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Abstract

Detailed x-ray photoelectron spectroscopy (XPS) studies on the oxidation of an
extensivley cleaned, reduced ceria-lanthana solid solution (12.5 mol% La to Ce) was
performed. Uptake of oxygen during oxidation followed a logarithmic dependence
on exposure. Differential charging during oxidation suggests that the oxidation
process is diffusion limited. No evidence for surface 3+ cerium states in the fully
oxidised samples, which are anion defect free within the limits of experimental
accuracy, was found. The data suggest that there is no evidence for the inherent
stability of anion vacancies (associated with Ce3* sites) at the surface of these

nanocrystals.

Introduction

Cerium dioxide, ceria, has been of the subject of considerable research interest
because of its interesting defect (non-stoichiometry) chemistry and its use in a
number of catalyst systems, notably the three way automotive catalyst [1]. It also
finds uses as a polishing material [2], an ionic conductor in fuel cells [3] and in gas
sensors [4]. It has been studied in depth using XPS because of unusual mixture of
‘shake-up’ and ‘shake-down’ satellites which are observed [5]. The redox chemistry
of ceria, at the heart of most of its practical use, has been studied using XPS a

number of times using single crystals [6,7], foils [8], films [2.10,5,11], powders [12,13]
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and supported materials [14]. These studies clearly show that ceria (CeO2) can be
readily reduced by Art ion bombardment, Hz or CO treatments to ~Ce203 and is re-
oxidised back to ~CeO2 on exposure to oxygen as observed using peak shape and
shifts of the Ce3d and other core-levels peaks. However, the complex final state
effects seen in Ce XPS spectra (as first explained by Burroughs et al and whose
explanation is normally followed by later authors [15]) make quantification of the
Ce3*/Ce* ratio and the stoichiometry difficult. The non-stoichiometry of ceria is
relatively complex because the so-called Ce?* ion in the oxide is actually a Ce#* ion
coupled to a small polaron state and two of these are associated with each anion
vacancy [16,17]. There is disagreement on whether ‘a kinetically or
thermodynamically stable surface "Ce3" species can exist at these oxidised
samples because of additional stability of these species at the'surface compared to
the bulk. However, theory suggests that the formation of significant numbers of
surface anion vacancies is only possible in UHV conditions at elevated temperatures
[18]. Absolute experimental verification of surface stoichiometry by XPS is probably
not possible because of electron and x-ray induced reduction of ceria and cerium

compounds [19-22].

Whilst ceria has been very extensively studied, it is highly appropriate to extend
these studies to ceria loaded with other lanthanide oxides such as lanthanum oxide.
Lanthana forms solid solutions with ceria of expected formula CeixLaxO2x2 and is
typical of many fri-valent lanthanide oxides which are added to improve
ionic/electronic conductivity and catalytic activity [1]. The marked improvement in
activity of «ceria-lanthana solid solutions in catalysis was first demonstrated by
Mackrodt et al for the combustion of methane [23]. Wilkes et al showed that the
rate of combustion over loaded catalysts compared to pure ceria could be
improved by as much as factors of 3 [24]. Bernal and co-workers suggest that the
additional activity of these systems is a result of increased ease of reduction and also
morphological stability [25]. Reddy et al report that doping can improve oxygen
storage capacity compared to ceria by factors of 4-5 and lower light-off

temperatures for CO oxidation by 58 K [26].

XPS studies of the redox of CeixLaxO2x2 are somewhat scant compared to the ceria

system. Trudeau and co-workers provide a reasonably detailed study but use CO:2
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as an oxidising gas which may lead to problems with carbonate production [27].
These authors also report that as-synthesised material consists of a mixture of Ce3*
and Ce# states (an observation supported by Reddy et al [26]) and is reduced by
vacuum, exposure. Du et al report the effects of argon ion bombardment of both
ceria and CeixLaxO2x2 but no controlled oxidation of the sample is reported [28].
Because of the absence of any extensive study of the redox properties of Cei1xLaxOo.
x2 Using XPS and the importance of this material, we report a study of an Art
reduced 12.5 mole% (La to Ce) solid solution of lanthana-ceria. The value of 12.5%
Lanthana doping was chosen as in catalysis studies this level appears to produce

optimum reactivity [1].

Experimental

Preparation: Samples were made by simple reverse precipitation by addition of a
2M mixed cerium-lanthanum nitrate solution (at the target Ce:La molar ratio) to a
NH:OH solution (in excess). In this work a 12,5 mole % La to Ce was principally
studied although a 100% ceria sample and other ceria-lanthana solid solutions were
also prepared for comparison. The reverse precipitation was used as it produces
small crystallite (nanocrystals) bearing powders with a highly homogenous
distribution of the cations. Solid was recovered by filtration, washed several times in
water and dried overnight-at 373 K. The material was subsequently calcined at 1273
K for 12 hours. As shown by us previously, it is absolutely imperative to heat at these
temperatures to ensure removal of stable hydroxide and carbonate phases
although it should be noted that bulk hydroxylation/carbonation can occur on
extended exposure to ambient and thus samples were processed for analysis as
quickly.as possible after calcination [29].

Characterisation:  The reactivity of lanthanide oxides in ambient is poorly
appreciated and we suggest that this is part of the reason that researchers see
inconsistent XPS data for ‘as-prepared samples’. A 12.5% molar ratfio of La to Ce was
used for the XPS studies detailed herein. The powder samples were pressed info 0.5
mm discs at 20 tonne per cm?2 pressure for XPS studies. Following pressing the
samples were re-calcined before mounting onto steel stubs for XPS measurements.
Samples were heated in the sample chamber by placing stubs in a resistively heated
shroud (maximum 1273 K). Samples could be exposed to oxygen to a pressure of

around 5 x 10> mbar in the analysis chamber. The samples were carefully cleaned
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prior to analysis. This consisted of heating in UHV for 2 hours to a temperature of 1073
K to remove carbonate. The sample was transferred into an insitu high pressure cell
and heated in O2 at 0.5 atm at 573 K for 45 min. It was then heated in Hz atf the
same pressure for a further 45 minutes. This was then repeated a further twice. The
reduced sample was then heated in UHV to 1000 K for 15 minutes before exposure
to 105 mbar Oz for several hours to affect complete oxidation. XPS data on the
sample indicated only La, Ce and O and no indication of C and other
contamination could be observed. XPS data were collected on a Vacuum Science
Workshop CLASS100 high performance hemispherical analyser using Al Ka exciting
radiation. A pass energy of 50 eV was used to minimise analysis times and so avoid
x-ray induced photoreduction and other effects. The background pressure in the
analysis chamber was 2 x 1070 mbar. The samples were subjected to room
temperature argon ion (Art) bombardment (10 kV, 2 mA for 30 min) to affect
reduction. Samples were then heated for 1 h at673 K to restore surface order and
remove any possible adsorbed contamination. Data were analysed by the usual
methods. Peak areas were measured after a Shirley background subtraction [30].
Curve-fitting was carried out using-a- Doniach-Sunjic peak shape [31]. Peak
asymmetry and peak widths were fixed, their values determined by fitting data from
fully reduced and fully oxidised materials. An electron flood gun for charge
neutralisation proved ineffective because of differential charging related to
oxidation and also it was seen to bring about significant surface reduction. For La 3d
and Ce 3d data presented here no charge correction has been carried out. This
was decided on for a number of reasons, firstly, the fully reduced samples appeared
very conductive with binding energies similar to that expeceted for the material and
secondly It was of interest to this study to graphically depict the effect of oxidation
on the conductivity of the sample. The O 1s spectra for the reduced sample also
showed no charging, however, once charging was apparent the spectra were
fitted and the laftice O% peak was corrected to the same position observed for the

reduced, conducting, sample (530.0 eV).

Samples were also characterised by powder x-ray diffraction (PXRD). PXRD patterns
were recorded on a Phillips M-PRO diffractometer equipped with a PIXEL detector
using CuKa radiation at a working voltage is 40 kV. 5% w/w of zirconia was added

as an internal reference to the solid solutions so that reflection positions and hence
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laftice parameters could be accurately determined. Total external reflection x-ray
fluorescence (TXRF) was used to confirm the metal cation ratio of the synthesised
powder. Data were collected on a Bruker S2 PICOFOX TXRF instrument and
quantification was via peak fitting combined with full matrix calculations combined

with analysis of physical mixtures of CeO2 and La203 to ensure accuracy.

Results

Routine analysis data are shown in figure 1. The preparation was very reproducible
and the metal ion composition of several preparations was within-1% of target as
shown by indicative TXRF data (figure 1(A)). PXRD data show the expected lattice
expansion of La203-CeO2 solutions compared to CeO2. Figure 1(B) shows PXRD data
for ceria and the 12.5% La203 loaded sample (12.5La-Ce). Reflections observed are
typical for the fluorite structure (JCPDS file No. 04-0593). The (111) reflection from the
fluorite-like lattice of zirconia can be clearly resolved for the ceria sample. The ceria
samples show doublets for the reflections due to the resolution of the Cu Kj2 x-ray
lines. The reflections for the 12.5La-Ce sample are not as well resolved as those of
CeOz2 suggesting that the materials have smaller crystallite size. The mean crystallite
size as estimated by Scherrer analysis of peak widths was 145 nm. The measured
particle size for the as synthesised powders was 15 nm. This increase in particle
crystallite size can be atfributed to sintering during calcination. The addition of
lanthana and its’ reduction of the sintering rate of ceria has been noted previously
[24] and the effective decrease in crystallite size probably results from increased
lattice strain which reduces ion mass transport. The lattice expansion indicated by
changes inposition of the (111) reflections (figure 1(C)) shows the reflection for the
12.5La-Ce sample at lower angles than ceria and this is consistent with the well
known lattice expansion that results from incorporation of the larger La3* cation [14].

The variation of lattice parameter versus loading is described in figure 1(D).

XPS data for the 12.5La-Ce sample after Art bombardment and subsequent
oxidation by exposure to oxygen (from 0 to 10, 000 L) at room temperature are
summarised in figures 2, 3 and 4. La 3d data are shown in figure 2 and show a
complex peak envelope that changes in shape and position through the oxidation
process. The Art reduced sample (figure 2(A)) shows no charging and La 3d peaks

are at binding energies typical of La20s values previously reported [32]. La 3d



O VM 0O N o0 00 A WOWN —

W W W W W N N N DN DN DN DNDNDDNDNDDNN -~ === = = = = = =
A W N — O WV 0O N O 0 A W NN — O VY O N O~ O D ODN —

spectra obtained up to an exposure of 250 L remained conductive with no obvious
charging effects. For samples above this exposure a gradual increase in charging is
apparent as the sample oxidises and becomes more insulating. The main features in
the La 3d spectrum, figure 2, are marked T, T*, S and S*. These are the 3ds.2 (T) and
3ds2 (T*) features with accompanying shake-up satellites due to O 2p to La 4f
electron transfer in the photoelectron final state. A peak shoulder around 830 eV BE
(binding energy) can just be seen in the spectra resulting from low< oxygen
exposures. This is a cerium MNN Auger peak [33]. The position of the La 3d
quadruplet, below an exposure of 250L, shows that peak shifts are negligible within
experimental accuracy. However, above this exposure, the data become
progressively more complex until at the end of the exposure regime (10,000L) a
quadruplet is again observed (together with the low binding energy feature
associated with the Ce MNN Auger feature, see arrow in figure 2 (h)) but these are
all shifted to higher binding energy. The shift:between data at low and high
exposures can be atfributed to a charge shift-of about 5.6 eV caused by the sample
becoming more electrically insulating as-it reaches its stoichiometric lanthanide to
oxygen rafio. Between exposures of 250 L and 5000 L (figure 2(E) to figure 2(G))
additional features can be seen within highly complex peak envelopes. It is asserted
that this is due to differential charging of the sample due to incomplete oxidation.
Ce 3d angle resolved data: (discussed further below) collected at 10° grazing
emission from a sample after 1000 L exposure suggest that the surface is completely
oxidised. It, therefore, appears that oxidation of the sample bulk is limited by oxygen
mass transport from the surface to the interior of the nanocrystals. Similar shifts were

seen in all XPS data.

Of course, the La 3d photoelectron features are largely insensitive to reduction since
the La3* cation is not likely to show any other valence in combination with oxygen
nor is it likely to be reduced to the metal. The reduction and re-oxidation of the
sample is most evident in the Ce 3d features which are sensitive to non-stoichiometry
and oxidation state as discussed above. Typical data for the Ce 3d XPS features are
shown in figure 3. Data after initial Art freatment (figure 3(a)) and after exposure to
10,000L of oxygen (figure 3(h)) show peak shapes typical of Ce? and Ce**
respectively. The reduced material (figure 3(a)) principally shows a double doublet

structure reminiscent of the La 3d XPS data described in figure 2 and the individual
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features are labelled $*, S, T and T* following this description. In this case however,
the satellite peaks are shake down not shake up peaks which is a result of the
lowering of 4f band below the Fermi level for Ce3* in comparison to La3* for which
the 4f band is above the Fermi level. There is a weak feature at higher binding

energy (u'"') which derives from non-reduced ceria. This may derive from either
oxidation via contamination during Ar* treatment or, we suggest more likely, due 1o
the inelastic mean free path of the photoejected electrons being greater than the
depth of film over which reduction is affected. At high exposures (figure 3(h)), the

photoelectron features are typical of CeO2. The contributions to this complex peak

envelope are indicated in figure 3(h) and labelled asu, u’, U, U and v, v', v'', v
according to Burroughs et al [15] where u and v represent the two different spin orbit
(3ds2 and 3ds/2) contributions and the different prime states correspond to different
final states caused by differing magnitudes of charge fransfer between the Ce 4f

band and O 2p valence band. The u'’ and v represent the Ce4fo-O2p¢ final
state, while u, v and u'’, v’ can be assigned to the Ce4f2-O2p* and Ce4fl-O2p?
contributions respectively. These are all indicative of the Ce#* oxidation state (CeO2).
Peaks uo, U' and vo, V' deriving from the Ce?®* oxidation state (Ce20s) correspond to
final states of Ce4f2-O2p% and Ce4f1-O2p¢[6, 14]. The data for the most extensively
oxidised sample (figure 3(h)).shows little visible signs of features v’ and v' (and
detailed curve fitting shows-no contribution of these states) and consequently
suggest that the sample represents and effectively completely re-oxidised material.
Between these two exiremes the Ce 3d spectra show a complex mix of these
contributions further complicated by the differential charging originating from the
variation in‘oxidation as a function of depth into the nanocrystals (as described
above). This differential charging is clearly manifest in the u'"’ feature which shows a
clear doublet at intermediate exposures (marked with arrows in figure 3). It should
be noted that similar studies have been carried out on a pure CeO; foil [34]. While a
similar oxidatfion rate was observed no differenfial charging was evident.
Attempting to quantify the extent of re-oxidation by curve-fitting the data proved
extremely difficult because of the presence of up to 16 individual features in the
spectra. Although good fits could be obtained quantitative analysis was not possible
because several peak combinations gave similar quality fits. Evidence for the
progressive nature of the oxidation process from surface to bulk can be seen in

figure 4. Here, data from the sample after 500 L oxygen exposure at normal (figure
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4a) and 10° (figure 4b) emission angles are shown. In the more surface sensitive
direction (10° emission) there is no sign of any differential charging and the peak
positions and shape are indicative of close to or fully oxidised material
demonstrating that the surface is much more oxidised than the bulk and the bulk
rather than the external surface contains the majority of the more conducting

reduced Ce?3*,

The Ols data as a function of exposure are shown in figure 5. The samples show the
same differential charging as seen in La 3d and Ce 3d spectra_and this is most
obviously manifested in figure 5(f) which shows an unusual doublet structure. The
data has be charge corrected so the main O 1s intensity is centred around 530.0 eV
typical of CeO2, Ce203 and La20s. Also visible in all the data is'a shoulder at around
531.5 to 531.8 eV. It is better resolved at low exposures. This is because:- a) the
electrical conductivity of the reduced materials results in better resolution, b) It is a
proportionally larger contribution to the total Ols signal (as discussed in detail
below) and c) is not deleteriously altered by the differential charging observed at
higher exposures. The origin of these high binding energy O 1s features on ceria and
other lanthanide materials has been ascribed to hydroxyl contamination [35],
carbonate contamination [28], adsorbed oxygen species [13] and highly polarised
oxygen anions close to a vacancy centre [10,11] . Since these samples were very
carefully prepared by.-extensive cleaning and were subsequently heated after Ar*
freatments prior to_any measurements, it is difficult to rationalise the high binding
energy feature 1o contamination or adsorbed oxygen. Since the sample changes
from a state of almost entirely Ce3* to Ce#** through the oxidation cycle, it is hard to
support-the arguments made about the peak being anions associated with
vacangy formation because one would expect the concentration of these high
binding energy features to change dramatically through the oxidation process. This
is not the case. Curve-fitting the O 1s data allows measurement of the ratio of the
high binding energy feature (Onigh) to the lower binding energy feature (i.e. Oz at
normal lattice positions (Oiatt)). The variation of the Onign/ Ot ratio versus exposure is
shown in figure 6. Curve-fitting to two components results in a variation that shows a
maximum ratio of around 0.44 at 500 L. However, because a doublet is formed (e.g.
figure 5(f)) due to a charged and uncharged component in all XPS data, curve

fitting at infermediate exposures to four peaks is necessary. The corrected curve
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shows an initial high value of 0.36 but after 5L of oxygen reaches a minimum value of
around 0.26 through the whole exposure regime. The consistency of this value
suggests that the Onigh is not due to contamination or adsorbed species since it
might be expected to increase with exposure. The constant value of the ratio with
exposure is also evidence that the features are not associated with the anion

vacancy conftribution.

On this basis, it is suggested that the high binding energy O1s feature derives from an
oxygen state associated with lanthanum ion inclusion since no-variation with
exposure is observed after initial exposure to oxygen. At low exposures a second
contribution must be present and may result from additional surface defect states
which are removed by the low oxygen exposure (at these low exposures they are
unlikely to be sub-surface states). Without more data it is not possible to assign the
high binding energy feature to a specific defect or surface species. However, it is
noted that the thermodynamic stability of an.oxygen (electron) hole (i.e. O-) species
being formed as a charge compensating defect (i.e. an alternative to the widely
established vacancy formation mechanism) for La3* inclusion into the ceria fluorite
lattice has been recently proposed [36]. This would provide an elegant explanation
of the observation of high binding energy O 1s features observed in this work.

The progression of oxidation.can be measured from either the oxygen (O 1s) to
metal (Ce 3d + La 3d) peak area ratio or from the ratio of Ce3 to Ce* species
estimated from the changing Ce 3d spectrum. The O 1s to (Ce 3d + La 3d) peak
area ratio can be converted to atomic ratios using known photoejection cross-
sections [37] and an instrument correction factor of 1.15 measured from a pure
CeO2 sample infroduced and cleaned in the same way (as the 12.5La-Ce sample)
and exposed to 50,000 L of oxygen. The same sample was used to measure the
U’ /total Ce 3d peak area for a stoichiometric CeO2 sample. Values are tabulated
in fable 1 and plotted as oxygen stoichiometry in figure 7. The values measured
range from 1.55 to 2.01 from zero to 10,000 L Oz exposure. The value of 1.55
measured after reduction is close to the expected value of 1.50 for a sample of
stoichiometry Ln2Os and the slightly higher value suggests incomplete reduction
within the analyte area as noted in the description of the Ce 3d photoelectron data.
The upper value of 2.01 measured is somewhat higher than expected because the

stoichiometry of the sample should be CeixlLaxO2x2 or CeosrsLaoi25019375.  Curve-
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fitting the Ce 3d data to estimate the Ce3* confribution from the relative contribution
of the U’ and v' components was considered unreliable because of the differential
charging in the spectra. Instead the ratio of the Ce 3d v’ satellite peak area to the
total Ce 3d peak area was used together with the assumption that this is linearly
dependent on the amount of Ce# present [8]. This assumption has been
qguestioned but Romeo et al show little evidence for this assertion [14]. Values of the

stoichiometry estimated from the u''’ confribution are tabulated in table 1 and

plotted in figure 7. In the table the measured U'''/total Ce 3d peak-area ratio is
referenced to the value obtained on the pure ceria sample as described above.
The value of about 2 obtained from both methods suggests that the sample is
essentially stoichiometric CeO2 (within experimental accuracy) after an exposure of
10,000 L and there is no evidence for any Ce3* states being present. The results of
the two analysis methods are in reasonable agreement and the differences seen in
slope may arise from non-linearity of u'"" with oxygen content but in our opinion are
probably reflective of slightly different depth sensitivity of the two methodologies. It
can be seen in figure 7 that the oxygen_stoichiometry is linearly dependent on the
logarithm of the oxygen exposure. This form of uptake-exposure dependence is
typical of a bulk oxidation limited by mass fransport from the surface to the bulk [38]
and is what might be expected from the arguments made above about oxidation
resulting in depth related differential charging. As can be seen from the data
described in figure 7 the sticking probability of oxygen at the surface is high whereby

a 5 L exposure is sufficient to increase the stoichiometry from 1.55 to around 1.65.

Discussion

The incorporation of La%* cations into the ceria fluorite lattice is expected to
infroduce anion vacancies (Vola) by means of charge compensation but they are
not accompanied by any Ce3* formation. By Art freatment we are further
infroducing an additional type of vacancy, V'o, which are doubly positively
charged relative to a normal lattice O% site with electrons being transferred to
cerium cations (forming Ce?* like states) via a small polaron. It is clear the Ar*
treatment is an effective means of surface reduction with all but around 15% of the
solid solution of the material being reduced to a composition of Ln203 within the

surface and selvedge region. It is suggested the depth of this reduced volume is
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somewhat less than that defined by the Ce 3d photoelectron mean free paths. It
may be argued that the 15% that is not reduced may result from contamination
during argon ion treatment but this is considered unlikely as background pressures

were maintained at low values.

Re-oxidation is rapid following Art reduction. After an exposure of 25 L the
stoichiometry is around LnO1.7s or about half the Vo vacancies (in both the surface
and interior of the sample) have been filled. With this rapid re-oxidation, which is
clearly a surface process, it is difficult to consider any surface anion vacancies of the
V"o type remaining after oxidation is complete. This assertion is supported by angle
resolved Ce 3d data. The kinetics of oxygen uptake are very suggestive that the
process is mass fransport (from surface to bulk) limited. =~ The evidence presented
here, thus, contfradicts assertions by many authors that stable anion vacancy-Ce3*
defects can exist in ambient conditions at the surface of nanoparticles [39]. In
direct conflict with our findings, authors have suggested that some anion defect
structures can exist at the surface of oxidised ceria films based on angle resolved
XPS studies [9]. Other authors have used a variety of surface techniques including
XPS, XAS and EELS in a very detailed study to show that no such surface defects can
exist [6]. Any differences in findings may simply be related to the possibility of
surface reduction under x-ray or electron irradiation. Further, angle-resolved studies
may be complex because the reduction depth can be less than the photoelectron

escape depth.

Finally, some comment on the presence of the high binding energy O 1s feature
should be made. Almost all authors working on ceria or Ln3*-CeQO2 solid solutions
have noted this feature. Here, we have shown that the peak observed here must
be related to some sort of defect associated with La3* insertion into the lattice. This
may be either a form of oxygen (created by charge compensation of the lower
valence lanthanum cations) such as O- or from chemically shifted oxygen states
because of association with a Voia site.  While we favour a defect related
explanation rather than a binding energy shift caused by chemical shifts (since the
relative amount of these chemically shifted species showed little dependence on
the number of anion vacancies present) we acknowledge that the investigation of

these is made difficult by the reactivity of these reduced surfaces and also problems
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in charge referencing [6]. This makes a categoric explanation difficult. Itis clearly a
subject that requires more extensive study in order to fully understand the origin of

this peak.
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Table 1: Estimated oxygen stoichiometry (see text for details)

Exposure 15 [25 |5 1

L P o 25 |5 10 15 |25 |50 100 | 250 | 500 | 108 | x10 | x10 | x10 | x10
3 3 3 4

O1s/(La3d

+Ce3d) 0.12 0.13 0.13 0.14 0.14 0.14 0.14 0.15 0.15 0.15 0.16 0.16 0.16 0.16 0.16

peak area 9 3 7 1 2 5 9 2 5 8 3 5 7 7 7

ratio

O/lnratio | 1.55 | 1.60 | 165 | 1.70 | 1.71 | 1.75 | 1.79 | 1.83 | 1.86 | 1.90 | 1.96 | 1.98 | 2.01 | 2.01 | 2.01

U'"/Ce3d

peakarea | 0.17 | 0.22 | 0.28 | 0.40 | 0.41 | 0.44 | 0.53 | 0.55 | 0.60 | 0.70 | 0.75 | 0.79 | 0.83 | 0.95 | 1.00

ratio

O/Ln ratio 159 | 1.61 | 164170 171 | 172 | 176 | 1.78 | 180 | 1.85 | 1.87 | 1.90-) 1.91.] 1.97 | 2.00

Note that the U'"'/Ce3d peak area ratio is a relative value to the ratio obtained
after an exposure of a cleaned 50,000 L. It is then assumed that this is equivalent to
CeO:a.

Figure captions

Figure 1. Characterisation of samples by XRD and TXRF. (A) Typical TXRF data for
12.5 mole% La to Ce sample 'showing line positions. (B) and (C) XRD data for
samples as wide scan and narrow scan respectively. In each case the bottom
diffractogram is a ceria-only material for comparison whilst upper frace is the 12.5La-

Ce sample. (D). Data summarising lattice expansion as a function of La3* content.

Figure 2. Selected data showing La 3d photoelectron features from an Art reduced
sample (a) and during re-oxidation. Data shown after 2.5 (b), 10 (c), 25 (d), 250 (e),
1000 (f), 5000 (g) and 10,000 L (h). Solid lines indicate the charge shift resulting from

oxidation and the arrow (upper right) the Ce Auger feature.

Figure 3. Selected Ce3d XPS photoelectron data from an Art reduced sample (a)
and during re-oxidation. Data shown after 2.5 (b), 10 (c). 25 (d). 250 (e), 1000 (f),
5000 (g) and 10,000 L (h). Peak assignments described in the text. The arrow shows

the differential charged feature which is most obvious the u''’ feature.
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Figure 4. Ce3d XPS data following 500L oxygen exposure at (a) normal and (b) 10

degrees grazing emission.

Figure 5. Selected O1s XPS photoelectron data from an Art reduced sample (a) and
during re-oxidation. Data shown after 2.5 (b), 10 (c), 25 (d), 250 (e), 1000 (f), 5000 (g)

and 10,000 L (h). Data have been charge corrected where appropriate.

Figure 6. Onigh to Oiatt peak area ratio as function of exposure. The dotted line shows
the minimum value. Closed circles show curve-fitting to two peaks and-open circles

to four peaks (charged and uncharged contributions).

Figure 7. Oxygen-metal stoichiometry (as x in LnOx) versus exposure. Closed squares
are values derived from the O1s to Ce3d plus La3d peak area ratio and closed

triangles from the Ce3* to Ce#* ratio from the Ce3d spectrum.
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Below are the research highlights from our work entitled "An XPS Study of the

Oxidation of Reduced Ceria-Lanthana Nanocrystals”.

J—

Ea

. Oxidation was found to follow a logarithmic uptake.

Oxidation was found to be mass transport limited.
Ce?* surface species found not to be stable under ambient/conditions.

Lateral O1s peak found to be independent of Vo and Ce3* concentration.





