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Improved three-way catalytic activity of bimetallic Ir-

Rh catalyst supported on CeO2-ZrO2
†
 

Masaaki Haneda,a Takahiro Kaneko,a Naoto Kamiuchib and Masakuni Ozawac 

The addition of a small amount of Ir caused a significant increase in not only CO and C3H6 oxidation 
activity but also NO reduction activity of Rh/CeO2-ZrO2 with the Ce/Zr molar ratio of 1/4 for NO-CO-
C3H6-H2-O2 reaction in a stoichiometric condition. The optimum Ir/Rh atomic ratio was 1/9. Ir additive 
was found to suppress the preferential oxidation of CO and C3H6 by O2, leading to an improvement of 
the efficiency of CO and C3H6 utilization for NO reduction. Catalyst characterizations such as H2-TPR 
and X-ray absorption spectroscopy (XANES and EXAFS) revealed that Rh species in the Ir-Rh/CeO2-
ZrO2 samples is mainly present as Rh2O3 nanoparticles and the addition of small amount of Ir (Ir/Rh = 
1/9) can improve the reducibility of Rh2O3 nanoparticles. On the basis of surface analysis by XPS, FT-IR 
spectroscopy following CO adsorption and STEM observation, the formation of Ir-Rh nanoparticles 
composed of finely-divided Ir species on the surface of Rh particles with a size of 1 nm was considered 
to be responsible for high catalytic activity of Ir-Rh/CeO2-ZrO2 for NO-CO-C3H6-H2-O2 reaction. Ir-
Rh/CeO2-ZrO2 with Ir-Rh loading of 0.3 wt% showed still high catalytic performance, which is 
comparable with that of 0.5 wt% Rh/CeO2-ZrO2, leading to minimize the Rh usage. 
 

 

Introduction 

Three-way catalysts (TWCs) represent one of the most innovative 
technologies for automotive emission control. TWCs can work 
simultaneously and efficiently to reduce NO and to oxidize CO and 
hydrocarbons at the theoretical air/fuel (A/F) ratio of around 14.6. 
The catalytically active components in TWCs are platinum group 
metals (PGMs), such as platinum, palladium and rhodium, although 
oxygen storage materials such as CeO2-ZrO2 mixed oxides, which 
can widen the operational A/F window, are key components in 
TWCs.1 The total demand for PGMs for automotive catalysts is 
growing due to increasing environmentally awareness. Among them, 
Rh is the scarcest, and more than 80% of the world Rh demand is for 
use in TWCs.2 This is because Rh is the primary constituent in all 
TWCs for controlling NOx emission.3,4 Studies to minimize the use 
of Rh are gaining extensive attention as a result.5,6 

Improving the intrinsic performance of TWCs is the most 
important approach to develop highly active catalysts with low PGM 
loading. Extensive research and development has been performed for 
this purpose, and for example, the performance of TWCs has been 
improved by the addition of many kinds of promoters. Kawabata et 

al.7,8 investigated the additive effect of lanthanoid (La, Ce, Pr or Nd) 
on the catalytic performance of Rh/ZrO2 – TWC, and found that Rh 
catalyst supported on La-containing ZrO2 showed high performance 
for the removal of NOx and hydrocarbons. They explained the high 
catalytic activity of Rh/La-ZrO2 by the stabilization of Rh species in 
low oxidation state during the three-way catalytic reaction. Tanabe et 

al.9 reported that Rh can interact strongly with Nd2O3, resulting in 
Rh sintering suppression by the formation of Rh-O-Nd bond. 
However, the anchoring effect with adequate Nd2O3 was pointed out 
to cause a lowering of the reducibility of Rh species. 

On the other hand, Machida et al.10 proposed an importance of 
realization of optimum Rh – support interactions to develop highly 
active catalysts with minimized Rh loading. They extensively 
investigated the catalytic performance of Rh catalysts supported on 
various metal phosphate materials, which possess relatively high 
thermal stability, and reported that Rh/tridymite-AlPO4 showed the 
highest catalytic activity for NO-CO-C3H6-O2 reactions after high-
temperature ageing.11 High thermal stability of Rh species was 
accounted for by the creation of metal – support interaction via a Rh 
– O – P bond, and the highly dispersed Rh species interacting with 
AlPO4 can be easily reduced by the reaction gas because of weak Rh 
– O – P bond, resulting in high catalytic activity.12 We have recently 
reported that the catalytic activity of Rh supported on Y-stabilized 
ZrO2 for NO-CO-C3H6-O2 reaction under a stoichiometric condition 
is effectively improved by addition of small amount of CeO2 (5 
mol%).13 This improvement was ascribed to the formation of easily 
reducible Rh species by interacting with a Ce-Zr solid solution on 
the basis of TEM, H2-TPR and FT-IR spectroscopy following CO 
adsorption. Although ceria-based oxide is known to be not suitable 
support oxide for Rh because of the formation of stable Rh species in 
the oxide state,14.15 the catalyst design to stabilize Rh in active state 
and to make good use of the redox function of ceria-based oxide is 
an important issue.16-19 
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Bimetallic alloy systems have been extensively studied to 
improve the intrinsic performance of TWCs, leading to a minimum 
use of PGMs. Vedyagin et al.20 investigated the catalytic 
performance of Pd-Rh alloyed catalysts supported on Al2O3 for 
three-way catalytic reactions, and found that the bimetallic Pd-Rh 
catalysts showed higher activity than the monometallic catalysts 
after high-temperature ageing. This suggests that the combination of 
Rh and Pd leads to superior thermal stability. Renème et al.21 
revealed that the kinetics in NO/H2 reaction on Pd/Al2O3 is altered 
by addition of Rh. The predominant H2/O2 reaction on Pd/Al2O3 
depletes the surface hydrogen inducing the dissociation of NO on a 
nearest-neighbor vacant sites, suggesting a competitive adsorption of 
NO and H2/O2. The dissociation of NO preferentially occurs on Rh 
sites in bimetallic Pd-Rh/Al2O3, resulting in none competitive 
adsorption process. A synergistic Pt-Rh bimetallic catalysts 
supported on Al2O3 has also been reported to show superior 
performance for NO/H2 reaction.22  

It is well known that Pt and Pd can strongly adsorb CO, which is 
one of the major pollutants emitted from gasoline engines, leading to 
the inhibition of important reaction steps such as NO reduction and 
HC oxidation in three-way catalytic reaction. In case of bimetallic 
catalysts including Pt and Pd, CO molecule seems to be 
preferentially adsorbed on Pt and Pd.23,24 Therefore, the combination 
of Rh with another metal, which does not cause the reaction 
inhibition by CO, would be an important strategy to improve the 
intrinsic performance of TWCs. Among the PGMs, Ir has been 
reported to show unique catalytic property for NO reduction by CO 
in the presence and absence of O2.

25,26 We have also found that 
Ir/SiO2 – based catalysts show excellent catalytic activity for the 
selective reduction of NO with CO in the presence of excess 
oxygen.27,28 Fujitani et al.29,30 intensively investigated the adsorption 
behavior and reaction properties of NO and CO on Ir(111), and 
found that CO species preadsorbed on Ir(111) does not affect the 
adsorption of NO on hollow sites, indicating the presence of 
independent adsorption sites for CO and NO on Ir surface. Similar 
adsorptive properties of Ir have also been proposed by Chen et al.31 
Ir would be thus a good candidate as additive component in Rh – 
TWCs for NOx removal. 

In the present work, we have investigated the catalytic 
performance of bimetallic Ir-Rh catalysts supported on CeO2-ZrO2 
for NO-CO-C3H6-H2-O2 reaction in a stoichiometric condition. Since 
Ir/CeO2 shows excellent activity for NO reduction with C3H6 in a 
stoichiometric condition,32 the essential role of Ir in promoting NO 
conversion is discussed based on the reaction data as well as catalyst 
characterizations such as temperature-programmed reduction by H2 
(H2-TPR), X-ray absorption spectroscopy (XANES and EXAFS), X-
ray photoelectron spectroscopy (XPS) and Fourier transform infrared 
(FT-IR) spectroscopy following CO adsorption. 

Experimental 

Catalyst preparation 

CeO2-ZrO2 mixed oxide with the Ce/Zr molar ratio of 1/4 was 
prepared using a coprecipitation method using ammonium 
cerium(IV) nitrate (Wako Pure Chemical Industries) and 

zirconium(IV) oxynitrate (Wako Pure Chemical Industries) as 
precursor. To a solution of cerium and zirconium precursors was 
added an aqueous solution of ammonia as a precipitation agent at 
room temperature. The precipitate thus obtained was washed with 
distilled water, dried at 110 °C and then calcined at 800 °C for 3 h in 
air. The resulting CeO2-ZrO2 powder was then impregnated with a 
solution of Rh(NO3)3 (Ishifuku Metal Industry; Rh: 4.46 wt% in 
solution) and Ir(NO3)4 (Ishifuku Metal Industry; Ir: 7.91 wt% in 
solution), followed by drying at 110 ºC overnight and calcination at 
600 ºC for 3 h in air. The Ir/Rh atomic ratio was changed as follows: 
Ir/Rh = 0/1, 1/9, 1/4, 1/1, 4/1, 1/0. The total loading of Ir + Rh was 
fixed at 0.5 wt% unless otherwise specified. 

Structural characterization 

The BET surface area of the catalysts was determined by N2 
physisorption at liquid nitrogen temperature using Micromeritics 
ASAP 2010, after evacuating the samples at 200 ºC for 1 h. X-ray 
diffraction (XRD) patterns were recorded using a Rigaku MiniFlex 
diffractometer with Cu Kα radiation at 30 kV and 15mA. The 
scanning was done from 2θ = 20 – 60 º at a speed of 1 deg min-1. 
The XPS analyses were performed with a ULVAC-PHI PHI-5000 
using a monochromated Al Kα radiation (hν = 1486.6 eV). The 
binding energy was corrected by the contaminated carbon (284.6 
eV). The local structures around Rh ions were studied by measuring 
the Rh K-edge X-ray absorption spectra using the BL-14B2 at the 
SPring-8 facility (Hyogo, Japan) with a ring energy of 8.0 GeV and a 
stored current of 100 mA. XAFS spectra were recorded in a 
fluorescent mode at room temperature with a Si(311) channel cut 
monochromator. STEM images were obtained with a JEM-
ARM200F (JEOL), operating at the acceleration voltage of 200 kV. 
The elemental analysis was performed by combining 
STEM/HAADF images with EDS (EDAX Inc.). 

Dispersion and reducibility of Rh-Ir 

The dispersion of Ir-Rh was calculated from CO chemisorption 
measured by the pulse method at room temperature, in which the 
sample was first reduced with H2 at 400 ºC for 1 h and then cooled 
to room temperature in flowing He. H2-TPR measurement was 
conducted to estimate the reducibility of the catalysts. The TPR 
profiles were obtained from room temperature to 600 °C in a 30 
cm3min-1 flow of 5% H2/Ar at a heating rate of 10 °C min–1. The 
consumption of H2 was monitored using a thermal conductivity 
detector (TCD). 

Infrared spectroscopy 

FT-IR spectra of adsorbed CO species were taken with a JASCO 
FT/IR 4200 spectrometer at a resolution of 4 cm-1 under a static 
condition. Prior to each experiment, a self-supporting sample disk 
(14 mg·cm-2) was placed in an IR cell with CaF2 windows, 
pretreated with hydrogen at 40.0 kPa for 1 h, and then evacuated at 
400 ºC for 2 h. The background spectrum of the treated surface was 
measured for spectral correction at room temperature. Observation 
of surface species was carried out after introduction of CO at 6.67 
kPa at room temperature. 
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Catalytic activity measurement 

Catalytic activity was evaluated using a fixed-bed continuous flow 
reactor. A sample of the catalyst (0.1 g) was held in a quartz tube (10 
mm i.d.) by packing quartz wool at both ends of the catalyst bed. 
Prior to each reaction, the catalyst was pretreated in the flow of 1% 
H2/N2 at 400 °C for 1 h. The reaction gas was a stoichiometric 
mixture of 0.1% NO, 400 ppm C3H6, 0.3% CO, 0.1% H2, 0.33% O2, 
2% H2O and the balance comprising N2. The flow rate of the 
reaction gas was 500 cm3min–1, which corresponds to 250,000 h–1 in 
GHSV. The catalytic activity was measured while raising the 
temperature from 40 to 600 °C at a rate of 4 °C min–1. The 
concentrations of NOx, O2, CO and CO2 and the total hydrocarbons 
in the effluent gas were continuously monitored using an on-line gas 
analyzer, Horiba, PG-240 and Shimadzu, VMS-1000F, respectively. 

Results and discussion 

Physico-chemical properties of Ir-Rh/CeO2-ZrO2 

Table 1 summarizes the BET surface area of and the dispersion of 
Ir-Rh in Ir-Rh/CeO2-ZrO2 samples. Although the BET surface area 
of CeO2-ZrO2 was slightly decreased by addition of Rh and Ir, no 
significant difference was observed for Ir-Rh/CeO2-ZrO2 with 
different Ir/Rh ratio. The dispersion of Ir-Rh was found to be 
monotonously decreased when Ir was added to Rh.  

 
 
Fig. 1 XRD patterns of (a) CeO2-ZrO2, (b) Rh/CeO2-ZrO2 (Ir/Rh=0/1), (c) Ir-
Rh/CeO2-ZrO2 (Ir/Rh=1/9), (d) Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/4), (e) Ir-
Rh/CeO2-ZrO2 (Ir/Rh=1/1), (f) Ir-Rh/CeO2-ZrO2 (Ir/Rh=4/1) and (g) 
Ir/CeO2-ZrO2 (Ir/Rh=1/0). 
 
 

Fig. 1 shows the XRD patterns of Ir-Rh/CeO2-ZrO2 samples. It 
was verified that CeO2-ZrO2 possesses a fluorite-type structure 
despite a large amount of zirconium, indicating the formation of 
solid solution. This is in good agreement with our previous 
reports.33 The addition of Ir and Rh into CeO2-ZrO2 did not cause a 
change in their XRD patterns, suggesting no structural change of 
CeO2-ZrO2. It is also noteworthy that XRD peaks ascribed to Ir and 
Rh species were not detected in the XRD patterns of Ir-Rh/CeO2-
ZrO2 irrespective of Ir/Rh ratios. This is probably due to high 
dispersion state of Ir-Rh species and its low content. 

 
 
Fig. 2 Raman spectra of (a) CeO2-ZrO2, (b) Rh/CeO2-ZrO2 (Ir/Rh=0/1), (c) 
Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9), (d) Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/4), (e) Ir-
Rh/CeO2-ZrO2 (Ir/Rh=1/1), (f) Ir-Rh/CeO2-ZrO2 (Ir/Rh=4/1) and (g) 
Ir/CeO2-ZrO2 (Ir/Rh=1/0). 
 

In order to obtain information on the structure of CeO2-ZrO2, Ir 
and Rh species, Raman spectra of Ir-Rh/CeO2-ZrO2 were measured, 
because Raman spectroscopy is a more sensitive method for 
identifying changes in M–O bond arrangement. As shown in Fig. 
2(a), five distinct Raman bands were detected at 143, 255, 314, 458 
and 628 cm-1 in the Raman spectrum of CeO2-ZrO2, which are 
characteristic of the tetragonal phase.34-36 Although CeO2-ZrO2 was 
suggested to possess a fluorite-type structure by XRD, Raman 
spectroscopy revealed the presence of tetragonal phase as crystal 
structure of CeO2-ZrO2. It appears that no significant difference in 
the Raman spectra of Ir-Rh/CeO2-ZrO2 was observed, indicating 
that Rh and Ir do not affect the crystal structure of CeO2-ZrO2. 
When Ir content was increased up to the Ir/Rh ratio of 1/1, weak but 

Table 1. BET surface area and Ir-Rh dispersion for Ir-Rh/CeO2-ZrO2. 
Catalyst Rh (wt%) Ir (wt%) BET surface area (m2g-1) Ir-Rh dispersion 

(CO/IrRh) 

CeO2-ZrO2 0.00 0.00 63.9 --- 
Rh/CeO2-ZrO2 (Ir/Rh=0/1) 0.50 0.00 62.9 0.83 
Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9) 0.41 0.09 61.5 0.76 
Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/4) 0.34 0.16 62.8 0.62 
Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/1) 0.17 0.33 60.7 0.38 
Ir-Rh/CeO2-ZrO2 (Ir/Rh=4/1) 0.06 0.44 60.2 0.16 
Ir/CeO2-ZrO2 (Ir/Rh=1/0) 0.00 0.50 60.7 0.09 
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distinct bands were detected at 549 and 723 cm-1, which can be 
assigned to IrO2.

37,38 The intensity of these bands increased with 
increasing Ir content. This indicates that iridium is present as IrO2 in 
the catalyst. On the other hand, no Raman bands ascribed to RhOx 
species, which are reported to be detected at ~540 cm-1,39 were 
observed in the Raman spectra of Ir-Rh/CeO2-ZrO2. In accordance 
with the results of Rh dispersion given in Table 1, Rh species are 
expected to be highly dispersed on the surface of CeO2-ZrO2. 

 
 
Fig. 3 Change in (A) CO conversion, (B) C3H6 conversion and (C) NO 
conversion as a function of temperature for NO-CO-C3H6-H2-O2 reaction 
over Rh/CeO2-ZrO2 (Ir/Rh=0/1) (�), Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9) (�), Ir-
Rh/CeO2-ZrO2 (Ir/Rh=1/4) (�), Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/1) (�), Ir-
Rh/CeO2-ZrO2 (Ir/Rh=4/1) (�) and Ir/CeO2-ZrO2 (Ir/Rh=1/0) (�). 

Catalytic activity of Ir-Rh/CeO2-ZrO2 

Fig. 3 shows the temperature dependence of conversion efficiencies 
of NO, CO and C3H6 over Ir-Rh/CeO2-ZrO2 with different Ir/Rh 
ratio, which was reduced at 400 ºC as pretreatment, for NO-CO-
C3H6-H2-O2 reaction. It seems that the oxidation of CO and C3H6 
and the reduction of NO simultaneously take place on Ir-Rh/CeO2-
ZrO2 in the entire temperature range. This is in accordance with 
previous reports in which the catalytic activity of supported Rh 
catalysts for simulated stoichiometric exhaust gas containing NO, 
CO, C3H6 and O2 has been evaluated.10,11,13 As can be seen in Fig. 3, 
it is of interest that the addition of a small amount of Ir caused a 
significant increase in not only CO and C3H6 oxidation activity but 
also NO reduction activity, indicating that Ir additive can improve 
the TWC activity of Rh catalysts. The highest TWC activity was 
achieved on Ir-Rh/CeO2-ZrO2 with Ir/Rh atomic ratio of 1/9. It 

should be noted that the presence of excess amount of Ir additive 
caused a decrease in the TWC activity of Rh catalysts. 
 As can be seen in Figs. 3(A) and (B), CO and C3H6 oxidation 
activity of Ir-Rh/CeO2-ZrO2 with higher Ir/Rh atomic ratio was 
monotonously decreased with increasing Ir content. On the other 
hand, no significant difference in the NO reduction activity of Ir-
Rh/CeO2-ZrO2 with higher Ir/Rh atomic ratio was observed. These 
results suggest that Ir additive can alter the efficiency of CO and 
C3H6 utilization for NO reduction, which means the reaction 
selectivity of NO, CO and C3H6 molecules, on Rh/CeO2-ZrO2. In 
order to confirm this idea, the efficiency of CO and C3H6 utilization 
was defined as the ratio of “number of reduced NO molecules” 
toward “number of oxidized CO and C3H6 molecules”. Here, the 
efficiency of H2 utilization was excluded, because the concentration 
of H2 in the reaction gas was not measured by on-line gas analyser 
employed in this study. In addition, we have observed no significant 
difference in NO conversion on Rh/CeO2-ZrO2 and Ir-Rh/CeO2-
ZrO2 (Ir/Rh=1/9) in the absence and presence of H2 in another set of 
experiment, suggesting that H2 does not directly act as reducing 
agent for the reduction of NO. Fig. 4 shows the efficiency of CO 
and C3H6 utilization for NO reduction on Ir-Rh/CeO2-ZrO2 thus 
estimated. It appears that Ir/CeO2-ZrO2 gave relatively high 
efficiency of CO and C3H6 utilization compared with Rh/CeO2-
ZrO2, indicating that Ir additive can suppress the preferential 
oxidation of CO and C3H6 by O2. In fact, the efficiency of CO and 
C3H6 utilization for Ir-Rh/CeO2-ZrO2 was higher than that for 
Rh/CeO2-ZrO2 and lower than that of Ir/CeO2-ZrO2.  
 Although the dispersion of Ir-Rh was monotonously decreased 
when Ir was added to Rh (Table 1), the highest TWC activity was 
achieved on Ir-Rh/CeO2-ZrO2 with Ir/Rh atomic ratio of 1/9. Taking 
into account the fact that Rh/CeO2-ZrO2 showed higher TWC 
activity than Ir/CeO2-ZrO2, Rh species can be considered to be the 
catalytically active component. Therefore, Ir additive is suspected to 
affect the chemical state of Rh species, resulting in the improvement 
of catalytic performance. Effect of Ir additive on the chemical state 
of Rh species will be discussed below. 

 
Fig. 4 Efficiency of CO and C3H6 utilization for NO reduction on over 
Rh/CeO2-ZrO2 (Ir/Rh=0/1) (�), Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9) (�), Ir-
Rh/CeO2-ZrO2 (Ir/Rh=1/1) (�) and Ir/CeO2-ZrO2 (Ir/Rh=1/0) (�). 
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Reducibility of Ir-Rh species by H2-TPR 

Fig. 5 shows H2-TPR profiles of Ir-Rh/CeO2-ZrO2 with different 
Ir/Rh ratio. Very broad H2 consumption peak was observed for 
CeO2-ZrO2 in the temperature range above 500 ºC. Rh/CeO2-ZrO2 
and Ir/CeO2-ZrO2 gave H2 consumption peak at 98 and 161 ºC, 
respectively, which can be ascribed to the reduction of Rh 
oxide5,9,40-42 and Ir oxide species,28,32 and/or their interface with 
CeO2-ZrO2. It is noteworthy that the reducibility of Rh species 
supported on CeO2-ZrO2 is quite different depending on the amount 
of Ir additive. When a small amount of Ir was added to Rh/CeO2-
ZrO2 (Ir/Rh=1/9), a shift of the H2 consumption peak from 98 to 90 
ºC was observed, indicating that the addition of a small amount of Ir 
can improve the reducibility of Rh species. However, further 
increase in Ir additive caused a shift of H2 consumption peak to 
higher temperature. 

It should be noted that Ir-Rh/CeO2-ZrO2 gave one H2 
consumption peak in the H2-TPR profile. If Rh and Ir oxide species 
are independently present on the surface of CeO2-ZrO2, two peaks at 
around 98 and 161 ºC attributed to the reduction of Rh oxide and Ir 
oxide species must be observed. Therefore, it can be expected the 
creation of intimate contact of Rh species with Ir species, suggesting 
the uniform dispersion of Ir species on Rh particles or vice versa. 

Valence state of Rh species after H2 treatment by XAFS and 

XPS 

The creation of intimate contact of Rh species with Ir species would 
lead us to consideration that the surface valence state of Rh particles 
interacted with Ir species in Ir-Rh/CeO2-ZrO2 is different from that 
of Rh particles supported on CeO2-ZrO2. In order to verify this 
hypothesis, X-ray absorption measurements were performed for 
Rh/CeO2-ZrO2 and Ir-Rh/CeO2-ZrO2 with Ir/Rh = 1/9. Here, the 
samples were reduced in the flow of 1% H2/N2 at 400 °C for 1 h as 
pretreatment, because the reducibility of Rh species in the latter 
catalyst was quite high (Fig. 5) and the pre-reduced latter catalyst 

showed the highest TWC activity (Fig. 3). 
 

 
 
Fig. 5 H2-TPR profiles of (a) CeO2-ZrO2, (b) Rh/CeO2-ZrO2 (Ir/Rh=0/1), (c) 
Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9), (d) Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/4), (e) Ir-
Rh/CeO2-ZrO2 (Ir/Rh=1/1), (f) Ir-Rh/CeO2-ZrO2 (Ir/Rh=4/1) and (g) 
Ir/CeO2-ZrO2 (Ir/Rh=1/0). 

 Fig. 6(A) shows Rh K-edge XANES (X-ray absorption near 
edge structure) spectra of Rh/CeO2-ZrO2 and Ir-Rh/CeO2-ZrO2 with 
Ir/Rh = 1/9 after the reduction treatment at 400 °C together with that 
of pure Rh foil and Rh2O3 as reference sample. The XANES spectra 
of Rh/CeO2-ZrO2 and Ir-Rh/CeO2-ZrO2 were very similar to that of 
Rh2O3, indicating that Rh is present in the +3 oxidation state 
irrespective of Ir additive. Fig. 6(B) shows Fourier transforms of the 
k3-weighted EXAFS (extended X-ray absorption fine structure) 
spectra, phase-shift uncorrected, of Rh/CeO2-ZrO2, Ir-Rh/CeO2-

 
 

Fig. 6 (A) Rh K-edge XANES and (B) Fourier transforms EXAFS spectra of (a) Rh/CeO2-ZrO2 (Ir/Rh=0/1) and (b) Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9) after 
the reduction treatment at 400 °C and (c) Rh2O3 and (d) Rh foil. 
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ZrO2 and two references (Rh foil and Rh2O3). Rh/CeO2-ZrO2 and Ir-
Rh/CeO2-ZrO2 with Ir/Rh = 1/9 showed the peak at around 0.16 nm, 
which is attributed to a Rh – O shell.12,43 However, the second (Rh – 
Rh) and third shells (Rh – O – Rh) were not observed. These results 
suggest that Rh species in the samples is mainly present as Rh2O3 
nanoparticles. 
 In order to gain information on the surface electric state of Rh, 
XPS measurements were performed for Rh/CeO2-ZrO2 and Ir-
Rh/CeO2-ZrO2 with Ir/Rh = 1/9 before and after the reduction 
treatment at 400 °C. Fig. 7 shows the XPS spectra of Ir-Rh/CeO2-
ZrO2 samples in the Rh 3d region. The peak of the Rh 3d5/2 binding 
energy for the samples without reduction treatment appeared at 
around 309.2 eV, the value of which is in agreement with the 
reference data for Rh2O3.

43 This indicates that the surface of Rh 
species in the Ir-Rh/CeO2-ZrO2 samples without reduction treatment 
is stabilized in the +3 oxidation state irrespective of Ir additive. 
When Ir-Rh/CeO2-ZrO2 sample was reduced with H2 at 400 °C, in 
addition to Rh3+ species, the Rh 3d5/2 peak ascribed to Rh0 was also 
detected at around 308.1 eV. The peak area ratio, A308.1 eV/A309.2 eV, 
was found to be 0.581 and 0.754 for Rh/CeO2-ZrO2 and Ir-
Rh/CeO2-ZrO2, respectively, indicating that the latter sample 
contains relatively larger amount of Rh0 species than the former 
one. In accordance with the results of H2-TPR, the addition of a 
small amount of Ir can improve the reducibility of Rh species. 

 
 
Fig. 7 Rh 3d XPS spectra of (a), (c) Rh/CeO2-ZrO2 (Ir/Rh=0/1) and (b), (d) 
Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9). Here, (a), (b) the samples as prepared and (c), 
(d) the samples after the reduction treatment at 400 °C. 

Surface chemical state of Ir-Rh species by FT-IR following CO 

adsorption 

Surface chemical state of Ir-Rh species supported on CeO2-ZrO2 
was investigated by measuring FT-IR spectra of CO species 
adsorbed on Ir-Rh/CeO2-ZrO2 samples reduced at 400 °C. As can be 
seen in Fig. 8(a), exposure of CO to Rh/CeO2-ZrO2, followed by 
evacuation at room temperature, gave distinct IR bands due to a 
gem-dicarbonyl species on Rh+ (Rh+(CO)2)

44-46 at 2018 and 2085 
cm-1 and a linearly bonded CO species on Rh0 (Rh0-CO)47-79 at 2055 

cm-1. Raskó et al.50 and Cavanagh et al.51 reported that the 
appearance of the bands due to gem-dicarbonyl and linearly bonded 
CO species depends on the Rh content in Rh/Al2O3 sample. The IR 
band due to linearly bonded CO species is favourable in case of 
Rh/Al2O3 with higher Rh content. This was ascribed to the 
formation of three dimensional Rhx crystallites in which there are 
Rh0 atoms surrounded only by Rh0 atoms. Therefore, Rh species 
supported on CeO2-ZrO2 prepared in this study are presumed to be 
present as three dimensional Rhx crystallites. When CO was 
adsorbed on Ir/CeO2-ZrO2 (Fig. 8(f)), in accordance with 
literature,27,52-54 the IR band assignable to CO species linearly 
bonded on Ir0 at 2081 cm-1 was observed. 
 As can be seen in Figs. 8(b)-(d), CO adsorption on Ir-Rh/CeO2-
ZrO2 with Ir/Rh = 1/9, 1/4 and 1/1 gave rise to completely different 
IR spectrum from that for Rh/CeO2-ZrO2 and Ir/CeO2-ZrO2. Strong 
IR band due to CO species linearly bonded on Rh0 at 2035 cm-1 
along with those of shoulder bands at 2018 and 2085 cm-1 which 
can be due to gem-dicarbonyl species was clearly observed, 
although the band intensity was decreased with Ir content because 
of a decrease in the Ir-Rh dispersion (Table 1). It should be noted 
that the addition of Ir into Rh/CeO2-ZrO2 caused a significant shift 
of IR band due to Rh0-CO from 2055 to 2035 cm-1. These results 
suggest that not only the surface electric state of Rh species but also 
the surface morphology of Rh particles were drastically modified by 
Ir additive. 

 
 
Fig. 8 FT-IR spectra of CO species adsorbed remaining on (a) Rh/CeO2-
ZrO2 (Ir/Rh=0/1), (b) Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/9), (c) Ir-Rh/CeO2-ZrO2 
(Ir/Rh=1/4), (d) Ir-Rh/CeO2-ZrO2 (Ir/Rh=1/1), (e) Ir-Rh/CeO2-ZrO2 
(Ir/Rh=4/1) and (f) Ir/CeO2-ZrO2 (Ir/Rh=1/0) after evacuation at room 
temperature. 

Presumed surface state of Rh particles in Ir-Rh/CeO2-ZrO2 

As can be seen in Fig. 6(B), no peaks ascribed to the presence of Rh 
– Ir bonding was observed in the EXAFS spectrum of Ir-Rh/CeO2-
ZrO2 sample with Ir/Rh = 1/9, which showed the highest TWC 
activity (Fig. 4). This suggests that the alloyed Ir-Rh particles were 
not formed in the Ir-Rh/CeO2-ZrO2 sample. On the other hand, the 
finding that one H2 consumption peak was observed in the H2-TPR 
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profile of Ir-Rh/CeO2-ZrO2 with various Ir/Rh atomic ratios (Fig. 5) 
clearly suggests that Rh nanoparticles are strongly interacted with Ir 
species, resulting in the uniform dispersion of Ir species on Rh 
particles or vice versa.  

FT-IR spectroscopy following CO adsorption revealed that not 
only the surface electric state of Rh species but also the surface 
morphology of Rh particles were drastically modified by Ir additive 
(Fig. 8). Namely, strong IR band due to CO species linearly bonded 
on Rh0 was predominantly observed for Ir-Rh/CeO2-ZrO2, whereas 
the IR bands due to Rh+(CO)2 were main peaks in the IR spectrum 
for Rh/CeO2-ZrO2. Similar change in the IR spectra observed for 
single and bimetallic samples has been reported by Van Slooten and 
Nieuwenhuys.55 They measured the FT-IR spectra of CO species 
adsorbed on Pt/SiO2, Rh/SiO2 and Pt-Rh/SiO2, and observed a shift 
of IR band due to CO species linearly coordinated to Pt or Rh and a 
disappearance of gem-dicarbonyl bands for Pt-Rh/SiO2. They 
concluded that Pt-Rh/SiO2 catalyst does not contain isolated Rh 
atoms and, hence, that the Rh atoms are present in alloy particles. In 
the present study, the IR spectra observed for IrRh/CeO2-ZrO2 was 
found to be completely different from that for Rh/CeO2-ZrO2 (Fig. 
8), suggesting the absence of isolated Rh particles in the Ir-
Rh/CeO2-ZrO2 samples. No change in the characteristics of IR 
spectra for Ir-Rh/CeO2-ZrO2 was also observed when Ir/Rh atomic 
ratio was changed from 1/9 to 1/1.  

 
 
Fig. 9 (A) STEM/HAADF and (B) STEM/BF images of Ir-Rh/CeO2-ZrO2 
(Ir/Rh=1/9) after the reduction treatment at 400 °C. 

STEM and EDS analyses revealed that Ir-Rh particle were 
highly dispersed with a size of 1 nm over the surface of CeO2-ZrO2 
(Fig. 9 and Fig. S1 in ESI† for the elemental analysis of the 
nanoparticles). Taking into account the fact that the amount of Rh 
atoms in the catalyst is higher than that of Ir atoms, the formation of 
Ir-Rh nanoparticles composed of finely-divided Ir species on the 
surface of Rh particles can be considered. This would be responsible 
for high catalytic activity of IrRh/CeO2-ZrO2 with Ir/Rh atomic ratio 
of 1/9. It is also noteworthy that Ir-Rh/CeO2-ZrO2 with Ir/Rh atomic 
ratio of 1/9 showed higher efficiency of CO and C3H6 utilization for 
NO reduction than that with Ir/Rh = 1/1 (Fig. 4). Such high 
efficiency of CO and C3H6 utilization would also be related to the 
strong interaction between finely-divided Ir species and Rh particles. 
When Ir content was increased up to the Ir/Rh atomic ratio of 1/1, 
the presence of small particles composed of Ir and Rh species was 
also recognized by STEM and EDS analyses (Fig. S2 in ESI† for the 
elemental analysis of the nanoparticles).  However, as summarized 

in Table 1, the Ir-Rh dispersion estimated from the amount of CO 
chemisorption was clearly decreased with increasing the Ir content. 
Therefore, slightly agglomerated Ir particles are suspected to 
interact with Rh particles, leading to a decrease of TWC 
performance including activity and selectivity. 

Effect of Ir-Rh loading on the TWC activity of Ir-Rh/CeO2-

ZrO2 

Because the studies of ways to lessen the amount of Rh usage in 
automotive catalysts are important issue from practical point of 
view, the effect of IrRh loading on the TWC activity of Ir-Rh/CeO2-
ZrO2 with Ir/Rh = 1/9, which showed the highest activity, was 
examined. Fig. 10 shows the relationship between the Ir-Rh loading 
and the light-off temperature, T50%, at which the conversion reaches 
50%, for Ir-Rh/CeO2-ZrO2 along with the T50% value for 0.5 wt% 
Rh/CeO2-ZrO2. It appears that the T50% value was increased with 
decreasing Ir-Rh loading, indicating the decrease in the TWC 
performance. However, the threshold Ir-Rh loading at which the 
T50% value is steeply risen is slightly different for CO and C3H6 
oxidation and NO reduction. Namely, the threshold Ir-Rh loading for 
NO reduction is 0.3 wt%, while that for C3H6 oxidation is 0.4 wt%. 
In case of CO oxidation, the T50% value was gradually increased with 
Ir-Rh loading. As given in Fig. 10, the T50% values for CO and C3H6 
oxidation and NO reduction on 0.5 wt% Rh/CeO2-ZrO2 were found 
to be 242, 337 and 318 °C, respectively. The TWC performance of 
0.3 wt% Ir-Rh/CeO2-ZrO2 seems to be comparable with that of 0.5 
wt% Rh/CeO2-ZrO2. Therefore, Ir-Rh/CeO2-ZrO2 is effective 
catalyst leading to minimize the Rh usage.  

 
 
Fig. 10 Change in the light-off temperature (T50%) of CO conversion (�,�), 
C3H6 conversion (�,�) and NO conversion (�,) over Ir-Rh/CeO2-ZrO2 
(Ir/Rh=1/9) (�,�,�) and 0.5 wt% Rh/CeO2-ZrO2 (Ir/Rh=0/1) (�,�,) as 
a function of Ir-Rh loading. 

Conclusions 

The effect of Ir additive on the catalytic performance of Rh/CeO2-
ZrO2 with the Ce/Zr molar ratio of 1/4 for NO-CO-C3H6-H2-O2 
reaction in a stoichiometric condition was investigated. The 
dispersion of Ir-Rh estimated by CO chemisorption method was 
monotonously decreased with increasing the Ir content. 
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Nevertheless, the catalytic activity of Rh/CeO2-ZrO2 for three-way 
catalytic reactions (CO and C3H6 oxidation and NO reduction) was 
significantly improved by addition of a small amount of Ir. The 
optimum Ir/Rh atomic ratio was 1/9. Ir additive was found to 
increase the efficiency of CO and C3H6 utilization for NO reduction, 
which means the reaction selectivity of NO, CO and C3H6 
molecules, on Rh/CeO2-ZrO2. 
 H2-TPR measurements exhibited that H2 consumption peak due 
to the reduction of Rh species was clearly lowered by addition of Ir 
with Ir/Rh = 1/9, indicating an increase in the reducibility of Rh 
species. Surface chemical analysis by X-ray absorption spectroscopy 
(XANES and EXAFS) and XPS revealed that Rh species in the Ir-
Rh/CeO2-ZrO2 samples is mainly present as Rh2O3 nanoparticles and 
that the surface of Rh species is in the catalytically active reducing 
state by interacting with Ir. Although an appearance of IR bands due 
to a gem-dicarbonyl species on Rh+ (Rh+(CO)2) was predominantly 
observed when CO was adsorbed on Rh/CeO2-ZrO2, strong IR band 
due to CO species linearly bonded on Rh0 was observed for Ir-
Rh/CeO2-ZrO2 samples. On the basis of these results, we concluded 
that the formation of Ir-Rh nanoparticles composed of finely-divided 
Ir species on the surface of Rh particles with a size of 1 nm was 
considered to be responsible for high catalytic activity of Ir-
Rh/CeO2-ZrO2 for NO-CO-C3H6-H2-O2 reaction.  
 We finally examined the effect of Ir-Rh loading on the catalytic 
performance of Ir-Rh/CeO2-ZrO2 with Ir/Rh = 1/9 for the three-way 
catalytic reactions, and found that Ir-Rh/CeO2-ZrO2 showed still 
high catalytic performance as Ir-Rh loading was decreased to 0.3 
wt%. Ir-Rh/CeO2-ZrO2 is effective catalyst leading to minimize the 
Rh usage. 
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The addition of a small amount of Ir caused a significant increase in the TWC performance of 
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