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Structural and chemical changes of Zn-doped
CeO2 nanocrystals upon annealing at ultra-high
temperatures

Fangjian Lin,a Ivo Alxneit*a and Alexander Wokaunb

The structure of doped ceria plays an important role in its chemical reactivity and catalytic performance.

However, for the majority of the dopants studied, whether a monophasic solid solution is formed or not is

typically determined only by standard X-ray diffraction (XRD). In-depth structural characterization is lacking.

In this paper we have prepared Zn-doped ceria nanocrystals exhibiting twice the oxygen storage capacity

(OSC) of pure ceria. X-ray photoelectron spectroscopy (XPS) shows that the material is chemically

inhomogeneous with zinc enrichment in the surface layer. X-ray fluorescence (XRF) reveals significant

compositional inhomogeneity of the material after annealing in air at 1300 °C for 24 h. The standard struc-

tural characterization of this material using room temperature XRD and transmission electron microscopy

(TEM) fails to reveal its correct phase composition. Based on clear evidence from in situ high temperature

XRD we show that, after calcination at 500 °C, the material is not monophasic: X-ray amorphous ZnO is

present within the material. The amorphous ZnO crystallizes at 800 °C and undergoes second-stage incor-

poration at even higher temperatures. This second-stage incorporation is not complete after annealing and

trace amounts of ZnO remain according to synchrotron-based XRD. Our work provides valuable insight

into the incorporation mechanism of zinc into the ceria lattice, and in particular, raises some doubts on the

phase compositions reported in many previous studies on doped ceria.
Introduction

Ceria (CeO2) is one of the most important functional rare
earth oxides and widely used in a number of technological
applications, particularly in catalysis.1 A key feature of ceria is
its oxygen storage capacity (OSC),2 resulting from its revers-
ible and relatively easy reduction to the non-stoichiometric
CeO2−δ. Ceria and related oxides are applied as catalysts or as
support oxides, notably in three-way catalytic converters that
catalyse CO oxidation,3–5 soot oxidation,6–8 and NOx reduc-
tion.9,10 Ceria has also been exploited as an electrolyte for
solid oxide fuel cells (SOFCs)11,12 and recently as a redox
material for two-step thermochemical cycles to split H2O and
CO2 to H2 and CO.13–15

A lot of effort has been devoted to improving the physico-
chemical properties of ceria by introducing heterocations
into its lattice. Doping ceria with aliovalent cations such as
Ca2+, Sr2+, Y3+, Sm3+, and Gd3+ was shown to significantly
increase its ionic conductivity,16 which is required for the
electrolytes of SOFCs. Enhanced OSC and lattice oxygen
mobility of ceria by doping Pr3+ and La3+ promote their cata-
lytic activities for soot6,7,17 and CO oxidation.18,19 Thermo-
chemical fuel production is enhanced by doping ceria with
Zr4+,20–22 or a combination of Zr4+ and Gd3+/La3+.22 Density
functional theory (DFT) calculations have shown that the
incorporation of heterocations can introduce structural dis-
tortions in the lattice and thus enhance the OSC of ceria,23,24

revealing a close link between the structure of doped ceria
and its chemical properties.

Despite the important role of the structure of doped ceria,
the focus in the literature is mostly on its chemical properties
and catalytic activities. For the majority of the dopants stud-
ied, the formation of single-phased solid solution (or not) is
typically determined only by X-ray powder diffraction (XRD).
In-depth structural characterization is lacking. For instance,
among the few available reports on Zn-doped ceria, the focus
has been on its UV shielding property,25 and its activity for
CO oxidation.26–28 A doping level of 56.1% has been reported
based only on standard XRD.25 This number seems very high
in the view of very different charge and radius of Zn2+ with
respect to Ce4+. Recently, Schmale et al. estimated a solubility
limit of 3 ± 0.7% of Zn2+ in ceria based also on XRD.29 Thus,
a clear picture of the incorporation of Zn2+ into the ceria
oyal Society of Chemistry 2015
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lattice is still missing. It also seems that the standard charac-
terization of doped ceria by room temperature XRD (often
coupled with TEM) is not sufficient to determine its true
phase composition.

In this study, we have prepared Zn-doped ceria nano-
crystals that exhibit twice the oxygen storage capacity of pure
ceria. The standard characterization of the materials by room
temperature XRD and TEM fails to reveal their correct phase
composition. Based on clear evidence from in situ high tem-
perature XRD we show that, after calcination at 500 °C, the
materials are not single-phased: X-ray amorphous ZnO is
present within the materials. The amorphous ZnO crystallizes
at 800 °C and undergoes second-stage incorporation at even
higher temperatures. Our work also raises some doubts on
the phase compositions reported in many previous studies
on doped ceria.
Experimental
Materials and synthesis

Analytical grade cerium nitrate CeĲNO3)3Ĵ6H2O (99.99%) and
zinc nitrate ZnĲNO3)2Ĵ6H2O (99.99%) were purchased from
Sigma Aldrich. They were directly used as precursors without
further purification. Zn-doped ceria samples ĲCe1−xZnxO2−δ,
nominal values of x = 0.05, 0.1 and 0.2) were synthesized via
a modified co-precipitation method. For simplicity they are
designated as 05Zn, 10Zn and 20Zn in this paper. Desired
quantities of the precursors were dissolved in an excess
amount of de-ionized water and stirred continuously for
about 10 min to achieve complete dissolution. Diluted aque-
ous ammonia solution (28 vol%) was then added drop-wise
to the precursor solution under vigorous stirring until pH = 10
was reached and stabilized. The precipitates were aged for
one day under stirring and then allowed to settle for another
day. After the clear supernatant was decanted, the precipi-
tates were filtered and rinsed several times until a pH below
7 was reached. The filter cake was then dried at 80 °C in
static air for about 12 hours. The dry cake was crushed in an
agate mortar, and the powder sample was calcined in air for
5 hours at 500 °C. Pure ceria was also synthesized following
the same procedure, except that the precipitation pH was 9.
The materials after calcination are designated as “as-prepared”
in this paper. The actual chemical compositions of the
as-prepared samples were determined by ICP-OES (inductively
coupled plasma-optical emission spectrometry), and the
results are summarized in Table 1.
This journal is © The Royal Society of Chemistry 2015

Table 1 Target and actual chemical compositions of the synthesized
materials with associated names

Sample name Target composition Actual composition (mol%)

Ceria CeO2 —
05Zn Ce0.95Zn0.05O2−δ Zn : Ce = 4.97 : 95.03
10Zn Ce0.90Zn0.10O2−δ Zn : Ce = 9.53 : 90.47
20Zn Ce0.80Zn0.20O2−δ —
Standard characterization

Crystalline phases of all the materials were identified by
X-ray powder diffraction using an X'Pert diffractometer from
PANalytical. The diffraction patterns were collected with Cu
Kα radiation (λ = 1.5405 Å) at 45 kV and 20 mA. An integra-
tion time of 5 s and a step size of 0.05° were set for all mea-
surements unless indicated otherwise. TEM images of
selected samples were recorded with JEOL JEM 2010 trans-
mission electron microscope equipped with a LaB6 filament
and a slow scan CCD camera (Gatan Inc.) at an acceleration
voltage of 200 kV. Each sample was prepared by depositing
a droplet of sample and isopropanol suspension on a
copper grid coated with lacey carbon. The OSCs of selected
samples as-prepared were determined using a Netzsch
thermogravimetric analyser (TGA) (TA409). The samples were
exposed alternatively to reducing (10% H2/Ar) and oxidizing
conditions (10% O2/Ar) at 500 °C for 4 cycles. XPS spectra
were measured using a KRATOS ESCA model AXIS 165
spectrometer with Mg Kα (1253.6 eV) radiation as the excita-
tion source. Chemical shifts caused by the charging of the
samples were corrected by using the binding energy of the
adventitious carbon (C 1s) at 284.6 eV as internal reference.
XRF measurements were carried out using an EDAX ORBIS
micro X-ray fluorescence analyser equipped with a Rhodium
anode and a solid-state multi-channel photon detector. The
instrument was operated at 35 kV and 400 μA with a beam
diameter of 2 mm for spectra collection and 30 μm for ele-
mental mapping.

High temperature XRD and synchrotron-based μ-XRD

High temperature XRD patterns were collected in ambient air
with the same aforementioned diffractometer equipped with
an HDK2.4 chamber. Samples were deposited on resistively
heated platinum strips, which were under mechanical ten-
sion to minimize buckling caused by thermal expansion.
Synchrotron-based XRF and μ-XRD characterization of
selected samples (in forms of pressed pellets) was carried out
at the MicroXAS beamline of Swiss Light Source (SLS). The
beam size was approximately 5 × 5 μm2. The photon energy
was set to 10 keV for both fluorescence mapping and micro
X-ray diffraction experiments.

Results and discussion
Standard characterization

In Fig. 1a room temperature XRD patterns for two samples
as-prepared are reported. For simplicity, results for 5Zn and
10Zn are not included. Diffraction patterns for all samples
exhibit only reflections characteristic of cubic ceria. It thus
appears that Zn2+ is completely incorporated into the host
lattice even at a doping level of 20 mol%. Zn-doped samples
also exhibit lower reflection intensities and increased peak
widths relative to pure ceria, indicating reduced crystallinity.
Estimation of the crystallite size using the Scherrer equation
reveals a decrease from approximately 11.9 nm (ceria) to
CrystEngComm, 2015, 17, 1646–1653 | 1647
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Fig. 1 XRD patterns of Ce1−xZnxO2−δ (a) as-prepared and (b) annealed
in air at 1300 °C for 24 h.

Fig. 2 Lattice constants calculated based on XRD patterns.
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7.7 nm (20Zn) (see Table 2). To evaluate the thermal stability
of Zn-doped ceria, the as-prepared samples were annealed at
1300 °C in air for 24 h. The corresponding XRD patterns are
presented in Fig. 1b. Again, ZnO cannot be detected. Thus, it
seems that Zn-doped ceria is structurally stable in air at least
up to 1300 °C. As is evident from the narrower peaks, the
crystallinity of the samples after annealing is increased.

Lattice parameters were calculated based on the positions
of the first four peaks. The results are presented in Fig. 2. In
general, doped samples exhibit lattice contraction compared
to pure ceria. After the annealing, a small increase of the
lattice constant with increasing doping level is suggested.
This is consistent with the results reported previously.25,29 It
was proposed that Zn2+ (90 pm) can be incorporated via two
mechanisms: 1) substitution of Ce4+ (97 pm) leading to
lattice contraction and the formation of charge compensating
oxygen vacancies, and 2) Zn2+ occupying interstitial lattice
sites, which causes the lattice to expand.25 However, further
evidence is needed to verify this proposal. The incorporation
of Zn2+ into the ceria lattice not only modifies its structural
properties such as the lattice dimensions, but also affects its
chemical properties. For instance, the reducibility of ceria is
enhanced by doping with ZnO. TGA studies reveal that the
1648 | CrystEngComm, 2015, 17, 1646–1653

Table 2 Crystallite sizes (d) and surface zinc concentrations of ceria, 05Zn
(OSCs) of samples as-prepared are also included

Sample As-prepared

Sample name Bulk zinca (%) db (nm) Surface zincc

CeO2 — 11.9 ± 0.7 —
05Zn 4.97 8.8 ± 1.0 17.44
10Zn 9.53 8.4 ± 1.1 25.56
20Zn — 7.7 ± 0.7 29.05

a Zinc concentration in the bulk is the actual composition determined by
or 4 peaks in the diffraction patterns using the Scherrer equation, where
the surface layer is quantified from XPS spectra.
OSC of 20Zn is nearly double the value of pure ceria. The
experimental protocol used here to determine the OSC of
ceria is similar to the one by Wang et al.2 The mass decrease
when the sample is exposed to reducing conditions (10 vol%
H2 in Ar in present study) corresponds to the oxygen release
due to the reduction of Ce4+ to Ce3+. Accordingly, the mass
increase when the sample is exposed to oxidizing conditions
(10 vol% O2 in Ar) corresponds to the oxygen uptake by
cerium oxidation. The OSC values are calculated based on
the mass changes averaged over four redox cycles. The exact
values are listed in Table 2.

The nanocrystalline nature of the as-prepared samples is
confirmed by TEM. Fig. 3a shows a representative image of
20Zn at lower magnification. Crystallites of a relatively uni-
form size around 10 nm are easily recognized, in agreement
with the value calculated using the Scherrer equation. All the
calculated sizes of crystal domains are included in Table 2.
The selected area electron diffraction (SAED) pattern shown
as inset a1 confirms the presence of polycrystalline cubic
ceria. However, it shows no evidence of ZnO, consistent with
the observation from the X-ray diffraction measurements
shown in Fig. 1a. Fig. 3b shows a typical high resolution TEM
image for 20Zn. Lattice fringes with a spacing of about
0.30 nm, indexed as the ceria (111) planes, are clearly visible
in the image. The increased crystallinity of 20Zn after
This journal is © The Royal Society of Chemistry 2015

, 10Zn and 20Zn as-prepared and annealed. Oxygen storage capacities

Annealed

(%) OSC (μmol O g−1) d (nm) Surface zinc (%)

135.5 ± 3.5 49.6 ± 2.2 —
— 50.1 ± 2.4 25.19
— 50.1 ± 2.4 26.18
267.7 ± 9.0 53.0 ± 5.4 38.11

ICP-OES as shown in Table 1. b Crystallite sizes are calculated from 3
the shape factor K = 0.94 for cubic crystals. c Zinc concentration in

http://creativecommons.org/licenses/by/3.0/
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Fig. 4 Cerium XRF maps of 20Zn (a) as-prepared and (c) annealed,
plotted in same color scale. Zinc XRF maps of 20Zn (b) as-prepared
and (d) annealed, plotted in the same scale.

Fig. 3 TEM images of 20Zn as-prepared (upper row): (a) low magnifi-
cation, inset (a1) electron diffraction pattern from selected area, (b)
high resolution image showing lattice fringes with lattice spacings
(d = D/N) calculated over multiple lattice planes. TEM images of 20Zn
annealed (lower row): (c) bright field image, inset (c1) SAED pattern,
and (d) dark field image showing clusters of larger crystals.
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annealing, evident from the narrower diffraction peaks seen
in Fig. 1b, is also observed by TEM. Fig. 3c shows a much
larger grain with a diameter of a few hundreds of nanome-
ters. Here in the image, individual single crystals cannot be
distinguished anymore. The two images (Fig. 3a and c) are
roughly at the same magnification. The growth of crystals is
further evidenced by the electron diffraction pattern (inset
c1) exhibiting only bright discrete spots instead of rings, and
by the dark field image showing clusters of crystals as seen
in Fig. 3d. Note that the two electron diffraction patterns in
Fig. 3 were obtained from sample areas of similar sizes.
Chemical inhomogeneity

To check for possible changes in the chemical composition
of Zn-doped ceria caused by annealing, we collected cerium
3d and zinc 2p XPS spectra for 05Zn, 10Zn and 20Zn. The
results of the quantification of surface zinc are presented in
Table 2. The concentration of zinc in the surface layer of the
as-prepared samples probed by XPS is about 2 to 3 times as
high as the bulk concentration measured by ICP-OES. This
suggests enrichment of zinc at the surface. This chemical
inhomogeneity is further enhanced by annealing at 1300 °C,
after which the concentration of zinc in the surface layer is
up to 5 times as high as the bulk concentration. This
increase in chemical inhomogeneity suggests bulk-to-surface
migration and thus high mobility of zinc in ceria.

The high mobility of zinc in ceria is observed not only in
the nanometer range but also on the scale of microns. Fig. 4
This journal is © The Royal Society of Chemistry 2015
shows the cerium and zinc XRF maps of 20Zn for an area of
approximately 2.3 × 1.8 mm2. For 20Zn as-prepared, the dis-
tribution of zinc inside the material is very homogeneous, as
seen in Fig. 4b. However, once the sample is annealed at
1300 °C for 24 hours, zinc-rich patches on the order of 10 μm
in diameter become clearly visible (see Fig. 4d, plotted in the
same scale as Fig. 4b). XRF spectroscopic studies also show
that ZnO sublimation in air at temperatures between 1200 °C
and 1300 °C for extended period (48 h) is negligible. Thus it
is reasonable to assume that Fig. 4b and d show the same
average zinc concentration (nominally 20 mol%). Then the
zinc-rich regions clearly seen in Fig. 4d must correspond to
an even higher zinc concentration. However, surprisingly no
ZnO is detected by the standard XRD (Fig. 1b) with an illumi-
nated area of about 10 × 10 mm2. In contrast, the distribu-
tion of cerium is very homogeneous and is not influenced by
annealing (Fig. 4a and c).
High temperature X-ray diffraction

To verify the structural stability of Zn-doped ceria and to
shed light on the lattice expansion of 20Zn observed after
annealing (see Fig. 2), we performed in situ high temperature
XRD studies in air. At first, diffraction patterns were recorded
at every 200 °C at temperatures in the range 200–1400 °C for
20Zn. The results are presented in Fig. 5. At temperatures
below 800 °C, only peaks attributed to ceria and the substrate
platinum are observed. However, at temperatures between
800 °C and 1200 °C new features close to the ceria (200) peak
are observed. Careful examination on the positions of these
new features relative to ceria (200) reveals that they originate
from wurzite ZnO. ZnO then disappears and is no longer
observed at 1400 °C, suggesting its incorporation into the
ceria lattice. This is likely to be the cause of the observed
lattice expansion of 20Zn after annealing. The origin of the
intermediately formed ZnO is from either phase segregation
CrystEngComm, 2015, 17, 1646–1653 | 1649
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Fig. 5 In situ high temperature XRD patterns of 20Zn (x = 0.2) in air
from 200 °C to 1400 °C.
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above 800 °C or crystallization of X-ray amorphous, un-
incorporated ZnO present after calcination at 500 °C.

In order to confirm the formation of ZnO at 800 °C to
1200 °C, and to determine its origin, we conducted a more
detailed high temperature diffraction study for 20Zn. The
sample was subjected to two consecutive heating cycles, each
with isothermal segments at 800 °C, 1000 °C, and 1200 °C
(heating rate 60 °C min−1). To increase the signal-to-noise
ratio and to obtain a better angular resolution, the integra-
tion time was increased to 7 s and the step size was
1650 | CrystEngComm, 2015, 17, 1646–1653

Fig. 6 In situ high temperature XRD patterns of 20Zn (x = 0.2) in air
(b) 2nd cycle.
decreased to 0.01°. The 2θ range was limited to 30–42° cover-
ing CeO2 (200), ZnO (100), (002), (101) and Pt (111). Four con-
secutive patterns were collected at each temperature. The
results are presented in Fig. 6 for 20Zn (x = 0.2). In the first
heating cycle, ZnO is present at 800 °C and 1000 °C. Once
the sample is further heated to 1200 °C, ZnO disappears dur-
ing the collection of the first pattern (red pattern in a-1200)
within about 60 min. The disappearance of ZnO can only be
due to its incorporation into the ceria host lattice since ZnO
sublimation in air at 1200 °C is negligible. In fact, the XRF
spectrum of 20Zn after annealing for 48 h at 1250 °C shows
almost no decrease of the zinc concentration. Once the sam-
ple is cooled to 800 °C the second heating cycle starts. During
this cycle no ZnO was detected. Similar results were obtained
for 10Zn and 05Zn, but only traces of ZnO could be observed
for 05Zn at 800 °C and 1000 °C. The irreversible disappearance
of the ZnO intermediate at about 1200 °C strongly suggests
that the origin of the intermediate is not due to phase segre-
gation, but due to the crystallization of the un-incorporated
X-ray amorphous ZnO present after synthesis. More than
40% of Zn2+ seems to be initially present as un-incorporated
X-ray amorphous ZnO based on the ratio of ZnO (101) and
ceria (200) areas (pattern at 1000 °C) in comparison to a cali-
bration performed with known mixtures of pure ceria and
ZnO.

Further evidence is obtained by comparing the positions
of the ceria (200) peak in 10Zn (x = 0.1) diffraction patterns
recorded at the same temperature but in different heating
cycles, as presented in Fig. 7. At each temperature the posi-
tions of the ceria (200) peak recorded during the second cycle
are shifted to lower angles compared to the first cycle, indi-
cating an expansion of the lattice. The shift becomes smaller
This journal is © The Royal Society of Chemistry 2015

for 2 cycles of heating from 800 °C to 1200 °C: (a) 1st cycle and
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This journal is © The Royal Society of Chemistry 2015

Fig. 7 Comparison of ceria (200) peak positions of 10Zn between two
cycles at (a) 800 °C, (b) 1000 °C and (c) 1200 °C.

Fig. 8 Synchrotron-based XRF maps (a) and (b): Ce Lα plotted in two scale
corresponds to a Ce-rich region, and “2” a Zn-rich region. Typical μ-XRD p
and (f) zoom-in of marked area. Typical μ-XRD pattern in the Zn-rich regio
plane index denote CeO2, and red wurzite ZnO.
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with increasing temperatures. At 1200 °C the positions
roughly coincide. From Fig. 2, we know that the lattice con-
stant of doped ceria after annealing increases with increasing
doping level. Based on the findings presented in Fig. 7, a
clear picture can be obtained: during the first heating cycle,
the un-incorporated X-ray amorphous ZnO that is present
after synthesis crystallizes around 800 °C and becomes visible
in the diffraction patterns. This ZnO is partly incorporated
into the ceria lattice by a solid–solid reaction between 800 °C
and 1000 °C, thus increasing the doping level of the sample.
The incorporation of ZnO is nearly completed at 1200 °C.
Thus, the doping level of 10Zn increases during the first cycle
while the temperature is increased as incorporation proceeds,
but remains constant during the second cycle. At 800 °C sam-
ples with slightly different doping level and thus different
peak positions are compared in Fig. 7. Since complete incor-
poration of ZnO is achieved by the end of the first cycle,
samples with nearly identical doping levels are compared at
1200 °C. Thus nearly identical positions of the ceria (200)
peak are expected in this case. Thus far, we have presented
clear evidence showing that only a fraction of the Zn2+ is
incorporated into the ceria lattice after calcination at 500 °C.
The remaining is present as X-ray amorphous ZnO in
CrystEngComm, 2015, 17, 1646–1653 | 1651

s, and (c): Zn Kα. Beam transmission ĲI1/I0) presented in (d). The area “1”
attern for a 5 × 5 μm2 area in the Ce-rich region: (e) full detector area,
n: (g) full detector area and (h) zoom-in of marked area. White lattice
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substantial quantities. Temperatures of 800–1200 °C or
higher is required for its seemingly complete incorporation.
Synchrotron based μ-XRF and μ-XRD

In order to verify the findings of the standard characteriza-
tion, samples of 20Zn as-prepared and after annealing were
characterized by spatially resolved μ-XRF and μ-XRD. This
offers a few advantages over the standard XRD and XRF. For
instance, the photon flux and brightness from a synchrotron
source is orders of magnitude higher, increasing its capabil-
ity of detecting trace phases. Due to the micron-sized beam
of 5 × 5 μm2, an almost 30 times better spatial resolution is
achieved. The μ-XRD capability allows the detection of struc-
tural inhomogeneity or changes in the phase composition at
the same spatial resolution. In addition, it is possible to esti-
mate the local thickness of the sample by measuring and map-
ping the beam attenuation. This is important because XRF
maps can be also influenced by sample thickness due to dif-
ferent escape depths of Ce Lα and Zn Kα photons. Results
for 20Zn as-prepared show that the spatial distribution of
cerium and zinc is homogeneous, consistent with XRF mea-
surements using traditional X-ray sources (Fig. 4a and b).
Synchrotron XRD also agrees with standard XRD (Fig. 1a),
showing no crystalline ZnO. Results for 20Zn after annealing
are presented in Fig. 8. Fig. 8a and b show the spatial distri-
bution of cerium for an area of approximately 340 × 500 μm2,
while Fig. 8c shows the zinc distribution in the same area.
Fig. 8d shows the beam transmission map as an indicator of
local sample thickness. These maps generally confirm the
findings of XRF using traditional X-ray sources, but with
much better resolution. Zn-rich patches have sizes ranging
from a few μm to 50 μm in diameter. Two areas (“1” and “2”)
exhibiting similar beam transmission (Fig. 8d), indicating a
similar sample thickness, were analysed in detail. It is easy to
recognize from Fig. 8a and c that area “1” is cerium-rich and
area “2” is zinc-rich. Fig. 8e shows a typical μ-XRD pattern
recorded within the cerium-rich area. The prominent phase
is found to be fluorite CeO2 (denoted by white lattice plane
index). Upon a closer inspection (see zoom-in as Fig. 8f), very
faint but discernible diffraction spots (marked by arrows) are
visible close to the CeO2 (200) diffraction ring. They are due
to single crystals of wurzite ZnO with orientations of (101) and
(100). These traces of ZnO were not detected by the standard
XRD (Fig. 1b). The presence of ZnO in the Zn-rich area is more
pronounced, although still minute compared to the CeO2 phase,
as seen in a typical μ-XRD pattern shown as Fig. 8g and h.
ZnO single crystals with orientation (002) are also detected,
with the orientation (100) being most pronounced.

Characterization by synchrotron-based μ-XRF and μ-XRD
confirmed that the spatial distribution of zinc in the sample
becomes very inhomogeneous (on a scale of a few tens of
micrometers) after annealing at ultra-high temperatures
(1300–1400 °C). Moreover, these results clearly show that
the second-stage incorporation of substantial amounts of
initially X-ray amorphous ZnO into the ceria lattice at high
1652 | CrystEngComm, 2015, 17, 1646–1653
temperatures is not complete as suggested by standard XRD.
Trace amounts of crystalline ZnO are still present within the
material.

Conclusions

In summary, we have synthesized Zn-doped ceria nano-
crystals that exhibit twice the OSC of pure ceria. It is shown
by XPS that these materials are chemically inhomogeneous
on the nanometer scale, with zinc enrichment at the surface.
After annealing at 1300 °C the spatial distribution of zinc on
the micrometer scale becomes also inhomogeneous. Our
work also shows that a combination of commonly applied
characterization techniques (such as room temperature XRD
and TEM) is not sufficient to determine the correct phase
composition of Zn-doped ceria after calcination at 500 °C.With
in situ high temperature XRD, we are able to reveal the pres-
ence of substantial amounts of un-incorporated X-ray amor-
phous ZnO in the as-prepared samples. This amorphous ZnO
crystallizes at 800 °C and is then incorporated in the ceria lat-
tice at higher temperatures. However, this second-stage incor-
poration is not complete according to spatially resolved
μ-XRD measurements using a combination of synchrotron
radiation and micro-beam configuration. It is not clear
whether the presence of X-ray amorphous dopant oxide after
lower-temperature synthesis is specific to the Zn–O–Ce sys-
tem. However, preliminary studies reveal similar observations
for Cu-doped ceria: CuO forms at 800 °C and disappears irre-
versibly at higher temperatures. We thus suggest that caution
be applied when one interprets XRD data to determine true
phase composition of similar doped ceria materials. Interest-
ingly, we have indications from TGA studies that the soot
combustion activity of 20Zn is markedly enhanced after addi-
tional treatment with ~5 M hydrochloric acid, suggesting a
detrimental effect of the un-incorporated X-ray amorphous
ZnO in this specific case. Based on our findings, the catalytic
activity of doped ceria can be influenced by an amorphous
dopant phase possibly present after low-temperature
calcination.
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