and (c-d) materials prepared from SbCls. In (a,c) the
difference lines are shown in blue under the fitted profile, and the excluded regions at ~38 ¢

260and ~44°2@are due to the sample holder.

The particle size as visualised by transmission electron microscopy (TEM), Figure 2,
shows consistent results, with the powder XRD analysis with crystallites of a few nanometres
in size observed for the Sb-substituted materials. The samples consist of agglomerated
particles, but a high level of crystallinity is evident in the high-resolution images since lattice
fringes are apparent even in the smallest crystallites. The particle size is notably smaller for
the Sb-containing materials compared to the CeO> prepared using the same hydrothermal

method, and furthermore the particle size is smaller for samples that contain a higher level of

Sh, consistent with the Scherrer analysis of powder XRD.

Figure 2: Scanning TEM micrographs from Sb-substituted ceria materials (a) x = 0, (b) x
= 0.05 and (c) x = 0.30 prepared using ShCls precursor, (d) x = 0.05 and (e) x = 0.30

prepared using SbCls precursor.

TEM was also used to examine the distribution of Sb in the specimens using energy-
dispersive X-ray analysis (EDXA) mapping, Figure 3. These show the presence of antimony
throughout the crystallites with no evidence for clustering of the elements on the tens of

nanometre scale.



10 nm

Figure 3: EDXA maps showing Ce L signal in yellow and Sb signal L in green recorded
using TEM from the regions show in the micrographs to the left: (a) x = 0.05 prepared
using SbCls precursor (b) x = 0.05 prepared using SbCls precursor, (c) x = 0.30 prepared

using SbCls precursor and (d) x = 0.30 prepared using SbClz precursor.

Raman spectra of each of the materials show a broad band centred at around 459 —
465 cm® (Figure 4), attributed to the F2g Raman mode caused by M — O symmetric stretching
in an MOs cube, the characteristic stretch in fluorite oxides.?® This band broadens as Sb
content increases, indicative of increasing disorder. As Sb content increases a second band
begins to appear ~600 cm™, which is commonly assigned as a phonon mode arising from
oxide vacancies.’® ?° There are no other observed Raman bands, confirming that no other

phases are present.
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Figure 4: Raman spectra of Sh-substituted ceria materials synthesised using (a) SbCls and

(b) SbCls as the precursor.

X-ray absorption near-edge structure (XANES) spectroscopy measured at the Ce L-

edge and the Sb K-edge was used to determine the bulk average oxidation state of the

elements in the two sets of samples studied, Figure 5. This clearly shows how cerium

maintains its oxidation state of +4 as in CeO but also that antimony is found in the +5

oxidation state irrespective of the Sb oxidation state in the precursor materials, which can be

explained by the oxidising conditions in the hydrothermal reaction mixture provided by
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Figure 5: Ce Li-edge (a,c) and Sb K-edge (b, d) XANES of Sh-substituted ceria samples
synthesised using (a,b) SbCls and (c,d) SbCls as the precursor. In (c) the spectrum of the x



= 0.3 sample is affected by high absorptivity of the specimen but the XANES is nevertheless

characteristic of Ce(1V).

The mechanism of charge-balance needs to be considered, with the presence of a
pentavalent substituent requiring a different mechanism than the commonly used lower-
valent substituents in ceria (trivalent or divalent cations). Oxide excess in fluorite oxides is
possible, such as in the mixed-valent uranium oxides UO2+s where extra oxide is present in
interstitial sites to allow oxidation of a fraction of the uranium to the +5 oxidation state.*
Another possibility for the Sb>*-substituted materials would be the presence of some Ce** to
maintain charge neutrality, but this is ruled out by the XANES spectroscopy results. In the
case of Nb®" inclusion, which we recently reported,?® we found that charge balance was
possible by co-inclusion of Na*, provided by the alkali solution used in synthesis: for every
three Nb (or Sb) substituted into the structure one Ce could be substituted by a Na, or in

Krdger-Vink notation:
4C€Cex$38bCe.+ NaCem

The presence of sodium in the Sb-containing materials was proven by inductively
coupled plasma atomic emission spectroscopy (ICP-OES) analysis on samples that had been
washed in boiling water, and this shows that at least 1 Na is present for each 3Sh, Figure 6,
consistent with a similar charge-balancing mechanism as for the Nb materials.?® In fact, as for
Nb-substituted ceria it is typically found that slightly more than the required amount of
sodium was included in the materials, implying in turn some oxide vacancies. This would be
consistent with the Raman spectra reported above that suggests the presence of oxide defects,
and therefore we can propose a general chemical formula of the new materials as
(Ce1-xShy)1yNayO2.5 (Where x < 0.4 and y > x/3).

2 0.08-
8 0 E fNa] = [Sb1/3

| | | I I I
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Measured Sb fraction, x



Figure 6: Elemental analysis results from Sb-substituted ceria prepared from SbCls
showing how the amount of sodium is at least 1/3 of the amount of Sb measured, implying

charge-balance by inclusion of Na*.

The presence of Sb® in an average fluorite lattice would imply a local structural
distortion since the substituent has a distinct preference for octahedral coordination (albeit
distorted), such as in NaSbOz with either the ilmenite structure or the perovskite structure at
high pressure! and in KSbO3 with a cubic, tunnel structure.®? To examine the environment of
antimony in our materials we analysed Sb K-edge extended X-ray absorption fine structure
(EXAFS) spectra, using NaShOs; and orthorhombic Sh.Os; (valentinite)*® as reference
materials for comparison. Figure 7 shows the fitted EXAFS spectra and their Fourier
transforms of representative samples (see ESI for all spectra) and Tables 1 and 2 show the
fitted structural parameters for the reference materials and the ceria samples, respectively. In
this analysis the amplitude reduction factor, So* was refined for the reference materials giving
a value close to 1 (1.1 £ 0.1), as expected, and then for the substituted ceria materials it was
fixed at that value. It can be seen that the refined Sb-O distances in all of the substituted ceria
materials is close to the value seen in NaSbOz and with a similar Debye-Waller factor at
room temperature when the coordination number is set at 6. In contrast, in Sh,Osz the
antimony is found in irregular coordination with 3 short and 2 long Sh-O distances.®® Thus
the EXAFS analysis confirms the presence of Sb°* in six-coordinate sites, close to octahedral
as in NaShOs. The data also provide evidence for a longer interatomic correlation at around
3.7 A in the substituted ceria materials, not seen in NaShOs. Assuming that the Sb resides
close to the cubic metal site in the fluorite lattice then one would expected 12 surrounding
other Ce atoms 3.84 A in the face-centred cubic lattice®* (and some of these statistically
would be Sb atoms which may be obvious at higher levels of substitution). We thus modelled
the longer interatomic distance as shells of cerium and antimony atoms, 12 in total, with the
relative amount set at the values expected from the composition, Table 2. This gave a
statistically improved fit to the spectra with physically reasonable refined parameters. Further
analysis of selected samples revealed corroborative evidence for the correct assignment of
this feature: for three materials prepared from SbCls with 10 %, 20 % and 30 % of the cerium
replaced by antimony, the refined distance of the Sb/Ce shell systematically decreases with
increasing Sb content, despite the invariant Sb-O distance, Table 1. This is entirely consistent
with the contraction of lattice parameter seen by powder XRD with addition of increasing

amounts of Sb.
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Figure 7: Sb K-edge EXAFS (left) and their corresponding Fourier Transforms (right) of
(a,d) NaShOs3 (298 K), (b,e) Sh20s (valentinite, 77 K) and (c,f) Sbh-substituted ceria with x =
0.20 prepared from SbCls (77 K). Points are measured data and the full line the fitted

curve (see Tables 1 and 2 for fitted parameters).
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Table 1: Fitted EXAFS parameters from crystalline reference materials. N, the coordination number was fixed at the expected value
and the radial distance, R and Debye-Waller factor o2, were varied in least-squares refinements. Reryst is the expected crystallographic

distance (see text), So? the amplitude reduction factor and Eo the threshold energy.

Material Shell N R/IA Reryst/ A o2IA? So? EoleV R-factor
NaSbOs ) 6 1.980(7) 1.973 0.0031(6) 111) 4.9 0.050
Sbz0s 0 3 2.008(6) 2.006 0.0036(7) | L.1(1) 85 0.024

0 2 2523(48) | 2.569 0.0165(86)

Sb 2 3.397(6) 3.303 0.0035(5)

Sh 2 3.699(14) 3.709 0.0060(14)

sb 2 3.988(4) 3.940 0.0102(35)

Sb 4 4130(23) | 4.085 0.0061(22)
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Table 2: Fitted EXAFS parameters from Sh-substituted ceria samples. For definition of parameters, see Table 1. The amplitude reduction

factor was fixed at the value obtained for the reference materials (see text).

Material Temperature | Shell N R/A o2IA2 EoleV R-factor
/K

x = 04077 ) 6 1970(5) | 0.0032(4) |18 0.077
from SbCls Ce 7.2 3.642(98) 0.0096(7)

Sh 4.8
x = 040|298 0 6 1971(7) | 0.0037(5) |2.9 0.082
from ShCls Ce 7.2 3.644(39) | 0.0111(12)

Sh 4.8
x =0.30 298 ) 6 1971(7) | 0.0040(5) |2.8 0.068
from SbCls Ce 8.4 3.660(24) | 0.0148(24)

Sh 3.6
x = 020|298 0 6 1970(7) | 0.0035(5) |25 0.087
from SbCls Ce 9.6 3.666(28) | 0.0157(29)

Sb 2.4
x = 0.10 | 298 @] 6 1.973(10) 0.0043(7) 2.5 0.090
from SbCls Ce 10.8 3.679(54) | 0.0206(68)

Sb 1.2
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Temperature programmed reduction (TPR) is one of the common tests for the redox
properties of ceria materials.®® We selected one of the Sb-substituted cerias, with the lowest
Sb content (x = 0.05) prepared from SbCls, to measure hydrogen TPR and compared the
result with a pure ceria sample prepared by the same hydrothermal method, Figure 8a. Note
that heating in Ha to temperatures beyond 550 °C was not performed due to the possibility of
releasing toxic Sb (a volatile solid with a melting point of 631 °C) or even SbH3, a highly
poisonous gas. The pure ceria sample shows behaviour similar to high surface area materials
reported in the literature with a low-temperature reduction with a maximum uptake around
300 °C, due to reduction of the surface of the crystallites, followed by the onset of a higher
temperature reduction beginning above 500 °C due to the bulk reduction of the fluorite
lattice. The x =0.05 sample shows a completely different TPR profile, with the absence of the
low temperature surface reduction and instead much larger reduction feature at around 400
°C. The process was mimicked ex situ using a sample with higher Sb content so to detect the
decomposition product, and powder XRD revealed that the reduction yielded a mixture of
CeO, and elemental Sh, Figure 8b. The lattice parameter of the ceria material before
(5.4061(6) A) and after (5.4161(4) A) reduction confirms the extrusion of Sb from the
structure with a corresponding increase in lattice parameter. Quantification of the amount of
hydrogen oxidised in TPR experiments is equivalent (within error) to the amount required to
reduce Sb>" to Sb metal, suggesting that little Ce reduction takes place below 550 °C. Similar
behavious has previously been found for Bi-substituted ceria, where the extrusion of Bi
occurs under strongly reductive conditions. However, in that case the heavier Group 15
substituent was found in the +3 oxidation state, reflecting the relative instability of the

highest oxidation state of bismuth compared to antimony studied here.?®
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Figure 8: (a) Temperature programmed reduction and (b) powder XRD after heating of

Sb-substituted ceria.
Conclusions

Antimony can be introduced into the cubic fluorite structure of CeO> by hydrothermal
synthesis with up to 40 % of the cerium replaced by Sh®". Charge-balance is maintained by
co-inclusion of Na* from the reaction medium, rather than by reduction of the Ce**, in the
same mechanism as we previously found for niobium-substituted ceria. The presence of these
pentavalent substituents, with their preference for lower coordination numbers than cerium,
gives rise to local distortion of the fluorite structure. In the case of antimony, and in contrast
to niobium, this gives materials that are unstable to heating under reducing conditions, most
likely aided by the ease of reduction to the elemental state of the substituent. This shows how
the hydrothermal synthesis method provides access to substituted oxides that would be
difficult, or impossible to prepare using high temperature calcination or annealing. While the
antimony-substituted ceria is inherently unstable under strongly reducing conditions, its
reactivity may be useful for many of the other catalysis applications that ceria is studied for,

and the investigation of this chemistry will be the focus of ongoing work.
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Experimental

6 mmol total of CeCl3z-7H20 and either SbCls or SbCls in the required ratio (1-x)Ce : xSb was
dissolved in 2 ml distilled water, followed by the addition of 2 ml of H.0, (37% aqueous
solution). This solution was then stirred for 15 minutes, during which the colour of the
solution changed from colourless to a pale yellow/orange colour, indicating Ce®* oxidation to
Ce*. Next, 8 ml of either 7.5 mol dm™® NaOH was added dropwise, giving effervescence.
The red-brown gel was stirred for a further 10-15 minutes before being sealed in a Teflon-
lined steel autoclave and heated in a fan oven to 240 °C for 24 hours. The autoclave was
cooled to room temperature before filtration and washing with copious amounts of boiling
water. The resulting brown solids were dried in an oven at 80 °C overnight and ground in a
pestle and mortar to give a fine powder. Sh204 was prepared by heating Sb203 in air to 500
°C, while the reference materials NaShOs and Sh.Oz were used as purchased from Alfa

Aesar; their identity was confirmed by powder XRD.

Powder XRD were measured using a Siemens D5000 diffractometer in Bragg-Brentano mode
operating with Cu Koy radiation and the diffraction profiles were fitted using the Le Bail
method using the software GSAS®*® implemented with EXPGUI.3" Scherrer analysis was
performed by subtracting a contribution to instrumental broadening, determined using a NIST

ceria reference.

Scanning transmission electron microscopy (STEM) analysis was carried out on a doubly
corrected JEOL ARM200F microscope operating at 200 kV. Annular darkfield STEM (ADF-
STEM) images were obtained using a JEOL annular field detector at a probe current of ~23
pA with a convergence semiangle of ~25 mrad. EDXA measurements were carried out with
an Oxford Instrument X-MaxN 100TLE windowless SDD to determine the elemental

composition and distribution.

X-ray absorption spectroscopy was performed on beamline B18 of the Diamond Light
Source, UK.® Data were collected from samples diluted with appropriate amounts of
polyethylene powder and pressed in self-supporting discs around 1 mm thick in transmission
mode at the Ce Lii-edge and the Sb K-edges. Incident energies were selected using a water-
cooled, fixed-exit, double-crystal monochromator with either Si(111) or Si(311) crystals for

the Ce Lin and Sb K edges, respectively. The beam was focussed horizontally and vertically
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using a double toroidal mirror, coated with Pt, 25 m from the source, while a pair of smaller
plane mirrors were used for harmonic rejection. The raw data were normalised using the
software ATHENA® to produce XANES spectra and EXAFS spectra for modelling using the
software ARTEMIS.*® The k3-weighted Sb K-edge EXAFS spectra were analysed over the k-
range 3 —15.9 A with the amplitude reduction factor determined from the reference

materials NaSbO3 and Sh,0O3 used for the analysis of the Sh-substituted cerias.

Raman spectra were recorded from solid samples using a Bruker MultiRAM spectrometer
operating with a Nd:YAG laser (1064 nm) with 4 cm™ resolution and 200 mW incident

beam.

Analysis of metals in the samples was performed using inductively coupled plasma-optical

emission spectroscopy (ICP-OES) after digestion of the samples in hydrobromic acid.

Temperature-programmed reduction (TPR) was performed at the Johnson Matthey
Technology Centre using 10% H. in N2. H> consumption was measured by the variation in
thermal conductivity of the gas before and after contact with the sample with a water trap
after the sample to absorb water created by H> oxidation. In order to quantify accurately the
hydrogen consumption a known quantity (1 ml) of N2 was injected into the H2/N> gas stream

before the experiment began to create a calibration peak.
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