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In this work, atomically dispersed rhodium over co-precipitated ceria-based supports were prepared by
wet impregnation. The structural and surface properties of materials were investigated by X-ray diffrac-
tion, N2 physisorption isotherms, and X-ray photoelectron spectroscopy. The fraction of isolated sites was
quantified by infrared spectroscopy using CO as a probe molecule. The formation of a defective surface by
incorporation of 15% (mol/mol) of zirconium on ceria structure increased ~5-fold the fraction of isolated
sites on catalyst compared to unmodified ceria. The doped-support efficiently trapped rhodium atoms
avoiding agglomeration and increasing stability during CO oxidation reaction in a wide range of temper-
atures (30–200 �C) when compared to single-sites deposited on silica.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

A critical challenge that remains in heterogeneous catalysis is to
develop catalysts with atom efficiency, stability, and resolved
mechanisms. Recently, single-metal site catalysts became a topic
of high interest in the area [1]. These materials are defined by
the presence of active metal centers located individually on sup-
port and stabilized by neighboring surface atoms. The atomic dis-
persion generates high uniformity in the metal distribution along
the catalyst surface and allows the utilization of up to 100% of
atoms as active sites [2]. Single-site catalysts are being successfully
applied in the various catalytic processes, for example, low-
temperature CO oxidation [3]. In addition to the well-known need
to eliminate CO from the atmosphere due to its toxicity, and from
the industry due to poisoning of catalysts in automotive exhaust
systems, this molecule is also widely applied as a probe in the
understanding of structure and reactivity of metallic sites [4,5],
helping in the development and evaluation of novel catalysts. Sta-
bilizing atomic sites under reaction conditions by avoiding mobil-
ity and consequent agglomeration in nanoparticles is a critical
feature in the development of these materials [6]. Here, we report
a facile method to efficiently disperse rhodium single-atoms on
ceria-based supports by exploring structural defects generated by
doping. The stability of the catalyst under reaction conditions
was evaluated during the low-temperature oxidation of CO.

2. Materials and methods

CeO2-based supports were synthesized by a precipitation/co-
precipitation method using cerium (III) nitrate hexahydrate (Alfa
Aesar, 99.5%), zirconium (IV) oxynitrate hexahydrate (Acros,
99.5%) and ammonium hydroxide solution (Synth), as previously
reported [7]. SiO2 support was obtained from Alfa Aesar. Rhodium
was deposited by wet impregnation. Typically, 15.6 mg (0.4 wt% of
Rh) of rhodium (III) acetylacetonate (Sigma-Aldrich, 97%) were dis-
solved in 40 mL of ethanol and 1 g of support was dispersed in the
mixture. The solution was dried at 70 �C under stirring and the
solid was calcined in an air flow for 2 h at 450 �C.

The structural properties of materials were determined by pow-
der X-ray diffraction (XRD) in a Bruker D8 Advance diffractometer.
Textural properties of materials were determined by nitrogen
physisorption at �196 �C in a Quantachrome NOVA 1000e. The
X-ray photoelectron spectroscopy (XPS) analysis was carried out
at a pressure of less than 10-7 Pa using a commercial spectrometer
(UNI-SPECS UHV). The Al Ka line was used (hm = 1254.6 eV) and
the analyzer pass energy was set to 10 eV. The inelastic back-
ground of the O 1s and Ce 3d spectra was subtracted using Shirley’s
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method. Isolated rhodium and nanoparticles were quantified by CO
chemisorption at 10 �C monitored by DRIFTS in a Shimadzu
IRPrestige-21 equipped with a Harrick cell containing ZnSe win-
dows following a previously reported method [8] (details in Sup-
plementary Material). For monitoring CO oxidation reaction by
in situ DRIFTS, the catalyst was pre-treated at 150 �C in N2 flow
during 1 h and cooled to 30 �C to collect background. The reaction
was monitored in the range of temperatures from 30 to 200 �C by
flowing 30 mL.min�1 of a mixture containing 5%CO/5%O2/90%N2

through the cell, and spectra were collected after 20 min of reac-
tion in each temperature. All spectra were obtained by averaging
64 sequentially collected scans at a resolution of 4 cm�1. A
1CO:1O2 ratio was used to guarantee that a sufficient number of
oxygen atoms can diffuse to oxygen vacancies and fill them, limit-
ing the effectiveness of this step by the temperature of the
reaction.
3. Results and discussion

The X-ray diffraction patterns of catalysts are shown in Fig. 1a.
The sample 0.4%Rh/CeO2 presents a cubic fluorite structure on the
precipitated support. After the introduction of 15% (mol/mol) of
zirconium, 0.4%Rh/Ce0.85Zr0.15O2 kept the same profile in the XRD
pattern and the cell volume decreased (Table 1), due to the low
ionic radius of Zr4+ compared to Ce4+, indicating the efficient incor-
poration to form a homogeneous solid solution. The incorporation
of zirconium and rhodium in the structure not significantly
affected the oxidation state of Ce, which remains mostly as Ce4+

(~80%), as observed in the Ce 3d XPS spectra in Fig. 1b. The pres-
ence of zirconium atoms on the structure also induced a decrease
in the crystallite size of support as shown in Table 1 and an
increase in the incidence of oxygen vacancies as observed in O 1s
XPS spectra in Fig. 1c. Two main components were identified,
related to surface lattice oxygen (Oa) at around 529 eV and defec-
tive oxygen sites (Ob) around 531.5 eV [9]. With the incorporation
of zirconium to form a solid solution, the relative amount of Ob
sites increased, and, after rhodium impregnation, it drastically
decreased indicating the preferential anchoring of rhodium atoms
on oxygen defects to form O–Rh lattice sites in 0.4%Rh/Ce0.85Zr0.15-
O2. An increase in the full width at half maximum (FWHM) of Oa
peak of 0.4%Rh/Ce0.85Zr0.15O2 in relation to CeO2 is noted, and is
related to contributions of different types of surface lattice oxygen
formed (O-Ce3+, O-Ce4+, O-Zr, O-Rh). By introducing 50% (mol/mol)
Fig. 1. (a) Rietveld refined X-ray diffraction patterns of Rh-impregnated on ceria-ba
diffractogram, and difference, respectively. In the sample 0.4%Rh/Ce0.50Zr0.50O2, contribut
3d and (c) O 1 s XPS spectra of CeO2, Ce0.85Zr015O2 and 0.4%Rh/Ce0.85Zr0.15O2. (For interpr
web version of this article.)
of zirconium in the synthesis, the XRD pattern revealed almost
complete segregation of ZrO2, with 49.7% of support composed
by this phase according to cell refinement results of 0.4%Rh/Ce0.50-
Zr0.50O2. Due to low loading, no diffraction peaks related to crys-
talline rhodium oxide were identified in the XRD patterns.

The textural properties of materials were accessed from the N2

adsorption-desorption isotherms (Fig. 2a). The surface area (SBET)
and pore volume are depicted in Table 1. All ceria-based materials
exhibited type IV isotherms characteristic for mesoporous materi-
als. The incorporation of zirconium resulted in an increase of the
surface area from 26 to 51 m2.g�1 and pore volume from 0.043
to 0.070 cm3.g�1 in 0.4%Rh/Ce0.85Zr0.15O2, with a very close profile
of pore size distribution (centered at ~ 1.8 nm) when compared to
0.4%Rh/CeO2 as shown in Fig. 2b. The surface area and pore volume
of 0.4%Rh/Ce0.50Zr0.50O2 sample were also increased but a broad
pore size distribution (centered at ~ 2.5 nm) was noted, probably
associated with phase segregation. The fractions of rhodium as iso-
lated atoms and nanoparticles in Fig. 2d were quantified by infra-
red spectroscopy using CO as a probe molecule (Fig. 2c) according
to the method proposed by Matsubu et al. [8]. The bands at around
1845 and 2062 cm�1 are related to linear and bridge CO adsorbed
on nanoparticles (Rhnp), and around 2091 and 2019 cm�1 related to
symmetric and asymmetric stretches of gem-dicarbonyl species on
isolated sites (Rhiso).[10] By doping ceria with 15% (mol/mol) of zir-
conium, the frequency of isolated sites increased by ~5-fold, from
11% to 54%, as observed in 0.4%Rh/Ce0.85Zr0.15O2. When zirconium
was not effectively incorporated and segregates as ZrO2 phase as
observed in 0.4%Rh/Ce0.50Zr0.50O2, the fraction of isolated sites
decreases to 9%. These results support the major influence of elec-
tronic defects in trapping and isolating rhodium atoms, as evi-
denced by O 1s XPS spectra when compared to the increase in
the surface area. Incidence of single-sites in higher rhodium load-
ings drastically decreased as shown in Fig. 2e, which is in accor-
dance with the literature, since no considerable atomic
dispersion was reported for rhodium at loadings higher than
0.5 wt% [8], and indicating that very low loadings are recom-
mended to obtain a majority number of isolated sites. To compare
the stability of 0.4%Rh/Ce0.85Zr0.15O2 under reaction conditions, a
0.4%Rh/SiO2 sample was prepared (Fig. 2 and Table 1) and pre-
sented around 78% of isolated sites.

The stability of sites on 0.4%Rh/Ce0.85Zr0.15O2 and 0.4%Rh/SiO2

was monitored during CO oxidation by infrared spectroscopy.
Fig. 3a shows the evolution in the band intensity related to reaction
sed materials. Black, red, and grey lines stand for experimental data, calculated
ions of CeO2 (purple line) and ZrO2 (green line) segregated phases are shown. (b) Ce
etation of the references to colour in this figure legend, the reader is referred to the



Table 1
Structural and textural properties of materials.

Sample SBET (m2.g�1) Pore volume
(cm3.g�1)

Pore radius (nm) Crystalline phase Phase fraction (%)a Crystallite size (nm) Unit cell
volume (Å3)

0.4%Rh/CeO2 26 0.043 1.8 CeO2 100 23.4 158.6
0.4%Rh/Ce0.85Zr0.15O2 46 0.070 1.8 CeO2 100 13.4 158.1
0.4%Rh/Ce0.50Zr0.50O2 51 0.091 2.5 CeO2/ZrO2 50.3/49.7 11.1/7.2 158.5/142.6
0.4%Rh/SiO2 157 0.594 5.4 – – – –

a Determined by Rietveld refinement.

Fig. 2. (a) N2 physisorption isotherms and (b) pore size distribution curves of Rh-impregnated materials. (c) DRIFT spectra collected after CO chemisorption at 10 �C and (d)
site fraction quantification based on CO-related bands in the DRIFT spectra. (e) Fractions of isolated Rh sites as a function of wt.% of rhodium impregnated in Ce0.85Zr0.15O2

support.

Fig. 3. (a) Evolution of CO2-related band located at 2360 cm�1. (b,c) FTIR spectra of CO-adsorption region. (d,e) Evolution in the intensities of CO-related bands normalized by
the atomic ratio Rh:CO (nRh/nCO) for each configuration. (f) Proposed reaction mechanism and steady-state active sites for 0.4%Rh/Ce0.85Zr0.15O2 catalyst (Ov stands for oxygen
vacancy).
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product CO2 (Fig. S1). It can be noted a considerable increase in the
concentration of CO2 at temperatures below to 100 �C in 0.4%Rh/
Ce0.85Zr0.15O2, indicating the high activity of this material to con-
vert CO in the presence of molecular O2 when compared to 0.4%
Rh/SiO2, which only showed an increase in activity above 100 �C.
The CO-stretching region of infrared spectra is shown in Fig. 3b-
c. The evolution in the band intensities of symmetric gem-
dicarbonyl (Rh(CO)2), linear and bridge CO bonded to rhodium
was monitored and is shown in Fig. 3d-e. No increases in linear
and bridge CO species were noted in 0.4%Rh/Ce0.85Zr0.15O2 surface,
indicating that atomic rhodium was stabilized under the reaction
conditions tested. It can be noted a blueshift of band related to
symmetric gem-dicarbonyl species from 2097 to 2105 cm�1,
related to the change from reduced Rh(CO)2+ to oxidized Rh(CO)23+

species [11] and indicating an increase in the rate of oxygen
vacancy filling (generated by CO2 formation) by O2 with the
increasing of temperature. As proposed in the mechanism shown
in Fig. 3f, initially, CO is converted to CO2 by abstracting oxygen
from the metal-support interface, reducing the active site. At low
temperatures, reoxidation of sites by vacancy filling with molecu-
lar O2 is limited, leading to a predominance of reduced Rh(CO)2+

species on the surface. By increasing reaction temperature, vacancy
filling is favored and oxidized Rh(CO)23+ species are predominant in
the DRIFT spectra. The temperature interval of this shift (50 to
90 �C) is the same as the CO2 formation considerably increases
(Fig. 3a) indicating that vacancy filling is the rate-controlling step
of the reaction. The 0.4%Rh/SiO2 catalyst presented no shift of band
related to symmetric gem-dicarbonyl species at 2087 cm�1 which
indicates a not effective activation of O2. An increase in the Rh0-
COlinear species compared to the fresh catalyst (Fig. 2c) is noted,
suggesting the agglomeration due to the high mobility of atoms
on the surface that are easily accommodating close to partially
reduced rhodium species (Fig. S2a). At higher temperatures, the
presence of band related to Rh0-CObridge at 1840 cm�1 becomes evi-
dent indicating the growth in larger nanoparticles [12]. The
increase in the activity at temperatures above 100 �C (Fig. 3a) sug-
gests that oxidation is occurring preferentially on the rhodium
nanoparticle surface (Fig. S2b) and not in the metal-support inter-
face as observed for 0.4%Rh/Ce0.85Zr0.15O2. Comparing CeZrO2 and
SiO2 supports, the results expose the tendency of rhodium to clus-
ter during CO oxidation when isolated atoms are weakly bonded to
the surface of the support.

4. Conclusion

In summary, we propose a method to stabilize atomically dis-
persed rhodium, deposited by a simple wet impregnation process,
over ceria by doping support with small amounts of zirconium. The
improved dispersion and stability of single-sites in as-prepared
catalysts and under reaction conditions during CO oxidation were
probed by in situ infrared spectroscopy. When the CeZrO2 solid
solution is effectively formed, structural defects act as traps for
rhodium atoms, and the fraction of isolated sites is increased by
5-fold compared to CeO2. 0.4%Rh/Ce0.85Zr0.15O2 presented high sta-
bility and activity during CO oxidation due to the efficient vacancy
filling with O2 at low-temperatures, making it a promising material
for application in catalytic oxidation processes.
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