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Abstract: Pt-based materials are widely used as heterogeneous 

catalysts, in particular for pollutant removal applications. The nature 

of the active Pt phase responsible for CO oxidation has long been 

investigated with a view at designing more efficient formulations. The 

state of Pt has often been proposed to differ depending on 

experimental conditions, e.g. metallic Pt poisoned with CO being 

present at lower temperature before light-off, while an oxidized Pt 

surface prevails above light-off temperature. In stark contrast with all 

previous reports, we show here that both metallic and oxidized Pt are 

present in similar proportions under reaction conditions at the surface 

of ca. 1 nm nanoparticles showing high activity at 30 °C. The 

simultaneous presence of metallic and oxidized Pt enables a synergy 

between these phases. The main role of metallic Pt phase is to 

provide strong adsorption sites for CO, while that of oxidized Pt 

supposedly supplies reactive oxygen. Our results emphasize the 

complex dual oxidic-metallic nature of supported Pt catalysts and its 

evolving nature under reaction conditions, warranting a whole rethink 

of the mechanism of other reaction and metals, particularly redox and 

electrochemical reactions. 

Introduction 

Understanding metal speciation is essential for the design 

of atom-efficient catalysts.[1–3] The nature of the active form of Pt 

for CO oxidation has been widely discussed, with a renewed 

recent interest following the preparation of so-called single atom 

catalysts.[4–6] Surface science[7–9] and X-ray absorption 

spectroscopy  techniques[10–12] have been instrumental in 

unravelling the changing nature of Pt single crystals and 

nanoparticles depending on experimental conditions. 

 In short, two different regimes can be observed 

depending on the partial pressure ratio P(CO)/ P(O2) and the 

temperature. The low activity regime is associated with a CO-

poisoned metallic surface characterized by a high apparent 

activation energy (between 80 and 176 kJ mol-1) with the rate-

determining step being CO desorption from surface sites to 

enable O2 adsorption. Recently, Gänzler et al. showed that the 

CO poisoning on Pt can be circumvented by oxygen supply from 

the ceria, thus explaining the better performance of ceria supports 

at low temperatures.[13] Typical reaction orders are negative in CO 

(often -1) and positive in O2 (often +1).[9,14,15] 

 The metallic or oxidized nature of the high activity regime, 

often observed after a so-called light-off at higher temperature, is 

more controversial. This controversy partly arises from (i) the 

difficulty in controlling temperature and the potential presence of 

mass transfer limitations in the highly active regime and (ii) the 

role of the support in the stabilization of a more active form of Pt, 

which has been proposed to be oxidic.[10,11,16] The latter point 

contrasts with earlier reports that oxidic Pt exhibited a lower 

activity than that of metallic Pt surfaces.[12,17]   Whatever the exact 

nature of Pt in the high activity regime, this domain is commonly 

characterized by a lower activation energy (30-60 kJ mol-1) and 

fractional positive reaction orders for both CO and O2.[8,9] 

IR spectroscopy is commonly used to investigate the nature 

of Pt surfaces through the analysis of the wavenumbers of 

adsorbed CO, although spectral interpretation is not trivial.[18–20] 

The stretching frequency ν(CO) is affected by the Pt coordination 

number[21] and oxidation state,[22–24] CO adsorption modes,[20,25]  

and lateral interactions.[4] Somorjai and co-workers noted several 

types of adsorbed CO on Pt(111) surface during CO + O2 

reaction.[8] Linear species at 2100 cm-1 are the main species 

present in the low activity metallic regime and are  reaction 

inhibitors rather than spectators or reaction intermediates. The 
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reaction intermediate is a species present at defect sites 

absorbing at ca. 2045 cm-1, which is present both in the low and 

high activity regime. The 2100 cm-1 inhibiting species are not 

observed at all in the high activity regime, in contrast to new bands 

at 2130 and 2240 cm-1 that indicate the presence of oxidized Pt 

sites. 

Oxide-supported single atom Pt species, presumably positively 

charged Ptn+, lead to bands around 2105 ± 10 cm-1.[1,2,5,26–28] In 

some cases the CO adsorbed on single atom species can be 

discriminated from those adsorbed on Pt nanoparticles by the fact 

that the latter are readily removed through oxidation by O2 even 

at room temperature, while the CO adsorbed on single atoms is 

unreactive.[1] The poor activity of Pt single atoms on ceria is 

further stressed by several groups.[16,27,29,30] In contrast, metallic 

Pt nanoparticles interacting with oxygen from ceria[31–34] and 

supported PtOx clusters[16,35] are proposed as highly reactive 

species. 

The present investigation focuses on Pt/CeO2 catalysts 

composed of Pt nanoparticles supported on nanosized ceria 

prepared according to a method reported earlier.[36] These 

materials are active at room temperature for CO oxidation and the 

activity is even increased in the presence of water. Our main aims 

are to investigate the natures of (i) the active Pt phase and (ii) the 

main reaction intermediates. We shall show, firstly, that the most 

active form of the catalyst actually involves the simultaneous 

presence of metallic and oxidic Pt. Secondly, we demonstrate by 

quantitative IR spectroscopy that the main reaction intermediates 

are carbonyls adsorbed on the metallic Pt phase. These carbonyls 

may react with oxygen from the Pt oxide phase or ceria, 

depending upon availability. Our observations help to rationalize 

apparently conflicting reports on similar catalysts about the origin 

of the oxygen used to oxidize CO, e.g. from ceria[32]  or from oxidic 

Pt,[16] as both routes may occur simultaneously. 

Results and Discussion 

The evolution of the reaction rate with time is monitored 
isothermally at 30 °C in the absence and presence of a small 
concentration of steam (0.6 kPa) on powdered catalysts (Figure 
1(A)). The reactions rate decreases rapidly within the first 100 min, 
albeit slower in the wet case. Overall, the reaction rate in the wet 
case is ca. 2-6 times higher than that observed in the dry case. 
Water-promotion of CO oxidation at low temperature is well 
documented in the case of Au-based catalysts,[37,38]  and was also 
recently reported in the case of ceria-supported Pt.[28] In the 
following, our investigation focuses on the use of a wet feed, not 
only because of the observed higher activity and stability, but also 
because of its greater relevance to real-life applications. Any “dry” 
case data always remains ambiguous because water control at 
the ppm level is not trivial, while ppm-levels of water were shown 
to have dramatic effect in the case of Au. The faster deactivation 
noted in the dry feed (Figure 1A) could actually be due in part to 
a gradual water removal from the catalyst surface with time. In 
order to analyze the spent catalysts, the reaction was also carried 
out on a catalytic bench (see SI for details). The X-ray diffraction 
patterns of the as-prepared and spent Pt/CeO2 (after CO 
oxidation for 12h at 30 °C in the presence of humidity) indicate the 
presence of cubic ceria (space group Fm-3m) only (Figure 1B). 
The crystallite size of ceria particles determined using Scherrer’s 
equation for the diffraction peak located at 2Θ = 29° was 7.4 nm. 
The surface area as derived from nitrogen physisorption (Figure 
S1) at 77 K is 112 m2/g, which agrees with the X-ray diffraction 
results.  

 

Figure 1. (A) CO oxidation of 5 % Pt_CeO2 after ex-situ reduction (40 %H2/He, 

300°C, 2h, atmospheric pressure) at 30°C under dry (right axis) and in the 

presence of humidity (left axis). Feed composition: 0.2 % CO + 2 % O2 in He, in 

the wet case 0.6 % humidity is added. The measurement is done in a DRIFTS 

cell. (B) XRD pattern of the as-synthesized and spent catalyst. 

No diffraction peaks from neither metallic Pt nor platinum oxide 
are visible, in both the as-synthesized and spent sample. This 
indicates that a high platinum dispersion is obtained. 

The analysis of the HAADF-STEM images of the sample 
show that the fresh sample reduced at 300 °C contains mostly Pt 
nanoparticles, which sizes are comprised between 0.6 and 1.5 nm 
(Figure 2.A-C), corresponding to a Pt dispersion of about 100 %. 
The particle size distribution is essentially identical after use for 
the CO oxidation in wet conditions at room temperature (Figure 
2.D-E). A few single Pt atoms can also be observed (Figure 2B 
and E), as typical for this type of samples. Selected area electron 
diffraction (SAED, Figure S2) does not show Pt diffraction peaks 
on the reduced sample. This further confirms a high dispersion of 
the platinum species. However, the SAED analysis of the spent 
catalyst (Figure S3) evidences the presence of crystalline metallic 
Pt, indicating that part of the Pt crystallizes and undergoes 
changes under reaction conditions, even though the overall 
dispersion is nearly unchanged. No evidence of oxidized Pt 
clusters can be obtained, though those may have been reduced 
in the high vacuum and under the electron beam of the electron 
microscope.[31] These potential effects limit the informative depth 
of ex situ TEM studies to determine the structure of the catalytic 
active Pt species under the applied reaction conditions, 
warranting the use of other in situ or operando techniques to 
clarify further the nature of the active surface. 

The evolution of the reactive species is further monitored by 
the corresponding IR bands of species adsorbed at the surface of 
the catalyst (Figure 3) over time at 30 °C and varying gas 
atmosphere with a view at unraveling structure-activity 
relationships. The corresponding rates measured in the DRIFTS 
cell is given in Figure 1 (A). For the DRIFTS experiment, the ex-
situ reduced sample is first exposed to the O2 + H2O stream for 
30 min before recording the IR background. CO is then introduced, 
taken as the origin of time. 
 The main bands observed (Figure 3.A) are located at 2055 
cm-1 and 1822 cm-1, corresponding to linear (L-CO) and bridged 
(B-CO) carbonyls adsorbed on Pt0.[21,25] The 2055 cm-1 band is 
typical of Pt0 sites with a coordination numbers of 5 or 6,[21] 
consistent with the many edge sites present on our 1 nm diameter 
particles (Figure 2). The intensity of the bridged carbonyl band at 
1822 cm-1 is unusually high in comparison to that of linear species 
for this size of nanoparticles.  In addition, the band was 
asymmetric, exhibiting a shoulder below 1800 cm-1, suggesting 
the presence of various sites. 
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Figure 2. Representative HAADF-STEM images of the Pt/CeO2 catalyst and the corresponding distribution of Pt particle sizes before (A-C) and after CO oxidation 

under wet conditions (D-E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) CO conversion (full circles) and total carbonyl (= linear and bridged CO) DRIFTS signal (open triangles) measured during a typical CO oxidation 

experiment carried out over Pt/CeO2 at 30 °C under 0.2 % CO + 0.6 % water + 2 % O2/He in a DRIFTS cell. Reaction products were analysed using an FT-IR gas 

cell. CO was removed from the feed during the periods noted II and VI. O2 was removed from the feed during period noted IV. (B) Typical DRIFTS spectra collected 

during the first exposure to the full feed (period I) and (C) during the O2-free period IV. The sample spectrum collected under the CO-free feed before CO introduction 

was used as background for the whole experiment. The gas-phase spectrum of CO was subtracted. 
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 A weak band at 2169 cm-1 typical of linear CO of Pt1+ is 

observed only at short times on stream, indicating that this 

oxidized species was readily getting reduced upon CO 

introduction.[20,22–24] It must be stressed that CO adsorption on Ptn+, 

n>1 (observed in the range 2220-2140 cm-1) is usually too weak 

to be observable at 30 °C.[22–24] Therefore, the absence of such 

bands in Figure 3.B should not be taken as a proof of the absence 

of highly oxidized Pt cations (single atoms or oxidic particles), i.e. 

the corresponding CO surface coverage could be too low to be 

observed. Other bands below 1700 cm-1 are typical of 

carbonate/carboxylate/formates and are difficult to resolve and 

not discussed further here. 

Apart from the first few minutes on stream relating to some 

induction process, CO conversion gradually decreases, while the 

carbonyl signal gradually increases (Figure 3.A, section I. See 

Figure S4 for the individual contributions of L-CO and B-CO). A 

higher activity could yet be obtained after having removed CO for 

short durations, although deactivation rates were then faster 

(Figure 3, periods III and VII).  

 CO conversion is plotted versus the IR band intensity of L-

CO and B-CO to determine whether or not any unequivocal 

correlation existed between activity and these carbonyls (Figure 

4). No unequivocal relation is observed between CO conversion 

and the concentration of neither carbonyls, as the four periods 

considered led to different curves. This result indicates that either 

the expression of the rate is not a direct function of the surface 

concentration of CO adsorbed on metallic Pt sites or that the state 

of the catalyst surface was markedly modified over the various 

periods considered. We favor the latter explanation for the three 

following observations. 

 

 

 

 

 

Figure 4. CO conversion plotted against the band area of Pt0-bound (A) L-CO 

and (B) B-CO corresponding to periods I, III, V and VII as indicated in Figure 

3.A. 

Firstly, the overall decays of CO conversion with increasing 

Pt0-CO signals for each of the reported periods (Figure 4) 

suggests that these carbonyls and Pt0 sites form at the expense 

of more reactive sites. Since carbonyls need to react with oxygen 

to form CO2, it is reasonable to propose that the disappearing 

reactive species was an oxygen-supplying entity such as PtOx. 

This suggestion is supported by recent work showing that PtOx 

clusters were highly reactive for low temperature CO 

oxidation.[16,35]  

 Secondly, the possible presence of PtOx species is 

evaluated by removing O2 from the feed, leaving the catalyst in 

the presence of steam and CO. The intensity of both carbonyl 

bands L-CO and B-CO gradually increases to reach a level about 

double that obtained before removing O2 (see periods IV in Figure 

3.A and S5 and Figure 3.C). This result indicates that these new 

carbonyls are formed on Pt sites previously not available for CO 

adsorption, either because of the presence of an adsorbed O on 

Pt0 or because the Pt is present as an oxide phase that does not 

adsorb CO at this temperature. 

 Thirdly, the marked modification of Pt oxidation state when 

varying feed composition was confirmed by in situ NAP-XPS. O2, 

CO and mixtures of those are injected inside the NAP-XPS 

analysis and reaction chamber at a total maximal pressure of 5 

mbar. The samples were reduced ex-situ in order to be coherent 

with HAADF-STEM and DRIFTS analysis. The Pt/CeO2 sample 

measured in the sole presence of O2 exhibits a mixture of 

oxidation states Pt0, Pt2+ and Pt4+ (Figure 5 A). Metallic Pt0 

represents a minority species under these conditions (Figure 5 B). 

The corresponding NAP-XPS Ce 3d levels spectra shows mostly 

Ce4+ species (see Figures S5-S7 in the NAP-XPS section in the 

supplementary). The proportions among Pt species were 

modified once CO was added to O2: that of Pt4+ was reduced at 

the benefit of Pt0, while Pt2+ proportion was unaffected. Only Pt0 

was then observed under CO once O2 is removed from the 

chamber. Bringing back O2 alongside CO leads to a strong 

reoxidation of the sample, with the Pt0 being now almost absent.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (A) NAP-XPS Pt 4f core levels measured over the Pt/CeO2 sample at 

room temperature successively exposed to: 1.3 mbar of O2 (bottom left), 5 mbar 

of O2 + CO (top left), 1.3 mbar of CO (bottom right) and 5 mbar of CO + O2 (top 

right). (B) Corresponding distribution of Pt oxidation states as a function of the 

gas composition. The gas flow rates of CO and O2 used were 0.4 ml min-1 and 

0.85 ml min-1, ratio pCO/pO2 = 0.47. The total pressure was 5 mbar. Note that no 

water vapor was introduced into the NAP-XPS chamber. Peak positions and 

shapes slightly evolved because of inhomogeneous charging effects.   
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This final distribution of Pt states under CO + O2 is quite 

different from that observed earlier, indicating that the sample 

oxidation state is history-dependent. The origin of this history-

dependent structure is yet unclear and may arise from various 

factors, including thermal effects (e.g. CO oxidation is highly 

exothermic) and the known ability of Pt to wet ceria to different 

extents depending on redox treatments.[12,31,33] 

The NAP-XPS data (Figure 5) thus confirm our hypothesis 

that the structure of our Pt/CeO2 greatly varies depending on 

reaction cycles, as suggested by the operando DRIFTS data 

(Figure 3 and 4). It is crucial to note that the fraction of oxidized 

Pt (Pt2+ and Pt4+) observed by NAP-XPS in the presence of the 

reagents, i.e. CO + O2, is always higher than that of metallic Pt 

(Figure 5). This observation supports the conclusion obtained 

from the operando DRIFTS data that at steady-state reaction 

conditions a large fraction of Pt is in an oxidized state or covered 

with oxygen, and therefore electro-deficient. 

The conclusion that the catalyst surface under reaction 

condition shows both metallic and oxidic Pt raises the question of 

which of this phase is most responsible for the activity, or whether 

a synergy exists. The measured apparent activation energy was 

49 ± 5 kJ/mol and the reaction orders in CO and O2 were 0.35 ± 

0.04 and 0.19 ± 0.03, respectively (Figure 6). These values are 

fully consistent with those reported on oxidized Pt surfaces[10,11] 

and not with those on metallic Pt.[9,14,15] Therefore, we must 

conclude that the rate-determining step involves oxidized Pt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (A) Arrhenius plot and logarithmic plot of the reaction rate versus (B) 

CO pressure and (C) O2 pressure used to determine the apparent activation 

energy and the reaction orders. Data were obtained at pseudo-steady-state at 

conversion lower than 20 % using the DRIFTS cell. T = 30-45 °C. The CO and 

O2 feed composition was slightly varied around that of the typical feed (0.2 % 

CO + 0.6 % water + 2 % O2/He) at atmospheric pressure according to the 

pressure reported in the graph. 

An important question remains on the role of metallic Pt and the 

associated carbonyl species that were observed by DRIFTS. It is 

possible that these carbonyls could react with oxygen from the 

PtOx species or from ceria, as proposed on similar 

materials.[29,36,37]  The data collected while removing CO from the 

feed (period II in Figure 3.A) were used to determine the rate 

constant of decomposition of L-CO and B-CO. Both species  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (A) DRIFTS spectra collected over the Pt/CeO2 at 30 °C under 0.6 % 

water + 2 % O2/He at various times following the removal of CO. These data 

correspond to the region II in Figure 3.A. The band intensity of the linear L-CO 

and bridged B-CO species was then plotted as a function of time in (B) normal 

or (C) semi-logarithmic coordinates. 

 

decompose uniformly with identical rates (Figure 7 and Table 1). 

This apparent similar reactivity could possibly be an artefact due 

to a fast surface transfer between the L-CO and B-CO forms, as 

observed on cobalt-based catalysts during CO hydrogenation.[41]  

The specific decomposition rate of linear and bridged 

carbonyls can be calculated based on a Pt dispersion of ca. 100 % 

and assuming that about 50 % of the Pt atoms are in a metallic 

state (vide supra). The total concentration of carbonyls is thus half 

that of Pt, also assuming a ratio 1:1 between surface metallic Pt 

and both linear and bridged carbonyls as a first approximation. 

The calculated decomposition rate of carbonyls, i.e. 6.1 ± 3 µmol 

s-1 gcata
-1, is similar to the rate of CO2 formation, i.e. 4.0 ± 0.4 µmol 

s-1 gcata
-1, (Table 1). This observation strongly suggests that these 

CO species are main reaction intermediates in the formation of 

CO2 (or at least one of those, while the other could readily be 

surface-transferred to the other type of site to react). 

 This conclusion is consistent with the model proposed by 

Safonova and co-workers[32] on a similar catalyst in which 

carbonyls adsorbed at the edge of metallic Pt nanoparticles of 

similar sizes reacted with oxygen from ceria. The TOF reported 

by these authors (2 x 10-2 s-1 calculated at 30 °C) was actually 

similar to ours (1.5 x 10-2 s-1). These authors did not consider the 

possibility of the presence of oxidized Pt species. 
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Table 1. Parameters associated with carbonyl species bound to metallic Pt 

during CO oxidation at 30 °C. The decomposition rate constants are derived 

from Figure 7. The rates of CO2 formation is calculated using the conversion 

values just before removing CO from the feed at the end of period I (see Figure 

3.A)..  

Decomposition rate constant k(L-CO) 4.94 ± 0.2 10-2 s-1 

Decomposition rate constant k(B-CO) 4.76 ± 0.2 10-2 s-1 

Total Pt concentration 251 µmol/gcata 

Total carbonyl concentration 125 µmol/gcata 

Carbonyl decomposition rate 6.1 ± 3 µmol/(s 

gcata) 

Rate of CO2 production per gcatalyst 4.0 ± 0.4 µmol/(s 

gcata) 

Rate of CO2 production per gPt 79 µmol/s/gPt 

TOF (mol CO2 / (molPt s)) 1.5 10-2 s-1 

The TOF measured here (1.5 x 10-2 s-1) is still significantly lower 

than that reported by Wang and co-workers[16] (22 x 10-2 s-1) on a 

catalyst presenting only PtOx species and no metallic Pt. It is 

possible that such highly active species were present to some 

extent in our sample and especially account for the higher 

conversion observed at the beginning of the period I, III and VII 

(Figure 3.A). At the present time, it is not possible for us to 

conclude on the origin of the oxygen reacting with the Pt0-CO 

species, but it is likely coming from both ceria and PtOx species. 

 The mechanism most consistent with our data is thus a 

combination of those reported earlier on purely metallic or oxidic 

Pt and is depicted in Figure 8. We have clearly demonstrated that 

the carbonyls present at the surface of metallic Pt atoms can 

account for all the CO2 formed under reaction conditions (Table 

1). We have also shown that about half of the Pt was present as 

oxidized PtOx under our conditions (see periods IV in Figure 3.A 

and S4 and Figure 3.C) and that the activity clearly declined with 

the reduction of this PtOx phase into metallic Pt (Figure 4). 

Adsorbed carbonyls on Pt0 can likely react with both oxygen from 

ceria and oxygen from the PtOx phase to produce CO2. We have 

also observed that the oxidation state of the Pt nanoparticles 

depended on the sequence of treatments (Figure 5), such as the 

order of reactant introduction. 

  

 

 

Figure 8. Schematic representation of the phases involved in CO oxidation at 

low temperature on Pt/CeO2: (Left) partially oxidized Pt nanoparticles enable 

reaction between CO adsorbed on metallic Pt sites and oxygen from PtOx 

species. (Right) Fully reduced Pt enables reaction between CO adsorbed on Pt0 

and oxygen supplied by the ceria support. Atom color code: Pt0 (black), oxidized 

Pt (grey), O (red). All Pt0 sites are covered by CO at room temperature, only one 

CO is represented, for the sake of clarity. The actual particle shape is not known 

and may change with feed composition. 

Conclusion 

In this work, we carefully analyze the active Pt species for room 

temperature CO oxidation of nanosized Pt on ceria using 

operando DRIFTS and NAP-XPS techniques. We can clearly 

identify the presence of both metallic and oxidized Pt during the 

reaction, suggesting a mechanism involving the two species. It is 

possible that the fraction of Pt remaining oxidized in the presence 

of CO could be the smallest nanoparticles (clusters) present, 

which should be less prone to get reduced because of strongest 

interaction with the support, and these might contribute to the 

catalytic performance by supplying oxygen to the reduced 

platinum particles. It is not possible for us to conclude on this 

matter that would require the preparation of a set of very narrow 

and stable Pt particle size distributions. Our observation 

underlines the versatility of Pt and ceria-based catalysts and 

rationalizes the difficulty in comparing data and mechanisms 

proposed by various groups, as catalyst structure is strongly 

history-dependent. More work is needed to determine the exact 

structure of the metallic and oxidic Pt phases, which are likely sub-

nanometric labile domains strongly interacting with ceria that will 

require operando techniques such as EXAFS to capture their 

evolving nature. The co-existence of oxidic and metallic Pt 

domains has been proposed by Jacob and co-workers in the case 

of electrochemical systems and extended Pt surface DFT 

models.[42,43] Also for methane oxidation on Pd catalysts the 

presence of both, oxidized and metallic Pd seem to enhance the 

performance, in particular in the presence of water vapour.[44] Our 

work is in line with these recent findings and opens a new vision 

in the active nature of Pt catalysts where both metallic and oxidic 

Pt phases can coexist. 
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