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Abstract: The discovery that gold catalysts could be active for
CO oxidation at cryogenic temperatures has ignited much
excitement in nanocatalysis. Whether the alternative Pt group
metal (PGM) catalysts can exhibit such high performance is an
interesting research issue. So far, no PGM catalyst shows
activity for CO oxidation at cryogenic temperatures. In this
work, we report a sub-nano Rh/TiO2 catalyst that can
completely convert CO at 223 K. This catalyst exhibits at
least three orders of magnitude higher turnover frequency
(TOF) than the best Rh-based catalysts and comparable to the
well-known Au/TiO2 for CO oxidation. The specific size range
of 0.4–0.8 nm Rh clusters is critical to the facile activation of O2

over the Rh–TiO2 interface in a form of Rh¢O¢O¢Ti (super-
oxide). This superoxide is ready to react with the CO adsorbed
on TiO2 sites at cryogenic temperatures.

Low-temperature CO oxidation is not only valuable as
a typical probe reaction for fundamental studies but also
important for practical applications. Pt group metal (PGM)
catalysts are widely used to catalyze CO oxidation in
automotive emission control and purification of gas streams
derived from petrochemical industry.[1] Since LangmuirÏs
pioneering work, CO oxidation on PGM has been studied
for almost a century, and found to generally follow a Lang-
muir–Hinshelwood (L–H) mechanism.[2] The key issue is that
the strongly adsorbed CO on PGM significantly inhibits the
adsorption and activation of O2 ; high working temperatures
(e.g. higher than 373 K) are thus required to weaken the
strength of CO adsorption and make the adsorbed O2 facile.[3]

Various strategies, such as downsizing PGM particles from
nano to single atoms,[4] and engineering the metal–metal
oxide (hydroxide) interfaces,[5] have been proposed either to

weaken CO adsorption on PGM sites or to promote O2

adsorption on alternative sites. Although these strategies
significantly improved the activity of PGM catalysts, it has
been a grand challenge to use PGM catalysts for CO
oxidation at ambient temperatures, not to mention cryogenic
temperatures.

One classical catalyst for CO oxidation at cryogenic
temperatures is oxide supported Au nanoparticles first
discovered by Haruta et al.[6] The learnings and insights
gained from studies of supported Au catalysts have provided
guidance to design and develop PGM catalysts with much
improved performance.[7] There seems to be, however,
a barrier for CO oxidation on PGM catalysts at cryogenic
temperatures. The difficulties lie in the much higher adsorp-
tion strength of CO on PGM than on Au;[8] furthermore, the
activation of O2 is generally regarded as a key step in CO
oxidation. However, O2 is easily dissociated to atomic oxygen
species on PGM[9] which can only react with CO above room
temperature.[10] Thus, a fundamental question still remains,
that is, whether PGM can ever be active at cryogenic
temperatures.

Recently, Yates and co-workers discovered a new reaction
mechanism for CO oxidation on Au/TiO2 that the rather
weaker adsorption of CO on TiO2 sites diffused to react with
the O2 activated at the interface between Au and TiO2, thus
realizing CO oxidation at cryogenic temperatures.[11] We
wonder if such mechanism can be feasible on PGM catalysts
and make them catalytically active at cryogenic temperatures.
Herein, we report a novel Rh/TiO2 catalyst with the Rh
species highly dispersed in a sub-nano scale of 0.4–0.8 nm. It is
proposed that O2 is facilely activated as Rh¢O¢O¢Ti (super-
oxide) at the Rh¢Ti perimeter sites when the Rh is present as
sub-nano species. The superoxide reacts with the weakly
adsorbed CO on the TiO2 sites, resulting in an unexpectedly
high activity with total CO conversion at 223 K. Moreover,
the turnover frequency (TOF) on these sub-nanoclusters is
around five times higher than that on single or pseudo single
atoms and one order of magnitude higher than that on
nanoparticles. This unique Rh/TiO2 catalyst proves to be the
most active Rh catalyst and its performance rivals the
standard Au/TiO2 catalyst from World Gold Council (Au/
TiO2-WGC).

The Rh/TiO2 catalyst was synthesized by deposition-
precipitation of RhCl3 onto commercial TiO2 (Degussa-P25)
with a Rh loading of 2.5 wt %. Some basic physicochemical
properties of the catalyst are listed in Table S1 in the
Supporting Information. The XRD patterns (Figure S1)
suggest a well-defined P25 crystal and there are no structural
changes after the loading of Rh. The absence of any Rh-
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containing crystal phases confirms the high dispersion of the
Rh species. The typical high-angle annular dark-filed scan-
ning transmission electron microscopy (HAADF-STEM)
images are presented in Figure 1A,B and Figure S2. By
detailed analyses of these images we conclude that the Rh
species are highly dispersed as sub-nanoclusters with sizes
ranging from 0.4 to 0.8 nm. The XPS data in Table S1 and
Figure S3 show the binding energy of 307.1 and 308.2 eV,
indicating the presence of both Rh0 and RhOx (0< x< 1)
species in the reduced catalyst.[12]

Figure 1C illustrates the profiles of CO conversions as
a function of reaction temperatures upon heating and cooling.
The CO conversion over Rh/TiO2 catalyst is as high as 97% at
233 K and reaches 100 % at 243 K. Upon cooling, it exhibits
a light-off (10 % conversion) temperature of 173 K and 100%
conversion at 223 K. Conventionally, the PGM catalysts have
poor activity for CO oxidation at such low temperatures.
While the temperature for total CO conversion on this Rh/
TiO2 catalyst is even at least 100 K lower than the most active
Rh-based catalyst.[13] A hysteresis is observed between the
cooling and heating process, which can be explained by the
changes in Rh oxidation state or by the different CO or O2

coverage in these two processes.[14]

To further quantify the activity of the Rh/TiO2 catalyst we
measured the specific rate and turnover frequency (TOF)
under a differential condition and compared these values with

those of the best catalysts reported in literatures.
As a benchmark, the Au/TiO2-WGC was firstly
tested. As shown in Table S2, both the specific rate
(0.024 molco gRh

¢1 h¢1) and the TOF (7.9 h¢1) over
Rh/TiO2 at 193 K are comparable with those over
Au/TiO2-WGC (0.021 molco gAu

¢1 h¢1 and 15.2 h¢1,
respectively), demonstrating the extremely high
activity of the Rh/TiO2 at cryogenic temperatures.
There are no reports that Rh-based catalysts can
be active at temperatures below 273 K. To com-
pare with the published data on Rh-based cata-
lysts, we measured the specific rate and TOF of
our Rh/TiO2 catalyst at room temperature. As
shown in Figure S4, the TOF profiles in terms of
CO conversion and CO2 production are closely
resembled with a rather constant value of around
120 h¢1. Therefore, a TON of 120 could be
obtained only in the first hour which is far
higher than 1. These results indicate a true
catalytic process of oxidation of CO to CO2 over
Rh/TiO2 catalyst rather than a non-catalytic con-
sumption. Moreover, as shown in Figure 1 D and
Table S2, our Rh/TiO2 catalyst exhibits 3 orders of
magnitude higher TOF than the most active Rh-
based catalyst. The apparent activation energy
was determined to be 13.6 kJ mol¢1 for CO
oxidation on Rh/TiO2 (Figure S5), which is similar
to that on Au/TiO2 (14.8 kJmol¢1) and much lower
than that on other Rh-based catalysts. The exper-
imentally observed outstanding performance cor-
relates well with its lower activation barrier for
CO oxidation.

The particle size is critical for CO oxidation on
Au-based catalysts.[15] For Rh/TiO2, we quantified the size
distribution of Rh species from single or pseudo single atoms,
sub-nano- to nanoscale with the aberration-corrected
HAADF-STEM technique. The corresponding results are
displayed in Figure 1, Figures S6–S9, and Table S3. The TOF
values versus the Rh sizes are shown in Figure 2. The data
unambiguously demonstrate that the TOF of the 0.4–0.8 nm
Rh clusters is about five times higher than that of the single or

Figure 1. A) Typical HAADF-STEM images of 2.5Rh/TiO2. The Rh species are highly
dispersed as single atom (white circles) or pseudo single atoms (black circles), sizes
at 0.4–0.8 nm (red square), Rh sizes larger than 0.8 nm (yellow triangle). B) Histo-
gram of size distributions. The size distributions were obtained by analyzing 200–
400 Rh species from HAADF-STEM images. C) CO conversions as a function of
reaction temperature upon heating and cooling at a rate of 2 Kmin¢1 over Rh/TiO2

catalyst. Reaction conditions: 1 vol% CO, 5 vol% O2, and balance He. Weight hourly
space velocity (WHSV): 720000 mLgRh

¢1 h¢1. D) Histogram of TOF values at 293 K
on Rh/TiO2 compared with other representative Rh-based catalysts.

Figure 2. TOF values at 233 K and the mean size of Rh species on
different Rh/TiO2 catalysts. The size distributions of various catalysts
were presented in Figure 1 and Figures S6–S8.
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pseudo single atoms and one order of magnitude higher than
that on nanoparticles around 1.8 nm in diameter. These
detailed analyses indicate that a unique configuration of sub-
nano Rh clusters is best for CO oxidation at cryogenic
temperatures.

The above results show that TiO2 supported sub-nano Rh
clusters exhibit an unprecedentedly high activity for CO
oxidation, even at cryogenic temperatures. In situ DRIFT
measurements were performed to investigate the nature of
the adsorbed CO species (CO(ad)). As shown in Figure S10a
and Table S4, four peaks on fresh Rh/TiO2 are attributed to
bridged-CO (1863 cm¢1), linear-CO on Rh0 (2073 cm¢1), and
the symmetric and asymmetric vibration of gem-dicarbonyl
doublet-CO on positively charged Rh atoms (2102 and
2033 cm¢1), respectively. In addition, a feature at 2179 cm¢1

is observed and can be assigned to CO(ad) on TiO2.
[11] The pre-

adsorption of O2 on Rh/TiO2 leads to a significant decrease of
the linear- and bridged-CO but the main presence of gem-
dicarbonyl (Figure S10b), suggesting that the Rh species are
easily oxidized after O2 adsorption. It also corroborates the
XPS results that a facile cycle of redox Rh species exists and
that the binding energies increase after CO oxidation and
then recover after reduction treatment (Figure S3). More-
over, the presence of the band at 2345 cm¢1 suggests that even
at 123 K the CO2 formation occurs as soon as the CO is in
contact with the pre-adsorbed O2. The evolution of CO(ad) and
CO2 formation with time is shown in Figure 3A. The CO(ad)

on TiO2 increase along with the CO2 peak while those on Rh
keep unchanged. To confirm the active adsorbed CO species,
we reversed the order of adsorption. As shown in Figure 3B,
after introducing O2 to the catalyst pre-adsorbed with CO, the
CO(ad) on Rh still keep unchanged while the CO(ad) on TiO2

decrease gradually with the increase of CO2 peak. Figure 3C
presents the evolution of the integrated areas of CO2, CO(ad)

on TiO2 and CO(ad) on Rh. These results unequivocally
demonstrate that the active species are CO(ad) on TiO2 instead
of on Rh at cryogenic temperatures. This is similar to a recent
finding that on Au/TiO2 catalyst the active species in CO
oxidation are CO adsorbed on TiO2.

[11] Without the presence
of Rh, exposing O2 to pure TiO2 with pre-adsorbed CO(ad)

does not produce any CO2 (Figure S11). This result suggests
that the adsorption of CO on TiO2 is necessary but not
sufficient for the high activity of Rh/TiO2 at cryogenic
temperatures.

Another important factor for CO oxidation is related to
the active species of O2. Electron paramagnetic resonance
(EPR) is a well-accepted approach to study the O2 adsorption
and subsequent reaction.[16] As shown in Figure 4 A, the fresh
Rh/TiO2 catalyst shows a symmetric signal at g = 2.002, which
is due to unpaired electrons trapped at the oxygen vacancies
on TiO2.

[17] As shown in the TPR results (Figure S12), an
obvious sharp peak exists at 259 K with H2 consumption of
685 mmolgcat

¢1 which is higher than the theoretical amount of
reducing Rh3+ to Rh0 (364 mmolgcat

¢1). This indicates that the
TiO2 surface in close proximity with the Rh clusters may have
been reduced, resulting in the formation of oxygen vacancies.
After the adsorption of O2, the intensity of the peak at g =

2.002 decreases, indicating the occupancy of oxygen vacancies
by the adsorbed oxygen. Three new peaks at gxx = 2.001, gyy =

2.010, gzz = 2.030, characteristic of molecular superoxide
(O2

¢) species,[17] appear. Exposure of this sample to CO
results in the disappearance of these peaks and the reoccur-
rence of the peak at g = 2.002, a consequence of the recovery
of oxygen vacancies through the reaction between O2

¢ and
CO.

The activation of molecular superoxide through Rh-Ti-O-
O, Rh-O2-Ti or Rh¢O¢O¢Ti was examined by DFT calcu-
lations. The Rh5 cluster was selected according to HAADF-
STEM result and was anchored on the anatase-TiO2 (101)
surface considering that there is more anatase surfaces than
those of the rutile in the polymorph of P25 (Figure S13). As
shown in Figure 4B, the adsorption energy for the Rh¢O¢O¢
Ti configuration is 0.92 eV, higher than that of the other two
configurations. This result suggests that the O2 is most
strongly bound to the Ti sites near the Rh species at the
Rh-TiO2 perimeters, which can lead to a relatively large order
of 0.55 for O2 (Figure S14). We further clarified the critical
role of sub-nano Rh species on the activation of O2.
According to the EPR results, there is no presence of O2

¢

species on the Rh/TiO2 sample with the Rh particle sizes
around 1.8 nm (Figure S15). A decreased activity for CO

Figure 3. A) Evolution of infrared spectra at 123 K after introducing CO
to the O2 pre-adsorbed Rh/TiO2 sample. B) Evolution of infrared
spectra at 123 K after introducing O2 to the CO pre-adsorbed Rh/TiO2

sample. C) Plots of relative integrated absorbance of CO adsorbed on
Rh or TiO2 and CO2 with time derived from results of Figure 3B.
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oxidation is observed on such catalyst (Figure S16). In
addition, the CO adsorption energy is only 0.38 eV on TiO2

sites, much weaker than that on Rh sites as shown in
Figure S17. Such weak adsorption of CO molecules renders
them labile and can easily diffuse to the perimeter sites to
react with the superoxide. This type of CO species does not
compete with the adsorption of O2, thus leading to a slightly
positive order of CO even at cryogenic temperatures (Fig-
ure S14), in contrast to the usually negative order of CO
during CO oxidation.[18] It also promotes more rapid con-
sumption of CO(ad) on TiO2 sites than that on Rh sites, which
makes them the main species to produce CO2, as revealed by
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) results in Figure 3 B. As a result, CO oxidation
could occur at cryogenic temperatures as long as CO
adsorption on TiO2 and the formation of superoxide in
a form of Rh¢O¢O¢Ti simultaneously occurs at the perim-
eters between sub-nano Rh and TiO2. The stronger bonded
CO species on Rh sites are kinetically inactive for CO
oxidation because these species cannot desorb at such low
temperatures (Figure 3C). At higher temperatures, these CO
molecules can become more mobile and then participate in
production of CO2 according to traditional L–H mecha-
nism.[2b, 11]

In conclusion, we have developed a sub-nano Rh/TiO2

catalyst with Rh species highly dispersed in a scale of 0.4–
0.8 nm. This catalyst exhibits an unprecedentedly high activity
of complete CO conversion at 223 K, at least 100 K lower
than the ever reported Rh-based catalyst so far and at least
three orders of magnitude higher TOF, even comparable with
the standard Au/TiO2 catalyst which is well-known for CO

oxidation at cryogenic temperatures. Moreover, the TOF on
these sub-nanoclusters is around five times higher than that
on single or pseudo single atoms and one order of magnitude
higher than that on nanoparticles. The superior performance
of this catalyst can be attributed to the facile activation of O2

as Rh¢O¢O¢Ti species on the perimeters between Rh sub-
nanoclusters and TiO2 support and ready reaction with the
adsorbed CO species on TiO2 sites. The unconventional but
reasonable discovery in this paper that the Rh/TiO2 catalyst is
highly active for CO oxidation at cryogenic temperatures may
make people re-recognize the CO oxidation on PGM metal
catalysts. It also provides an opportunity to fabricate highly
active PGM catalysts by detailed understanding of the active
sites.

Experimental Section
All catalysts were prepared by deposition–precipitation methods.
Typically, 1 g of TiO2-P25 was dispersed into 100 mL of deionized
water and the suspension was stirred at 353 K for 15 min. Then,
100 mL of aqueous RhCl3·3H2O solution with appropriate concen-
tration was added dropwise (3 mLmin¢1) to the suspension, during
which the pH value was maintained at 8.5 with NaOH solution. After
stirring for 3 h and aging for 1 h, the resulting precipitate was filtered
and washed with 1 L hot deionized water, then dried at 353 K
overnight and calcined at 673 K for 4 h. The resulted catalysts were
denoted as 2.5Rh/TiO2 and 0.5Rh/TiO2 with Rh loading of 2.5 and
0.5 wt %, respectively. For comparison, 2.5Rh/TiO2 was further
calcined at 823 and 923 K, denoted as 2.5Rh/TiO2-823 and 2.5Rh/
TiO2-923, respectively.

The details about activity tests, the characterizations such as
HAADF-STEM, EPR, and DRIFTS are given in the Supplementary
Information.
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