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Formation of Rh Metal Ensembles Facilitating NO Reduction over 

Rh/CeO2 under Stoichiometric NO-CO-C3H6-O2 Reaction 

Junya Ohyama,*[a][b] Takumi Nishiyama,[a] and Atsushi Satsuma*[a][b] 

Abstract: A series of ceria supported rhodium nanoparticles (Rh 

NPs) having various particle sizes of 2-7 nm was prepared to 

investigate size effect of Rh NPs on NO reduction under NO-CO-

C3H6-O2 at stoichiometric conditions. The turnover frequency (TOF) 

for NO reduction on Rh NPs drastically increased according to their 

particle size. The strong size dependence of the TOF was attributed 

to oxidation states of Rh NPs, but not to particle geometries 

including fractions of surface local sites (e.g., corner, edge, plane) 

and the surface crystal structures (e.g., Rh(111), (100), etc.) . The 

variation of the TOF with Rh metal fraction suggested that Rh metal 

ensembles are highly active species for the NO reduction. 

Introduction 

Structural effect of metal nanoparticle (NP) catalysts has been 

studied to improve catalytic performance and to develop new 

functions.[1] Metal NPs often show unique structural effect that 

differs from bulk single crystal surfaces.[2] For instance, Rh and 

Ru NPs show size dependent catalytic activities for CO oxidation 

reaction, although Rh and Ru bulk single crystal surfaces do not 

show structural sensitive activities for the reaction.[2c] The size 

dependent CO oxidation activities of Rh and Ru catalysts stem 

from their surface oxidation states or thickness of oxide layer 

depending on NP size.[2] When metal NPs are supported on 

metal oxides, metal-support interface sites and unique NP 

structures and electronic states induced by metal-support 

interaction can also contribute to catalytic activity.[3] 

Improvement of catalyst technology for automotive exhaust 

gas purification performance has been increasingly demanded 

to preserve global environment as well as to reduce the usage of 

the rare metals (e.g., Rh, Pd, Pt) in automotive catalysts. For 

development of automotive catalyst technology, understanding 

of structural effect of metal NPs would be helpful since previous 

studies have suggested that automotive catalyst activity strongly 

depends on NP structure. [4] In the case of Rh NPs, which are 

particularly effective for NO reduction in the exhaust gas 

purification reaction, the previous study by Oh et al. on NO-CO 

reaction over Rh/Al2O3 demonstrated that large Rh NPs with 67 

nm has 45 times higher turnover frequency (TOF) than small Rh 

NPs with 1 nm.[4a] The size effect of Rh NPs for NO reduction 

reaction is not consistent with the structural effect of Rh bulk 

single crystal surface: Large NPs having high coordination 

number are more active than small NPs,[5] whereas a bulk single 

crystal Rh(111) surface is less active than Rh(100), (101), (311) 

surface having lower coordination number.[6] The size effect of 

Rh NPs for NO reduction might be related to surface oxidation 

states under the reaction condition; however, it is not clear 

because there has been no systematic study on the size effect 

of Rh NPs on NO reduction reaction. 

In the present study, we systematically investigated the 

size effect of Rh NPs supported on CeO2 for NO reduction 

reaction under a model gas flow of NO-CO-C3H6-O2 at 

stoichiometric conditions. We synthesized Rh/CeO2 with 2 -7 nm 

of Rh NPs using various methods including impregnation, 

Galvanic deposition, and colloid methods. The surface oxidation 

states of Rh NPs in the catalytic reaction conditions was 

investigated using X-ray photoelectron and CO adsorption IR 

spectroscopies to reveal the origin of strong size dependent 

catalytic activity of Rh/CeO2 for the NO reduction reaction. 

Results and Discussion 

We prepared Rh/CeO2 catalysts using various methods 

including impregnation (Rh/CeO2-I), Galvanic deposition 

(Rh/CeO2-G),[7] colloid method (Rh/CeO2-C).[8] The Rh/CeO2-C 

catalysts were prepared using different three Rh nanocolloid 

solutions prepared in different solvents (Rh/CeO2-C1, -C2, -C3). 

The preparation procedures are described in the experimental 

section below. The Rh loadings determined by X-ray 

fluorescence (XRF) spectroscopy were 1wt% (Table 1). Besides, 

the catalysts did not show residual Cl and N species on X-ray 

photoelectron spectra (Figure S1). 

The sizes of Rh NPs of the prepared catalysts were 

measured by H2 pulse adsorption at low temperature on the 

assumption of hemi-spherical particles.[9] As presented in Table 

1, the catalysts have different sizes of Rh NPs in the range of 2-

7 nm. The particle sizes of Rh/CeO2-I and -G were also 

evaluated using CO pulse adsorption technique (Table 1), and 

were almost the same as those evaluated using H2 pulse 

adsorption technique. For the particle size analysis, transmission 

electron microscopy (TEM) is usually helpful; however, TEM 

observation did not allow us to evaluate the size of Rh NPs on 

CeO2 appropriately, since Rh species did not show enough 

contrast against CeO2. Instead, we observed Rh/CeO2-I and -G 

using STEM-EDX (Figure S2), and confirmed highly dispersed 

Rh species on Rh/CeO2-I and 2-5 nm of Rh nanoparticles on 

Rh/CeO2-G. On the other hand, the sizes of the colloidal Rh NPs, 
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which are the precursors of the Rh/CeO2-C catalysts, were 

evaluated using TEM observation (Figure S3). The order of size 

of colloidal Rh NPs was consistent with that of corresponding 

Rh/CeO2-C evaluated based on H2 adsorption (Table 1). Since 

the sizes evaluated by CO adsorption, TEM, and STEM-EDS 

are consistent with those evaluated by H2 chemisorption method, 

we use the Rh NP size evaluated by H2 adsorption in the 

following discussion on size effect of Rh NPs on NO reduction. 

 We performed NO reduction reaction under NO-CO-C3H6-

O2 using the Rh/CeO2 catalysts. The reaction conditions are 

stoichiometric and the reaction formula is as follows: 

1000 ppm NO + 4000 ppm CO + 1000 ppm C3H6 + 6000 ppm O2 

→ 500 ppm N2 + 7000 ppm CO2 + 3000 ppm H2O

The gas concentrations are based on volume and balanced by

Ar. Figure 1(a) shows NO conversion as a function of reaction

temperature over the series of Rh/CeO2 catalysts under the

stoichiometric NO-CO-C3H6-O2 flow of 60 mL min-1. The

simultaneously obtained CO and C3H6 conversions are also

presented in Figure 1. According to the literature,[10] NO

reduction on Rh catalysts proceeds with dissociative adsorption

of NO, formation of N2 by coupling of two N atoms on Rh surface,

and removal of the adsorbed O atoms by reductants such as CO

and C3H6. In the case of the reaction over all Rh/CeO2, CO

oxidation proceeded prior to C3H6 oxidation and NO reduction

(Figure 1), probably due to fast CO oxidation on Rh-CeO2

interface.[3a, 11] Since the reaction over Rh/CeO2 catalysts

showed fast consumption of CO, the reductants for the surface

adsorbed O atoms are considered to be C3H6 and/or its partially

oxidized compounds. To confirm the NO reduction mainly by

C3H6 species, we further performed NO-C3H6-O2 and NO-CO-O2

reactions using Rh/CeO2 catalysts (Figures S5 and S6). As a

result, the NO reduction behavior under the NO-C3H6-O2

reaction was in good agreement with that under the NO-CO-

C3H6-O2 reaction, but that under the NO-CO-O2 was not. The

result confirms that C3H6 mainly functions as a NO reducing

agent in the NO-CO-C3H6-O2 reaction over Rh/CeO2 catalysts.

Note that NO conversion on Rh/CeO2-G and -C catalysts 

started from and completed at lower temperature than that on 

Rh/CeO2-I. Since the Rh/CeO2-G and -C have larger Rh NPs 

than Rh/CeO2-I, it is expected that large Rh NPs have highly 

active species for the NO reduction.  

Table 1. Rh loading, dispersion, and particle size of the catalysts prepared in this 

study. 

Catalyst [a] Loading (wt%) [b] Dispersion (%) Size (nm) 

Rh/CeO2-I  0.96 52 [c], 63 [d] 2.1 [c], 1.8 [d] 

Rh/CeO2-G 1.03 36 [c], 47 [d] 3.1 [c], 2.5 [d] 

Rh/CeO2-C1 0.99 35 3.1 [c], 2.8 [e] 

Rh/CeO2-C2 0.97 20 5.6 [c], 3.5 [e] 

Rh/CeO2-C3 1.02 17 6.6 [c] 4.2 [e] 

[a] Rh/CeO2-I was prepared by the impregnation method, Rh/CeO2-G by the 

Galvanic deposition, Rh/CeO2-C1, -C2, and -C3 by the colloid method. [b] 

Determined from XRF. [c] Calculated from H2 adsorption amount. [d] Calculated 

from CO adsorption amount. [e] Average size of colloidal Rh NPs determined 

using TEM observation (Figure S2) before deposition on CeO2. 

Figure 1. (a) NO, (b) CO, and (c) C3H6 conversion on the series of Rh/CeO2 

catalysts under a stoichiometric NO-CO-C3H6-O2 flow. Rh/CeO2-I (green open 

circle), -G (red closed circle), -C1 (blue triangle), -C2 (purple inverted triangle), 

and -C3 (black diamond). The results of Rh/CeO2-G shows the error by 

repeated experiment for three times. The reaction conditions are described on 

experimental section. 

For accurate analysis and comparison of the kinetics on 

the Rh catalysts, we need to obtain low reactant conversion (< 

ca. 20%) at an identical reaction temperature on all catalysts. 

Thus, the catalyst amounts (Rh/CeO2-I: 20 mg; the others: 5 mg) 

and the reaction temperature (210˚C) were adjusted to obtain 

NO conversion of 1-12%. Then, the turnover frequency (TOF) 

from the NO conversion at 210˚C and the number of Rh surface 

atom determined by H2 adsorption: TOF (s-1) = NO reduction 

rate at 210˚C (mol s-1) / Rh surface atom (mol). In Figure 2, the 

TOF was plotted against the size of Rh NPs. The TOF increases 

with the size of Rh NPs, indicating that larger Rh NPs have 

highly active species for the NO reduction. The result is 

consistent with the previous reports on supported Rh catalysts 

for NO-CO reaction.[4a, 12] Note that the size dependency of the 
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TOF (Figure 2) does not follow the fraction of surface local sites 

(corner, edge, and plane) of Rh NPs with a model structure, e.g., 

cuboctahedron.[5] One might consider that the surface structure 

contributes to the TOF. Actually, previous studies on Rh single 

crystal surface have demonstrated that lower coordinated Rh 

surface such as Rh(100), (110) and (311) have higher catalytic 

activity than Rh(111);[6] however, the Rh surface structure 

cannot account for the size dependent catalytic activity of Rh 

NPs, because Rh NPs show the oposit trend to Rh single crystal 

surfaces, and small Rh NPs with low coordinated sites at high 

fraction are less active. It is suggested that the other factor(s) 

than particle surface geometries determine the catalytic activity 

of Rh NPs for the NO reduction.  

Figure 2. Size dependence of TOF on RhNP size (black closed circle). 

Calculated fraction of surface sites on cuboctahedron models of RhNPs with 

various particle sizes: plane sites in red, edge in blue, and corner in green. 

The fraction of corner, edge, and plane atoms on Rh particles were calculated 

using the equations of the previous report[5] with modification of atomic radius 

with Rh one (2.68 Å) 

Previous studies have suggested that the catalytic activity 

of Rh NPs can be strongly affected by their oxidation states, 

which can be varied with the size of Rh NPs.[2a, 2b, 2d] Thus, we 

evaluated the fractions of Rh metal and oxide of the Rh catalysts 

using XPS. Figure 3 shows the Rh 3d XP spectra of the various 

Rh catalysts which were treated under the reaction gas flow at 

250˚C. The spectra were well fitted with two curves for Rh 3d5/2 

peak at ca. 307 eV, and other two curves for Rh 3d3/2 at ca. 312-

314 eV. The separated two peaks of Rh 3d5/2 at ca. 307 and 309 

eV are attributable to Rh metal and oxide, respectively.[13] The 

well fitted curves were Gaussian functions, although XPS 

profiles should be fitted with Voigt (Gaussian-Lorentzian) 

functions in principle, since they come from inherent 

photoemission (Lorentzian function) and instrument factor 

(Gaussian function). It is possible that the deconvoluted 

Gaussian peaks contain minor peaks due to slightly differently 

charged Rh species such as Rh0+ᵟ and Rh0-ᵟ in the Rh metal 

peak and RhOx+ᵟ and RhOx-ᵟ in the Rh oxide peak. In the present 

study, we simply evaluated Rh metal fraction from the area of 

two Gaussian functions of Rh metal and Rh oxide without 

considering minor charge variation in Rh metal and RhOx. Figure 

4 presents a plot of the TOF against the Rh metal fraction. The 

TOF drastically increases with the fraction of Rh metal species, 

suggesting that the fraction of Rh metal strongly contributes to 

the catalytic activity. The strong dependency of TOF on Rh 

metal fraction might suggests that neighboring Rh0 atoms 

enhance catalytic activity for the NO reduction. 

Figure 3. Rh 3d XP spectra of the various Rh catalysts after pretreatment 

under H2 for 10 min, O2 for 10 min at 450˚C, and NO-C3H6-CO-O2 reaction gas 

at 250˚C for 30 min. Experimental data: open circles, fitting results: solid lines, 

Gaussian functions: gray dashed lines. 

Figure 4. Plot of the TOF against the Rh metal fraction determined by the Rh 

3d XPS. 
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The Rh 3d XP spectra contain information about Rh 

species beneath NP surface (~ 1 nm).[14] In other words, we 

cannot confirm the oxidation states of Rh species at outermost 

surface of particles from the Rh 3d XP spectral analysis. To 

evaluate Rh metal fraction at outermost surface of Rh NPs, we 

utilized CO adsorption IR spectroscopy. 

Figure 5 shows the CO adsorption IR spectra of the Rh 

catalysts treated under NO-CO-C3H6-O2 gas flow at 250˚C. 

According to the literature, the bands observed at 2100-2070 

and 2030-2010 cm-1 are assignable to germinal dicarbonyl (twin 

CO) on Rh+, and the bands at 2070-2030 cm-1 to linearly 

adsorbed CO on Rh0.[4c, 12-13, 13d, 15] Rh/CeO2 with larger Rh 

particles presented the linear CO on Rh0 at higher relative 

intensity compared to the twin CO on oxidized Rh. It is 

suggested that larger Rh NPs have higher Rh0 fraction. The 

result is consistent with the XPS analysis. Another band at 1910-

1900 cm-1, which is clearly observed on the spectra of Rh/CeO2-I 

and -G, is assignable to bridge CO on Rh0 or on Rh-Ce 

interface.[4c, 13a, 13d, 15i-k] Since these catalysts showed relatively 

small band intensity of linearly adsorbed CO on Rh0, and also 

the XPS analysis indicated that the Rh0 fractions of these 

samples are relatively low, we assumed that the bridge CO band 

on Rh/CeO2-I and -G are due to bridge CO adsorption on the 

interface between Rh oxide speciess and CeO2.[13d] It should be 

also mentioned that the bridge CO was hardly observed on 

R/CeO2-C samples. The catalyst preparation using colloidal 

method might form less Rh-Ce interface than the other methods.

On the basis of above band assignment, we evaluated Rh0 

fractions using the band areas (Figure S4) and the reported 

extinction coefficients:[15i-k, 16] XRh0 = (Alinear/εlinear)/(Alinear/εlinear + 

Atwin/εtwin + Abridge/εbridge), where XRh0 is Rh0 fraction; Alinear, Atwin, 

and Abridge are the band areas due to linear, twin, and bridge CO 

adsorption, respectively; εlinear, εtwin, and εbridge are the respective 

extinction coefficients. The value of εtwin was quoted from the 

previous report by Rasband et al. (εlinear = 130 ± 50 cm-1). For 

εlinear and εbridge, different values have been reported,[15i-k] thus, 

we used the averaged (εlinear = 24 cm-1, εbridge = 78 cm-1), 

minimum (εlinear = 11 cm-1, εbridge = 36 cm-1), and maximum values 

(εlinear = 42 cm-1,εbridge = 137 cm-1) for the calculation. Figure 6 

presents a plot of the TOF against the Rh0 fraction evaluated 

from the IR bands. The TOF increases with the surface Rh0 

fraction, indicating that surface Rh metal species is highly active 

for the NO reduction. 

We conducted a regression analysis of the plot in Figure 6, 

which indicated that the TOF increases with ca. 5th power of the 

Rh metal fraction at outermost surface of Rh NPs. The strong 

dependency of TOF on the surface Rh0 fraction suggests that 

neighboring Rh0 atoms cause high NO-reduction activity. On the 

basis of the reaction mechanism,[10] NO reduction on Rh 

catalysts starts from dissociative adsorption of NO, for which 

adjacent two adsorption sites would be required. It should be 

also taken into consideration that C3H6 species act as reductants 

for the remaining O atoms on Rh surface. In line with the 

previous report on Pt catalysts, the remaining O atoms will react 

with C3H6 species adsorbed on neighboring Rh0 surface atoms 

to regenerate the active sites for NO adsorption.[10f] From this 

perspective, a probability of forming a Rh0 ensemble can be 

related to the catalytic activity. Since the 5th power of Rh0 

fraction is relevant to a probability of forming an ensemble 

composed of five Rh0 atoms, we propose that retention of such 

Rh0 ensembles or their easy formation during the reaction would 

be the key to enhancement of the catalytic activity of Rh 

catalysts for NO reduction in stoichiometric NO-CO-C3H6-O2 

conditions. 

We also calculated the TOF normalized by Rh0 surface 

atoms under the reaction conditions at 250°C (denoted as 

TOFRh0). The number of Rh0 surface atoms under the reaction 

conditions at 250°C was calculated from the total number of Rh 

surface atoms (determined by H2 adsorption after H2 reduction 

pretreatment) and the surface Rh0 fraction (determined by the 

CO adsorption IR after the treatment under the NO-CO-C3H6-O2 

reaction conditions). Figure 7 shows the dependence of TOFRh0 

on Rh particle size. The TOFRh0 increased with an increase in 

particle size, supporting that surroundings of a Rh0 surface atom 

affect the NO reduction activity. In other words, Rh0 ensembles 

lead to high activity for NO reduction. 

Figure 5. FT-IR spectra of CO adsorbed on the various Rh catalysts after 

treatment under the reaction gas flow at 250˚C for 30 min. L: Linear CO; T: 

Twin CO; B: Bridge CO. 
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Figure 6. Plot of the TOF against the Rh metal fraction determined from the 

CO adsorption IR spectra. Gray dotted line is the result of regression analysis: 

y = 6.0 ×10-12 x5.1. The illustration is a possible model of highly active Rh metal 

surface ensemble. 

 

Figure 7. Particle size dependence of turnover frequency calculated from 

number of Rh0 surface atoms (TOFRh0). The errors of TOFRh0s were 

calculated from the surface Rh0 fraction. 

We have demonstrated that Rh metal ensembles are 

highly active species for NO reduction. As the particle becomes 

larger, the formation probability of the Rh ensemble increases, 

and the catalytic activity per surface Rh atom increases. This 

result would be useful for catalyst design; however, we cannot 

necessarily propose that simple growth of Rh NPs is not an 

effective strategy for reduction of Rh usage because the particle 

growth causes an increase of inside Rh atoms not used for the 

reaction. Other morphologies that differ from usual NP structures 

would be needed for formation of highly active Rh metal 

ensembles at high atomic utilization efficiency. The importance 

of particle morphology might be shown by the difference of the 

TOFs between Rh/CeO2-G and -C1 (Table S1). These two 

catalysts have different TOFs, although their particle sizes were 

almost the same. The difference in the TOF is accounted for by 

Rh0 fraction, and the difference in Rh0 fraction between 

Rh/CeO2-G and –C1 can be derived from morphology of Rh 

nanoparticles. Actually, the bridge CO species was observed on 

the CO adsorption IR spectrum of Rh/CeO2-G, but hardly on 

Rh/CeO2-C1. Since Galvanic deposition method can form thin-

layered metal structure,[7b, 7e] Rh/CeO2-G might have a raft-like 

structure with Rh terrace sites at higher fraction compared to 

Rh/CeO2-C1 prepared from spherical colloidal Rh NPs. In line 

with this, extended thin metal layers such as plate are expected 

to be reasonable morphologies for improvement of Rh 

catalysts,[7e, 17] since Rh species on plane sites preserve metallic 

state compared to lower coordinated ones such as corner and 

edge atoms on a conventional NP structure. 

Conclusions 

The particle size dependence of Rh NPs for NO reduction under 

stoichiometric NO-CO-C3H6-O2 reaction was investigated using 

CeO2 supported Rh NPs of 2-7 nm prepared by various methods 

including impregnation, Galvanic deposition, and colloid 

methods. The TOF drastically increased with the particle size of 

Rh NPs. The size dependence was not accounted for by 

fractions of surface local sites of corner, edge, plane, or by the 

surface crystal structures. It is suggested that the oxidation 

states of Rh NPs are responsible for the NO reduction activity. 

Based on the results of Rh 3d XPS and CO adsorption FT-IR 

spectral analyses for Rh/CeO2 treated under the reaction 

conditions, it was indicated that Rh metal species leads to high 

activity for the NO reduction. The dependence of the TOF on the 

surface Rh metal fractions suggested that Rh metal ensembles 

are highly active species for the NO reduction. 

Experimental Section 

Materials. CeO2 was obtained from Daiichi Kigenso Kagaku Kogyo Co., 

LTD. (107 m2 g-1 of specific surface area). CeO2 powder was calcined at 

500˚C for 3 h before use. Rh powder was purchased from Mitsuwa. The 

other chemicals were purchased from Kishida Chemical Co., Ltd. 

Catalyst preparation. 1wt% Rh/CeO2 catalysts were prepared by the 

following four methods. 

i) Impregnation method: 495 mg of CeO2 and 8 mL of 6.07 mM RhCl3 aq. 

was added to 50 mL of water and stirred at r.t. for 1 h. The aqueous 

suspension was then evaporated at 60˚C. The resulting powder was 

dried at 80˚C overnight, and calcined at 300˚C at 3h under air. 

ii) Galvanic deposition method [7]: 495 mg of CeO2 was treated under a 

100 mL min-1 of H2 flow at 500˚C for 30 min in a 100 mL round-bottomed 

flask. After cooling to r.t. under H2 flow, the flask was purged with 100 mL 

min-1 of N2 flow for 10 min. To the reduced CeO2 (purple color), 8 mL of 

water was added, and then 8 mL of RhCl3 aq. (6.07 mM) was injected for 

5 s under stirring. After stirring for 15 min, the suspension was 

centrifuged to give a solid. The solid was washed twice with 40 mL of 

water, and dried at 80˚C overnight. 

iii) Colloid method [8]: 5.43 mL of RhCl3 aq. (Rh 0.033 mmol) and 

polyvinylpryrrolidone (PVP) were added to the following three solvents to 

obtain three kinds of RhNPs: methanol-water (25/25 mL/mL); ethanol (25 

mL); ethanol-water (25/25 mL/mL). The solutions were heated under 
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stirring and reflux at 85˚C in the case of methanol-water solution, and at 

100˚C in the case of ethanol containing solutions. After the solution was 

cooled to to r.t., 336.0 mg of CeO2 was added to each solution. The 

suspensions were stirred for 1 h, and then evaporated at 50˚C. The 

resulting solids were dried at 80˚C and calcined at 500˚C for 1 h. 

The Rh/CeO2 catalyst prepared by the impregnation method: Rh/CeO2-I; 

the catalyst prepared by the Galvanic deposition: Rh/CeO2-G; the three 

catalysts prepared by the colloid method: Rh/CeO2-C1, -C2, and -C3. 

Catalytic test. The catalysts were pretreated under O2 flow (40 mL min-1) 

at 450˚C for 10 min, under Ar for 10 min, and then under H2 flow (40 mL 

min-1) at 450˚C for 10 min. After cooling to 175˚C under Ar flow, catalytic 

reaction was performed on a conventional fixed-bed flow reactor at 

atmospheric pressure with 17.5 mg of catalyst inside a Pyrex glass tube 

under reaction gas flow (60 mL min-1) containing 1000 ppm of NO, 4000 

ppm of CO, 1000 ppm of C3H6, 6000 ppm of O2, and balance Ar (GHSV 

= 140000 h-1). The reaction temperature was increased stepwise from 

175 to 450˚C. The outlet gas concentrations were analyzed using NOx 

and CO/CO2 analyzer (Horiba VA3000), and recorded at steady state 

after 30min for each temperature. To determine the TOF from low NO 

conversion at an identical temperature, the catalyst amount and the 

reaction temperature were adjusted: 5 mg of Rh/CeO2-G and -C, and 20 

mg of Rh/CeO2-I were used at 210°C of the reaction temperature. 

Characterization. The loadings of Rh/CeO2 catalysts were determined 

by XRF (Rigaku, EDXL-300). H2 pulse and CO pulse measurement was 

performed on a BELCAT-B (MicrotracBEL) equipped with a thermal 

conductivity detector. The catalysts (50 mg) were treated at 450˚C under 

O2 for 10 min, He for 5 min, H2 for 10 min, and then He for 15 min (flow 

rate: 50 mL min-1). The catalysts were cooled under He to 0˚C using a 

cryostat (MicrotracBEL, CATCryo) for H2 adsorption. For CO adsorption 

measurement, after the same pretreatment as the H2 adsorption 

measurement, CO2 gas was flowed at 50˚C to avoid CO oxidation and 

adsorption on CeO2, and then CO adsorption was carried out at 50˚C. Rh 

metal dispersions and particle sizes of the catalysts were calculated from 

the Rh loading and H2 and CO adsorption amounts assuming spherical 

shape of Rh NPs 

Transmission electron microscope images and energy dispersive 

spectral images were obtained on a JEOL JEM-2100F at 200 kV of 

accelerating voltage. 

X-ray photoelectron spectra (XPS) of Rh 3d region were taken on a JPS-

9000MC system (JEOL Ltd.) using Mg K radiation. Binding energy was 

calibrated using C1s peak at 284.6 eV. The catalysts were pretreated 

under 10% O2/Ar for 10 min, 10% H2/Ar for 10 min at 450˚C, and cooled 

to 250˚C under Ar. Then, the catalysts were treated under the reaction 

gas (1000 ppm of NO, 4000 ppm of CO, 1000 ppm of C3H6, 6000 ppm of 

O2, and balance Ar) at 250˚C for 30 min. 

Diffusion reflectance infrared Fourier transform (DRIFT) IR 0spectra of 

CO adsorbed on the catalysts were taken on a JASCO FT/IR-6100 

(JASCO Co.) with a MCT detector. The catalysts were treated under 10% 

O2/Ar for 10 min, 10% H2/Ar for 10 min at 450˚C, and then cooled to 

250˚C under Ar. The catalysts were further treated under the reaction 

gas (1000 ppm of NO, 4000 ppm of CO, 1000 ppm of C3H6, 6000 ppm of 

O2, and balance Ar) at 250˚C for 30 min, and under a CO probe gas of 

1% CO/Ar at 50˚C for 15 min. After purging with Ar for 15 min, DRIFT 

spectra of CO adsorbed on the catalysts were taken at a 4 cm-1 of 

resolution. 
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species for the NO reduction.  
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