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Correlation between the structural characteristics, 

oxygen storage capacities and catalytic activities 

of dual-phase Zn-modified ceria nanocrystals† 

Fangjian Lin,ab Renaud Delmelle,c Thallada Vinodkumar,d Benjaram M. 
Reddy,d Alexander Wokaun*b and Ivo Alxneit*ab 

Doping ceria with heterocations is a commonly applied strategy to alter its structural and chemical 

properties including its key feature oxygen storage capacity (OSC). Although a few papers have been 

published on the structural properties and chemical reactivity of Zn-doped ceria, one lacks a 

comprehensive investigation on the effect of zinc incorporation in the ceria lattice on its structural 

properties, and how it could be correlated to the changes in its chemical reactivity including OSC and 

catalytic activities. Here, we have established an interesting correlation between the structural properties of 

dual-phase Zn-modified ceria nanocrystals, their OSCs, and their catalytic performance for the reverse 

water-gas shift (RWGS) reaction and soot oxidation. Upon incorporation of zinc in the ceria lattice, the 

degree of crystallinity is decreased according to XRD. Raman spectroscopy reveals a concomitant increase 

of oxygen vacancy concentrations within the Zn-modified ceria samples in comparison to pure ceria. The 

incorporation of zinc increases the reducibility of ceria according to H2-TPR and doubles the OSC as 

revealed by thermogravimetric studies. When the variations of the degree of crystallinity, the oxygen 

vacancy concentrations and the OSCs within the Zn-modified ceria samples are compared, an excellent 

correlation is established. Catalytic testing shows that Zn-modified ceria exhibits higher activities for the 

RWGS reaction, especially at the lower temperatures of 400 ˚C and 600 ˚C, while at 800 ˚C the catalyst 

deactivates rapidly. Such deactivation at high temperature can be totally eliminated by impregnating 

additional cobalt oxide on the ceria support. Some improvement in the soot oxidation activity is achieved 

with Zn-modified ceria, attributed to enhanced OSCs of the materials. Within the set of Zn-modified ceria 

samples, the activities are essentially identical, which is again correlated to their nearly identical OSCs, 

irrespective of the Zn concentration. Upon impregnation of additional cobalt oxide, the material’s activities 

for soot oxidation are markedly enhanced, as observed with the RWGS reaction. Pure ceria and Zn-

modified ceria samples perform significantly better for soot oxidation after being leached with citric acid. 

Such enhancement is more pronounced with CZ10 (10 mol% Zn) in comparison to pure ceria. This 

observation suggests that the removal of non-incorporated ZnO increases the activity for soot oxidation. 

Introduction 

In recent decades, materials based on ceria (CeO2) have 
been intensively studied for a wide range of applications. 
Notable examples include their use as electrolytes,1-6 for solid 
oxide fuel cells, and particularly, as efficient catalysts to 
remove toxic pollutants from automobile exhausts including 
CO,7-12 volatile organic compounds,13 NOx,

14,15 and soot 
particulates.16-19 The widespread application of ceria in 
catalysis is due to its relative abundance and especially its 
oxygen storage capacity (OSC). Many studies have shown 
that the three-way catalytic activities of ceria-based materials 
are intricately linked to their OSCs,8,10,15,16 which can be 
enhanced by incorporating rare earth and transition metal ions 
into the ceria lattice. Evident from first-principles calculations, 

the enhancement of the OSC of ceria is closely related to 
structural modification of the ceria lattice by the dopants.20-22 
By incorporating divalent ions such as Zn2+, Cu2+ and Pd2+, 
structural distortion to the ceria lattice is induced, creating 
weakly- or under-coordinated oxygen ions that are more easily 
removed than in pure CeO2.

21 Therefore the oxygen vacancy 
formation energy of ceria is significantly reduced. Ahn et al. 
also shows that lattice distortion caused by the incorporation 
of multivalent praseodymium increases oxygen vacancy 
defects and thus enhances the mobility oxygen ions, leading 
to a higher OSC than pure CeO2.

22 These computational 
studies clearly reveal a link between the structural properties 
of doped ceria and its chemical reactivity.  
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Among the numerous reports existing on the doped ceria, 
structural characteristics revealed by various techniques such 
as x-ray powder diffraction (XRD), transmission electron 
microscopy (TEM) and Raman spectroscopy are often 
discussed. However, few studies actually present a clear 
correlation of the structural characteristics of ceria to its 
chemical reactivity including OSC and catalytic activities. Let 
us take zinc as the dopant for example. Apart from the 
investigation of their electrical,23 structural and optical 
properties,24,25 Zn-doped  or Zn-modified ceria materials have 
also been studied as catalysts or support oxide for gold 
nanoparticles for CO oxidation.26-30 However, none of these 
studies presented the effect of zinc incorporation on their 
OSCs, or in-depth evaluation of the structural characteristics 
relevant to their chemical reactivity. In fact, despite the 
promoting effect of zinc on the OSC of ceria suggested by 
Kehoe et al.,21 there are no reports available in literature 
presenting a systematic investigation on the effect of zinc 
incorporation on the structural modification of ceria correlated 
to its OSC and catalytic activities.  

In our previous work,31 we carried out in-depth structural 
characterization of Zn-doped ceria nanocrystals synthesized 
by co-precipitation and revealed the presence of substantial 
amounts of un-incorporated x-ray amorphous ZnO within the 
seemingly monophasic materials after calcination at relatively 
modest temperatures. In this paper, the materials are further 
characterized by XRD and Raman spectroscopy in order to 
assess Zn-induced changes in crystallinity and defects in the 
oxygen sub-lattice. X-ray photoelectron spectroscopy (XPS), 
H2-temperature programmed reduction (H2-TPR) and 
thermogravimetric analysis (TGA) are employed to evaluate 
the materials’ chemical status and compositions (including 
depth profiling), redox properties and OSCs. The catalytic 
activities are investigated for chemical reactions of 
environmental importance, including the conversion of 
greenhouse gas CO2 to value added fuel (mainly CO) in 
presence of H2 and soot combustion for reduced harmful PM 
(particulate matter) emission from diesel engines. We present 
in this paper a comprehensive and systematic correlation 
between the structural characteristics of Zn-doped ceria (i.e. 
Zn-induced structural modification and oxygen vacancy 
defects), and its chemical reactivity (i.e. OSC and catalytic 
activities). In addition, the effect of the second phase, namely 
the un-incorporated x-ray amorphous ZnO, on the catalytic 
activity, as briefly mentioned in our previous work and 
unknown to many previous studies, is elucidated in detail. 

Experimental 

Synthesis and sample treatment 

Zn-modified ceria materials (nominal molar fraction of Zn 
x=0.05, 0.1 and 0.2, balance Ce) were synthesized by co-
precipitation in exactly the same manner described in a 
previous work.31 They are designated as CZ5, CZ10 and 
CZ20 in this paper. For the testing of catalytic activities, 

samples of 10 mol% of cobalt oxide supported on pure ceria 
and CZ10 were also synthesized by a simple and modified 
impregnation method. Cobalt(II) nitrate hexahydrate (Fluka) 
was used as the precursor. About 58 mg of the precursor salt 
was mixed with 302 mg of pure ceria or 293 mg of CZ10 
(sieved, under 200 um) before adding about 10 ml of de-
ionized water. Under mild heating (below 100 ˚C) and stirring 
the water was vaporized leaving black-grey fine powders. To 
obtain the final materials, the powders were then calcined at 
500 ˚C for 3 h under air. 

In order to remove the un-incorporated x-ray amorphous 
ZnO from the materials, CZ20 and CZ10 (roughly 300 mg 
each) were dispersed in about 30 ml of ~0.1 M citric acid 
solution in two separate glass bottles at ambient temperature. 
The mixtures were set aside for 2 days and then the 
supernatant solutions were decanted. About 20 ml of DI water 
were added to each of the two bottles containing the settled 
particles. The milky colloidal solutions were let to settle for 
another 2 days and then decanted. The leached particles were 
collected by evaporating the water under a pressure of ~50 
mbar at 200 ˚C. The obtained powder materials were finally 
calcined at 500 ˚C for 2 h. One pure ceria sample was treated 
in the same way for comparison. 

Characterization 

To identify the crystalline phases, the samples were 
characterized using a PANalytical X’Pert x-ray diffractometer 
with Cu Kα radiation (λ=1.5405 Å) operated at 45 kV and 20 
mA. The intensity was recorded stepwise at every 0.05˚ in a 
continuous scanning mode in the 2θ range of 20˚ to 80˚. An 
acquisition time of 10 s per step was set for all measurements. 
Qualitative phase analysis was performed by comparing the 
peaks of diffractograms with reference data using the 
PANalytical HighScore software package. Raman spectra 
were recorded with a Horiba Jobin Yvon HR 800 Raman 
spectrometer at ambient conditions. The samples were 
excited by an Ar+ laser (633 nm). An optical microscope was 
used to focus the laser on the samples. Three different spots 
were measured for each sample. TEM images of selected 
samples after synthesis were recorded with a JEOL JEM 2010 
transmission electron microscope operated at an acceleration 
voltage of 200 kV. Each sample was prepared by depositing a 
droplet of sample suspension in ethanol on a copper grid 
coated with lacey carbon. 

The XPS measurements were performed in UHV with base 
pressures on the order of 10-10 mbar (i.e. 10-9 mbar with X-
rays on), using a XR3 Twin Anode (Thermo Scientific) with Al 
Kα radiation as the X-ray source. The anode power was set to 
300 W, with a corresponding acceleration voltage and 
emission current of 15 kV and 20 mA. The analyser is a 
PHOIBOS 100 Hemispherical Energy Analyser from SPECS 
coupled to a HSA 3500 power supply. The measurements 
have been carried out in fixed analyser transmission (FAT) 
mode with a pass energy of 50 eV. Depth profiling was 
performed with a Penning Ion Source IQP 10/63 from SPECS. 
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Ar is ionized at low pressure with electrons generated by a 
cold cathode. The sputtering pressure, which is adjusted by a 
leak valve, allows the chamber to remain in high vacuum (~10-

6 mbar). Discharge currents and voltages were typically 
around 7 mA and 700 V, with an acceleration potential of 5 kV 
and currents up to 3.5 µA measured on the specimen surface. 
For overview spectra, 1 scan was recorded, while 10 scans 
were recorded for the high resolution regions. The energy step 
was set to 0.3 eV for all measurements. The XPS data were 
acquired by the SpecsLab software, while they were 
processed by the CasaXPS software. The binding energy 
calibration was based on the usual C 1s peak at 285 eV. 

To study the effect of zinc incorporation on the reducibility 
of ceria, H2-TPR was carried out with a home-made test stand. 
The sample (particle size smaller than 200 µm) was loaded in 
a quartz tube with an inner diameter of 3 mm. In order to form 
a proper packed-bed, 500 mg of sample were used. This 
larger amount would also result in a better TPR signal-to-noise 
ratio due to increased H2 consumption. Quartz wool was used 
to plug both sides of the sample bed and a K-type 
thermocouple was placed in the middle of the bed to record its 
temperature during heating. The sample was heated to up to 
930 ˚C under a flow of 10 vol% H2 in Ar at a total flow rate of 
100 Nml/min. The H2 consumption was determined by 
measuring the ion current of m/q=18 (water vapour) using a 
Pfeiffer Vacuum D-35614 Asslar mass spectrometer (model: 
GSD 301 O1). Before H2-TPR measurement, the sample was 
heated to ~600 ˚C under a flow of 20 vol% O2 in Ar (total flow 
rate 100 Nml/min) in order to eliminate the adsorbed water 
and hydrocarbons on the sample surface. Although the state 
of the calcined samples may have been slightly changed by 
the brief excursion to a higher temperature than the 
calcination temperature of 500 ˚C, all samples were subjected 
to the same procedure and thus the H2-TPR results were 
comparable. 

The OSC of the samples were determined using a 
Thermogravimetric analyser (Netzsch TA409). About 100 mg 
of each sample was loaded in alumina crucible. The sample 
was exposed alternatively to reducing (10% H2/Ar) and 
oxidizing conditions (10% O2/Ar) at 500 ˚C for 4 cycles while 
the weight was recorded. Each condition lasted for 10 min. To 
compensate the buoyancy effect, a blank run was measured. 

BET surface areas of selected samples were obtained by 
measuring the N2 adsorption-desorption isotherms using a 
Micromeritics Tristar II 3020 apparatus at liquid nitrogen 
temperature (77 K). The samples were degassed for a day at 
250 ˚C before the measurements. 

X-ray fluorescence (XRF) results presented in the 
electronic supplementary information of this paper were 
obtained using an EDAX ORBIS micro x-ray fluorescence 
analyser. It was equipped with a Rhodium anode and a solid-
state multi-channel photon detector. It was operated at 35 kV 
and 400 µA. For spectra collection, the beam size was set to 2 
mm in diameter and the collection time to 100 s. For elemental 
mapping, a dwell time of 200 ms was selected and the beam 
size was set to 30 µm. 

Catalytic tests 

Both the RWGS reaction and soot combustion were carried 
out using the Netzsch TA409 thermogravimetric analyser. For 
the RWGS reaction, a gas mixture of H2 and CO2 (10 Nml/min 
each) balanced with Ar (80 Nml/min) was used. The 
temperature was increased to 400 ˚C, 600 ˚C and 800 ˚C and 
maintained for 1 h at each temperature. The concentrations of 
CO, CO2, H2 and CH4 in the effluent gases were quantified by 
a micro gas chromatographer (Varian micro GC 4900) at a 
time interval of approximately 2 min. Meanwhile the relative 
weight changes at the isothermal segments were recorded. 

To evaluate the performances of the materials for soot 
oxidation, carbon black from Degussa (Printex-U) was used as 
the model soot. The measurements were performed by 
heating approximately 30 mg of the soot–catalyst mixtures in 
synthetic air (total flow rate 100 NmL/min) in the TG analyser 
at a heating rate of 10 ˚C/min. In order to achieve a tight 
contact between the soot and the materials (weight ratio ~1:4), 
the mixtures were ground with a pestle in an agate mortar. 
The soot conversion was evaluated by determining the relative 
weight losses between 200 ˚C and 700 ˚C. 

 

Results and discussion 

Materials characterization 

Figure 1 presents the diffraction patterns of all materials after 
calcination. The diffraction pattern of an equimolar ceria-ZnO 
mixture and the stick patterns of ceria and ZnO are included 
for reference. Note that the intensities of all XRD patterns are 
plotted in logarithmic scale in order to reveal possible small 
peaks. It is clear that CZ5 and CZ10 show only reflections that 
characteristic of cubic fluorite ceria. However, from our 
previous work,31 we know that substantial amounts of x-ray 
amorphous ZnO are present and only a fraction of the zinc is 
incorporated in the ceria lattice. A careful examination on the 
diffraction pattern of CZ20 reveals that there is a very small 
peak at about 36.306˚ (2θ), which is attributed to ZnO (101). 
The intensity of this peak is orders of magnitude lower than 
that of the ceria, suggesting very poor crystallinity of the un-
incorporated ZnO.  This is generally in line with findings from 
our previous work.31 Despite the fact that substantial amounts 
of x-ray amorphous ZnO are not incorporated into the ceria 
lattice, insertion of some zinc cations is inferred by the shift of 
the most prominent (111) peak from 28.538˚ for pure ceria to 
28.611˚, 28.586˚ and 28.612˚ for CZ5, CZ10 and CZ20, 
respectively. These shifts, verified by multiple measurements, 
correspond to an initial lattice contraction, then expansion and 
contraction with increasing zinc concentrations. This could be 
possibly due to some variation of the concentration of zinc that 
is actually incorporated in the ceria lattice within the Zn-
modified ceria samples. 
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Figure 1. XRD patterns of Zn-modified ceria after calcination: 
ceria (x=0), CZ5 (x=0.05), CZ10 (x=0.1) and CZ20 (x=0.2). 
Patterns of an equimolar mixture of CeO2 and wurzite ZnO 
(denoted as CZ mixture in the figure) are included for 
comparison. Stick patterns of the two phases are also 
included for reference: ceria in red and ZnO in green.  

Substitution of Ce4+ by the divalent Zn2+ will cause the 
formation of extrinsic vacancies in the oxygen sub-lattice.21 
These charge compensating oxygen vacancies are evidenced 
by Raman spectroscopy. Presented in Figure 2a are the 
Raman spectra of the samples after calcination. All spectra 
exhibit a strong peak close to a Raman shift around 465 cm-1 
due to the triply degenerate F2g active mode,32,33 characteristic 
of fluorite-type structures such as cerium dioxide. This 
scattering contribution can be viewed as the symmetric 
breathing of the oxygen ions surrounding cerium ions. The 
much weaker and disorder-induced component around 590-
595 cm-1 (denoted as LO in Figure 2b) is commonly 
associated with the presence of oxygen vacancies.22,28 This is 
due to the non-degenerate Raman inactive LO mode caused 
by a perturbation of the local Ce-O bond symmetry that leads 
to the relaxation of the symmetry selection rules.32,33 Thus 
increased intensities of this LO component in the spectra of 
Zn-modified ceria samples in comparison to pure ceria are the 
signatures of lattice perturbations caused by the insertion of 
zinc cations in the ceria lattice. The presence of the LO 
component in the spectrum of pure ceria corresponds to 
intrinsic oxygen vacancies and thus indicates that Ce3+ is 
present after calcination, likely due to incomplete oxidation of 
the precursor cerium ions. 

 

 

Figure 2. Raman spectra of the as-calcined sample: (a) 
overview and (b) showing the Raman LO band at around 590-
595 cm-1.  

By normalizing the LO intensity with its corresponding F2g 
intensity, it is possible to compare the oxygen vacancy 
concentrations within these materials.34,35 One set of data 
(square symbol) presented in Figure 3 shows the variation of 
the Raman LO/F2g ratios (all values normalized by that of pure 
ceria) as a function of nominal zinc concentration.  Unlike an 
earlier study by Laguna et al.,29 it is clear that all Zn-modified 
ceria samples in this study have higher oxygen vacancy 
concentrations in comparison to pure ceria. Within the Zn-
modified samples (CZ5, CZ10 and CZ20), the oxygen vacancy 
concentration exhibits a small decrease for CZ10 followed by 
an increase for CZ20. Note that the errors of the oxygen 
vacancy concentrations obtained from the Raman 
measurements are not displayed in the graph as nearly 
identical spectra were obtained for each sample measured at 
three different locations. Interestingly, this increase in oxygen 
vacancy concentrations of Zn-modified samples relative to 
pure ceria as well the variation within the Zn-modified samples 
is reflected by the changes in two other parameters, namely 
the degree of crystallinity and the lattice dimension of all 
samples, as evidenced by the two remaining sets of data 
included in Figure 3. As XRD patterns of all samples are 
collected under identical conditions, the relative degree of 
crystallinity can be qualitatively evaluated by comparing the 
XRD intensities of (111) reflection peaks. The lattice 
dimensions of all samples are calculated based on the 
positions of the most prominent XRD reflection peaks: (111). 
Evident from Figure 3, the insertion of zinc in the ceria lattice 
results in reduced degree of crystallinity as well as lattice 
contraction in comparison to pure ceria. Moreover, the two 
parameters for the Zn-modified samples vary in the opposite 
manner to that of the oxygen vacancy concentrations. This 
interesting and excellent correlation between these three 
parameters indicates that the smaller zinc cations are primarily 
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incorporated by substituting the larger cerium cations when 
calcined at 500˚C, which causes the lattice to contract, creates 
extrinsic charge compensating oxygen vacancies and also 
distorts the ceria lattice resulting in reduced degree of 
crystallinity.  

 

Figure 3. Correlation between the variations of the Raman 
LO/F2g ratio (square) indicative of oxygen vacancy 
concentration, XRD (111) reflection intensity (circle) indicative 
of the degree of crystallinity and the lattice dimension 
(diamond) of ceria, CZ5, CZ10 and CZ20. 

Figure 4 presents typical TEM images of CZ5 (a, b and c) 
and CZ10 (d, e and f). As seen in Figure 4a and 4d, both 
samples exhibit narrow size distribution with diameters below 
10 nm. A close inspection reveals that the samples exhibit 
nanocube-like morphologies with well-defined edges and 
facets. Figure 4b and 4e present the selected area electron 
diffraction (SAED) patterns of CZ5 and CZ10, confirming the 
fluorite-type cubic structure of both materials. No evidence of 
crystalline ZnO is found in the SAED patterns, consistent with 
XRD results (see Figure 1). Discrete diffraction spots are 
clearly discernible in the SAED pattern of CZ10 due to a 
smaller diffraction area. Figure 4c and 4f are typical HRTEM 
images of CZ5 and CZ10, confirming the nanocrystalline 
nature of the materials. Lattice fringes with a spacing of 
approximately 0.261 nm, indexed as ceria (200) lattice planes 
are clearly visible. The lattice plane with a spacing of 
approximately 0.161 nm (Figure 4c) could be attributed to a 
ceria single crystal with an orientation of (311). Both of the two 
values are slightly smaller than those of the pure ceria found 
in the PANalytical HighScore software database (PDF 00-004-
0593): approximately 0.271 nm for (200), and 0.163 nm for 
(311), consistent with the observed lattice contraction as 
shown in Figure 3. 
 
 

 

Figure 4. TEM images of CZ5 (a) and CZ10 (d) at lower magnifications showing nanocrystals of relatively uniform sizes. 
Corresponding SAED patterns of CZ5 (b) and CZ10 (e): stick patterns shown in Figure 1 are also included for references. 
HRTEM images of CZ5 (c) and CZ10 (f) showing clear lattice fringes.  
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In Figure 5 background-subtracted Zn 2p, Ce 3d and O 1s 
XPS spectra of Zn-modified ceria (CZ5 and CZ20) are 
reported. Survey spectra are reported in the supporting 
information (see Figure S1). The Zn 2p spectra of CZ20 
clearly shows two peaks at about 1022 eV (2p 3/2) and 1045 
eV (2p 1/2), indicating a 2+ oxidation state. In contrast, the Zn 
2p spectrum of CZ5 only exhibits the more prominent 3/2 peak 
with an intensity more than one order of magnitude smaller 
than that of CZ20. This is clearly due to a much lower 
concentration of zinc in the sample of CZ5. The complicated 
Ce 3d spectra can be deconvolved into ten components using 
the notation introduced by Burroughs and colleagues.36 These 
components fall into two groups (u and v), originating from the 
spin-orbit coupling of the cerium 3d core electrons. The v0, v, 
v', v'' and v''' components are associated with the 3d5/2 
electrons with a lower binding energy, and the u0, u, u', u'' and 
u''' components with 3d3/2 electrons with a higher binding 
energy. The u'/v' (as well as u0/v0) doublet is attributed to the 
photoemission of 3d electrons from Ce3+ while the other 
doublets are associated with Ce4+.37 Thus it is evident from 
Figure 5b that in the surface layer of the samples cerium is 
predominantly at 4+ oxidation state. The presence of cerium at 
3+ oxidation state, although at a small fraction, is in general 
agreement with the Raman studies which indicate the 
presence of intrinsic oxygen vacancies conjugated with Ce3+ 
within pure ceria samples (see Figure 2), despite that XPS is 
surface sensitive while Raman spectroscopy probes into the 
bulk. Applying the quantification method reported by Preisler 
et al.,38 it is determined that the fraction of cerium at 3+ 
oxidation state in the surface layer is about 9.2% and 6.8% for 
CZ5 and CZ20, respectively. The O 1s spectra shown in 
Figure 5c are fitted with two sub-bands similarly as reported 
previously.39,40 The sub-band at lower binding energy (529.6 
eV), denoted as Oβ, corresponds to lattice oxygen O2-. The 
sub-band at higher binding energy (531.8 eV), denoted as Oα, 
corresponds to chemisorbed surface oxygen (hydroxyl-like 
groups) or defect oxide that is believed to be highly reactive in 
oxidation reactions due to its higher mobility.40,41 The 
Oα/(Oα+Oβ) ratio for CZ5 is about 19.2%, which is slightly 
lower than the ratio for CZ20 (21.9%). The very close values 
of Oα/(Oα+Oβ) ratios, despite very different nominal doping 
level of zinc, also indicates that the actual amount zinc 
incorporated in the ceria lattice is close, and excess amount of 
zinc remain non-incorporated in the case of CZ20, consistent 
with what was revealed by our previous study.31 

 

Figure 5. Deconvolved Zn 2p (a), Ce 3d (b) and O 1s (c) XPS 
spectra of CZ20 and CZ5. 

A series of XPS spectra were recorded during the course of 
sputtering lasting for about 4 h. Based on the deconvolution 
and quantification methods presented in association with 
Figure 5, depth profiles of oxygen, cerium and zinc for CZ20 
are presented in Figure 6. It is evident that the concentration 
of zinc in the sample decreases significantly, especially within 
the first 50 min of sputtering. In the as-prepared sample of 
CZ20, the atomic concentrations of zinc and cerium are 11% 
and 31%, respectively. This corresponds to a Zn/(Ce+Zn) 
fraction of 26%, close to the value 29% reported in our 
previous work.31 After sputtering, the atomic concentration of 
zinc decreases to 6.6% and the atomic concentration of 
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cerium increases to 38%, corresponding to a Zn/(Ce+Zn) 
fraction of 15%.  In addition, the fraction of cerium in the 3+ 
oxidation state increases from 6.8% (as-prepared) to 28% 
(after sputtering), likely due to sputtering-induced reduction of 
cerium.42,43 The increase in the fraction of cerium in the 3+ 
oxidation state is also reflected by a decrease in the 
concentration of oxygen ions. For CZ5 (see Figure S2), similar 
trend is observed: the concentration of zinc is decreases upon 
sputtering. It is thus reasonable to infer that the doping level of 
Zn-modified ceria samples is decreasing with increasing depth 
from the top surface layer. 

 

Figure 6. Depth profiles of O, Ce, and Zn of sample CZ20 
over the course of ~4 h sputtering. 

To evaluate the influence of the incorporation of zinc on the 
reducibility of ceria, H2-TPR was carried out for ZnO, pure 
ceria, CZ5, CZ10 and CZ20. The results are presented in 
Figure 7. Essentially the reduction degree of crystalline ZnO is 
negligible at temperatures up to 900 ˚C, likely due to its 
relative large grain size. It is clear that the H2-TPR profiles of 
all ceria samples contain two major peaks, one at lower 
temperatures in the ranges of 450-560 ˚C corresponding to 
the reduction of surface cerium and the other at higher 
temperatures between 800 ˚C and 900 ˚C likely due to the 
reduction of cerium in the bulk of ceria. Without the 
incorporation of zinc in the ceria lattice, the reduction of 
surface cerium peaks at about 560 ˚C. For CZ5, CZ10 and 
CZ20, the peak temperature is reduced to approximately 490 
˚C, 450 ˚C and 465 ˚C respectively, indicating enhanced 
reducibility of ceria at the surface. A careful examination 
reveals that the surface reduction profile actually exhibits two 
peaks, likely attributed to the reduction of cerium in different 
coordination environments. Interestingly, the bulk reduction 
peak seems to shift monotonically to slightly higher 
temperatures with increasing zinc concentrations, from 840 ˚C 
for pure ceria to 875 ˚C for CZ20. This trend is consistent with 
what has been previously reported by Laguna et al.29  
However, there is no evidence suggesting that the shift is due 

to a suppression of reducibility of the bulk by the incorporation 
of zinc. A close inspection reveals that the peak corre 
sponding to the bulk reduction in the H2-TPR profile of pure 
ceria is very symmetrical while for Zn-modified samples it 
becomes asymmetrical towards the tail at the higher 
temperature side. As is known from our previous study,31 
excess amounts of zinc exist as very fine x-ray amorphous 
zinc oxide within the Zn-modified ceria materials, particularly 
in the cases of CZ10 and CZ20. Thus it is possible that the 
observed shift could be due to hydrogen consumption through 
the reduction of increasing amounts of non-incorporated zinc 
oxide that happens at temperatures higher than the 
temperature for bulk reduction of ceria. In fact, condensation 
has been observed at the downstream of the quartz tube, 
suggesting the formation of zinc silicate from the reaction 
between metallic zinc vapour (by reduction of ZnO) and the 
silica quartz wool block used to secure the bed materials. 
Additional evidence is obtained from x-ray fluorescence (XRF) 
studies showing that after H2-TPR, the zinc concentration 
within the Zn-modified samples is significantly reduced (see 
Figure S3). Therefore, it is reasonable to conclude that the 
reducibility of surface cerium is enhanced upon the 
incorporation of zinc while the reducibility of the bulk is largely 
unchanged. This is also consistent with the XPS findings (see 
Figure 6) that the zinc concentration decreases with 
sputtering, suggesting a decreasing doping level of zinc 
incorporated in the ceria lattice. 

  

Figure 7. H2-TPR profiles of ZnO, ceria and Zn-modified ceria 
samples. 

To quantitatively evaluate the OSC of all samples, we 
performed cyclic TGA measurements at 500 ˚C under 
alternating reducing (10% H2/Ar) and oxidizing (10% O2/Ar) 
conditions. Relative weight losses and weight gains are 
reported in Figure 8. The mass changes in response to the 
alternating conditions are due to oxygen release and uptake. 
Since ZnO cannot be reduced in hydrogen at 500 ˚C as 
confirmed by in-situ XRD under the same conditions (see 
Figure S4), the oxygen release and uptake is attributed to the 
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redox cycle of Ce4+/Ce3+. The rapid mass increase followed by 
a slower decrease observed when switching reacting 
conditions are artifacts caused by incompletely compensated 
buoyancy effect. Such effect originates from the catalytic 
combustion of H2 with O2 in presence of ceria, while during 
blank measurements this catalytic effect is not available as no 
ceria is present. By comparing the mass change profiles of 
pure ceria and Zn-modified ceria, clear differences emerge. 
First, the rates of reduction for Zn-modified samples are 
considerably higher than the rate for pure ceria. This strongly 
indicates enhanced reducibility due to the incorporation of zinc 
in the ceria lattice, consistent with the finding from the H2-TPR 
results (see Figure 7) and first-principles calculations.21 
Second, the relative mass changes for Zn-modified samples 
are higher than that of pure ceria meaning enhanced OSCs, 
although the reduction is not yet complete after 10 min 
exposure to the reducing condition. 

 

Figure 8. TGA curves showing the periodic mass changes of 
the samples when they are subjected to alternating reducing 
(~10% H2/Ar) and oxidizing atmospheres (~10% O2/Ar) at 
500 ˚C. 

By averaging the relative mass changes over multiple 
cycles, the OSCs of all samples are obtained (Figure 9). Zn-
modified ceria (CZ5, CZ10 and CZ20) exhibits an OSC of 
263.5±11.6, 251.3±8.2 and 267.7±9 µmol O g-1 respectively, 
nearly twice the value of pure ceria (135.5±3.5 µmol O g-1). 
There is no appreciable increase in the OSC as the nominal 
zinc concentration increases from 5 mol% (CZ5) to 20 mol% 
(CZ20), likely due to the fact that the excess zinc is not 
incorporated in the ceria lattice but exists as a separate 
amorphous phase of zinc oxide.31 Interestingly, the variation of 
the OSCs of all samples as shown in Figure 9 exhibits an 
excellent correlation with three other parameters namely the 
oxygen vacancy concentration (LO/F2g), degree of crystallinity 
(XRD intensity) and lattice dimensions (see Figure 3). This 
excellent correlation between these four different parameters 
demonstrates experimentally the close link between the 
structural properties and chemical reactivity of doped ceria.20 

 

Figure 9. Averaged OSC of all samples calculated from the 
weight losses over multiple redox cycles, correlated with 
LO/F2g, IXRD (XRD intensity) and LD (lattice dimension) as 
presented in Figure 3. 

 
Reverse water-gas shift reaction 

To evaluate the effect of Zn2+ incorporation into ceria lattice on 
its catalytic activities, we investigated the reverse water-gas 
shift (RWGS) reaction at temperatures in the range of 400 ˚C-
800 ˚C using Zn-modified ceria and pure ceria as catalysts 
with GC as well as the TGA, allowing monitoring the weight 
changes during the reaction. The time-on-stream mass signals 
and the CO concentrations in the effluent gases are presented 
in Figure 10. 

It is clear that for both pure ceria and Zn-modified ceria, the 
RWGS reaction is favoured as the reaction temperature is 
increased, due to endothermic nature of the reaction. Pure 
ceria shows no activity for reverse water-gas shift reaction at 
400 ˚C. In contrast, Zn-modified ceria exhibits significantly 
higher activity at this temperature. The promoted catalytic 
activity of Zn-modified ceria for the reverse water-gas shift 
reactions is attributed to its significantly enhanced OSC as 
shown in Figure 9. Ceria, as the oxygen carrier in this 
reaction, catalyses a cycle where it is reduced with the 
assistance of H2, and subsequently oxidized with CO2, 
producing CO. Thus a higher OSC of ceria at a given 
temperature translates to higher CO2 to CO conversion.  All 
samples exhibit a gradual decrease of activity in CO2-CO 
conversion, with CZ5 being more pronounced especially within 
the first 10 min of reaction. Although there is no detectable 
carbon deposition on the samples after the subsequent two 
higher temperature steps from TGA analyses of the spent 
catalysts, the possibility of carbon deposition at 400 ˚C cannot 
be ruled out, and could account for the observed mass gain 
and activity decrease. As the temperature is increased to 600 
˚C, no obvious deactivation is observed for all Zn-modified 
ceria within an hour while the mass signals stay constant after 
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a small initial decrease that is likely due to the reduction of 
ceria. However, at 800 ˚C, all samples show a rapid decrease 
in activity from the very beginning, which can be attributed to 
loss of surface area due to sintering at this elevated 
temperature. BET surface area of pure ceria, measured by 
nitrogen adsorption-desorption isotherms (see Figure S5), 
decreased from 62.78 ± 0.38 m2 g-1 to 0.57 ± 0.01 m2 g-1 after 
the RWGS reaction. The Zn-modified samples show almost no 
advantage over pure ceria, particularly in the later period of 
the isothermal segment. After about 10 min for CZ5 and 20 
min for CZ10 and CZ20, a second-stage deactivation is 
observed for the Zn-modified samples but not the pure ceria. 
Interestingly, at exactly the time when the second-stage 
deactivation starts, the mass signal stabilizes for CZ5, CZ10 
and CZ20 after much larger weight losses in contrast to pure 
ceria. It is observed that all materials turn grey from their 
initially yellow colour after the RWGS reactions. Since carbon 
deposition is negligible at this temperature, the change in 
colour is attributed to the reduction of ceria by H2, consistent 
with the observation made with the ceria samples after H2-
TPR. Thus the considerable larger weight losses for Zn-
modified samples can be partially caused by a higher degree 
of reduction. The main contribution is due to the loss of zinc 
(see Figure S6), likely from the reduction of the non-
incorporated ZnO as evidenced in our previous work.31 Thus it 
is possible that at the beginning the non-incorporated ZnO 
acts as an inhibitor against sintering of ceria nanocrystals, and 
with the loss of such ZnO the ceria particles quickly sinter 
leading to the observed second-stage deactivation. 

 

Figure 10. Bottom panel: CO concentration in the effluent 
gases of RWGS reactions using ceria and Zn-modified 
ceria samples as catalysts at 400 ˚C, 600 ˚C and 800 ˚C. 
Top panel: buoyancy-corrected weight changes during 
the RWGS reaction. 

 
Figure 11. Bottom panel: CO concentration in the effluent 
gases of RWGS reactions using ceria and Zn-modified ceria 
samples (with and without addition of cobalt oxide) as 
catalysts at 400 C, 600 C and 800 ˚C. Top panel: buoyancy-
corrected weight changes during the RWGS reaction. 

Cobalt or cobalt-containing catalysts supported on ceria or 
modified ceria have been investigated for a number of 
catalytic reactions including ethanol reforming for hydrogen 
production and CO2 dry reforming of methane (DRM) for 
syngas production.44-48 Interestingly, one study by Aw et al. 
shows some “unwanted” activities of cobalt containing 
catalysts supported on a solid solution of ceria-zirconia for the 
reverse water-gas shift (RWGS) reaction during the CO2 DRM 
process.48 Here, with the aim to improve the catalytic activities 
of Zn-modified ceria for the reverse water-gas shift reaction, 
10 mol% cobalt oxides (CoOx) are impregnated onto CZ10 
and pure ceria. XRD reveals that the dispersed cobalt oxides 
exhibit poor crystallinity (as Co3O4 phase) in comparison to the 
ceria support (see Figure S7). The RWGS results using 
CoOx/CZ10 and CoOx/Ceria as catalysts are presented in 
Figure 11. It is clear that upon impregnation of CoOx, the 
activity of pure ceria is significantly enhanced at 400 and 600 
˚C, which can be attributed the additional redox couple 
associated with cobalt oxide. However, in comparison, with 
the impregnation with CoOx, the activity of CZ10 is only very 
marginally enhanced at 400 and 600 ˚C. A larger weight loss 
is observed at 600 ˚C in both cases in contrast to non-
impregnated ones, which is due to the reduction of CoOx by 
hydrogen as reflected by the colour change of the samples 
before (dark green) and after the reactions (black). The most 
significant improvement in the activities of the Zn-modified 
ceria catalysts for RWGS reaction is observed at 800 ˚C. 
CoOx/CZ10 and CoOx/Ceria exhibit much more stable 
activities when compared to CZ10 and pure ceria, although 
loss of zinc is also evident from the TGA results (also 
evidenced by XRF mapping, see Figure S8). It seems that 
there is a synergistic effect between the cobalt phase and the 
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supporting ceria phase towards the RWGS reaction. Although 
the cobalt phases are not uniformly dispersed on the ceria 
support due to a relatively simple synthesis route, the obtained 
materials exhibit excellent thermal stability at even relative 
high temperatures (i.e. 800 ˚C): the dispersion of cobalt is 
largely unaffected after the reactions (see Figure S8). Thus, 
the CoOx/Ce-O-Zn system could be an effective catalyst for 
CO2 to CO conversion by RWGS reaction at modest to high 
temperatures. 
 
Soot oxidation 

Figure 12 shows the soot conversion profiles with respect to 
temperature using pure ceria and Zn-modified ceria as 
catalysts. The temperatures at which 10%, 50% and 90% of 
the soot converted (denoted as T10, T50 and T90, respectively) 
are summarized in Figure 13. Without any catalysts, the T50 is 
about 608 ˚C, significantly higher than the cases catalyzed by 
ceria. However, the incorporation of zinc in the ceria lattice, 
although nearly doubling its oxygen storage capacity, only 
marginally reduces the T50 and T90 by less than 10 ˚C, with 
respect to pure ceria. Regardless of the zinc concentration, all 
Zn-modified ceria samples shows nearly identical 
performances for soot oxidation, which correlates to its nearly 
identical oxygen storage and release performances as shown 
in Figure 9. In attempt to further enhance the oxidative activity 
of Zn-modified ceria samples, additional 10 mol% cobalt 
oxides are impregnated on CZ10 (as well as pure ceria), due 
to promotional effects of cobalt oxides reported by previous 
studies.49,50  Clearly, cobalt oxides supported by pure ceria 
exhibit nearly equivalent soot oxidation performance as Zn-
modified ceria samples, while the impregnation of cobalt 
oxides on CZ10 (CoOx/CZ10) is able to further bring down the 
T50 just below 500 ˚C (524 ˚C for CoOx/Ceria), and T90 to 533 
˚C (554 ˚C for CoOx/Ceria). This can be due to an combined 
effect of enhanced oxygen storage capacity of ceria due to the 
incorporation of zinc in the ceria lattice, and the high oxidative 
activity of cobalt oxides due to its redox property.49 

 

Figure 12. Soot combustion using ceria and Zn-modified ceria 
samples as catalysts. 

 

 

Figure 13. Corresponding temperatures of all samples for 
10%, 50% and 90% soot conversion. 

As known from our previous study,31 substantial amounts of 
the zinc exist as non-incorporated X-ray amorphous ZnO 
within the Zn-modified ceria samples. To study the effect of 
this additional phase (not detectable by standard XRD) for 
catalysis, CZ10 and CZ20 were treated with citric acid and 
then evaluated for their soot oxidation activities. The results 
are presented in Figure 14. It is clear that the samples treated 
with citric acid perform significantly better than the non-treated 
ones. For instance, the temperature of 50% conversion, T50 , 
is reduced by 25 ˚C from 524 ˚C to 499 ˚C for pure ceria. This 
could be due to surface etching effect of the acid, creating 
more surface defects which are highly active for soot 
oxidation. Interestingly, acid treatment of CZ10 is able to 
reduce the T50 more prominently, as T50 decreases by 41 ˚C 
(from 516 ˚C to 475 ˚C). It is reasonable to rationalize that the 
removal of the non-incorporated ZnO through acid treatment 
allows more intimate contact between soot particles and the 
catalytically active doped ceria particles. Thus, this 
observation suggests a detrimental role of the non-
incorporated X-ray amorphous ZnO for soot oxidation. 

 

Figure 14. Soot combustion with Ceria, CZ10, CZ20 as- 
prepared and treated with citric acid (CA) 
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Conclusions 

In this study, we have established an interesting correlation 
between the structural properties of Zn-modified ceria 
nanocrystals, its oxygen storage capacity (OSC) and catalytic 
performance for the RWGS reaction and soot oxidation. The 
incorporation of zinc in the ceria lattice is reflected by 
decreased crystallinity evidenced by XRD and a correlated 
increase of oxygen vacancy concentration evidenced by 
Raman spectroscopy. The incorporation of zinc increases the 
reducibility of ceria according to H2-TPR and doubles the 
oxygen storage capacity of pure ceria as revealed by 
thermogravimetric studies. Catalytic tests show that Zn-
modified ceria samples exhibit much better activities for the 
RWGS reaction especially at lower temperatures of 400 ˚C 
and 600 ˚C, while at higher temperatures, the catalysts 
deactivate rapidly, which is correlated to the loss of zinc due to 
the reduction of non-incorporated ZnO by hydrogen. This 
seems to suggest that the second ZnO phase plays a 
beneficial role for the RWGS reaction. By impregnating 
additional cobalt oxide on the ceria support, deactivation can 
be eliminated and the material is able to maintain high level of 
activity at 800 ˚C. Some improvement in the activity for soot 
oxidation is achieved with Zn-modified ceria in comparison to 
pure ceria, due to enhancement in the OSCs of the materials. 
Upon impregnation of additional 10 mol% cobalt oxide, the 
material’s activity soot oxidation is markedly enhanced. It is 
found that after being treated with citric acid, pure ceria and 
Zn-modified ceria samples perform significantly better for soot 
oxidation. The T50 is reduced by 25 ˚C for pure ceria and 41 ˚C 
for CZ10, suggesting a detrimental role of the non-
incorporated ZnO phase for soot oxidation. 
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