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CeO2 catalyst by hydrogen
treatment for low-temperature CO oxidation†

Asif Jan,ab Jisu Shin,a Junsung Ahn,ac Sungeun Yang, a Kyung Joong Yoon, a

Ji-Won Son, ab Hyoungchul Kim, a Jong-Ho Leeab and Ho-Il Ji *ab

Low temperature CO oxidation reaction is known to be facilitated over platinum supported on a reducible

cerium oxide. Pt species act as binding sites for reactant COmolecules, and oxygen vacancies on surface of

cerium oxide atomically activate the reactant O2 molecules. However, the impacts of size of Pt species and

concentration of oxygen vacancy at the surface of cerium oxide on the CO oxidation reaction have not

been clearly distinguished, thereby various diverse approaches have been suggested to date. Here using

the co-precipitation method we have prepared pure ceria support and infiltrated it with Pt solution to

obtain 0.5 atomic% Pt supported on cerium oxide catalyst, and then systematically varied the size of Pt

from single atom to �1.7 nm sized nanoparticles and oxygen vacancy concentration at surface of cerium

oxide by controlling the heat-treatment conditions, which are temperature and oxygen partial pressure.

It is found that Pt nanoparticles in range of 1–1.7 nm achieve 100% of CO oxidation reaction at �100 �C
lower temperature compared to Pt single atom owing to the facile adsorption of CO but weaker binding

strength between Pt and CO molecules, and the oxygen vacancy in the vicinity of Pt accelerates CO

oxidation below 150 �C. Based on this understanding, we show that a simple hydrogen reduction at

550 �C for the single atom Pt supported on CeO2 catalyst induces the formation of highly dispersed Pt

nanoparticles with size of 1.7 � 0.2 nm and the higher concentration of surface oxygen vacancies

simultaneously, enabling 100% conversion from CO to CO2 at 200 �C as well as 16% conversion even at

150 �C owing to the synergistic effects of Pt nanoparticles and oxygen vacancies.
1. Introduction

Carbon monoxide (CO) reaction is one of the most examined
reactions in the eld of heterogeneous catalysis. Its importance
stems from its widespread applications in environmental and
fundamental studies.1–5 CO is a colorless, odorless and
poisonous gas produced by the incomplete combustion of
various fuels such as coal, gasoline and natural gas. From an
environmental perspective, since partially oxidized CO has been
known to be harmful to living organisms, its elimination from
the atmosphere is crucial for a healthy environment. From an
industrial perspective, CO is known to be a catalyst poison, and
thus its removal by oxidizing it to carbon dioxide (CO2) is
imperative in the elds of fuel cells and automotive exhaust
streams.6,7 In addition, CO is used as a probe molecule for
understanding catalyst structure and reaction mechanism.
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Therefore, a better understanding of the CO oxidation reaction
can help not only to evaluate catalysts itself more effectively, but
also to design highly active catalysts.

Owing to vast occurrence of CO oxidation reaction in various
elds, numerous attempts have been made in the past to
develop reliable catalysts for low temperature CO oxidation.
Particularly, supported metal single atoms or nanoparticles
(e.g., Pt, Pd, Ni) on reducible oxide supports (e.g., CeO2, TiO2,
FeOx) have been widely investigated owing to the synergistic
metal-support interactions8,9 and the active property of support
itself in reactions involving redox steps.10 Pt among noble
metals has been considered one of the best catalysts because of
its stability and high turnover frequency at higher tempera-
tures. Regarding the support materials, the most widely used
reducible support is ceria (CeO2): the fascinating property of
ceria which renders it useful for CO oxidation is its oxygen
storage capacity (OSC), allowing ceria to release oxygen under
reducing conditions and then reversibly take up oxygen under
oxidizing conditions, thus making it more effective as
compared to irreducible oxides (Al2O3, SiO2).11

For Pt supported on ceria (Pt/CeO2) catalysts, CO oxidation
reaction has been extensively investigated with respect to the
relevant parameters such as size and/or morphology of Pt
nanoparticles,12,13 crystal orientation of CeO2 support,14,15
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 H2 temperature-programmed reduction curves of CeO2 and
Pt/CeO2 catalysts.
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oxygen vacancy concentration at CeO2 surface,16 and lattice
distortion caused by interaction of the Pt and CeO2.17 Indeed,
a rate determining step in CO oxidation reaction has been re-
ported as the reaction of adsorbed CO with oxygen species at the
interface between Pt and CeO2, not the CO adsorption or the
oxygen replenishment at the interface,13,18 and the corre-
sponding slow reaction step can be affected by both (i) the
desorption characteristic of CO on Pt and (ii) the reduction
characteristic of O atom at the interface. However, in spite of
continuous efforts, understanding on the corresponding
parameters responsible for low temperature CO oxidation are
still ambiguous, and in the worst case, contradict with each
other. Regarding the size of Pt, recently single atom catalysis
supported on ceria has drawn signicant attention. It has been
reported that the Pt in oxidized form (Pt2+) is strongly attached
to the solid surface defects, and these highly dispersed under-
coordinated Pt single atoms stationed on the surface of the
ceria help maximize the atom efficiency, providing numerous
adsorption sites for the reactant CO gas.19–21 On the contrary,
there also exists a report showing that the oxidized Pt single
atoms are not a suitable candidate for low temperature CO
oxidation due to the fact that the binding strength between CO
and Pt single atoms is very strong compared to the Pt nano-
particles, thereby lacking the catalytic activity.22 Thus in the
eld of heterogeneous catalysis, despite of signicant work
performed to understand the single atom catalysts, there exits
discrepancy in the literature about the catalytic capabilities of
the single atom catalysts, as such some reports show single
atoms as the enhanced active centers;23–26 while, other reports
show that the nanoparticles are the more active species in
similar systems.27,28 In any cases, the common agreement is that
the more the dispersed Pt sites, the more adsorption sites for
CO, and hence the better CO adsorption properties. However, it
alone is not a sufficient condition to facilitate the reaction at low
temperature. How active the oxygen in vicinity of Pt reacting
with the adsorbed CO at the interface between Pt and CeO2 is
also considered to be one of the key parameters. It is well known
that the O atoms at the metal/oxide interface exhibit a higher
reactivity mainly owing to the metal-support interactions, i.e.,
weaker Ce–O bond at the interface.29,30 Furthermore, the higher
density of surface oxygen vacancies in nano-sized CeO2 has
been known to play an important role as catalyst support
compared to micro-sized CeO2.31,32 However, while it has been
commonly accepted that the oxygen vacancy at the surface of
CeO2 effectively lowers the reaction temperature, the effect of
oxygen vacancy concentration as only variable under xed other
parameters (e.g., morphology and size of Pt, size of CeO2) has
not been clearly elucidated. The difficulty is arisen from that the
heat-treatment in a reducing atmosphere, a typical way to
increase the density of surface oxygen vacancy, simultaneously
induces the increase of Pt size.33 Surprisingly, there exist several
reports that heat-treatment above 800 �C in oxidizing atmo-
sphere does not affect the size of Pt, even for the single atom
catalysts;34 it implies that the subsequent oxygen treatment
aer hydrogen treatment can change only the density of surface
oxygen vacancy with maintaining the size of Pt. Thus, the
various heat-treatment conditions and their combinations can
This journal is © The Royal Society of Chemistry 2019
control the size of Pt and oxygen vacancy concentration at
surface of cerium oxide independently, thereby distinguishing
the effects of them.

The present study aims to comprehensively investigate the
effects of Pt size and oxygen vacancy concentration in Pt/CeO2

catalyst using heat treatments under systematically controlled
conditions, and consequentially suggest the optimal catalysts
for low temperature CO oxidation reaction. In aspects of
materials cost and simplicity of synthesis process towards
actual applications, co-precipitation method and minimum
amount of the Pt (0.5 atomic%) are employed. From the results
of the catalytic activity of catalysts with different size of Pt and
oxygen vacancy concentration at CeO2 surface, and from the
characteristics of catalysts analyzed using complementary
techniques (GC, XRD, H2-TPR, Raman, XPS, STEM, DRIFT, and
X-ray absorption spectroscopy), the effects of both key param-
eters are discussed.
2. Results and discussion

The oxygen reduction behavior of pure CeO2 and as-prepared Pt/
CeO2 catalysts were investigated using hydrogen temperature
programmed reduction (H2-TPR) method as shown in Fig. 1.
The H2-TPR prole of pure ceria exhibits a two-step reduction
with peaks at 540 �C and 820 �C, which correspond to reduction
of surface oxygen and bulk oxygen of ceria, respectively.35 Since
the bulk oxygen is strongly bonded with Ce in the uorite
structure of CeO2, it reacts with H2 at higher temperature
compared to the under-coordinated surface oxygen of CeO2. On
the other hand, Pt/CeO2 which consists of highly dispersed Pt2+

single ions shows three peaks at 219 �C, 493 �C and 820 �C,
respectively. The highly dispersed Pt species on CeO2 are
responsible for the both reduction peaks obtained at tempera-
tures of 219 �C and 493 �C. It has been reported that the reactant
H2 gas is adsorbed on the Pt and then the Pt spills over the
adsorbed H2 to the surface of CeO2, thus facilitating O2
RSC Adv., 2019, 9, 27002–27012 | 27003
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reduction.10,30,36 In addition, Acerbi et al., suggested that the
electronic interactions between the precious metal and the
reducible support play a dominant role in the promotional
effect of redox behavior.37 In any case, the oxygen atoms can be
removed from themetal/oxide interface withmuch lower energy
cost29 and the reduction at 219 �C can be ascribed to oxygen
reduction of Pt–O–Ce, since the corresponding reaction has
been established to take place in the temperature range of 40–
250 �C and the bulk Pt oxides such as PtO and PtO2 species are
reduced below room temperature because of weak interaction
with the ceria.38,39 Furthermore, the position of the peak asso-
ciated with ceria surface oxygen reduction is shied to a lower
temperature as compared to pure ceria, which is due to the fact
that the hydrogen which is spilled over from Pt facilitates the
reduction of O2 not only in close vicinity of Pt but also at surface
of ceria. Moreover, the peak associated with the reduction of the
bulk oxygen in ceria is not inuenced by Pt.

A typical approach to control the size of Pt on the support is
changing the total amount of Pt in fabrication step, i.e., the
higher amount of Pt, the bigger Pt.16,18 However, in that case the
quantitative comparison on the catalytic activity is complicated
owing to the fact that the density of active sites is a function of
not only the Pt size but also the total amount of Pt. In this study,
therefore, the heat-treatment temperature in H2 environment
was varied from 200 to 550 �C for Pt/CeO2 with xed amount of Pt
as 0.5 atomic%. It is already known that the hydrogen treatment
results in the formation of highly dispersed Pt or Pd nano-
particles on the surface of ceria.40,41 Ceria nanoparticles were
basically of diameter in a range of 5–15 nm (Fig. 2a and b), and
the size was invariant with temperature of H2 treatment (Fig. 2e–
g). The Pt in the as-prepared Pt/CeO2 aer calcination at 650 �C in
air condition (Fig. 2c and d) remained as single atoms, indicating
Fig. 2 STEM images of pure CeO2 and Pt/CeO2 variants: (a and b) pure
particles; (e) R2-Pt/CeO2; (f) R3-Pt/CeO2; (g) R5-Pt/CeO2; (h) O5-R5-Pt

27004 | RSC Adv., 2019, 9, 27002–27012
that strong Pt–O–Ce bond yields a sinter-resistant thermal
stability.9,36 However, it also indicates that the heat-treatment in
the reduced atmosphere (in this study, 4% H2 in Ar balance)
would induce the loss of Pt–O–Ce bond, thereby the increase of Pt
size can be readily achieved as the temperature increases in the
reduced atmosphere. Based on H2-TPR result (Fig. 1), the
temperatures of H2 heat-treatment above 200 �C were selected in
which oxygen reduction in Pt–O–Ce bonds takes place. As
temperature increased, Pt size also increased. The particle size
distribution (PSD) for the reduced samples at 200 �C (R2-Pt/
CeO2), 300 �C (R3-Pt/CeO2), and 550 �C (R5-Pt/CeO2), and for the
re-oxidized at 500 �C (O5-R5-Pt/CeO2) were calculated by taking
the average of Pt particle size from several STEM images; the Pt
particles in all four samples have mean particle sizes of 0.8 �
0.1 nm, 1.2 � 0.2 nm, 1.7 � 0.2 nm, and 1.6 � 0.3 nm, respec-
tively (Fig. S1†). STEM micrograph of the Pt/CeO2 composite
(Fig. 2c and d) shows that the Pt is in the form of well dispersed
single atoms adhered to the ceria nanoparticles and no Pt
nanoparticle is found. For R2-Pt/CeO2, Pt nanoparticles of 0.8 nm
in size are formed, but at the same time some of Pt still remains
in the form of single atoms (Fig. 2e and S2†). For R3-Pt/CeO2 and
R5-Pt/CeO2, no single atoms of Pt are observed (Fig. 2f and g)
owing to all Pt–O–Ce bonds were broken above 300 �C as shown
in H2-TPR result. The X-ray diffraction patterns of pure CeO2, Pt/
CeO2, and R5-Pt/CeO2 belong to the ceria uorite structure
without any secondary phases (Fig. 3). The peaks corresponding
to Pt were not detected, conrming the high dispersion of Pt in
all samples. Furthermore, to elucidate the bulk properties of the
CeO2, Pt/CeO2, and R5-Pt/CeO2 the calculated lattice parameters
were identical to the value of 0.542 nm, indicating that (i) the size
of ceria particles and the oxygen vacancy concentration in bulk of
all three systems are same42 and (ii) Pt is not doped in Ce site.43
ceria; (c and d) Pt/CeO2 showing Pt single atoms adsorbed on ceria
/CeO2.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 X-ray diffraction patterns of CeO2, Pt/CeO2 and R5-Pt/CeO2.
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To get more insight about the nature of Pt as a function of
H2-treatment temperature, XPS of Pt/CeO2, R2-, R3-, R5-Pt/CeO2,
and R5-O5-Pt/CeO2 catalysts in the Pt 4f region were carried out
to identify and quantify the respective Pt species present in each
catalyst. As shown in Fig. 4, the XPS results were de-convoluted
into two characteristics at 72.2–72.4 and 75.5–75.7 corre-
sponding to Pt2+, and 70.7–71 and 74.1–74.3 eV corresponding
to Pt0, respectively.44,45 For Pt/CeO2, all of the Pt on the surface of
CeO2 is in the form of Pt2+ (Fig. 4a). The reduction of the cata-
lysts in the hydrogen atmosphere at various temperatures
results in transition of Pt2+ single ions to Pt0 nanoparticles; the
higher the temperature of H2-treatment, the higher [Pt0]/([Pt2+]
+ [Pt0]), and the re-oxidation of the R5-Pt/CeO2 catalyst results in
re-formation of oxidized Pt species as denoted in Fig. 4. This
nding was further backed-up by X-ray absorption near edge
structure (XANES) analysis presented in the Fig S3.† First, clear
trend of decreasing white line intensity, peak intensity around
11 567 eV, with reduction treatment was observed. White line
intensity of Pt L3 edge reects the vacancy in the 5d orbital of Pt,
thus average oxidation state of Pt can be estimated.46 In addi-
tion, the decrease of intensity represents the decrease of
oxidation state of Pt.47 This result well agreed with XPS analysis,
where dominant Pt2+ from as prepared Pt/CeO2 gradually
decreased and became Pt0 aer reduction treatment at 200–
This journal is © The Royal Society of Chemistry 2019
550 �C. This clearly explains that the increase in size of the Pt
nanoparticles shown by the STEM images: as more Pt2+ single
ions are reduced to Pt0, accompanying with being agglomerated
and/or sintered to form larger nanoparticles.

As summarized in the introduction, the catalytic activity of
Pt/CeO2 for low-temperature CO oxidation reaction is highly
probable to be correlated with both (i) the size of metal cata-
lyst12,19,48 and (ii) the oxygen vacancy (or Ce3+) at the surface of
ceria in vicinity of Pt, not within the lattice of ceria.16,49,50

Whereas Pt supported on non-reducible oxides follows a Lang-
muir–Hinshelwood mechanism, Pt on reducible oxides such as
CeO2 is known to follow a Mars–Van Krevelen mechanism:51 for
Pt/CeO2, the dissociative adsorption of O2 on ceria and the CO
adsorption on Pt preferentially occur, thereaer the conversion
of CO to CO2 takes place. Therefore, how strong the binding
strength between Pt and CO molecule is and how active the
surface oxygen in vicinity of Pt is would be decisive factors on
CO oxidation reaction. Particularly, the oxygen vacancies at
surface can play a role as adsorption sites of oxygen molecules
from the atmosphere and/or available sites for taking the
diffused lattice oxygen from sub-surface, thereby affecting the
activity of surface oxygen. In such point of view, since H2

treatment not only increases the size of Pt but also induces the
formation of surface oxygen vacancies, the re-oxidized sample
at 500 �C aer the reduction at 550 �C was additionally prepared
(O5-R5-Pt/CeO2) which has similar Pt size (�1.6 nm; Fig. 2h) but
less oxygen vacancies at ceria surface (will be discussed below
regarding the oxygen vacancy). To verify that in quantitative
manner, XPS analysis was carried out. From XPS results of Pt/
CeO2 (Fig. 5), R2-, R3-, R5-, and O5-R5-Pt/CeO2 (Fig. S4†) cata-
lysts, the Ce 3d core levels of CeO2 were investigated. Cerium is
known to have two oxidation states of Ce(III) and Ce(IV), with
Ce(IV) being more stable in presence of air. As it can be seen
from the Pt/CeO2 spectra that there are 10 de-convoluted
Gaussian peak assignments, the peaks at 881.8, 888.0, 894.6,
897.8, 900, 906, 912, and 916 eV are characteristic of Ce4+,
whereas the peaks at 884.5 and 902 eV are characteristic of
Ce3+.52–55 In order to identify the oxygen vacancy concentration
at the surface in Pt/CeO2 based on the correlation of

½Ce0Ce�z
1
2
½V��

O�; the concentration of Ce3+ ion, i.e., ½Ce0Ce� in

Kröger–Vink notation, was calculated from the ratio between
tted peak areas of Ce3+ and sum of Ce3+ and Ce4+, i.e. [Ce3+]/
([Ce3+] + [Ce4+]). The concentration of Ce3+ ions in Pt/CeO2

comes out to be 13.3%. Similarly, [Ce3+] in R2-, R3-, R5-, O5-R5-
Pt/CeO2 were calculated as summarized in Table 1. Although
the depth information of XPS is known to be �10 nm, and thus
the exact oxygen vacancy concentration at the very top surface
layer cannot be directly calculated from [Ce3+] in XPS result, the
tendency of that the higher temperature of H2 treatment results
in the higher [Ce3+] at the surface of ceria, meaning the higher
oxygen vacancy concentration, was veried. Particularly, for O5-
R5-Pt/CeO2, the oxygen vacancy concentration was signicantly
reduced. It needs to be noted that the temperatures of H2-
treatment below and above 300 �C are expected to induce the
different nature of oxygen vacancies as schematically shown in
Fig. 6: for the former (T # 300 �C), only those at the sites of Pt
RSC Adv., 2019, 9, 27002–27012 | 27005
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Fig. 4 Pt 4f XPS of (a) Pt/CeO2; (b) R2-Pt/CeO2; (c) R3-Pt/CeO2; (d) R5-Pt/CeO2; (e) R5-O5-Pt/CeO2. The contributions from Pt2+ and Pt0

species are de-convoluted and marked on the figures.
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single atom would be generated; for the latter (300 �C # T #

�600 �C), those only at the surface of ceria including the sites in
the vicinity of Pt nanoparticle, not in the lattice, would be
generated.

The catalytic activities of pure CeO2, Pt/CeO2, R2-, R3-, R5-,
and O5-R5-Pt/CeO2 in CO oxidation reaction were analyzed as
27006 | RSC Adv., 2019, 9, 27002–27012
a function of temperature using gas chromatography under
continuous ow of feed gas mixtures of 3 mole% CO and 20
mole% O2 in argon balance (Fig. 7). As anticipated, all Pt sup-
ported on CeO2 catalysts exhibit better catalytic performance
than pure CeO2 and R5-CeO2 certainly owing to the interaction
between Pt and CeO2 associated with highly reducible O atom in
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05965b


Fig. 5 Ce 3d XP spectra of Pt/CeO2.

Fig. 6 Schematic representing (top) Pt single atoms decorated on the
ceria particles (Pt/CeO2); (middle) formation of oxygen vacancies and
simultaneous reduction of Pt2+ single atoms to Pt0 nanoparticles (R2-
Pt/CeO2 & R3-Pt/CeO2); (bottom) enhancement of oxygen vacancies
in vicinity of Pt nanoparticles and growth of Pt nanoparticles.
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vicinity of Pt as well as the better adsorption of CO on Pt
compared to CeO2 free surface. As H2 reduction temperature
increases (R2-, R3-, R5-Pt/CeO2), the CO conversion curves shi
to lower temperature. In addition, aer re-oxidation of R5-Pt/
CeO2 at 500 �C, i.e., O5-R5-Pt/CeO2, while the temperature
showing 100% conversion is maintained at 200 �C, the catalytic
activity below 150 �C is suppressed in comparison with R5-Pt/
CeO2. It should be noted here that the oxygen vacancies in the
vicinity of the Pt nanoparticles and oxygen vacancies on the
surface of ceria away from the Pt nanoparticles contribute to
different extents to the CO oxidation activity of the catalysts. As
mentioned before, the oxygen vacancies in vicinity of Pt nano-
particles are in the front line for CO oxidation, whereas oxygen
vacancies away from Pt nanoparticles play a supporting role for
augmenting the CO oxidation. To prove that the oxygen vacan-
cies in the reduced samples lie in the vicinity of Pt nano-
particles, extended X-ray absorption ne structure (EXAFS) was
conducted as presented in Fig. S5a,† providing the information
about Pt–O and Pt–Pt coordination numbers. Strongest inter-
action at 1.6 Å was evident from all Pt/CeO2 samples, originated
from the oxygen atoms at �2.0 Å distance. From the Fig. S5b,†
we can see that the Pt–O coordination number decreases as the
reduction temperature increases, supporting our argument that
the reduction treatment removes oxygen coordinated with Pt,
probably of Pt–O–Ce, making oxygen vacancies available at the
vicinity of Pt. The remaining peaks over 2 Å radial distance were
much smaller, indicating small coordination number of Pt–Pt
and/or broad distance distribution reecting disordered nature
Table 1 Ce3+, Ce4+, and ratio of Pt0 to Pt2+ in concentration in Pt/CeO
spectra

Concentration Pt/CeO2 R2-Pt/CeO2

Ce3+ (%) 13.3 14.5
Ce4+ (%) 86.7 85.5
Pt0/Pt2+ 0 0.1

This journal is © The Royal Society of Chemistry 2019
of Pt/CeO2 samples. To provide further insight, we heat-treated
pure ceria (without Pt) in H2 atmosphere at 550 �C (R5-CeO2),
where the surface oxygen vacancies can be generated based on
H2-TPR results of pure ceria (Fig. 1), The catalytic activity of R5-
CeO2 is far better than pure ceria, and we can attribute this
enhanced catalytic activity to the surface oxygen vacancies.
Based on this, we speculate that the oxygen vacancies on surface
of the ceria help ameliorate the catalytic activity for CO oxida-
tion by providing adsorption sites for the reactant O2 molecule:
dissociating O2 to form atomic O, and subsequently being
diffused to the Pt and ceria interface by the oxygen vacancy
channels. The catalytic activities of ve Pt/CeO2 catalysts are
probable to be resulted from the convolution of both effects of
Pt size and oxygen vacancy at CeO2 surface.
2, R2-, R3-, R5-, and O5-R5-Pt/CeO2 catalysts calculated from XPS

R3-Pt/CeO2 R5-Pt/CeO2 O5-R5-Pt/CeO2

17.6 18.1 10.6
82.4 81.9 89.4
0.7 3.1 0

RSC Adv., 2019, 9, 27002–27012 | 27007
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Fig. 7 Light-off curves of CO oxidation over pure and reduced CeO2,
Pt/CeO2, R2-, R3-, R5-, and O5-R5-Pt/CeO2.
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To distinguish the effects of Pt size and surface oxygen
vacancy, CO adsorption/desorption properties on Pt with
respect to Pt size were investigated using diffuse reectance
infrared Fourier transform (DRIFT) spectroscopy in two
different conditions: (i) CO adsorption followed by He ushing
and heating, (ii) CO adsorption followed by O2 ushing and
heating. DRIFT was performed for Pt/CeO2 and the variant
which showed highest catalytic activity, i.e. R5-Pt/CeO2. For the
former condition (He ushing), the CO desorption character-
istic with respect to Pt size can be evaluated regardless of oxygen
vacancy concentration, because there is no oxygen source. For
the latter condition (O2 ushing), based on the result of He
ushing, it is possible to observe how oxygen vacancy acceler-
ates CO oxidation. The IR spectra of adsorbed CO on Pt/CeO2

and R5-Pt/CeO2 is shown in Fig. 8. The DRIFT desorption
spectra for the Pt/CeO2 (He ushing) reveals two sets of CO
adsorption bands centered at 2176 cm�1 and a broad peak with
a shoulder at 2097 cm�1 (Fig. 8a). The peak at 2176 cm�1 is
because of CO gas in the atmosphere of the DRIFT chamber and
the broad peak with shoulder at 2097 cm�1 is associated with
the CO adsorbed on Pt single atoms, which can be conrmed
from the XPS and STEM data. As the ow of CO gas is stopped
and He gas is own, no red shi was observed in the peaks, thus
proving that all of Pt species are in the form of single atoms. The
desorption spectra of the R5-Pt/CeO2 also contains two peaks at
2176 cm�1 and 2076 cm�1, which are characteristics of CO in
the atmosphere of DRIFT chamber and CO on Pt nanoparticles,
respectively (Fig. 8b). In contrast, red shi during desorption
process was observed. It means that dipole–dipole coupling
between CO molecules took place, and thus Pt nanoparticles
were present as the adsorption sites in the system.56,57 The
DRIFT oxidation spectra for the Pt/CeO2 (O2 ushing) shows
that the peak associated with the CO adsorbed on Pt single
atoms (Pt2+) still existed even at 100 �C (Fig. 8c), whereas the
peak associated with CO adsorbed on Pt nanoparticles (Pt0) in
R5-Pt/CeO2 disappeared (Fig. 8d), indicating that all of CO was
readily converted to CO2. This result suggests that the stronger
27008 | RSC Adv., 2019, 9, 27002–27012
binding between Pt single atoms and CO molecules results in
�100 �C higher temperature for 100% CO conversion in Pt/CeO2

compared to R3-, R5-, O5-R5-Pt/CeO2 which consist of Pt
nanoparticles. Moreover, from the result that the peak corre-
sponding to the adsorbed CO in R5-Pt/CeO2 signicantly
decreased at 50 �C (Fig. 8d) whereas such decrease was not
observed in He ushing (Fig. 8b), it can be concluded that high
surface oxygen vacancy concentration of R5-Pt/CeO2 is also
responsible for CO conversion. The higher concentration of
surface oxygen vacancies on the R5-Pt/CeO2 catalyst activate the
reactant O2 molecules and result in the formation of the
superoxide O2

� and peroxide O2
2� species. Li et al. reported that

these active O2 species can easily be identied over reduced
pure ceria (without Pt), but for the Pt/CeO2 system these active
O2 species being mobile and labile migrate onto Pt where they
are converted to atomic oxygen species (O, O�) in a process
called reverse spillover of oxygen, thus making their detection
really difficult.58 Our results comply with their ndings; we
analyzed the DRIFT oxidation spectra for Pt/CeO2 and R5-Pt/
CeO2 in the range of 800–1200 cm�1, and any peaks associated
with the active O2 species at 883 cm�1 and 1126 cm�1 were not
detected (Fig. S6†), implying that the active atomic oxygen
species, not the diatomic oxygen species, are involved in R5-Pt/
CeO2 catalyst for the CO oxidation reaction.

If it is assumed that the reduction characteristic of O atoms
is not dependent on Pt size but only correlated with the surface
oxygen vacancy, the effect of Pt size can be evaluated from the
comparison between Pt/CeO2 (single atom Pt; low ½V��

O�) and O5-
R5-Pt/CeO2 (�1.6 nm sized nanoparticle Pt; low ½V��

O�) catalysts.
Even though the XPS results for Ce 3d showed that O5-R5-Pt/
CeO2 had less Ce3+ (i.e., less oxygen vacancies) than Pt/CeO2

(Table 1), O5-R5-Pt/CeO2 exhibited 100% CO conversion at
200 �C, whereas Pt/CeO2 was activated above 250 �C and 100%
conversion was achieved at 300 �C (Fig. 7 or S7†). It implies that
the reduction of O atom at the interface is rather fast enough at
temperatures above 200 �C even in catalysts with not-sufficient
surface oxygen vacancies, and the dominant rate determining is
the hardly desorbed CO on Pt single atoms. On the other hand,
CO oxidation reaction below 200 �C seems to be correlated with
oxygen vacancies. In comparison between R5-Pt/CeO2 (1.7 �
0.2 nm sized nanoparticle Pt; high ½V��

O�) and O5-R5-Pt/CeO2 (1.6
� 0.3 nm sized nanoparticle Pt; low ½V��

O�), R5-Pt/CeO2 was active
showing 16% CO conversion at 150 �C whereas O5-R5-Pt/CeO2

was catalytically inactive at that temperature (Fig. 7 or S7†). To
sum, the best catalyst for CO oxidation is the one which has
uniformly dispersed ne Pt nanoparticles over CeO2, and these
nanoparticles must be accompanied with the oxygen vacancies
in vicinity of them to be active below 200 �C.

It is further noteworthy that Pt/CeO2 catalysts in this study
were synthesized via simplistic co-precipitation method and
contained only 0.5 atomic% Pt. Besides, it was shown that the
simple H2 reduction treatment at 550 �C of Pt/CeO2 catalyst can
signicantly enhance the activity for CO oxidation reaction
which is attributed to the facilitated CO desorption on Pt
nanoparticles and the higher oxygen vacancy concentration at
CeO2 surface. Although further study will be required to eluci-
date the underlying mechanism on how oxygen vacancies at
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 CO desorption DRIFTS for (a) Pt/CeO2; (b) R5-Pt/CeO2. CO oxidation DRIFTS for (c) Pt/CeO2; (d) R5-Pt/CeO2.
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surface of CeO2 enhances the reduction characteristic of oxygen
species, it is expected that the ndings in this study possess
signicant implications for the design and preparation of
highly active catalysts for low temperature CO oxidation.
3. Conclusion

It has been known that Pt/CeO2 catalysts obey Mars–Van Kre-
velen mechanism and the rate determining step is the reaction
of adsorbed CO with oxygen species at the interface between Pt
and CeO2. Since the corresponding step can be affected by key
parameters which are the desorption characteristic of CO on Pt
and the reduction characteristic of O atom at the interface, this
work investigates their effects on CO oxidation reaction. Pt/
CeO2 catalysts with the minimum amount of Pt (0.5 atomic%) is
prepared using a simple co-precipitation method, and the size
of Pt and the oxygen vacancy concentration at CeO2 surface are
systematically controlled by heat-treatment at various temper-
atures in H2 or air environments. It is found that the bonding
strength between the Pt single atoms and CO is very strong, thus
making CO oxidation difficult, whereas Pt nanoparticles of 1–
This journal is © The Royal Society of Chemistry 2019
1.7 nm uniformly dispersed over CeO2 are more effective owing
to the weaker binding strength between them and CO. At
temperatures above 200 �C, the reduction of O atom at the
interface is rather fast enough even in catalysts with not-
sufficient surface oxygen vacancies, and the dominant rate
determining is the hardly desorbed CO on Pt single atoms. On
the other hand, at temperatures below 200 �C, higher oxygen
vacancies at CeO2 surface effectively enhance the activity of
catalysts. Our ndings prove that the best catalyst for CO
oxidation is the one which has uniformly dispersed ne Pt
nanoparticles over CeO2, accompanying with the oxygen
vacancies in vicinity of them, and it is demonstrated that
a simple hydrogen reduction at 550 �C for the single atom Pt
supported on CeO2 catalyst induces the formation of highly
dispersed Pt nanoparticles with size of �1.7 nm and the higher
concentration of surface oxygen vacancies simultaneously,
enabling 100% conversion from CO to CO2 at 200 �C.
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