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Catalytic oxidation of carbon monoxide has been extensively
studied because of its importance for CO removal from
effluent streams, in particular from car exhaust.[1, 2] Another
more recent application is CO removal from hydrogen for use
in polymer electrolyte membrane (PEM) fuel cells.[3, 4] Owing
to their high activity, noble metals such as Pt, Pd, Ru, Rh, and
Au have been the subject of many studies.[5–13] Until recently,
the dominant belief was that CO oxidation takes place on
metal surfaces,[14–16] because CO binds much more strongly to
metals than to metal oxides. Single-crystal studies have shown
that oxidation of the metal surface leads to catalyst deacti-
vation.[14,15, 17] Recent studies employing in situ spectroscopic
techniques, however, have found indications that the active
surface of Pt,[18–20] Pd,[21] and Ru[22, 23] may be oxidic in nature
under conditions of CO oxidation. Somorjai and co-workers
reported that the active phase in polymer-stabilized Rh
nanoparticles for CO oxidation is a thin surface oxide,
formation of which is dependent on the particle size.[24] The
turnover frequency (TOF) increased fivefold with a decrease
of the particle size from 7 to 2 nm. The particle-size effect was
not observed after deposition of the Rh nanoparticles on
ordered mesoporous silica (SBA-15).[25] The increased cata-
lytic activity of a thin surface RhO2 film on oxidation of a Rh
single-crystal surface was also discussed recently.[26, 27] Forma-
tion of Rh2O3, on the other hand, leads to deactivation.[28]

Herein we show that the TOF for CO oxidation at 110 8C
of 1.3 nm Rh nanoparticles is two orders of magnitude higher
than that of 7.2 nm nanoparticles when ceria is the support. In
situ X-ray absorption spectroscopy evidences that the high
activity of the very small nanoparticles is related to nearly
complete oxidation of the initially reduced Rh nanoparticles.
The tendency of Rh nanoparticles to become oxidized is size-
dependent: Rh particles smaller than 2.5 nm are oxidized
almost completely, whereas those larger than 4 nm remain
metallic. Catalysts with Rh nanoparticles in the range of
1–9 nm were synthesized by variation of the Rh loading, the

calcination temperature of the support and the catalyst, and
optionally a high-temperature ageing treatment in H2O/H2.
Because reducibility of the support is usually implicated in the
stabilization of metal oxide particles, we included Rh nano-
particle catalysts based on ceria, ceria–zirconia, zirconia, and
silica supports in our investigations. The presence of oxygen
defects in the support leads to much higher activity of Rh/
CeO2 compared to Rh/ZrO2. The support affects the dis-
persion of the metal oxide and thereby its CO oxidation
activity.

For this work, we prepared Rh nanoparticles on several
oxide supports by incipient wetness impregnation. The
particle size dRh of the reduced catalysts was determined by
high-resolution transmission electron microscopy and H2

chemisorption. For example, variation of the Rh loading
from 0.1 to 1.6 wt % on a CeO2 support prepared by
homogeneous precipitation of Ce3+ following urea decom-
position[29, 30] and subsequent calcination at 550 8C gave nano-
particles in the range of 1.3–2.8 nm. A catalyst containing
1.6 wt % Rh on the same ceria support calcined at 900 8C gave
an average particle size of 5.2 nm. Larger particles with an
average size of 7.2 nm were obtained by a reductive steaming
treatment at high temperature.[31] Figure 1 shows TEM
images of various ceria-supported catalysts. Below a particle
size of about 3 nm it was difficult to image enough particles to
obtain good statistics. In such cases, we resorted to H2

chemisorption at �80 8C. We carefully checked that the
particle sizes for a number of catalysts determined by using
these two methods were similar. Rhodium nanoparticle
catalysts supported by CeZrO2, ZrO2, and SiO2 were pre-
pared in a similar manner.

A suite of 30 samples were then tested for catalytic
oxidation of CO in a parallel microflow reactor setup
monitored by a gas chromatograph. Measurements were
carried out in a mixture of 1 vol% CO and 1 vol% O2

balanced by He under differential conditions in the temper-
ature range 60-180 8C. Figure 2 a shows the TOFs of these
catalysts as a function of the particle size at a reaction
temperature of 110 8C. The TOF was determined on the basis
of the dispersion of the catalysts reduced at 450 8C. The trends
are very similar at 60 and 140 8C (see Supporting Informa-
tion). The TOF for ceria-supported Rh particles smaller than
2.5 nm was two orders of magnitude higher than particles of
about 7 nm. There is a clear transition regime of catalysts
containing particles between 2.5 and 4 nm. The activity of
large Rh nanoparticles supported on ZrO2 and SiO2 was
equally low, that is, there is no strong support effect on the
catalytic activity in CO oxidation. In contrast, the TOF of Rh
nanoparticles below 2.5 nm critically depends on the type of
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support: the activity strongly increases in the order Rh/SiO2<

Rh/ZrO2<Rh/CeZrO2<Rh/CeO2.
In situ X-ray absorption spectroscopic measurements

were carried out at the ESRF Dubble beamline.[32] An in
situ cell connected to a gas-delivery system was employed in
fluorescence mode at the Rh K-edge. The experimental

procedure involved reduction of the catalyst in H2 at 500 8C
followed by recording a near-edge spectrum. The catalyst was
then exposed to the same gas mixture as used in catalytic CO
oxidation at 110 8C and a further near-edge spectrum was
recorded. Figure 2b shows the oxidation degree fRh3þ obtained
by analysis of the near-edge spectra for Rh/CeO2, Rh/
CeZrO2, and Rh/SiO2 after reduction and during CO
oxidation. Clearly, very small particles are not completely
reduced during the H2 treatment step at 500 8C, and Rh/CeO2

is more difficult to reduce than Rh/CeZrO2. Catalysts
containing particles larger than about 4 nm are nearly
completely reduced. Similar trends were observed for the
other catalysts, except for Rh/SiO2 (see Supporting Informa-
tion). Under conditions of CO oxidation, significant changes
in the near-edge spectra were observed for catalysts contain-
ing particles smaller than 2.5 nm with the exception of the
silica-supported catalysts. It was not possible to obtain
reliable data for Rh/ZrO2 because of the overlap of fluores-
cence peaks of Rh and Zr. The nanoparticles supported on
CeO2 and CeZrO2 became nearly fully oxidized. For instance,
the oxidation degrees of Rh(1.3 nm)/CeO2 during CO oxida-
tion are 90 and 100 % at 110 and 140 8C, respectively. The
oxidation degrees of Rh(1.4 nm)/CeZrO2 are slightly lower
under similar conditions. Conversely, particles larger than
4 nm remained metallic under CO oxidation conditions
(fRh3þ < 5 %). There is a strong correlation between the
catalytic activity for CO oxidation and oxidation of the
active phase. Nevertheless, by comparison of Rh nanoparti-
cles smaller than 2.5 nm on CeO2 and CeZrO2 it follows that,

Figure 1. TEM images and Rh particle size distributions of a) Rh(2.8 nm)/CeO2, b) Rh(5.2 nm)/CeO2, c) Rh(6.3 nm)/CeO2, and d) Rh(7.2 nm)/
CeO2. Due to the low contrast in TEM, the average particle size of Rh(2.8 nm)/CeO2 was determined by H2 chemisorption at �80 8C.

Figure 2. a) Turnover frequency in CO oxidation (T = 110 8C) and
b) fraction of oxidic Rh fRh3þ of supported Rh catalysts determined by
XANES analysis as a function of the initial particle size dRh of the
reduced catalysts (red circles: Rh/CeO2; orange triangles: Rh/CeZrO2;
blue squares: Rh/ZrO2; green diamonds: Rh/SiO2; open symbols/
dashed line: after reduction; closed symbols/full line: during CO
oxidation).
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despite a similar degree of oxidation, the former catalyst is
much more active than the latter.

The structure of two Rh/CeO2 catalysts was analyzed by
extended X-ray absorption fine structure (EXAFS) as a
function of the gas atmosphere (H2 at 500 8C, CO at 30 8C, O2

at 110 8C, and CO + O2 at 110 8C). The fit parameters are
collected in Table 1 (for c(k)·k3 functions and Fourier trans-

forms, see Supporting Information). The reduced Rh(2.1 nm)/
CeO2 catalyst contains an Rh–Rh shell. The small Rh–O
contribution indicates that the Rh particles have not been
completely reduced, in agreement with the near-edge analy-
sis. Exposure to CO at room temperature results in a small
decrease of the Rh–Rh coordination number, likely due to
formation of Rh carbonyl complexes.[33] Exposure to O2 at
110 8C leads to extensive oxidation of the 2.1 nm Rh nano-
particles, as follows from the increase of the Rh–O shell and
the decrease of the Rh–Rh shell. Comparable results were
obtained when the catalyst was exposed to CO oxidation
conditions. These results are in contrast with the absence of
changes to the structure and oxidation state of 7.2 nm Rh
nanoparticles supported on ceria.

The very high CO oxidation activity of very small Rh
particles is related to their oxidation to small Rh oxide
particles. Rh particles larger than 4 nm, which remain
metallic, exhibit substantially lower activity. These activity
differences go together with strong differences in the kinetic
parameters of CO oxidation (see Supporting Information).
The apparent activation energy Eact for Rh nanoparticles
smaller than 2.5 nm is (68� 3) kJmol�1 irrespective of the
support, with the exception of a considerably higher value for
Rh/SiO2 catalysts. It increases significantly when the particles
become larger than 2.5 nm. The Eact value for large particles
increases in the order CeO2�CeZrO2<ZrO2. The differ-
ences in Eact between small and large particles are in

qualitative agreement with the values for unsupported Rh
particles reported by Somorjai and co-workers.[24] The reac-
tion order in CO is close to zero for the highly active catalysts
and becomes�1 for the large metal nanoparticles. In all cases
the reaction order in oxygen is found to be close to unity. For
large particles, the high values of Eact and the negative first-
order and first-order dependence in CO and O2, respectively,
are consistent with early data for CO oxidation on Rh(100)
and Rh(111) crystal surfaces.[34] The CO reaction order of �1
implies a high CO surface coverage under reaction conditions.
The first-order dependence in O2 is due to the rate-controlling
nature of oxygen chemisorption on a single Rh site followed
by fast dissociation.[35] Thus, the CO oxidation reaction occurs
on metallic Rh nanoparticles when their size is larger than
4 nm. The different kinetics for the Rh particles smaller than
2.5 nm point to a change in the CO oxidation mechanism. The
Eact value is lower by nearly 40 kJ mol�1, and the reaction is
zero and first-order in CO and O2, respectively. The kinetic
data suggest that CO will be adsorbed much more weakly to
the surface than on large metallic particles. This difference is
due to the oxidic nature of the small Rh nanoparticles. The
higher catalytic activity of these rhodium oxide particles is
due to the lower Eact value. An explanation is the lower
barrier for the surface reaction CO + O!CO2 on Rh oxide as
compared to the Rh metal surface, as predicted by Gong
et al.[36] On the other hand, the lower apparent activation
energy for Rh oxide nanoparticles can also be explained by
the lower CO coverage compared to the fully CO covered Rh
surface, which increases the apparent activation energy.

An important kinetic finding is that the apparent activa-
tion energies of highly active Rh/CeO2, Rh/CeZrO2, and Rh/
ZrO2 are very similar. Consequently, we suspected that the
reason for the much higher activity of Rh/CeO2 compared to
Rh/CeZrO2 is the higher dispersion of the active metal oxide
phase on ceria under CO oxidation conditions. One expects a
higher dispersion of the active Rh oxide phase to result in
higher O/Rh ratios under reaction conditions. To quantify the
amount of reducible oxygen species, CO temperature-pro-
grammed surface reaction (CO-TPSR) was carried out,
similar to previous studies for ceria- and silica-supported Pt
and Au catalysts.[37,38] Reducible oxygen species of the active
phase and the support react to form CO2. The oxygen of the
active Rh phase was determined by quantifying the amount of
CO2 below 250 8C (Table 2).[38] The O/Rh ratio of Rh(1.6 nm)/
CeO2 is much higher than that of Rh(1.6 nm)/CeZrO2 in the
temperature range 40–150 8C. This difference is interpreted in

Table 1: Fraction of oxidic Rh fRh3þ and fit parameters of k3-weighted
EXAFS spectra[a] at the Rh K-edge of Rh/CeO2 catalysts containing 2.1
and 7.2 nm Rh particles on exposure to different gas conditions.

Treatment fRh3þ

[%]
Shell[b] N R

[�]
Ds2

[�2]
E0

[eV]

Rh(2.1 nm)/CeO2

H2, 500 8C 24 Rh–O
Rh–Rh

0.5
5.7

2.03
2.68

0.003
0.007

5.2

CO, 30 8C 22 Rh–O
Rh–Rh

0.5
4.4

2.02
2.69

0.002
0.006

2.5

O2, 110 8C 61 Rh–O
Rh–Rh

2.8
3.7

2.02
2.68

0.005
0.008

6.4

CO + O2, 110 8C 59 Rh–O
Rh–Rh

2.3
4.1

2.03
2.69

0.004
0.007

1.5

Rh(7.2 nm)/CeO2

H2, 500 8C 4 Rh–Rh 11.6 2.69 0.005 2.7
CO, 30 8C 1 Rh–Rh 10.9 2.69 0.005 1.0
O2, 110 8C 1 Rh–Rh 11.0 2.69 0.006 2.7
CO + O2, 110 8C 1 Rh–Rh 10.6 2.69 0.006 1.7

[a] Coordination number N �20%, coordination distance R �0.02 �,
Debye–Waller factor Ds2 �10%, inner potential E0. [b] Only first Rh–O
and Rh–Rh shell reported.

Table 2: O/Rh ratio of reduced supported catalysts under O2 and CO +
O2 atmosphere as determined by CO-TPSR.

Catalyst O2 atmosphere[a] CO + O2 atmosphere[a]

40 8C 150 8C 40 8C 150 8C

Rh(1.6 nm)/CeO2 3.4 n.d.[b] 3.4 4
Rh(7.2 nm)/CeO2 0.11 0.14 n.d. n.d.
Rh(1.6 nm)/CeZrO2 n.d. n.d. 1.0 1.9
Rh(2.9 nm)/SiO2 0.6 0.9 0.20 0.19
Rh(8.0 nm)/SiO2 0.15 0.14 n.d. n.d.

[a] Treatment prior to CO-TPSR: 5 vol% O2/He or 3 vol% CO +3 vol%
O2 in He. [b] Not determined.
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terms of a much higher dispersion of RhOx on ceria than on
ceria–zirconia. Large Rh particles in Rh(7.2 nm)/CeO2 con-
tain only very little oxygen on exposure to O2 in this
temperature range. Interestingly, we find that small Rh
particles on silica can be oxidized to some extent, but they
are reduced again under CO oxidation conditions. This
suggests that the tendency of very small Rh particles to be
oxidized in an oxygen atmosphere is an intrinsic property,[24]

but that a reducible support is needed to stabilize these oxidic
particles under conditions of catalytic CO oxidation.

Somorjai and co-workers reported that a thin surface
oxide layer formed on small metallic Rh nanoparticles
stabilized by polyvinylpyrrolidone are more active in CO
oxidation than larger metallic Rh particles.[24] Such differ-
ences were found to be absent when these particles interacted
with a silica support.[25] In applications, Rh particles are nearly
always stabilized by reducible supports such as ceria. Our
findings significantly show that in such case very small Rh
metal particles are completely oxidized under CO oxidation
conditions, whereas particles larger than 4 nm remain metal-
lic. The importance of the stabilizing effect of the support is
evident from the much larger activity difference of nearly two
orders of magnitude between ceria-supported Rh oxide and
Rh metal particles as compared to the unsupported case. The
dispersion of the active Rh oxide phase and thus the catalytic
activity critically depend on the nature of the support.

Experimental Section
Supported Rh catalysts were prepared by incipient wetness impreg-
nation of a solution of Rh(NO3)3·nH2O on CeO2, CeZrO2, ZrO2, and
SiO2, followed by calcination and ageing at various temperatures.

In situ X-ray absorption spectroscopy was carried out in a home-
built stainless steel cell equipped with carbon-foil windows at
DUBBLE of the European Synchrotron Radiation Facility (Greno-
ble, France). The catalytic activity in CO oxidation was measured in a
parallel ten-flow microreactor system. Analysis was done by on-line
gas chromatograph (Porapak Q, MS 5A, thermal conductivity
detector). The feed contained 1 vol% CO and 1 vol% O2 in He.
Catalysts were reduced in 20 vol% H2 at 450 8C. The activation
energy was determined in the temperature range 60–180 8C. Reaction
orders of CO (O2) were determined at a constant 1 vol% O2 (CO)
flow by varying the CO (O2) concentration from 0.5 to 5 vol %.

Detailed procedures for H2 chemisorption, TEM, XAS, and CO-
TPSR are given in the Supporting Information.
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