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The origin of enhanced CO oxidation 

reactivity on Pt/CeO2 was studied using 

in-situ/operando spectroscopies, 

microcalorimetry, and reaction kinetics. 

Despite strong CO adsorption on Pt 

clusters and high coverage during 

reaction, CeO2 provides reactive/labile 

O* at the Pt-CeO2 interface that 

overcomes the strong CO binding on Pt. 
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Origin of the high CO oxidation activity on CeO2 supported Pt 

nanoparticles: weaker binding of CO or facile oxygen transfer 

from the support? 

Yubing Lu[a], Coogan Thompson[a], Deepak Kunwar[b], Abhaya K. Datye[b], Ayman M. Karim*[a] 

Abstract: Pt clusters supported on CeO2 are highly active for low 

temperature CO oxidation. The enhanced reactivity could be caused 

by weakening of the CO binding on Pt, allowing adsorbed oxygen to 

more effectively compete for sites.  An alternative explanation is that 

interfacial sites allow adsorbed CO on Pt to react with lattice oxygen 

in the ceria.  Here we explore the origins of enhanced CO oxidation 

reactivity on Pt/CeO2 using in-situ/operando infrared and x-ray 

spectroscopies, microcalorimetry, and reaction kinetics. We show 

that CO adsorbs strongly (~110-120 kJ/mol) on Pt clusters (~1.5nm) 

and Pt is almost fully covered by CO during reaction, indicating that 

the high activity can be related to reactive interfacial O* species. 

Using in-situ infrared spectroscopy we show that when the reaction 

mixture of CO and O2 stops flowing over the catalyst, the adsorbed 

CO on Pt is lost since it reacts with interfacial O*, but if this O* is 

depleted, the CO band does not disappear. The role of ceria is not to 

alter the binding of CO, but rather to enhance the reactivity of the 

interfacial metal-support lattice oxygens. The reaction mechanism 

involving the interfacial Pt-CeO2 sites (two-site mechanism) is further 

confirmed by kinetic measurements which show near zero order 

dependence on CO and O2 partial pressures. 

Introduction 

CO oxidation is an important reaction for automotive catalysis,[1] 

fuel cell applications,[2] and it also serves as an ideal probe 

reaction for fundamental heterogeneous catalytic processes.[3] 

Due to its importance in emission control, the catalytic oxidation 

of CO has been extensively studied, and the current generation 

of emission control catalysts are composed of a noble metal (Pt, 

Rh, Pd) supported on metal oxides.[4] The catalytic properties of 

these supported noble metal catalysts are controlled by their 

size, shape and the interaction with the metal oxide support.[5] 

Smaller sized clusters[6] and recently reported single atoms[7] 

provide the best utilization of the noble metals, and enhanced 

catalytic performance for CO oxidation has been shown in the 

nanometer and subnanometer regimes.[8]  

In particular, Pt supported on ceria is one of the highly active 

catalysts for CO oxidation and it has recently gained a lot of 

attention for automotive emission control. Ceria is an attractive 

support since it can serve as an oxygen buffer[9] and helps 

maintain high metal dispersion at elevated temperatures.[8a, 10] 

Jones et al. showed that CeO2 traps Pt as isolated single atoms 

when the catalyst is oxidized at 800 °C, and the Pt single atoms 

remain very stable under reaction conditions.[8a] However, Pt 

single atoms prepared by atom trapping and other methods 

were shown to have very low activity compared to 

nanoparticles.[6b, 8a, 8b, 12] The strong binding of Pt atoms to ceria 

(111) step edges could be a reason for the low activity.[11] 

                                                                2 

are much more active than atomically dispersed Pt and a size of 

~1.4 nm was reported to be optimal.[10a, 13]  The origin of the high 

CO oxidation activity on ceria supported Pt nanoparticles was 

proposed to be due to highly active sites at the Pt-CeO2 

interface. By controlling the size of the nanoparticles, Cargnello 

et al.[12a] showed that as the size of the Pt nanoparticles 

decreased, the activity increased proportional to the number of 

Pt sites at the Pt-CeO2 interface. The authors proposed a 

reaction mechanism where CO on the Pt reacts with oxygen 

provided by ceria.[12a] Evidence for a redox cycle and Ce+3 being 

an active species in the reaction was shown by in-situ x-ray 

emission,[14] x-ray absorption[15] and x-ray photoelectron[6b] 

spectroscopies. These reports indicate that the reducibility of 

ceria is important for the catalytic activity during CO oxidation. In 

fact, Pereira-Hernández et al.[6b] showed that for similar size 

nanoparticles (~1.5 nm), the catalyst with more reducible CeO2 

was more active.  

Previous literature reports indicate that the CO oxidation activity 

on CeO2 supported Pt nanoparticles is strongly dependent on 

the number of Pt-CeO2 interfacial sites. It is not known if ceria 

also modifies the properties of the Pt clusters. For example, 

does CeO2 affect how strongly CO binds to Pt, and what are the 

consequences for the generally accepted two-site reaction 

mechanism at the interfacial sites? In this study, we aim to 

elucidate the origin of the high CO oxidation activity on CeO2 

supported Pt clusters. We used a Pt/CeO2 catalyst prepared by 
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atom trapping (synthesis at 800 °C in air forming stable single 

atoms) followed by reduction in CO to generate highly active 

~1.5 nm metallic Pt clusters as evidenced by aberration-

corrected scanning transmission electron microscopy and x-ray 

absorption spectroscopy. Using microcalorimetry and in-

situ/operando infrared spectroscopy, we show that Pt strongly 

binds CO and that the high CO oxidation activity is due to highly 

reactive O* species at the Pt-CeO2 interface. CO oxidation 

kinetic measurements over a wide-range of CO and O2 partial 

pressures are consistent with the proposed two-site mechanism. 

Possible reasons for the enhanced reducibility of CeO2 and 

generation of highly active O* species are proposed.   

Results and Discussion 

Structural characterization.  

The 1 wt.% Pt/CeO2 catalyst was characterized by aberration-

corrected scanning transmission electron microscopy and x-ray 

absorption spectroscopy. Figure 1 shows HAADF-STEM images 

for the Pt/CeO2 catalyst after activation in CO at 300 °C and CO 

oxidation at 150 °C (referred as Pt/CeO2 clusters in the following 

text). In addition to the small Pt clusters, a small fraction of Pt is 

present as isolated Pt atoms. The average particle size of the Pt 

clusters was 1.5-2 nm (the size was similar before and after 

reaction, not shown) which is similar to the size previously 

reported by Pereira-Hernández et al.[6b] after the same activation 

pretreatment. XANES and EXAFS spectra of the Pt/CeO2 after 

reduction in H2 at 275 °C are shown in Figure 2 in comparison to 

Pt foil (using STEM, the average particle size was similar after 

reduction in H2 and CO, not shown). A comparison of XANES 

and EXAFS between PtO2 and the Pt/CeO2 catalyst after 

reduction is also shown in Figure S3. The XANES and EXAFS 

spectra show characteristics of Pt-Pt bonding where the edge 

energy was similar to the Pt foil and the EXAFS scattering peaks 

were at similar positions to the Pt foil (but less intense due to 

smaller Pt size). The Pt L3 XANES is a measure of the local d 

density of states (DOS) projected on the Pt atom[16] and the 

white line intensity (peak area above the edge) at the Pt L2, 3 

edges is proportional to the number of d-electron vacancies.[16-17] 

A larger Pt L3 peak area can be seen for Pt/CeO2 compared to 

the Pt foil indicating that Pt is slightly electron deficient 

(compared to Pt0). Consistent with the XANES analysis, the 

EXAFS modeling results (Table 1 and Figure S4) showed that 

the Pt/CeO2 has both Pt-Pt and Pt-O coordination, with 

coordination numbers of 7.1 ± 0.8 and 0.4 ± 0.2 respectively. 

The Pt-Pt coordination number suggests that the Pt clusters 

have an average size of ~ 1 nm assuming spherical (~1.3 nm 

assuming hemispherical). The Pt-O coordination can be 

attributed to the small fraction of Pt single atoms and Pt atoms 

from the clusters at the Pt/CeO2 interface which are bonded with 

lattice O of CeO2. The XANES and EXAFS results are consistent 

with the avergae size and small fraction of single atoms 

observed from the STEM images. Additionally, the results are in 

agreement with in-situ XPS results on the same catalyst after 

activation in CO, where a small percentage of Pt2+ was 

detected.[6b]  

 

Figure 1. HAADF-STEM images of the 1 wt.% Pt/CeO2 catalyst synthesized 

by atom trapping and then reduced in CO at 300 °C followed by CO oxidation 

at 150 °C.  The weight loading was confirmed by energy dispersive x-ray 

spectroscopy (Figures S1-2). 
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Figure 2. Pt L3-edge X-ray absorption spectroscopy of 1 wt.% Pt/CeO2 (after 

reduction in H2 at 275 °C). a. XANES of Pt/CeO2 clusters and Pt foil standard. 

b. EXAFS magnitude of the Fourier transformed k
2
-w ig     χ(k)      

measured on Pt/CeO2 and Pt foil standard, k = 2.5-12.5 Å
-1

.  

 

Table 1. EXAFS modeling results at the Pt L3 edge characterizing the 1 wt.% 

Pt/CeO2 catalyst after reduction in H2 at 275 °C.  
Shell N R (Å) 10

3
 . σ

2
 (Å

2
) E0 

Pt-Pt 7.1 ± 0.8 2.724 ± 0.007 9±1 7 ± 2  

Pt-O 0.4 ± 0.2 2.00 ± 0.03 0±6 10
[a]

 

[a] fixed during the fit 

Notation: N, coordination number of absorber-backscatterer pair; R, radial 

absorber-b  k           i      ; σ
2
, the mean square displacement of the 

half-path length and represents the stiffness of the bond for a single scattering 

path, E0, correction to the threshold energy. 

 

 

 

CO oxidation kinetics. 

Kinetic measurements for CO oxidation on the 1 wt.% Pt/CeO2 
catalyst were performed at 50 °C under strict kinetic control and 
the results are shown in Figure 3. The CO reaction order was 
almost zero over a wide range of partial pressures (0.25-17.5 
kPa PCO and PO2

 at 10 kPa, Figure 4a) indicating that CO 

oxidation is not sensitive to the CO partial pressure. The 
measured O2 reaction order was also close to zero (0.1) as PO2

 

was varied between 5-16 kPa under PCO of 1 kPa (Figure 4b). 
The low reaction orders of both CO and O2 are consistent with 
previous reports in the literature.[12a, 18] Additionally, the reaction 
orders are consistent with the proposed two-site mechanism 
where CO* and O* are adsorbed on Pt and CeOx lattice, 
respectively, and the reaction happens at the interface. The 
apparent activation energy was 68 kJ/mol (Figure S5, measured 
between 40 and 52 °C) which is consistent with literature values 
of 65-70 kJ/mol on CeO2 supported Pt nanoparticles with 
average size ~ 0.6 nm[18b] and 42-63 kJ/mol with average size 
ranging from 1.2 to 2.5 nm.[12a, 14]   

 

Figure 3. CO oxidation kinetic measurements on 1 wt.% Pt/CeO2 (after 

reduction in CO at 300 °C). a. Reaction order of CO measured at 50 C with 

PCO varied between 0.25-17.5 kPa and PO2
 kept at 10 kPa. b. Reaction order 

of O2 measured at 50 C with PCO kept at 1 kPa and PO2
 varied between 5-16 

kPa.  

Microcalorimetry of CO adsorption on Pt/CeO2. 

The reaction orders provide insights on the possible mechanism 

and strongly suggest that it follows a two-site mechanism at the 

Pt-CeO2 interface. However, it is still unclear whether the high 

activity is due to the enhanced reducibility of the CeO2 lattice 

(providing active O*) and/or due to weaker CO adsorption on Pt 

induced by the Pt-CeO2 interaction. Thus, we performed CO 

calorimetry on the 1 wt.% Pt/CeO2 catalyst to directly measure 
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the CO adsorption strength on the Pt clusters. Figure 4 shows 

that the initial heat of adsorption is ~110-115 kJ/mol and drops 

gradually until it reaches low heat (< 30 kJ/mol) that is consistent 

with physisorption on the support. The CO/Pt ratio at saturation 

coverage was ~0.8 CO/Pt (CO/Pt ratio in Figure 4 where the 

heat is mostly physisorption) which is consistent with the 

dispersion of the average size (1.5 nm) from STEM and EXAFS. 

Table 2 compares our results to literature reports of CO 

calorimetry on Pt/Al2O3,
[19] Pt/CeO2-Al2O3,

[19] Pt/SiO2,
[19-20] and Pt 

powder.[20b] It can be seen from Table 2 that the initial heat of 

CO adsorption on the Pt/CeO2 clusters (~1.5 nm) is consistent 

with that on similar sized Pt nanoparticles on other supports. 

Therefore, it is unlikely that the high activity for CO oxidation on 

our Pt/CeO2 catalyst is caused by CeO2 weakening CO 

adsorption on Pt. The higher activity is also unlikely to be due to 

competitive adsorption of CO and O2 on Pt since the reaction 

orders were practically constant over a large range of partial 

pressures (Figure 3).   

 

Figure 4. Microcalorimetry of CO adsorption on 1 wt.% Pt/CeO2 at 30 °C. The 

catalyst was reduced in H2 at 275 °C then evacuated at 275 °C for 30 min 

before cooling down to 30 °C. 

Table 2. Initial heat of adsorption (at low coverage) of CO reported on 

supported Pt nanoparticles on different supports.  

 d (nm) Initial Qad (kJ/mol) Ref. 

Pt/SiO2 1.3 
[a]

 134 
[20b]

 

Pt/SiO2 1.4 
[a]

 124 
[20b]

 

Pt/SiO2 1.2 
[b]

 105 
[20a]

 

Pt/SiO2 1.5 
[b]

 101 
[20a]

 

  /η-Al2O3 1.1 
[a]

 89 
[20b]

 

  /γ-Al2O3 1.6 
[c]

 140 
[19]

 

  /γ-Al2O3 1.8 
[c]

 120 
[19]

 

Pt/CeO2-γ-Al2O3 1.2 
[c]

 120 
[19]

 

Pt/CeO2-γ-Al2O3 1.8 
[c]

 143 
[19]

 

Pt/CeO2 1.5 
[b]

 110 This work 

Pt powder - 110-117 
[20b]

 

a
 Estimated from H2 uptake by chemisorption 

b
 Average diameter from STEM 

c
 Estimated from CO uptake by chemisorption 

 

In-situ/operando DRIFTS. 

To provide more details on the CO adsorption strength and its 

reaction with O2, we performed in-situ/operando DRIFTS 

experiments at similar temperature (70 °C) to that used for the 

kinetic measurements (50 °C). After reduction in CO, the 1 wt.% 

Pt/CeO2 catalyst shows a well-defined band at 2077 cm-1 in the 

νCO region and a shoulder band at 2065 cm-1 (Figure 5a, red) 

consistent with CO adsorbed on Pt nanoparticles. The 2077 and 

2065 cm-1 bands (and the tail extending to lower wavenumbers) 

can be assigned to CO bound on Pt atoms of different 

coordination/sizes (2077 cm-1 band on more coordinated 

sites).[21] Interestingly, the CO band intensity and peak position 

were not affected by switching the gas to pure N2 to flush the CO 

from the DRIFTS cell (Figure 5a, blue) indicating that there is no 

CO desorption or oxidation. Similar results were also obtained at 

150 °C (Figure S6) and the results at both temperatures are 

consistent with the strong CO adsorption measured by 

microcalorimetry. 

 

Figure 5. In-situ DRIFTS spectra at 70 °C in the νCO region characterizing the 

1 wt.% Pt/CeO2 catalyst (after reduction in CO at 300 °C and cooling down in 

2.5 kPa CO flow, balance N2) under different conditions. a. Measured in 2.5 

kPa CO (red), and then flow pure N2 for 3min (blue) and 2 kPa O2 for 2 min 

(orange). b. Flow 3 kPa CO and 2 kPa O2 (purple) and then flow pure N2 for 

3min (blue).  
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In contrast to stability in N2 after reduction, the adsorbed CO 

was quickly oxidized to CO2 when the gas was switched to O2 as 

evidenced by the disappearance of the CO bands (Figure 5a, 

orange) and the appearance of CO2 band (2338-2361 cm-1, 

Figure S7a). This indicates that O2 could react with adsorbed 

CO on the Pt clusters at 70 °C, likely due to facile activation of 

O2 at the Pt-CeO2 interface and reaction of O* with CO. Further, 

under CO oxidation conditions (CO+O2), the two νCO bands 

shifted to higher wavenumbers, one band at 2091 cm-1 and the 

other at 2078 cm-1 (Figure 5b, purple) and a CO2 band was 

observed (Supporting Information, Figure S7b.). Additionally, a 

new small shoulder band appeared at 2106 cm-1 which can be 

assigned to CO adsorbed on small PtOx clusters.[6b, 22] It is 

important to note that the prominent CO bands observed under 

reaction conditions (the CO bands in Figure 5b have similar 

intensity to the CO bands after reduction in Figure 5a) indicate 

high coverage of CO on Pt. Additionally, the shift of the νCO 

bands to higher wavenumbers under reaction conditions provide 

insights on the level of reduction of CeO2 which affects the 

electron density on Pt. After reduction, the CeO2 contains a large 

number of vacancies (depleted O* around Pt) as evidenced from 

the high heat of O2 adsorption and large oxygen uptake from 

microcalorimetry (Figure S8, O/Pt > 3 which is higher than can 

be accounted for by Pt and Pt-CeO2 interfacial sites). This is 

consistent with previous temperature programmed reduction and 

in-situ XPS measurements (high fraction of Ce3+ after reduction 

in CO).[6b] On the other hand, the concentration of O* on the 

ceria surface increases under reaction conditions leading to 

lower electron density on Pt. This is in agreement with previous 

in-situ XPS measurements where a higher fraction of Pt2+ and 

higher fraction of Ce4+ were detected in CO+O2 compared with 

CO only.[6b] Therefore, we attribute the shift of the CO bands to 

higher wavenumbers under reaction conditions (compared with 

after reduction) to a decrease in the Pt electron density due to 

oxidation of CeO2 and availability of O* close to Pt.[23] Moreover, 

when the gas was switched from CO+O2 to N2, the CO bands 

disappeared (except the band at 2106 cm-1, Figure 5b, blue 

spectrum) further confirming the availability of O* on the surface 

for reaction with CO adsorbed on the Pt clusters.  

Stability of adsorbed CO after different extents of reduction. 

The in-situ/operando DRIFTS results in Figure 5 are important 

for two reasons: 1) they confirm that CO is strongly adsorbed on 

Pt, and 2) they show evidence of high CO coverage on Pt during 

CO oxidation. The above mentioned findings strongly suggest 

that the catalyst activity is related to the availability of highly 

reactive O* species at the interface. However, as partial 

oxidation of Pt (lower electron density) was detected under 

reaction conditions, it is important to determine whether (and to 

what extent) this influences the CO adsorption strength. Thus, to 

investigate whether the CO oxidation activity is solely dependent 

on the availability of O* on the ceria support, the Pt/CeO2 

catalyst was exposed to a CO flow for different lengths of time, 

1.5 and 10 minutes before switching back to pure N2. Figures 

6a,b show that after exposure to CO for 1.5  and 10 minutes, the 

CO bands remained in the same positions compared to the ones 

under reaction conditions. This is important as it indicates that 

the properties of Pt are similar and are not affected by the length 

of reduction up to 10 minutes at 70 °C. After exposure to CO for 

1.5 minutes, the CO bands were not stable as the gas flow was 

switched to N2 (Figure 6a, green and blue spectra). Since there 

was no O2 present in the flowing reactant stream, this clearly 

indicates that oxygen was provided by the interfacial lattice 

oxygen of CeO2 for reaction with CO adsorbed on Pt. 

Additionally, the slow decrease of the CO band (compared with 

switching to N2 from CO+O2, Figure 5b blue spectrum) suggests 

that after reaction of CO with O* at the interface, more O* can 

diffuse from CeO2 to the interface but this becomes less 

favorable/slower due to further reduction of CeO2
[14] and the 

associated decrease in the concentration of O* in the vicinity of 

the Pt-CeO2 interfacial sites. Consistent with this 

interprepretation, as the CO exposure time increased to 10 

minutes, the CO bands were stable in N2 (Figure 6b, blue 

spectrum) and did not decrease in intensity. The longer 

exposure to CO results in further reduction of CeO2 and 

depletion of the surface O* in the vicinity of Pt which results in 

the stability of CO observed in DRIFTS. Therefore, the in-situ 

DRIFTS results confirm that CO is bound strongly to Pt, despite 

lower electron density on Pt during reaction.  

 

Figure 6. In-situ DRIFTS spectra on the same Pt/CeO2 sample after the last 

condition in Figure 5. a. Flow 2 kPa O2 for 2 min to replenish the surface O, 

followed b flow of 0.25 kPa CO for 1.5 min (red), then flow pure N2 for 2 

(green) and 5 min (blue). b. Flow 0.25 kPa CO for 10 min to deplete the 

surface O* (red), and then flow pure N2 for 5 min (blue). 
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Figure 7. Schematic of the proposed reaction steps for low temperature CO 

oxidation over Pt clusters supported on CeO2. An oxygen terminated CeO2 

(111) surface is used as a model surface. Platinum: Yellow. Oxygen in CO and 

surface oxygen: red. Labile/reactive lattice oxygen: purple. Carbon: light blue. 

The Pt cluster is covered by CO (due to strong adsorption) and a zone of 

reactive/labile lattice O* around the Pt cluster is highlighted. CO reacts with 

lattice O* at the Pt-CeO2 interface to form CO2 (step 1), followed by desoprtion 

of CO2 (step 2) then filling of the oxygen vacancy by either, diffusion of 

reactive/labile lattice O* or adsorption and activation of gas phase O2 (step 3). 

The controlled reduction experiments in CO (Figure 6) show that 

the instability of the CO bands observed in DRIFTS (Figure 5a, 

b) is from the reaction of CO with O* on CeO2 (not weaker 

adsorption of CO on Pt) due to avalaibility of reactive lattice O* 

(in O2 or CO+O2). The high CO adsorption energy on Pt (from 

microcalorimetry and in-situ DRIFTS) and high CO coverage on 

Pt during reaction (operando DRIFTS) coupled with the weak 

dependence of the reaction rate on gas composition over a 

wide-range of CO and O2 partial pressures (Figure 3) indicate 

that we can exclude a mechanism where CO and O2 

competitively adsorb on Pt. Futher, facile O2 activation is 

evidenced by fast reaction between O2 and CO adsorbed on Pt 

to form CO2 (Figure 5a, yellow spectrum) which is consistent 

with ~0 reaction order in O2. The kinetic measurements, 

microcalorimetry and in-situ/operando DRIFTS are consistent 

with a two-site mechanism where the origin of high activity is the 

availability of reactive O* provided by CeO2 at the Pt-CeO2 

interface and not due to weaker CO adsorption on Pt caused by 

interaction with CeO2. Furthermore, the slow CO oxidation by 

lattice O* after reduction of Pt/CeO2 suggests that there is an 

area around Pt that can supply O* to the Pt-CeO2 interface for 

reaction with adsorbed CO on Pt. Based on these results, a 

schematic of the proposed reaction steps over Pt/CeO2 is shown 

in Figure 7. The results highlight the importance of the 

reducibility of CeO2 to provide reactive O* at the Pt-CeO2 

interfacial sites to overcome the strong binding energy of CO on 

Pt. However, the Pt cluster size is also an important factor. 

Subnanometer clusters and single atoms, where Pt coordinates 

with multiple oxygens, show lower activity than 1-2 nm 

clusters.[6b, 8a, 10a, 18b] The lower activity of subnanometer clusters 

could be due to the re-dispersion under reaction conditions as 

shown by Ke et al.[18b] (especially at higher O2/CO ratios) leading 

to an overstabilization of the Pt-O bonding at the CeO2 interface 

(similar to Pt single atoms). In our work, the Pt-Pt coordination is 

7.1 and the Pt-O coordination is very low (0.4), consistent with 

the presence of metallic clusters where the CO is strongly 

adsorbed on Pt (as shown by microcalorimetry and in-situ 

DRIFTS). The high reactivity for CO oxidation can then be 

related to  the interfacial sites which provide oxygen to the 

metallic Pt as we show in this work. 

Conclusions 

In this study we investigated the origin of the high CO oxidation 

activity on CeO2 supported Pt clusters using in-situ/operando 

spectroscopy, microcalorimetry and reaction kinetics. The in-

situ/operando DRIFTS and microcalorimetry results show that 

CO is adsorbed strongly on Pt resulting in a high coverage on Pt 

under reaction conditions. Additionally, the results from in-

situ/operando DRIFTS indicate that the CO oxidation proceeds 

at the Pt-CeO2 interface where CeO2 provides highly reactive O* 

that can overcome the strong binding energy of CO on Pt. The 

CO reaction kinetics are consistent with this two-site mechanism 

where the rate was almost independent of CO and O2 partial 

pressures. 

Methods 

Catalyst preparation and pretreatment. High surface area 

ceria powder (obtained from Solvay, grade HSA 5) was used as 

a support. The Pt/CeO2 catalyst (1 wt.% Pt, nominal) was 

prepared by incipient wetness impregnation. The pore volume of 

ceria (0.6 ml/g) was determined by first wetting the dry ceria 

powder with water. Impregnation of the platinum precursor was 

done to fill the pores of ceria. The tetraamine platinum nitrate 

solution was loaded on ceria and dried at 110 °C for 4 hours 

until all the water evaporated in air after each impregnation. The 

sample was then calcined in a tube furnace with 100 ml/min of 

air for 10 h in air at 800 °C (1 °C/min ramp rate). We note that 

despite the elevated temperature under oxidizing conditions, 

Kunwar et.al. demonstrated that Pt is trapped as single atoms 

on the HSA ceria and that up to 3wt% Pt can be loaded in the 

form of single atoms.[11] Before the characterization and kinetic 

measurements, the catalyst was first oxidized in 20 kPa O2 

(99.999% Airgas) balanced with He (99.999% Airgas, equipped 

with moisture/O2 trap, Agilent OT3-2) at 400 °C for 30 min, then 

flushed with He for 10 min and cooled down to room 

temperature. To transform the Pt single atoms present in the as 

synthesized catalyst[6b] [11] into Pt nanoparticles, the catalyst was 

reduced at 300 °C for 40 min in 2.5 kPa CO (5%CO, balance N2, 

certified grade Airgas) balanced with He at 30 sccm total 

flowrate. The CO gas line was equipped with a metal carbonyl 

purifier (Matheson, NanoChem Metal-X) to remove the trace 

amount of metal carbonyl and a molecular sieve 3A (8–12 mesh) 

trap to remove trace (ppm) levels of CO2. No CO2 was detected 

in the mass spectrometer (above baseline) with the CO or O2 
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flowing during a blank test. 

Diffuse-reflectance infrared Fourier-transform spectroscopy 

(DRIFTS).  DRIFTS was used to characterize the interaction of 

the Pt/CeO2 catalyst with CO in different reactive and inert 

atmospheres. The in-situ DRIFTS experiments were performed 

using a Thermo Scientific IS-50R FT-IR equipped with an 

MCT/A detector. A spectral resolution of 4 cm-1 was used to 

collect spectra, which are reported in the Kubelka-Munk (KM) 

units. Approximately 50 mg sample (25-90 m diameter pellets) 

was loaded in the Harrick Praying Mantis high-temperature 

DRIFTS reaction chamber. The chamber was sealed and 

connected to a flow system with temperature control, and gases 

were flown through the sample at atmospheric pressure. Each 

reported spectrum is an average of 32 scans. The supported 

Pt/CeO2 catalyst was pretreated in-situ in the DRITS cell before 

collecting the spectra. The gas pretreatment procedure was the 

same as mentioned above and a spectrum under N2 after the 

pretreatment was collected as the background. The in-situ 

measurements were performed at both 70 °C and 150 °C.  

X-ray absorption spectroscopy (XAS). The catalyst was 

characterized by in-situ XAS at the Pt L3-edge (11564 eV) using 

an in-house built cell with a 4 mm ID glassy carbon tube.[24] The 

XAS measurements were performed at the Stanford 

Synchrotron Radiation Light Source (SSRL) at beamline 9-3 in 

fluorescence mode. Beamline 9-3 is a 16-pole, 2-Tesla wiggler 

side station with vertically collimating mirror for harmonic 

rejection and a cylindrically bend mirror for focusing. The photon 

energy was selected using a liquid-nitrogen-cooled, double-

crystal Si (220)  = 90° monochromator. Samples were scanned 

simultaneously in transmission and fluorescence detection 

modes using ion chambers (see above) and a 100-element 

solid-state Ge monolith detector (Canberra). A Pt standard (Pt 

foil) was scanned simultaneously with each sample for energy 

calibration. Step-scanning x-ray absorption spectra were 

measured from 11334 eV to 12554 eV, corresponding to 

photoelectron wave number k = 14.5 Å-1. The catalyst was 

pretreated in 3.5 kPa H2 (50 sccm, 99.999%, equiped with 

moisture trap, RESTEK #20638, balanced with He) at 275 °C (5 

K/min) for 1 hr, then cooled to room temperature in the same H2 

flow and the EXAFS spectra were collected. XANES and EXAFS 

data processing and analysis were performed using Athena and 

Artemis programs of the Demeter data analysis package.[25] Four 

scans were collected and merged after alignment using a 

 i           y             f i            χ(k) w    b  i    by 

subtracting smooth atomic background from the normalized 

absorption coefficient using the AUTOBK code. The theoretical 

EXAFS signal was constructed using the FEFF6 code[26] and 

fitted to the data in R-space using the Artemis program.  

Microcalorimetry. Microcalorimetry was performed on a 

Setaram SENSYS Evo DSC calorimeter with a fork-shape 

sample tube.[27] The fork-shape sample tube was connected to a 

Micromeritics 3Flex for the adsorption quantity measurement 

and temperature control. The catalyst (70 mg) was first oxidized 

in a soaking mode with O2 (760 mmHg) at 400 °C for 30 min, 

then evacuated for 10 min and cooled down to room 

temperature. The catalysts were then reduced at 275 °C for 40 

min using H2 (99.999%, equipped with moisture trap, RESTEK 

#20638, soak mode, 760 mmHg, two soaks in total, 20 min for 

each soak with an evacuation in vacuum for 10 min after each 

H2 soak). After pretreatment the catalyst was evacuated to ultra-

high vacuum (UHV) with pressure below 10-5 mmHg. CO 

adsorption experiment was measured at 30 °C with pressure 

between 10-5-5 mmHg.  

CO oxidation kinetic measurements. CO oxidation kinetic 

measurements were performed under differential conditions 

(<4% conversion) in a conventional laboratory tubular plug flow 

reactor (7 mm ID quartz tube). Dilution experiments were 

performed according to Koros-Nowak test to determine the 

necessary dilution ratio for measurements under strict kinetic 

control without mass and heat transfer effects.[28] The diluted 

catalyst powder 250 mg (25 mg Pt/CeO2, intraparticle dilution 

1:10 with SiO2) was pressed and sieved into a 106-250 m 

diameter pellets. The catalyst pretreatment was the same as 

mentioned above, and the total flow rate during pretreatment 

was kept at 80 sccm. The catalyst temperature was measured 

by a K-type thermocouple (OMEGA) attached at the center of 

the catalyst bed on the outside of the tube. After pretreatment, 

CO (either 100% CO, 99.999%, Airgas or 5%CO, balance N2, 

certified grade Airgas) was mixed with pure O2 (99.999% Airgas) 

and He (99.999% Airgas, equipped with moisture/O2 trap, 

Agilent OT3-2) at 35 °C to control the partial pressures of CO 

and O2 (by varying their flowrates using Brooks mass flow 

controllers SLA5800 series). The CO gas line was equipped with 

a metal carbonyl purifier (Matheson, NanoChem Metal-X) to 

remove the trace amount of metal carbonyl and a molecular 

sieve 3A (8–12 mesh) trap to remove trace (ppm) levels of CO2. 

No CO2 was detected in the mass spectrometer (above 

baseline) with the CO or O2 flowing during a blank test. The 

reactor was heated from room temperature to the reaction 

temperature at 3 °C/min in 0.5 kPa CO and 10 kPa O2 balanced 

with He. During the steady-state kinetic measurements, the 

conversion of CO was always below 4% by varying the total flow 

rate between 50-100 sccm. To investigate the effect of CO 

partial pressure on reaction rate, the partial pressure of O2 was 

held constant at 10 kPa, and the partial pressure of CO was 

varied between 0.25 – 17.5 kPa. To investigate the effect of O2 

partial pressure, the CO partial pressure was held constant at 

1.0 kPa, and the partial pressure of O2 was varied between 5 – 

16 kPa, then the measurements were repeated at the initial 

condition at 1 kPa CO partial pressure. Both CO and O2 order 

measurement were performed at 50 °C. The apparent activation 

energy (Eapp) was measured between between 40-52 C with 

PCO at 1 kPa and PO2
  at 10 kPa.  We note that we rigorously 

monitored the catalyst stability by re-measuring the catalyst 

activity periodically throughout the experiment under the first 

condition measured. The activity was stable (5-10% 

deactivation) for the catalyst tested during the entire kinetic 

measurement. The composition of the effluent gases was 

measured by a gas chromatograph (Inficon Micro GC Fusion 
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with two modules each with a separate carrier gas, injector, 

column and thermal conductivity detector (TCD). Column A: Rt-

Molsieve 5A, 0.25 mm ID (10m) using Ar as the carrier gas. 

Column B: Rt-Q-Bond 0.25 mm ID (12m) using He as the carrier 

gas. The reaction rates were normalized by the surface moles of 

Pt obtained from CO calorimetry-chemisorption experiment.  
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