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Reversible low-temperature redox activity and selective oxidation 
catalysis derived from concerted activation of multiple metal 
species on Cr and Rh-incorporated ceria catalysts 
Satoru Ikemoto,a Xiubing Huang,b Satoshi Muratsugu,*a,c Shoko Nagase,a Takanori Koitaya,c,d 
Hirosuke Matsui,a Gen-ichi Yokota,a Takatoshi Sudoh,a Ayako Hashimoto,c,e Yuanyuan Tan,b 
Susumu Yamamoto,f Jiayi Tang,g Iwao Matsuda,f Jun Yoshinobu,f Toshihiko Yokoyama,d Shinpei 
Kusaka,h Ryotaro Matsuda,h and Mizuki Tada*a,b 

The ceria-based catalyst incorporated with Cr and the trace amount of Rh (Cr0.19Rh0.06CeOz) was prepared and the 
reversible redox performances and its oxidation catalysis of CO and alcohol derivatives with O2 at low temperatures (< 373 
K) were investigated. In situ X-ray absorption fine structure (XAFS), ambient-pressure X-ray photoelectron spectroscopy 
(AP-XPS), high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)-EDS/EELS and 
temperature-programmed reduction/oxidation (TPR/TPO) revealed the structures of and redox mechanisms of three 
metals in Cr0.19Rh0.06CeOz: dispersed Rh3+δ species (< 1 nm) and Cr6-γO3-x nanoparticles (~ 1 nm) supported on CeO2 in 
Cr0.19Rh0.06CeOz were transformed to Rh nanoclusters, Cr(OH)3 species and CeO2-x with two Ce3+-oxide layers at the surface 
in a concerted activation manner of the three metal species with H2.  

Introduction 
Ceria (CeO2) is well-known to have an oxygen storage/release 
capacity (OSC) and a unique property as catalyst support for 
precious metals, and it has been applied to a wide range of 
technologies such as automobile exhaust gas-cleaning three-
way catalysis, solid oxide fuel cells, solar cells, capacitance and 
chemical polishing.1-4 The OSC of CeO2 arises from the 
reversible redox property of Ce between +4 and +3 oxidation 
states; however, the OSC of pure CeO2 below 473 K is 
practically too low, and for the sufficient redox activity high 

temperatures above 673 K are usually required.3,5  
The addition of zirconia to ceria to form CeZrxOy solid 

solution particularly with an ordered atomic arrangement has 
been reported to promote OSC tremendously.2,3,6-8 The 
addition of 3d transition metals5,9-34 to CeO2 has been 
demonstrated to decrease the reduction temperature 
together with the increase the amount of reducible Ce ions. 
For examples, Ce1-xMxO2-y mixed oxides (M = Cr12,15,23, 
Mn10,19,23,25,27, Fe14,18,23,27,29,34, Co23,25,27, Ni25,26,27, Cu13,28) were 
reported to exhibit lower reduction temperatures than pure 
CeO2. It has been suggested that the reduction of 3d transition 
metal ions mainly contributed to the lowest reduction 
temperature region, and the contribution to Ce reduction was 
minor. The overall reduction of about 20 to 30% of Ce4+ to Ce3+ 
could be achieved on Ce1-xCrxO2-y,

12, Ce1-xFexO2-y,
18, Ce1-xNixO2-

y,
25

, CuO/CeO2
24; however, the reduction temperatures were in 

the range of 777 K and 1073 K, at which Ce4+ of the bulk CeO2 
was also reduced. Some systems such as Ce0.67Cr0.33O2-y

12 and 
Ce0.5Mn0.5O2-y

19 were reported to exhibit reversible redox 
behavior, but other systems such as Ce0.9Cu0.1O2-y

7 easily lost 
its redox activity after reoxidation although it could be reduced 
at around 383 K. 

The addition of noble metals35-54 to CeO2 has also been 
demonstrated to efficiently increase the amount of reducible 
Ce ions while greatly decreasing their reduction temperatures 
due to the facile reduction of noble metal ions incorporated in 
ceria, and the improved redox property has been influenced to 
its related catalytic activity. Noble metal ion supported/doped 
ceria systems (Ru/CeO2

53, Rh/CeO2
40,42,44,45,50,51,55, 

Pd/CeO2
42,44,47, Pt/CeO2

42,44,54 etc.:) and Ce1-xM’xO2-y mixed 
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oxides (M’ = Ru41, Rh39,43,46,52, Pd46,48) exhibited initial 
reduction of oxidized noble metal ions to zero-valent metal 
species, and this reduction facilitates the reduction of Ce4+ at 
the similar temperature. For examples, it is reported that the 
reduction of Rh species in Rh/CeO2 (1 wt% Rh)50 at 373-423 K 
occurred with the 23% of Ce4+ reduction, and the mobile 
oxygens of CeO2 determine the oxidation state of Rh species 
supported on CeO2. RhxCe1-xO2-y (X = 0.05, Rh: 5.5 wt%) solid 
solution52 exhibited that about 20% reduction of Ce4+ species 
was possible below 423 K together with the reversible redox 
and morphological change of Rh species (Rh3+

xCe1-xO2-y ↔ 
Rhn

δ+/CeO2-y). However, the redox reversibility of some Ce1-

xM’xO2-y mixed oxides were reported to be poor. The reduction 
of Ce0.89Pd0.11O2-y

46 proceeded at 335 K, but it was irreversible. 
Ce0.89Rh0.11O2-y

46 showed a reversible redox activity at 353 K, 
but the redox was limited to only Rh species and Ce reduction 
was negligible at the low temperature.  

The combination of two or more metal species and CeO2 has 
also been also investigated to improve the redox property of 
Ce ions and catalytic activity55-75. On Pt/Ce0.75Zr0.25O2

58, the 
ceria reduction reaction with CO proceeded in the kinetically 
limited regime at 773 K. On Pt/ordered Ce2Zr2O7 with 
remarkable OSC property61, the supported Pt nanoparticles 
significantly promoted the the reduction of Ce2Zr2O7 with H2 
above 573 K. On Pd/CeO2–ZrO2–Pr2O3

67, the number of oxygen 
vacancies increased with the increasing Zr, enhancing metal-
support interaction and exhibiting better catalytic activity of 
CO and NO2 elimination. Ni/ordered Ce2Zr2Ox (x = 7–8) samples 
catalysed  methane steam reforming above 673 K and showed 
a discontinuity at x = 7.5 depending on surface oxygen vacancy 
and oxygen diffusion efficiency.68 CeO2-based solid solutions 
with transition metal ions and noble metal ions36,37 (e.g. 
Ce0.83Ti0.15Pt0.02O2-y

60, Ce0.89Fe0.1Pd0.01O2-y
63, and 

Ce0.88M0.1Pd0.02O2-y (M = Mn, Co, Ni, Cu)65) drastically improved 
the redox performances (temperature, amount of Ce4+ species, 
reproducibility) of solid solutions with only one additional 
metal ion, and it was suggested that both the reduction of Ce4+ 
and transition metal ions were proceeded after the reduction 
of noble metal ions. Ce0.83Ti0.15Pt0.02O2-y

60 showed three 
temperature-programmed reduction (TPR) peaks from 223 K 
to 393 K (attributed to three redox couples Pt2+/Pt0, Ti4+/Ti3+, 
and Ce4+/Ce3+). Ce0.89Fe0.1Pd0.01O2-y

63 showed a TPR peak at 378 
K, and it is suggested that this peak contained not only 
Pd2+/Pd0 redox couples but also Fe3+/Fe2+ and Ce4+/Ce3+ redox 
couples. Ce0.88Ni0.1Pd0.02O2-y

65 exhibited a small TPR peak at 
around 343 K, but it made little contribution to the overall OSC 
of the mixed oxide. Thus, it is still difficult to achieve reversible 
redox performances with the reduction of Ce4+ sites below 373 
K in addition to the reduction of additional metal species in 
mixed oxides. 

In the present work, we report the structure, reversible low-
temperature redox performances, and oxidation catalysis of a 
new ceria-based catalyst incorporated with Cr and a trace 
amount of Rh (Cr0.19Rh0.06CeOz). The ceria-based catalyst 
Cr0.19Rh0.06CeOz exhibited the remarkable redox activity and 
unique property due to the concerted contribution of the 
three metal species to the redox reaction below 373 K. The 

reduction of dispersed Rh species, oxidic Cr species and Ce 
oxide in Cr0.19Rh0.06CeOz proceeded at the similar temperatures 
below 373 K, respectively, though their metal oxides are not 
reduced below 373 K when they exist separately. The redox 
and catalytic property were characterized by in situ X-ray 
absorption fine structure (XAFS), ambient-pressure X-ray 
photoelectron spectroscopy (AP-XPS), high angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM), X-ray diffraction (XRD), inductively coupled plasma 
atomic emission spectrometry (ICP-AES), temperature 
programmed reduction (TPR), and temperature programmed 
oxidation (TPO).  

Results and Discussion 
Structure of Cr0.19Rh0.06CeOz 

Cr0.19Rh0.06CeOz was prepared by a hydrothermal method using 
three metal sources (see Supplementary Information). The 
compositions of Cr, Rh, and Ce in Cr0.19Rh0.06CeOz were 
determined by ICP-AES analysis (Table 1). The surface area of 
Cr0.19Rh0.06CeOz was 98 m2 g-1, which was comparable to 118 
m2 g-1 for CeO2 (Table 1). Only the XRD pattern of the fluorite 
structure of CeO2 was observed with Cr0.19Rh0.06CeOz, and 
there was almost no peak shift from the peak pattern of CeO2 
(e.g. 28.9 vs 28.8 2θ/o) as shown in Fig. 1(A), suggesting a 
negligible effect of added Cr and Rh atoms on the CeO2 fluorite 
framework. The transmission electron microscope (TEM) and 
scanning transmission electron microscope (STEM) images of 
Cr0.19Rh0.06CeOz in Figs. 1(C, D) and Fig. S1 revealed clear lattice 
patterns of CeO2 fluorite (111) (d = 0.32 nm). No XRD patterns 
attributed to Cr oxides (Cr2O3 and CrO3) and metallic and oxidic 
Rh species (Rh and Rh2O3) were observed, indicating no 
existence of large Cr or Rh particles in the Cr0.19Rh0.06CeOz 
sample. HAADF-STEM with energy dispersive X-ray 
spectroscopy (EDS) provided images of Ce L and Rh L 
fluorescent X-rays, and HAADF-STEM with electron energy loss 
spectroscopy (EELS) provided images of Ce M (MV and MIV) and 
Cr L (LIII and LII) as shown in Figs. 1(C, D), S2, and S3, which 
revealed that both Rh and Cr species were dispersed on the 
CeO2 surface. The sizes of supported Rh and Cr species were 
estimated to be less than 1 nm and to be ~1 nm, respectively. 

Cr K-edge and Rh K-edge X-ray absorption near edge 
structure (XANES) (Figs. 1(B), S4) and XPS (Fig. 1(E)) clarified 
the oxidation states of Cr and Rh species in Cr0.19Rh0.06CeOz. 
The average oxidation states of Cr and Rh in Cr0.19Rh0.06CeOz 
were determined to be approximately +5.4 and +3.6, 
respectively by the edge energy of the XANES spectra. The Cr 
K-edge XANES spectrum was similar to that of CrO3, suggesting 
the formation of Cr6+ oxide.76,77 In the Cr 2p XPS spectrum (Fig. 
1(E-a)), a major peak was observed at 579.7 eV, also 
suggesting the existence of Cr6+ state. Thus, it is most likely 
from these results that CrO3-x nanoparticles with oxygen 
defects were formed on the CeO2 surface.  

The Rh 3d5/2 XPS peak of Cr0.19Rh0.06CeOz was observed at 
309.4 eV (Fig. 1(E-b)), which was also higher than 308.4 eV of 
Rh2O3 (Rh3+)80. A similar high-positively charged Rh species on  
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Fig. 1. (A) XRD patterns of (a) Cr0.19Rh0.06CeOz, (b) CeO2, (c) Cr0.17CeOz, and (d) 
Rh0.04CeOz. (B) Cr K-edge XANES spectra of Cr0.19Rh0.06CeOz with standard samples. 
(C) HAADF-STEM-EDS images of Cr0.19Rh0.06CeOz. (a) HAADF-STEM image, (b) EDS 
mapping of Ce, (c) EDS mapping of Rh, and (d) overlay mapping of Ce and Rh. (D) 
HAADF-STEM-EELS images of Cr0.19Rh0.06CeOz. (a) HAADF-STEM image, (b) EELS 
mapping of Ce, (c) EELS mapping of Cr, and (d) overlay mapping of Ce and Cr. (E) 
(a) Cr 2p and (b) Rh 3d XPS spectra of Cr0.19Rh0.06CeOz. (F) A schematic structural 
model of Cr0.19Rh0.06CeOz.  

ceria was has been reported attributed to a high valence Rh 
species Rh3+δ and it was suggested to have a strong interaction 
with CeO2.44,46,50,52 Ce valence was attributed to be 4+ from Ce 
LIII-edge XANES81 (Fig. S4), Ce 3d XPS82 (Fig. S5), and EELS 
analysis. In consequence, the XANES, XPS, and HAADF-STEM-
EDS/EELS analysis revealed that the major species of Cr, Rh, 
and Ce in Cr0.19Rh0.06CeOz are Cr6-γ, Rh3+δ, and Ce4+ (Figs. S4 and 
S5). Considering the negligible difference in the XRD patterns 
between Cr0.19Rh0.06CeOz and CeO2, surface sensitivity of the 
XPS technique, and observed nanodomain structures of Rh and 
Cr in the STEM-EDS/EELS, a schematic structure of the 
Cr0.19Rh0.06CeOz catalyst is proposed in Fig. 1(F), where CrO3-x 
nanoparticles are supported on fluorite CeO2 and Rh3+δ species 
are also dispersed with strong interaction with the CeO2 
surface. 
 

 
Fig. 2. (A) Reaction profiles of CO oxidation at 363 K. Red: Cr0.19Rh0.06CeOz; blue: 
Rh0.04CeOz; green: Cr0.17CeOz; and black: CeO2. Reaction conditions: catalyst, 30 
mg; CO, 6.0 kPa; O2, 3.0 kPa; Rh/CO/O2 = 1/50/25 (molar ratio). Carbon balances 
were above 0.9. (B) Reaction profiles of 1-octanol oxidation on Cr0.19Rh0.06CeOz at 
343 K. Red: as-prepared catalyst, under O2 bubbling; black: as-prepared catalyst, 
under N2; blue: recycled catalyst after calcination, under O2 bubbling. Reaction 
conditions: catalyst, Cr0.19Rh0.06CeOz; Rh/Cr/1-octanol/internal standard (IS) = 
1/3/100/50, 1-octanol = 0.42 mol L-1; toluene, 10 mL; IS, dodecane; temperature, 
343 K.  

Selective oxidation using O2 at low temperature  

It was found that the Cr0.19Rh0.06CeOz promoted the oxidation 
of CO at 363 K with a reaction rate of 7.7 ± 0.6 mmol gcat

-1 h-1, 
which was larger than those on Rh0.04CeOz (3.3 ± 0.4 mmol gcat

-

1 h-1), Cr0.17CeOz (~ 0 mmol g cat
-1 h-1), and CeO2 (~ 0 mmol gcat

-1 
h-1) as shown in Fig. 2(A). The CO oxidation activities of the 
oxide catalysts reflect their redox activities (the amount of H2 

consumed and reduction temperatures in TPR of Fig. 3(A), vide 
infra).  

The Cr0.19Rh0.06CeOz catalyst also exhibited a substantial 
activity for the selective catalytic oxidation of 1-octanol under 
the atmospheric pressure of O2 at 343 K (Fig. 2(B)). 1-Octanol 
was selectively converted to n-octanal with the higher 
selectivity than 99%, and the initial reaction rate (2.5×10-5 
mmol gcat

-1 min-1) was much higher than those of Rh0.04CeOz 
(3.2×10-6 mmol gcat

-1 min-1), Cr0.19CeOz (1.7×10-5 mmol gcat
-1 

min-1), and CeO2 (~ 0 mol gcat
-1 min-1) (Table S1). In the absence 

of O2 (under N2 atmosphere), the oxidation of 1-octanol on 
Cr0.19Rh0.06CeOz initially proceeded with a similar reaction rate 
(2.1×10-5 mmol gcat

-1 min-1) but stopped after the active oxygen 
species in Cr0.19Rh0.06CeOz were consumed as shown in Fig. 2(B). 
The deactivated Cr0.19Rh0.06CeOz could be reused as the 
catalyst with the similar activity (2.5×10-5 mmol gcat

-1 min-1) 
after the filtration and calcination at 573 K in air (Fig. 2(B)). 
These results demonstrate that Cr0.19Rh0.06CeOz with the low-
temperature redox activity acts as an efficient catalyst for the 
selective oxidation reactions with O2 at the low temperature. 
The selective oxidation of benzyl alcohol derivatives was also 
promoted on the Cr0.19Rh0.06CeOz catalyst (Table S2). 

Low-temperature redox property 

It is to be noted that Cr0.19Rh0.06CeOz, exhibited remarkable 
redox properties at temperatures lower than 373 K (Fig. 3 and 
Table 1). TPR with H2 was conducted and the amount of 
consumed H2 was estimated. The reduction of Cr0.19Rh0.06CeOz 
started at around 308 K and showed a TPR peak at 351 K and 
1.96 mmol H2 per 1 g of Cr0.19Rh0.06CeOz was consumed in the 
TPR peak. In contrast, Cr0.17CeOz prepared without the Rh 
source was reduced at 628 K of a much higher temperature  
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Table 1. BET surface areas from N2 adsorption analysis, metal compositions estimated 
by ICP-AES analysis, and peak top temperatures, consumed H2 amounts and 
temperature ranges in TPR for Cr0.19Rh0.06CeOz and reference oxides 

Prepared 
oxide 

BET surf. 
area / 
m2 g-1 

Composition 
of Cr/Rh/Ce a 

Peak top 
temp. /K b 

Consumed H2 
/mmol g-1 (Temp. 

range /K) b 
CeO2 118 --- 673 0.44 

 (628 ~ 708) 
Rh0.04CeOz 66 <0.0002 

/0.036/1 
353 0.55 

 (308 ~ 423) 
Cr0.17CeOz 106 0.172 

/<0.00049/1 
628 1.03 

 (583 ~ 693) 

Cr0.19Rh0.06

CeOz 
98 

0.190 
/0.063 

/1 

1st: 351 
1st: 1.96 ± 0.16 

 (308 ~ 423) 

2nd: 351 
2nd: 1.90 ± 0.21 

 (308 ~ 423) 

3rd: 351 
3rd: 1.85 ± 0.13 

 (308 ~ 423) 

4th: 348 
4th: 1.93 ± 0.18 

 (308 ~ 423) 

a Determined by ICP-AES. b Determined by TPR. 

 
Fig. 3. (A) First differential plots of TPR with H2 on Cr0.16Rh0.06CeOz (red), 
Cr0.17CeOz (green), Rh0.04CeOz (blue), CrO3 (purple), Rh2O3 (pink), and CeO2 (black). 
(B) First differential TPR plots with H2 on Cr0.16Rh0.06CeOz for four TPR/TPO cycles 
(black: first cycle; red: second cycle; blue: third cycle; green: fourth cycle). TPO 
was conducted from 293 to 573 K after TPR up to 423 K. 

(Fig. 3(A)). For Rh0.04CeOz prepared without the Cr source, the 
reduction occurred at a similar temperature (353 K), but the 
amount of H2 consumed (0.55 mmol g-1) was so small as 28% 
of the case of Cr0.19Rh0.06CeOz. Similar low-temperature 
reductions on CexRh1-xO2-y systems have been reported.46,52 
CeO2 exhibited a reduction at 673 K (which can be attributed 
to surface region of CeO2)13,39,45, and CrO3 and Rh2O3 were 
reduced at 628 and 438 K, respectively. These results suggest 
that the supported Cr and Rh species in Cr0.19Rh0.06CeOz 
dramatically promoted its redox property at the low 
temperatures (< 373 K).  
       The reoxidation of a reduced Cr0.19Rh0.06CeOz sample after 
the TPR proceeded readily with O2 at 303 K, and the amount of 
O2 consumed was 0.96 mmol per 1 g of Cr0.19Rh0.06CeOz, which 
was comparable to the amount of H2 consumed. After the 
reoxidation, the low-temperature reduction proceeded in a 
similar manner again, and the reversible redox process of 
Cr0.19Rh0.06CeOz was repeated four times. The results of four 
TPR cycles are shown in Fig. 3(B).  

 It is reported that there is a contribution of Ce4+ reduction 
at the lowered temperature reduction of ceria systems with 
noble metal ions and 3d transition metal ions.36,37,59,61-65,71 To 
examine the amount of contribution of Ce4+ ions together with 
Cr and Rh ions to the redox process, we measured in situ Cr K-
edge, Rh K-edge, and Ce LIII-edge XANES spectra in the 
reduction process of Cr0.19Rh0.06CeOz with H2 from 293 to 423 K. 
The in situ XANES spectra clearly demonstrated the 
involvement of all the three metal ions in the reduction 
process (Figs. 4(A-C)). The Rh K-edge XANES spectra firstly 
changed at the lowest temperature of 332 K, and the average 
Rh oxidation state changed from +3.6 to +1.4 (Fig. 4(A)). The 
reduction profile against temperature is shown in Fig. 4(G). 
Following the reduction of Rh, both Cr K-edge and Ce LIII-edge 
XANES spectra changed remarkably (Figs. 4(B, C)), which 
proved the valence decrease in both Cr and Ce ions. The 
XANES analysis revealed that the average oxidation states of Cr 
and Ce sites changed from +5.4 to +3.0 (Cr) and from +3.8 to 
+3.5 (Ce). The reduction-temperature profiles are presented in 
Fig. 4(G), which shows definite changes in the oxidation states 
of the Rh, Cr, and Ce ions. The total oxidation state changes in 
the three metals correspond to 4.59 H mmol g-1, which is 
comparable to the net consumed H within the experimental 
error bars in the TPR/TPO and in situ XANES. These results 
demonstrate that the low-temperature reduction of 
Cr0.19Rh0.06CeOz proceeded via the multi-reduction of the three 
incorporated metals including Ce, not by a single metal source 
in the material. The temperature gap between Rh and Cr or Ce 
in the reduction processes (Fig. 4(G)) suggests that the 
reduced Rh species formed in the first reduction step promote 
the subsequent reduction of Cr6+ and Ce4+ at the CeO2 surface. 

In situ AP-XPS measurements under H2 revealed the reduced 
state of Cr0.19Rh0.06CeOz. A new peak at 307.5 eV appeared in 
the Rh 3d5/2 XPS spectra (Fig. 5(A-a)), which indicates the 
formation of Rh0 species.46,52 But the peaks at 309.2 eV 
(Rh3+δ)46,52 and 308.4 (attributed to Rh3+)46,52 remained, which 
indicates that all Rh ions are not reduced to the metallic level. 
In situ Ce 3d AP-XPS spectra (Fig. 5(B-a)) exhibited the 
presence of Ce3+ (u’, v’, and v0 peaks)82, and the decrease in 
the average oxidation state of Ce to +3.5 indicates that Ce4+ 
ions in Cr0.19Rh0.06CeOz was partially reduced. The in situ Cr 
2p3/2 AP-XPS peak shifted from 579.1 to 577.0 eV, indicating 
the formation of Cr3+ species (Fig. 5(C-a))12,78,79, which agreed 
with the results of Cr K-edge XANES (Fig. 4(B)). The shape of 
the Cr K-edge XANES spectrum after the reduction was similar 
to that of Cr(OH)3 (Figs. 4(B) and Fig. S4(A)), suggesting the 
formation of Cr(OH)3 below 373 K. The appearance of a new 
peak at 531.6 eV in the in situ O 1s AP-XPS also suggested the 
formation of Cr(OH)3 after the reduction (Fig. 5(D-a)).78 

The in situ XANES spectra for the reoxidation process (Figs. 
4(D-F)) also revealed the oxidation states of Rh, Cr, and Ce in 
Cr0.19Rh0.06CeOz (Fig. 4(H)). Note that the oxidation process 
rapidly proceeded on Rh and Ce at 303 K; however, the 
oxidation event on Cr gradually proceeded from 350 to 550 K. 
It was found that the oxidation started at temperatures lower 
than 273 K. The increases in the oxidation states of Rh, Cr, and 
Ce were reversible as shown in Figs. 4(G, H). In situ AP-XPS  
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Fig. 4. In situ (A) Rh K-edge, (B) Cr K-edge, and (C) Ce LIII-edge XANES spectra of Cr0.19Rh0.06CeOz for the reduction with H2 from 303 to 423 K. Black solid line: before the 
reduction at 303 K; black dashed line: at 423 K under H2. In situ (D) Rh K-edge, (E) Ce LIII-edge, and (F) Cr K-edge XANES spectra of Cr0.19Rh0.06CeOz under O2 oxidation 
conditions (303–573 K, 573 K for 1 h). Black solid line: before O2 oxidation at 303 K, black dashed line: at 573 K (1 h heating) under O2. (G) Changes in the oxidation 
states of Rh (green), Cr (red), and Ce (blue) estimated from the XANES spectra for the reduction process. (H) Changes in the oxidation states of Rh (green), Cr (red), 
and Ce (blue) estimated from the XANES spectra for the oxidation process. (I) k3-weighted Rh K-edge Fourier transforms (k = 30–140 nm-1) for Cr0.19Rh0.06CeOz (a) 
during H2 reduction at 330 K and (b) during H2 reduction at 334 K. (J) k3-weighted Rh K-edge Fourier transforms (k = 30–140 nm-1) for Cr0.19Rh0.06CeOz (a) before O2 
oxidation at 303 K and (b) after O2 oxidation at 303 K.  

 

 
Fig. 5. In situ (A) Rh 3d, (B) Ce 3d, (C) Cr 2p, and (D) O 1s AP-XPS spectra of 
Cr0.19Rh0.06CeOz. (a) measured under H2 reduction at 385 K, (b) measured under 
O2 oxidation at 573 K. 

spectra also supported reversible changes in the oxidation 
states of Rh, Cr, and Ce at the reoxidation process (Fig. 5(A, B, 
C-b)). The gradual oxidation of Cr might be caused by the 
oxidation of hydroxyl species accompanied with the 
desorption of H2O. The Ce valence change (30-40% of Ce; 
estimated by Ce LIII-edge XANES and Ce 3d AP-XPS) during the 
redox processes corresponded to approximately two 
monolayers of Ce species on the most stable (111) surface of 
CeO2

83,84, taking into account the surface area of 98 m2 g-1 and 
an average particle size of 10 nm from the STEM image. 

Rh firstly reacted in the both reduction and oxidation 
processes and it may be crucial in the low-temperature redox 
properties of Cr0.19Rh0.06CeOz. We investigated the local 
coordination structure of the Rh species by in situ Rh K-edge 
extended X-ray absorption fine structure (EXAFS) analysis (Figs. 
4(I, J), Fig. S6, and Table S3). Before the reduction, there were 
Rh-O bonds at 0.204 ± 0.001 nm (coordination number (CN) = 
5.8 ± 1.3), and the Rh-Rh bonds of metallic Rh and the Rh-O-Rh 
bonds in Rh2O3 were not detected (Fig. 4(I-a)). After the 
reduction, Rh-Rh bonds at 0.270 ± 0.002 nm (CN = 2.6 ± 0.7) 
were observed in addition to the Rh-O bond at 0.205 ± 0.002 
nm (Fig. 4(I-b)). The local Rh coordination structure recovered 
after the reoxidation process (Figs. 4(J), S6, and Table S3). Thus, 
it is concluded that the reversible structural transformations 
between dispersed Rh3+δ species and small Rh nanoclusters 
occur during the redox processes of Cr0.19Rh0.06CeOz.  
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Fig. 6. Schematic of the structural changes in the reversible low-temperature 
redox process of Cr0.19Rh0.06CeOz under H2 or O2 based on in situ surface 
structural and electronic characterizations. 

Based on the results of the in situ characterization of 
Cr0.19Rh0.06CeOz, the structures and reversible low-temperature 
redox mechanism of Cr0.19Rh0.06CeOz are proposed as follows 
(Fig. 6).  

(1) Initial structure of Cr0.19Rh0.06CeOz: Rh3+δ ions were 
dispersed and interacted with the surface layers of CeO2 
fluorite, and small CrO3-x (Cr6-γ) nanoparticles (~ 1 nm) were 
distributed on CeO2.  

(2) Low-temperature reduction with H2: the Rh3+δ species 
were firstly reduced and clusterized at 332 K. Then, the dual 
reduction of Cr and Ce was promoted at around 360 K: Cr6-γ 
(CrO3-x) was converted to Cr3+(OH)3 and Ce4+ species at the 
surface layers of CeO2 was reduced to Ce3+.  

(3) Reversible reoxidation with O2: The concerted oxidation 
of the Rh nanoclusters and surface/subsurface Ce3+ species 
proceeded immediately after O2 introduction below 303 K. 
Then, the remaining Cr3+ species gradually reverted to Cr6-γ at 
303– 573 K. 

Similar reversible structural change of Rh species was also 
reported on Rh0.05Ce0.95O2-y solid solution (Rh3+

xCe1-xO2-y ↔ 
Rhn

d+/CeO2-y)
52. The overall redox performances of 

Cr0.19Rh0.06CeOz is similarly interpreted that the structural 
transformation of the dispersed Rh species strongly interacted 
on the CeO2 surface can decrease the redox temperatures of 
both CrO3-x and Ce4+ at the surface layers at the similar value 
below 373 K. 

Conclusions 
In summary, the ceria-based catalyst incorporated with Cr and 
the trace amount of Rh (Cr0.19Rh0.06CeOz) was found to show 
the remarkable and reversible low-temperature redox activity 
at < 373 K. Not only Cr and Rh but also Ce contributed to the 
low-temperature redox process of the Cr0.19Rh0.06CeOz as 
characterized by in situ XAFS, in situ AP-XPS, HAADF-STEM-
EDS/EELS and TPR/TPO. The advanced physical techniques also 
revealed dispersed Rh3+δ species (< 1 nm) and Cr6-γO3-x 
nanoparticles (~ 1 nm) supported on CeO2. The Rh3+δ, Cr6-γO3-x, 

and CeO2 in Cr0.19Rh0.06CeOz were transformed to Rh 
nanoclusters, Cr(OH)3 species and CeO2-x with two Ce3+-oxide 
layers at the surface in a concerted activation manner of the 
three metal species with H2. The low-temperature redox 
property was also found to bring about the efficient catalysis 
for selective oxidation reactions of CO, 1-octanol and benzyl 
alcohol derivatives with O2 below 373 K.  

Experimental Section 
Preparation of ceria-based catalysts  

Chemicals were purchased from commercial sources and used 
without further purification unless noted. A typical preparation 
process for Cr0.19Rh0.06CeOz was as follows. Ce(NO3)3·6H2O (3.5 
mmol; Sigma-Aldrich, 99.99%), Cr(NO3)3·9H2O (0.67 mmol; 
Sigma-Aldrich, 99%), and RhCl3·3H2O (0.22 mmol; Wako, 
99.5%) were dissolved in deionized water (18 mL) under 
continuous stirring. A 7 M aqueous NaOH solution (53 mL) was 
added to the mixture. After stirring for 30 min, the slurry was 
transferred to a Teflon-lined stainless steel vessel autoclave 
with a volume of 100 mL. The autoclave was sealed and kept in 
an electric oven at 373 K for 24 h. After cooling to room 
temperature, the precipitate was separated by centrifugation, 
washed with deionized water and ethanol several times, and 
dried in air at 353 K for 12 h. The powder was ground and 
calcined at 573 K for 2 h. Cr0.17CeOz and Rh0.04CeOz, were 
prepared by this method without the Rh and Cr precursors, 
respectively. CeO2 was also prepared by this method without 
the Cr and Rh precursors. 

Characterization 

The atomic compositions of samples were analyzed by ICP-AES 
(Vista-Pro-AX, Varian). Oxide samples were treated with 
fuming nitric acid at 353 K until solids were completely 
dissolved, and the solutions were diluted with distilled water 
for analysis. Nitrogen adsorption was performed on a surface 
adsorption analyzer (Micromeritics ASAP-2020, Shimadzu) at 
77 K. XRD patterns were recorded on an X-ray diffractometer 
(MultiFlex, Rigaku) at 293–298 K under air. TEM and HAADF-
STEM images with EDS and EELS spectra were taken using a 
transmission electron microscope (JEM-ARM 200F, JEOL, High 
Voltage Electron Microscope Laboratory, Institute of Materials 
and Systems for Sustainability, Nagoya University, Japan; 
accelerating voltage of 200 kV). XPS was performed on X-ray 
photoelectron spectrometers: (ECSA3057, ULVAC PHI and 
R4000, Scienta Omicron). The binding energies were 
referenced to the O 1s peak of CeO2 lattice oxygen (529.6 eV). 
XAFS spectra at the Cr K-edge and Ce LIII-edge were measured 
at the BL9C and BL12C stations, and XAFS spectra at the Rh K-
edge were measured at the NW10A station of the Photon 
Factory at KEK-IMSS (Tsukuba, Japan). All samples were 
measured in transmission mode at 298 K. The XAFS spectra 
were analyzed using ATHENA and ARTEMIS with IFEFFIT 
(version 1.2.11).85,86 The threshold energy was tentatively set 
at the inflection point for the Cr K-edge (Cr foil: 5988.8 eV)87 
and Rh K-edge (Rh foil: 23219.8 eV),87 and at the first peak top 
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of the white line for the Ce LIII-edge (CeO2: 5734.4 eV), and the 
background was subtracted by the Autobk method.88,89  The 
average oxidation states of Ce, Cr, and Rh were determined 
from the changes at 5741.3 eV (second peak top of the white 
line), 5991.4 eV (pre-edge), and 23,218 eV (white line peak 
top), respectively. The k3-weighted extended XAFS (EXAFS) 
oscillations were Fourier transformed into R-space. Curve-
fitting analysis was carried out in the R-space. Detailed 
characterization analyses are presented in ESI.  

TPR/TPO measurements 

TPR and TPO were carried out in a closed glass reactor (Fig. S7) 
with a gas circulation unit and pressure gauge. Typically, the 
sample (200 mg) was evacuated in a reactor for 30 min, H2 was 
introduced into the reactor, and the temperature was 
increased to the target temperatures (4 or 5 K min-1). H2O 
formed during the TPR was trapped by a liquid N2 trap. 
Changes in the system pressure were recorded at appropriate 
intervals. TPO was performed after the TPR processes. Oxygen 
was put into the reactor at 293 K. Then, the system was 
heated to 573 K (5 K min-1) and kept at 573 K for 1 h. Finally, 
the system was cooled to 293 K and changes in the pressure of 
the system were measured to estimate the oxygen 
consumption. Desorbed H2O was trapped by a dry-ice/acetone 

trap during the TPO. 

In situ XAFS measurements  

In situ quick XAFS (QXAFS) measurements during reduction 
with H2 or oxidation with O2 conditions were performed at the 
Photon Factory at KEK-IMSS as follows. A sample was 
pelletized into a disk and placed in an in situ XAFS cell placed in 
an experimental setup as shown in Fig. S8. After flushing with 
N2 (100 sccm) for 10 min, the cell was heated to 303 K and 
kept at this temperature for 5 min. Then, the QXAFS 
measurement was started. The protocols are shown in Scheme 
S1, and the energy range, scan time, and scan interval are 
listed in Table S4. After 5 min, the gas was changed to H2 + N2 
(50 + 50 sccm) and the temperature was held for another 5 
min. Then, the cell was heated to 423 K at a rate of 2 K min-1. 
After keeping the temperature at 423 K for 10 min, the gas was 
changed to N2 (100 sccm), and the cell was cooled to room 
temperature. The cell was heated again to 303 K and kept at 
this temperature for 5 min, and the QXAFS measurement was 
started. After 5 min, the gas was changed to O2 + N2 (50 + 50 
sccm) and the temperature was held for another 5 min. Then, 
the cell was heated to 573 K at a rate of 5 K min-1. After 
keeping the temperature at 573 K for 1 h, the gas was changed 
to N2 (100 sccm), and the cell was cooled to room temperature. 

In situ AP-XPS measurements  

AP-XPS measurements under H2 reduction and O2 oxidation 
conditions were performed at the soft X-ray undulator 
beamline BL07LSU of SPring-8 (Harima, Japan). In the 
reduction (oxidation) experiments, the sample was exposed to 
130 Pa H2 gas (200 Pa O2 gas) at room temperature, followed 
by heating to 385 K (573 K), respectively. O 1s, Cr 2p, and Rh 
3d measurements under ambient conditions were conducted 

at a photon energy of 760 eV, whereas the Ce 3d spectra were 
collected at a photon energy of 1070 eV. A slight peak shift to 
higher binding energy was observed under the H2 reduction 
conditions due to sample charging, and the binding energy was 
referenced to the O 1s peak of CeO2 lattice oxygen (529.6 eV). 
The binding energies of the AP-XPS spectra measured under 
oxidation conditions at 573 K were referenced to the Fermi 
edge of Au foil. The spectra were fitted by Voigt functions after 
Shirley background subtraction. 

Catalytic Reactions  

Catalytic CO oxidation: CO oxidation was carried out in a 
closed glass reactor (Fig. S9) with a gas circulation unit and 
pressure gauge equipped with a gas chromatograph with a 
thermal conductivity detector (TCD; GC-8, Shimadzu) and a 
SHINCARBON-ST column (Shimadzu; 3 mm (I.D.) × 2 m). 
Typically, the sample (30 mg) was evacuated in a reactor for 30 
min. CO and O2 were mixed well with a circulation unit for 
more than 30 min, and small portion of the gases was 
introduced to a glass loop and analyzed by the TCD (defined as 
0 min). The reactor temperature was increased to the target 
temperatures (353, 363, and 373 K; 2 K min-1), and held for 30 
min. Then, the mixed gas was circulated in the reactor, and the 
gases were analyzed at appropriate intervals. The initial 
pressures of CO and O2 at 0 min were 6.0 and 3.0 kPa, 
respectively, and the molar ratio of Rh/CO/O2 was 1/50/25. 
Carbon balances were above 0.9. 
Catalytic oxidation of alcohol: A three-necked flask with a 
Cr0.19Rh0.06CeOz (150 mg) was connected to a reflux condenser 
and heated at 343 K, and the atmosphere of the reactor was 
exchanged to 101.3 kPa of O2. The preheated mixture of 
alcohol (4.75 mmol, 0.42 M), dodecane (internal standard, 
2.38 mmol), and dry toluene (10 mL) was added to the reactor. 
The molar ratio of Rh/Cr/alcohol/dodecane was 1/3/100/50. 
O2 was fed through a toluene trap and bubbled through the 
reaction solution and the reaction mixture was stirred. The 
reaction mixture was analyzed at appropriate intervals by FID-
GC (GC-2014s, Shimadzu) and GC-MS (GC-2010, PARVUM2, 
Shimadzu) with an InertCap 5 column (GL Science; 0.25 µm (df) 
× 0.25 mm (I.D.) × 30 m). The reaction under N2 was performed 
in a Schlenk tube with a balloon filled with N2.  
Catalyst recycling test: The scale of catalytic oxidation of 
alcohol was doubled for this experiment. The recycling of the 
oxide catalyst was performed by filtering the solid catalyst 
after 24 h. The reaction solution was transferred to a 15 mL 
Eppendorf tube under a nitrogen flow and the catalyst was 
precipitated by centrifugation. The supernatant was removed, 
and the catalyst was washed with toluene and centrifuged 
again. After the catalyst was cleaned in this manner three 
times, it was evacuated over half a day and dried (filtered 
catalyst). The dried catalyst was calcined at 573 K for 2 h in air 
(calcined catalyst). The recycling oxidation was carried out 
using both the filtered and the calcined catalysts. 
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The low-temperature redox activity on Cr and Rh-incorporated ceria catalyst was derived from the 

concerted activation of all three metal species. 
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