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A B S T R A C T   

Ceria is known to be a very good catalyst as well as a support for oxygen transfer (oxidation) as well as for 
hydrogen transfer (hydrogenation and dehydrogenation) reactions. Many of these reactions occur at high tem
peratures where ceria is known to sinter, leading to loss of surface area. The thermal stability of ceria can be 
improved by the addition of dopants, but the location of the dopant atoms and the mechanisms by which ceria 
stabilization occurs are poorly understood. We show here that dopants located on the surface of ceria are 
remarkably effective at stabilizing ceria surface area. Keeping metal loading constant at 0.88 mol%, we found 
that surface area of the ceria aged at 800 ◦C in air for 5 h ranged from 45 m2/g to 2 m2/g. Strongly bound dopants 
in atomically dispersed form help to pin surface sites and lower the mobility of ceria.   

1. Introduction 

Ceria has been shown to be a beneficial oxide support for multiple 
catalytic reactions such as the water-gas shift reaction, CO oxidation, dry 
reforming of methane, oxidation of hydrocarbons (such as methane), 
among others [1,2]. The reason is its ability to change oxidation states 
(Ce4+/Ce3+), which may provide facile transfer of oxygen to the active 
site [3]. The hydrogenation activity of ceria is a more recent finding, 
related to the formation of hydrides [4,5]. The ceria support, however, 
loses surface area (sinters) when exposed to high temperatures (>600 
◦C). The most common method to improve its surface area stability is to 
dope the bulk ceria with zirconia (Zr) forming solid solutions, which are 
commonly used in automotive exhaust catalysts [6–8]. Zirconia is 
unique since it can be incorporated in the fluorite ceria lattice at high 
concentrations, due to its favorable charge and ionic size, without 
leading to phase segregation [6–8]. However, the number of dopants 
that can be similarly incorporated into the ceria lattice is limited [1]. 
Other approaches for achieving high ceria surface areas involve the 

deposition of ceria on a thermally stable support via atomic layer 
deposition (ALD) [9]. An alternative approach that we have used here 
involves the deposition of dopants on the surface of the ceria. 

For a dopant to be effective at stabilizing the surface area, it must be 
strongly bound to surface sites helping to lower surface mobility of the 
ceria. It is known that lanthanum oxide helps to preserve alumina sur
face area through strong binding to the surface [10]. It would be of in
terest to determine if a similar surface stabilization could be achieved for 
ceria surfaces. The recent work of Jones et al. [11] suggests a simple 
approach for screening surface dopants to determine whether they bind 
strongly to the ceria surface. Impregnation of the ceria with a platinum 
precursor, followed by calcination in air at 800 ◦C, leads to the forma
tion of atomically dispersed Pt species on the ceria surface. Concurrent 
with the formation of single atom Pt species was the stabilization of the 
ceria surface area. Kunwar et al. showed that the Pt was located on CeO2 
(111) step edges in the form of Pt2+ bound to four oxygen atoms [12]. 
The covalent bonding of Pt2+ to the ceria surface was responsible for the 
enhanced thermal stability. Vapor phase transport was considered to be 
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responsible distributing the Pt effectively over the ceria surface, allow
ing it to attach to defect sites [12]. It is unclear whether a volatile oxide 
is essential to achieve ceria surface area stabilization. For instance Wan 
and Dettling deposited aluminum precursors on ceria and found that a 
BET surface area of 21.5 m2/g was obtained after aging the sample at 
750 ◦C for 70 hours in air [13]. No volatile precursor was implicated in 
that work. Therefore, in this work, we explore whether a similar stabi
lization of ceria surface area can be achieved with elements other than Pt 
or Al. 

To explore a broader range of surface dopants, we turn to the work of 
Figueroba et al. [14] who performed density functional theory calcu
lations to calculate the binding energy for Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, 
Cu, Ag, and Au on ceria. They suggested that each of these elements can 
form single atom species in preference to forming larger nanoparticles. 
In addition, Pt, Pd, Ni, Fe, Co, and Os were found to exhibit strongly 
adsorption complexes with the ceria (100) facet with potential for the 
design of single atom catalysts [14]. Here we explore whether these 
predictions also suggest dopants for stabilization of ceria surface area. 

2. Experimental Methods 

2.1. Surface Doping 

Polyhedral ceria (PHC) was prepared via the decomposition of 
cerium (III) nitrate hexahydrate 99.9% obtained from Sigma Aldrich. 
The nitrate was placed into a crucible and decomposed in a box furnace 
at 350 ◦C for 4 hours with a 1 ◦C per minute ramp rate. The resulting 
solid was then ground to a powder and was used as the cerium oxide 
support for the multiple transition metals used in this study. 

Transition metals were deposited onto the surface of the PHC support 
via incipient wetness impregnation (IWI). One gram of polyhedral ceria 
was placed into a crucible and the dissolved transition metal nitrate 
hydrate was added drop wise until saturation. The powder was then 
placed in a drying oven at 110 ◦C until completely dry. This process was 
repeated until the desired 0.88 mol% was achieved for all tested metals. 
0.88 mol% is the molar equivalent of 1 wt% Pt/CeO2 and was used to 
allow for a comparison while maintaining an identical ratio of dopant 
per cerium atom (M0.88Ce99.12Oy). The dried powder was then distrib
uted evenly in a crucible and calcined in a tube furnace at 350 ◦C for 2 
hours with a 5 ◦C/min ramp rate. After this treatment the samples were 
labeled as-prepared (AP). The samples were then divided into aliquots to 
be calcined at 800 ◦C for 5 hours with a 5 ◦C/min ramp rate; these 
samples will be referred to as atom trapped (AT). A schematic of the 
resulting evolution of ceria is shown below in Fig. 1. 

2.2. Physical Characterization 

The samples were characterized using Brunauer-Emmett-Teller 
(BET) surface area analysis, X-ray diffraction (XRD), transmission elec
tron microscopy (TEM), energy dispersive spectroscopy (EDS), and low 
energy ion scattering (LEIS). BET analysis of all samples was performed 
using a Micromeritics Gemini 2360 Surface Area Analyzer, using liquid 
nitrogen coolant, after a 24 -h degassing period at 120 ◦C under flowing 
nitrogen gas. XRD analysis was conducted using a Rigaku SmartLab 
diffractometer with a D/TeX detector and copper Kα radiation. A 0.02◦

step size was used with a scan rate of 6.2◦ min−1. TEM analysis was 
performed using a JEOL JEM 2010 F field emission microscope in high 
angle annular dark field (HAADF) imaging and EDS mapping modes. 
Some of the images were obtained using a JEOL NeoARM microscope 
equipped with spherical aberration correction to allow atomic resolu
tion imaging. 

2.3. X-ray Diffraction 

X-ray diffraction data was collected using a Rigaku SmartLab powder 
x-ray diffractometer, equipped with a Cu-target X-ray source (40 kV, 40 
mA), a D/teX Ultra 1-dimensional position sensitive detector, and a Ni- 
foil filter for reduction of the Cu-Kβ component of the diffracted radia
tion. Data was collected at 6 degrees/minute from 3-150 degrees two 
theta (0.02-degree step). Lattice parameters were obtained via Rietveld 
refinement using the MDI Jade software package. Lattice parameters, 
crystallite size, and micro strain values were refined, as well as sample 
height error. 

2.4. Catalytic Reactivity 

CO oxidation was chosen as a probe reaction. 20 mg of catalyst was 
placed in a quartz tube and a flow rate of 1.5 ml/min of CO and 1.0 ml/ 
min of O2 along with 75 ml/min of He was used as the reaction mixture. 
The catalyst was calcined in-situ at 500 ◦C in 20% oxygen to clean the 
surface before reaction. No reduction was performed. Three runs were 
performed by flowing the reaction mixture starting from 25 ◦C and 
heating to 300 ◦C at a ramp rate of 2 ◦C/min. No intermediate treatment 
was performed. The third run was reported as representing the reactivity 
of the stable catalyst, but the variation from run to run was negligible. 

2.5. Infrared Spectroscopy 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

Fig. 1. Schematic representation of the role of 
dopants on ceria surface area. The transition 
metal is deposited by impregnation, calcined at 
350 ◦C in air, and then aged at 800 ◦C in air for 
5 hours. If the dopant binds strongly to the 
ceria, it can remain atomically dispersed and 
helps preserve ceria surface area by pinning 
sites responsible for ceria mobility. If the 
dopant binds strongly but leads to grain 
boundary diffusion, it could enhance sintering 
and lead to loss of surface area. Alternatively, 
the dopant may interact weakly and have no 
effect on ceria surface area, ending up forming 
a separate phase.   
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(DRIFTS) was performed to study the adsorbed CO during CO oxidation. 
This measurement allowed a study of the surface species for Pt, Pd and 
Cu. The 800 ◦C air-aged, air-exposed catalyst was loaded into the 
DRIFTS cell and temperature was increased to 300 ◦C in He. Once at 300 
◦C, a pretreatment with 10% O2 was performed for 30 minutes. The gas 
was switched to He, the catalyst cooled to the reaction temperature, and 
CO oxidation was performed. The gas flow rates for CO oxidation were 
as follows: CO 1.5 mL/min, O2 1 mL/min, and He 75 mL/min. The 
infrared spectrometer used was a Tensor 27 from Bruker, coupled with a 
Praying Mantis Diffuse Reflection Accessory from Harrick. The MS used 
was a ThermoStar GSD 320 T Quadropole Mass Spectrometer (QMS) 
from Pfeiffer Vacuum, using a Secondary Electron Multiplier (SEM). 
DRIFTS was performed using a Harrick cell which allowed treatment of 
samples in situ. 

2.6. Low Energy Ion Scattering (LEIS) 

LEIS analysis was performed on an IONTOF Qtac100 instrument, 
which is a dedicated LEIS instrument, equipped with a double toroidal 
analyzer for the energy analysis of the backscattered ions. The solid 
angle of acceptance was full 360◦ azimuth, while the scattering angle is 
fixed at 145◦. This gives, in combination with parallel energy detection, 
a high sensitivity while maintaining the mass resolution. He+ as well as 
Ne+ with ion energy 3 and 5 keV and current 5 and 2 nA, respectively, 
were used to analyze the surface concentration of Rh atoms in the Rh/ 
CeO2 (surface doped). The area scanned per sample by these two ions 
was 2 × 2 mm2 and the ion fluence (number of incident particles / area) 
given to the samples was 1.4 × 1014 ions/cm2 and 2.8 × 1013 ions/cm2 

respectively. For the 5 keV 20Ne+ spectra of the sample, three positions 
were analyzed, and the spectra were averaged. The spectra for the Rh 
reference were analyzed within a 1.5 × 1.5 mm2 sputter crater over an 
area of 1 × 1 mm2. The analysis time was adjusted such that the surface 
damage was the same as for the other spectra. Assuming a sputter co
efficient of 0.1 for He and 1 for Ne, this will lead to a removal of 1% and 
2% of surface atoms by the end of the analysis. Damage would also 
include the formation of structural changes, defects, etc. 

2.7. X-ray Photoelectron Spectroscopy 

XPS measurements were performed on a Kratos Ultra DLD spec
trometer using amonochromatic Al Kα source operating at 150 W 
(1486.6 eV). The operating pressure was 1 × 10-8 Torr. Survey scans 
were acquired at a pass energy of 160 eV with a step size of 1 eV. High- 
resolution spectra were acquired at a pass energy of 20 eV and a step size 
of 0.1 eV. Spectra were energy-corrected according to the u’’’ compo
nent of the Ce 3d core line with a characteristic binding energy of 916.7 
eV. Atomic ratios were estimated by using the standard procedure of 
subtracting a Shirley background and using relative sensitivity factors to 
normalize raw peak areas. The Ce 3d region was fitted according to 
previous models [15]. XPS data was processed using CasaXPS software. 

3. Results 

We use the loss of BET surface area after heating to 800 ◦C in air to 
study the role of dopants and their interaction with the ceria. In previous 
work we demonstrated that Pt present on the surface of ceria helps to 
preserve ceria surface area [11,12]. In this work, we use the Pt/ceria 
sample as a standard with which to compare the ability of other surface 
dopants to stabilize ceria surface area. We found that Rh, Zr, Pd, Ga, Al, 
Mn, Ba, Pr, and Cu, help to preserve ceria surface area after heating to 
800 ◦C in air for 5 hours, as shown in Fig. 2. La and Ag are not very 
effective, while Fe and Co lead to lower surface areas than undoped 
CeO2. The average ceria particle size by XRD agrees well with the 
measured BET surface area (Table S1). The higher surface area samples 
have an average crystallite size (via XRD) of ~20 nm while the sintered 
ceria grows to ~ 80 nm in size. XRD of the Ag, Fe and Co doped samples 
shows very sharp peaks, suggesting significant sintering of the ceria 
(Figure S1). STEM images (Figure S2-S3) show particle sizes as small as 2 
nm, but they are agglomerated, which is consistent with the observed 
surface area. Fig. 3 shows XRD patterns of the samples that retain a 
higher surface area than Pt, with the as-prepared ceria shown for com
parison. There are no other reflections than those from fluorite ceria. 
This suggests that the dopant atoms are well dispersed to at least to the 
size of (<2 nm) which is the detection limit for XRD under our 

Fig. 2. Measured BET surface area of surface doped ceria after aging in 50 SCCM of flowing air at 800 ◦C for 5 hours.  
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experimental conditions. Since STEM images are able to see the small 
crystallites, we would expect differences in contrast, or localized high 
concentrations of the dopant, indicative of phase segregation. In the 
supporting information, TEM and EDS data are shown for Mn and Pd 
which are representative of the other dopants that helped to preserve the 
surface area of ceria (Figure S2-S3). The STEM images do not show any 
contrast associated with crystalline particles of a second phase. EDS 
analysis performed on multiple areas of each sample in spot mode 
confirmed that the dopants are well dispersed, and no segregation is 
evident. 

The STEM EDS data (Figure S2-S3) confirms the presence of the 
dopants. The lack of atomic number contrast between the dopant atoms 
and Ce (Z = 58) makes direct imaging of dopant atoms on ceria very 
challenging. We have shown previously that the isolated Pt atoms (Z =
79) can be readily seen via AC-STEM [11,12]. AC STEM and EDS anal
ysis was performed on the sample that exhibited the highest BET surface 
area, Rh/CeO2, as shown in Figs. 4 and 5. Despite limited atomic number 
contrast, Rh (Z = 45) can be imaged in favorable situations where the 
support shows low contrast in thin regions. Such a case is shown in Fig. 4 
where a Rh atom is marked. EDS analysis of the region enclosed in the 
yellow box confirms the presence of Rh on the sample, but direct EDS of 
individual atoms is not possible since the atoms move when exposed to a 
focused electron beam. The mobility of surface dopant atoms makes it 
difficult to obtain reliable quantitative analysis of EDS from very small 
regions. At a lower magnification (Figure S2-S3) it is possible to perform 
spot analysis and obtain reasonable estimates of the average 
composition. 

A more reliable approach to establish the dispersion of the dopant 
atoms is DRIFTS of adsorbed CO, which is frequently used to investigate 
the nature of surface metal atoms on oxide supports. The vibrational 
frequency of CO is sensitive to changes in coordination number and 
oxidation state of the metal and the nature of the bond between CO and 
the metal atoms (i.e. on top vs. bridged or multiply bound) [16,17]. 
Exposing single atoms to CO can cause them to agglomerate and also to 
fragment back into isolated atoms, as previously documented in the case 

of Ir [18]. Hence we performed our DRIFTS study during CO oxidation 
performed under lean conditions where single Pt and Pd atoms have 
been shown to be stable [11,19]. Fig. 6 shows the DRIFTS spectra ob
tained during CO oxidation for the Pt/CeO2 and Pd/CeO2 and Cu/CeO2 
AT samples after the gas phase CO was flushed in flowing He. We see the 
presence of highly symmetrical peaks, which are characteristic of CO 
adsorbed on single atoms [20]. Specifically, the Pt/CeO2 sample shows a 
well-defined peak at 2098 cm-1 which has been previously assigned CO 
adsorbed on Pt2+ single atoms supported on CeO2 [11,12,16]. Similarly, 
the Pd/CeO2 sample shows a well-defined and symmetric peak at 2135 
cm-1 which has been previously attributed to CO adsorbed on Pd2+

single atom species supported on CeO2 [19]. Likewise, the Cu/CeO2 CO 
band is also indicative of ionic, single atom species [21]. Moreover, no 
noticeable peaks are observed in any of the spectra at lower wave
numbers (< 2090 cm-1) which are characteristic of CO adsorbed on 
metallic Pt, Pd, or Cu [19,22–24]. 

To verify whether the dopants were also present in the near-surface 
region, we performed XPS analysis of dopants that were able to stabilize 
surface area in excess of that provided by Pt. The XPS analysis for Pt is 
shown in Fig. 7 and confirms that Pt is in the +2 state. The quantification 
of the XPS results is shown in Table 1. It is evident that all the dopants 
other than Zr have a higher concentration in the near-surface region 
than in the bulk. While all samples were prepared with a nominal 
loading of 0.88 mol%, we used SEM EDS and XRF to verify the actual 
concentration. The XPS spectra of all the dopants is shown in Figures S6 
to S12. In every instance, the dopant is in its oxidized state and the 
spectrum matches with that shown in the literature. The relative con
centration of Ce3+ to total Ce detected by XPS is reported in Table 1 
indicating that the %Ce3+ is ~ 1% and does not correlate with the 
dopant charge or BET surface area. This is consistent with the literature 
which shows that the air exposed ceria samples show very low ratios of 
Ce3+/Ce4+ [25]. The peak deconvolution and quantification of the ceria 
peaks was performed using the method described by Kato et al [15]. The 
various Ce peaks are indicated in Fig. 7b. Other publications, such as 
Kim et al [26] and Tan et al. [27], have reported that supporting ceria on 
alumina helps to retain small ceria particles. The higher reported Ce3+ in 
their work could be a result of the nanosized ceria. No Zr was detected 
via XPS in the near-surface region. This is consistent with the known 
ability of Zr to form solid solutions with ceria. A recent study of 
ceria-zirconia confirms the depletion of Zr from the near-surface region 
to the bulk [28]. The lattice constant obtained from Reitveld refinement 
of the powder XRD shows very little variation, suggesting the dopants 

Fig. 3. (a) XRD patterns for selected surface doped samples after aging under 
50 SCCM flowing air at 800 ◦C for 5 hours, and the as-prepared, unaged ceria 
powder shown for reference; (b) magnified view showing the absence of any 
second phase resulting from the dopant. 

Fig. 4. HAADF AC-STEM image of Rh/ceria sample. The yellow box is the area 
that EDS was performed to confirm the presence of the surface dopant. The 
yellow arrow indicates a single atom of Rh on the surface, which is visible 
because of the low contrast from the support which is a result of variations in 
sample thickness. 
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are confined to the near-surface region. The only sample that shows a 
slight contraction of the lattice constant is Zr, which is known to be 
present in the bulk (Table 1). 

Since the sampling depth of XPS is several nm into the sample, we 
used the surface sensitive technique Low Energy Ion Scattering (LEIS) 
which only detects atoms at the surface. LEIS was used to determine 
surface concentration of the highest surface area sample, Rh/CeO2. The 
signal from the powder sample was compared with a reference Rh metal 
foil. The Rh metal foil was first sputter cleaned, then exposed to O atoms 
to create an oxidized Rh surface to serve as a reference. Based on the 
bulk properties of Rh oxide we estimate the surface concentration of Rh 
in this reference sample to be ~16 atoms of Rh/nm2 (see supporting 
information for more detail). When using He ions, there is not enough 
separation between the Rh and Ce peaks (Figure S4). However, using Ne 
ions (Fig. 8 and S5), there is enough separation between the peaks to 
allow quantitation of the Rh and Ce. Based on the peak areas, the LEIS 
calculation indicates that the surface concentration of Rh on the ceria 
surface is 0.46 atoms/nm2. Using the BET surface area and the loading of 
Rh, we estimate a surface Rh concentration of 0.68 atoms/nm2(see 
supporting information for more detail), which is in good agreement 
with the LEIS results, confirming that the Rh does not form clusters, but 

is atomically dispersed on the ceria surface. A similar approach [12] was 
used in previous work to quantify the surface concentration of Pt in 
samples heated in air at 800 ◦C, and it was concluded that the upper 
limit for loading was 1 atom Pt/nm2. 

Another test for the presence of dopants on the surface of ceria is 
measurement of catalytic reactivity. We used CO oxidation as a probe for 

Fig. 5. EDS spectrum of the region marked with the yellow box outlined in Fig. 5 confirming the presence of Rh on the ceria.  

Fig. 6. CO adsorption monitored by DRIFTS during CO oxidation performed on 
Pt/CeO2, Pd/CeO2, and Cu/CeO2 calcined at 800 ◦C. The spectrum was ac
quired after flushing with He to remove gas phase CO from the cell. 

Fig. 7. (a) XPS spectra of atom trapped Pt/ceria shows the Pt is in the Pt2+

state. (b) XPS spectrum of Ce in this sample showing very small amount of Ce3+

in this air-exposed sample. 
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surface dopants on the ceria focusing on those dopants that are more 
effective than Pt at stabilizing ceria surface area. Among these dopants, 
only Rh and Pd show high catalytic activity. Other dopants like Ba, Al, 
Mn, Ga and Zr while helping to stabilize surface area (Fig. 2) are not 
effective for CO oxidation (Figures S13 – S14). Hence, we report in Fig. 9 
the CO oxidation reactivity of Rh and Pd along with Pt which serves as a 
reference. The specific reactivity, moles of CO2 per mole of dopant per 
second (TOF), is reported in Fig. 10. The Pt and Pd reactivity is consis
tent with previous work on single atom catalysts [11,29], confirming our 
premise that these dopants are present at the surface. Table S2 shows 
that for these dopants, the reactivity does not correlate with the BET 
surface area. The high reactivity of Rh as a dopant suggests that it is not 
just the BET surface area, but the chemistry of the dopant that is 
responsible for the observed reactivity. 

4. Discussion 

The results presented here suggest that a strong interaction between 
the surface dopant atoms and ceria helps to keep the dopants atomically 
dispersed when the ceria was heated in air at 800 ◦C. This method of 

preparation of atomically dispersed Pt was termed ’atom trapping’ [11], 
and it is facilitated by desorption of surface species (hydroxyls and 
carbonates) leaving a clean, and unsaturated, ceria surface which is able 
to form strong covalent bonds with the mobile surface species. TEM EDS 
was used to verify lack of phase segregation. Aberration corrected im
ages of the Rh (Fig. 4) and Pt [11,12] show atomic dispersion of the 
dopant metal. Although it is difficult to image dopants other than Pt, due 
to inadequate atomic number contrast on ceria supports, under favor
able conditions it is possible to detect single atoms as seen in Fig. 4. 
There are also no detectable second phase particles via XRD (Fig. 3 and 
S1). Atomic dispersion of Rh is supported by the agreement between the 
LEIS observed surface concentration and that calculated from the BET 
surface area and bulk elemental analysis. If the dopant is not atomically 
dispersed, the LEIS signal drops precipitously since it is sensitive only to 
the topmost layer of the sample [30]. The agreement between LEIS, XPS, 
and bulk analysis was demonstrated over a range of Pt loadings in our 
previous work for Pt/CeO2 [12]. XPS analysis shows that the dopants 
that preserved ceria surface area better than Pt are in their ionic state 
and have higher concentration in the near-surface region than in the 
bulk. The sampling depth for XPS is 3-5 nm while LEIS is truly 
surface-sensitive and is sensitive only to the topmost layer. Hence the 
various characterization techniques indicate that the dopants are 
atomically dispersed on the samples heated for 5 hours in air at 800 ◦C. 

CO oxidation was conducted on the subset of samples which showed 
surface area stabilization in excess of Pt. We found that the activity did 
not necessarily correlate with surface area, but was dependent on the 

Table 1 
Elemental analysis of ceria samples showing dopant concentration (bulk and 
surface), relative concentration of Ce3+ and XRD derived lattice constant.  

Dopant 
Metal 

Nominal 
Loading 
(mol%) 

Bulk 
Analysis 
(mol%) 

Surface 
Analysis XPS 
(mol%) 

% Ce3+

by XPS 
(mol 
%) 

Lattice 
Constant 
(Å) 

Rh 0.88 0.93* 1.4 2.4 5.4069 
Zr 0.88 1.29* Not detected 0.8 5.4055 
Pd 0.88 0.89† 3 - 5.4086 
Ga 0.88 1.05† 1.3 0.9 5.4081 
Al 0.88 1.26* 1.4 1.6 5.4075 
Mn 0.88 0.83† 0.7 1.4 5.4080 
Ba 0.88 0.64* 3.7 - 5.4098 
Pt 0.88 0.93† 2.3 0.5 5.4089  

* Analysis via SEM EDS 
† Analysis via XRF 

Fig. 8. The 5 keV 20Ne+ spectrum for the aged Rh/ceria sample after exposure 
to atomic oxygen. There are peaks for Ce and Rh on the surface. The signal for 
the reference foil (after sputter cleaning and O atom exposure) is also shown 
and the inset shows the similarity of the peak shape and position confirming the 
presence of Rh atoms on the surface of the ceria powder. 

Fig. 9. CO Oxidation data for the noble metals which were all good at stabi
lizing ceria surface area. 

Fig. 10. Specific reactivity for CO oxidation on the noble metals, as a function 
of reciprocal temperature. 
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identity of the dopant. The noble metals (Pd and Rh) show high activity 
in CO oxidation, while Pt+2 bound to ceria is less active [11,12]. The 
high reactivity of Pd can be attributed to the high ratio of Pd2+ species 
[28]. Most of the other dopants show reactivity comparable to the 
undoped ceria. However, in recent work, it was shown that both Ni and 
Cu dopants show high reactivity in CO oxidation [31]. 

The Pt/ceria system is unique in that it involves vapor phase trans
port of Pt, in the form of PtO2, facilitating the transport of Pt atoms to 
ceria. To explore whether vapor phase transport could be implicated for 
the other dopants, we examined the volatility of metal and oxide species 
likely to be present during the preparation of the doped ceria samples. 
Table 2 lists the available data on vapor pressure for some of the ele
ments that were effective in preserving surface area (Figures S15-S18). 
Pt and Pd lie at two extremes in terms of their volatility at 800 ◦C in air. 
We have confirmed that when aging Pd/alumina catalysts in air, the 
thermodynamically stable phase is tetragonal PdO. As seen from 
Table 1, PdO is 107 times lower in vapor pressure than the most volatile 
component, PtO2. Despite this 7 orders of magnitude difference in vapor 
pressure, Pd is very effective at preserving the surface area of ceria. 
DRIFTS was used to confirm that Pt and Pd both form atomically 
dispersed species after 800 ◦C treatment in air. The similar stabilization 
of ceria by Pt and Pd despite their dramatically different volatility 
suggests that vapor phase transport is not essential for trapping dopant 
atoms on the ceria surface. We, therefore, suggest that surface diffusion 
of the metal oxide could also be responsible for facile transport resulting 
in atomic dispersion of the dopant atoms [32,33]. Recent work shows 
that such surface diffusion is also possible on other supports such as 
alumina because single atom Pd species were detected after heating in 
air at 750 ◦C [34] and also previously on La-alumina [35]. It is well 
known that surface mobility should be expected when the temperature 
exceeds 50% of the bulk melting point (the Tamman temperature) [36]. 
Since we heated our samples to 800 ◦C, it is possible that oxides with 
melting points as high as 1872 ◦C might be mobile and could migrate 
over the oxide surface. 

The conventional approach for stabilizing ceria surface area is via co- 
precipitation. Zirconia and alumina [40,41] have been shown to be 
beneficial in generating ceria that is stable at high temperatures in 
automotive exhaust emission catalysts. In this work, we introduced the 
dopant via impregnation followed by calcination at high temperatures. 
It is unlikely that the dopants will be incorporated into the fluorite lat
tice of ceria. The properties of the dopants that are effective at stabi
lizing ceria surface area are listed in Table 3. The oxidation state of the 
cerium cation in the host lattice is +4, its ionic radius is 0.97 Å, and it 
has a show 8-fold coordination. The size of the stable oxide cations in 
Table 2 range from 0.39 Å for tetrahedral Al3+ to 1.35 Å for (VI coor
dinated) BaO. It seems unlikely that all of these cations would fit in the 
fluorite structure of ceria. Therefore, we need to consider the coordi
nation of the cation at the surface of ceria. Previous work has shown that 
the Pt is able to adopt a stable square-planar coordination by coordi
nating to surface oxygens at the step edges of ceria (111). In fact, DFT 
calculations have proposed that four-fold oxygen coordination on CeO2 
(100) micro-facets provides square pockets for binding a number of 
cations [14]. Once the Pt is trapped on ceria, it is no longer volatile and 
is not emitted to the vapor phase [42]. Since the majority of cations we 

investigated can adopt a stable square planar geometry like Pt, this 
would explain their strong binding to the ceria surface and their ability 
to stabilize the ceria surface area [14]. It is possible that the mechanism 
of surface area stabilization through surface dopants may be a more 
effective approach for stabilizing the surface area of metal oxides. In a 
recent study, Morikawa et al. [41] reported that ceria-zirconia co-pre
cipitates retained a surface area of ~25 m2/g after treatment at 800 ◦C in 
air for 5 hours. The results obtained here show that Zr shows a similar 
stabilization except with higher surface area (38 m2/g) while only 0.88 
mol% of Zr is needed as opposed to the 50 mol% (1:1 Ce:Zr) used in the 
work of Morikawa et al. [41]. 

While the majority of the dopants we studied appear to hinder sin
tering, Ag had no effect on the ceria surface area, while Fe and Co appear 
to accelerate the sintering of ceria (Fig. 2). All of these dopants form 
surface complexes on ceria, based on DFT calculations, and all have 
binding energies for the dopant on ceria in excess of the binding energy 
on a metal cluster. This would imply that they should all be atomically 
dispersed. Some other recent work suggests Mn migrates to the surface 
layers of ceria particles [47]. The difference for CeO2 stabilization 
among the dopants is that the binding is weakest in the case of Ag, and 
this might explain why the surface area is very similar to undoped ceria. 
While Fe and Co should be strongly bound to ceria, the literature [48,49] 
shows that these elements enhance the mobility of ceria and assist in 
grain boundary diffusion, which helps ceria sintering. It is clear that 
suitable surface coordination is not sufficient, since dopants like Fe and 
Co appear to bind strongly to ceria based on DFT computations, do not 
form a separate phase, but actually facilitate ceria sintering [50]. The 
mechanisms for ceria surface area stabilization and the relative efficacy 
of bulk and surface dopants needs further study in view of the com
mercial importance of ceria supports in heterogeneous catalysis. 

5. Conclusions 

In this study, we examined a number of metal dopants to assess their 
ability to preserve ceria surface area. Ceria was prepared by decompo
sition of cerium nitrate (polyhedral ceria) and aged at 800 ◦C in air for 5 
hours. Under these conditions, the ceria surface area drops from ~85 
m2/g in its as-prepared state to 5 m2/g after aging. When 0.88 mole % of 
each dopant was added before aging the sample, the surface area was 
maintained as high as 45 m2/g in the order Rh > Zr > Pd > Ga ≈ Al > Mn 
> Ba > Pt > Pr > Cu >> La. In contrast, Ag showed no improvement 
while Fe and Co were detrimental, leading to loss of ceria surface area to 
2 m2/g and growth of ceria crystallite size. DFT computations suggest 
that all of these dopants form surface complexes, but clearly some are 
more effective at preserving surface area, related in part to the strength 
of their bonding to the surface and their ability to either slow surface 
diffusion on ceria or to enhance grain boundary diffusion. 

AC-STEM, LEIS and DRIFTS demonstrate that these dopant atoms are 
located on the ceria surface and DFT computations in the literature and 
previous work suggests that dopants may be located on ceria step edges. 

Table 2 
Thermodynamic properties of selected dopant metals or their oxides.  

Species Vapor pressure (atm) 
at 800 ◦C 

Melting point (◦C) Reference 

PtO2 1*10-8(+) decomposes [37,38] 
RhO2 1*10-9 1050 [37] 
Pd metal 1*10-12 1554.8 [37,39] 
Rh and Pt metal P < 1*10-15 1963/1768 [37,39] 
PdO 9.8*10-16 750 [37] 

(+) This is the pressure of PtO2 in equilibrium with Pt metal at 800 ◦C in 1 atm. of 
air. 

Table 3 
Physical/chemical properties of some of the dopants that were determined to be 
effective at stabilizing ceria surface area.  

Transition 
Metal 

Oxidation 
State 

Ionic 
Radius (in 
Å) 

Preferred Coordination 
of Cation in Stable 
Oxide 

Reference 

Ce +4 0.97 VIII [43] 
Cu +2 0.57 IV (square planar) [43,44] 
Pt +4 or +2* 0.8 VI (square planar) [43] 
Al +3* 0.39/ 

0.535 
IV/VI [43] 

Pd +2* 0.64/0.86 IV (square planar)/VI [43,44] 
Rh +4 or +3* 0.6-0.665 VI [43] 
Ba +2* 1.35 IV [43,45, 

46]  

* determined by XPS (See SI). 
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Strongly bound dopants may pin the edge atoms of CeO2(111) which 
would otherwise be responsible for ceria sintering. At the high aging 
temperature (e.g. 800 ◦C in air), there is adequate mobility of the dopant 
atoms, either through the vapor phase or via surface diffusion, so the 
dopant can segregate and form a separate phase. However, we see that 
the dopant is found to be atomically dispersed on the ceria surface. This 
atomic dispersion is facilitated by the fact that surface hydroxyls and 
adsorbed species such as hydrocarbons or carbonates have desorbed at 
this temperature, allowing the dopant to form strong covalent bonds 
with the ceria surface. We conclude that atomically dispersed dopants 
allow preservation of ceria surface area. The measurement of ceria 
surface area in the aged samples provides a facile approach to screen 
transition metals that can interact strongly with the oxide surface and 
form stable single atom catalysts 
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