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Ceria-based materials are today the most prominently used catalyst supports for CO oxidation and NOx reduction in three 

way catalytic converters (TWC) worldwide. Acting as oxygen buffer compounds, the underlying reaction mechanism and 

especially the distinct role of surface and lattice oxygen for catalytic reactions, is still under debate. This is partially related 

to the complexity of the real CeO2 surface, containing important amounts of water and carbonates. Combining TG-MS, 

Raman spectroscopic experiments and Isotope Labeling Pulse Temperature Programed Oxidation Reaction (ILPOR), 

coupled with mass spectrometric analysis on 
18

O doped ceria, we explored here the oxygen uptake/release behavior under 

operando conditions, together with the catalytic activity related either to surface and/or lattice oxygen mobility and 

exchange. Specific changes in the lattice dynamics induced by 
18/16

O isotope exchange were analyzed by Raman 

spectroscopy, allowing studying selectively the temperature dependent onset of lattice oxygen mobility and isotope 

exchange behavior. For Pt-supported nano-ceria we evidenced high catalytic performances for CO oxidation, activated 

slightly above ambient conditions without significant lattice oxygen participation. The distinct role of surface and lattice 

oxygen in the catalytic reaction of ceria catalysts is discussed as a function of temperature, grain size, Gd-doping and Pt 

impregnation. 

INTRODUCTION 

Due to their importance for many technological applications, 

e.g. TWC in automotive engines,
1-5

 photocatalysis,
6-8

 solid 

oxide fuel cells (SOFC),
9-11

 oxygen permeation membranes,
12, 13

 

sensors
14, 15 

and biomedical application,
16, 17

 ceria-based oxides 

belong to the most investigated materials. General 

performances can be tuned and controlled by cation doping, 

as well as a given microstructure and morphology. Basically 

ceria adopts the cubic Fluorite-type structure, with cations 

occupying f.c.c. positions and anions on all tetrahedral lattice 

sites.
18

 The phase diagram of CeO2-δ is, however, much more 

complex, revealing a number of phases with oxygen defects 

under reducing condition.
18-26 

Several oxygen deficient CeO2-δ 

phases forming complex superstructures in the range of 0 < δ < 

0.5 have been evidenced by single crystal neutron 

diffraction.
27

 Furthermore, ceria can be synthetized in various 

morphologies, like nanowires,
28-30

 nanotubes,
31-33

 3DOM 

structure
34

 etc., each of them related to specific properties in 

different fields of application.
35

 Its surface catalytic and oxygen 

buffer properties, oxygen storage capacity (OSC) and oxygen 

bulk mobility are strongly depending on a dopant specific 

defect structure of CeO2, which varies as a function of 

temperature, oxygen partial pressure,
36-38

 electric field,
39

 

surface stress and quantity of dopants.
40 

 

A detailed understanding concerning the underlying reaction 

mechanism of oxygen uptake and release, coupled to its 

catalytic activity and respective interplay of associated gas-

solid redox equilibra is still lacking. In this context we intend to 

investigate the catalytic activity of ceria and ceria based 

compounds, with one of the most extensively studied reaction 

in the field of heterogeneous catalysis, i.e. the oxidation of CO 

to CO2.
41, 42

 Depending on the oxygen species involved in the 

catalytic reaction, CO oxidation has been described by the 

Eley-Rideal,
43

 Langmuir-Hinshelwood
44

 and Mars-van 

Krevelen
45

 mechanism. It is widely suggested that CO is 

combining with lattice oxygen on ceria through Mars-van 

Krevelen Mechanism.
46

 Bera
47

 and Priolkar
48

 proposed that 

interaction of ceria with Pd and Pt can lead to the dual site 

mechanism of CO oxidation, the best described by Langmuir-

Hinshelwood mechanism.
49

  

Our specific interest here is to study the CO oxidation 

mechanism on highly active nano-Ceria and Ceria based 

compounds with a special focus on the role of surface and 

lattice oxygen and related oxygen mobility during the catalytic 

reaction under dynamically modulated redox equilibra, using a 

panoply of 
18

O isotope labeling techniques. We investigated in 

parallel, complementary temperature dependent oxygen 
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mobility by 
18

O isotope labeling techniques, like 

thermogravimetric studies coupled with mass spectrometry 

(TG-MS). These results are then compared to temperature-

controlled Isotope LAbeling Raman Spectroscopy (ILARS), 

allowing accessing specific information for lattice oxygen only. 

The 18O lattice oxygen participation to the catalytic reaction 

was determined by Isotope Labeling Pulse Temperature 

Programed Oxidation Reaction (ILPOR) of CO, giving access to 

oxygen release and uptake kinetics under dynamic and 

alternating redox conditions. The latter techniques are 

reported here for the first time.  

EXPERIMENTAL 

Fluorite-type nano powders of composition CeO2 and 

Ce0.8Gd0.2O1.9 were prepared by soft chemistry method. 

Stoichiometric amounts of Ce(NO3)3*6H20 (Sigma Aldrich 

>99,9%) and Gd(NO3)3*6H20 (Sigma Aldrich >99,9%) were 

dissolved in isopropanol and stirred during 3 hours. This 

solution was dried at 100°C during 96 h. Resulting powders 

were calcined with a heating ramp of 1.7K/min to 500°C or 

800°C  (holding time of 5 h). Temperature variation of the final 

calcination allowed to control the particle size, i.e. 9 nm CeO2 

(NCEO), 9 nm Ce0.8Gd0.2O1.9 (NCGO), were calcined at 500°C 

and 81 nm CeO2 (BCEO) and 61 nm Ce0.8Gd0.2O1.9 (BCGO) were 

calcined at 800°C. Impregantion of ceria with Pt was prepared 

by dissolving stoichiometric amount of Pt(NO3)2 in ethanol and 

added dropwise to nano ceria powder, followed by drying at 

100°C and calcination at 500°C during 15h and 2h respectively, 

under air. 

Isotope 
16

O/
18

O exchange was performed for the nano-sized 

ceria by placing 400 mg of the sample in the quartz reactor 

under 1 bar atmosphere of 
18

O2 at 400°C. The 
18

O2 gas volume 

was three times renewed leading to the enrichment in 
18

O of 

about 65 %. The exchange reaction was identical for the bulk 

samples, except the temperature was raised to 500°C. 

X-ray Diffraction (XRD) analysis was performed for all oxides 

using a PANanalytical Empyrean system with PIXcel
3D

 detector 

operating in Bragg-Brentano Geometry (Θ/2Θ) and CuKα1,2 

(45kV and 40 mA) radiation. Fig. S1 resumes all diffractograms 

for compounds used here, together with their lattice 

parameters. 

TG-MS measurements were carried out on a NETSCH 

thermobalance Jupiter STA 449C, equipped with a PFEIFFER 

VACUUM ThermoStar mass spectrometer (MS) using heating 

rate 5K/min under 20%O2 in He atmosphere.  

Raman Spectra were taken by Raman microscope LabRam 

ARAMIS IR2 with 1800-line mm
-1

 diffraction grating and a 

charge coupled device camera cooled by a thermoelectric 

Peltier device (CCD) detector using a D473 - 473 nm and HeNe 

- 633 nm diode-pump solid state laser and D1 filter (10% 

power). Samples were placed on a platinum support in the 

Linkam TS1500 heating stage under the objective (X50) of the 

microscope. The temperature was measured by a 

thermocouple at the bottom of the oven. Raman spectra were 

taken every 100°C, in the temperature range between RT and 

650°C. We checked for a possible influence of the laser power 

on the thermal stability of the measured samples, showing no 

laser induced damages or local overheating effect, see Fig. S2. 

Moreover 
18

O NCGO enriched samples, which were preheated 

ex-situ to 250°C, indicated by Raman spectroscopy at ambient 

truly temperature induce isotopic oxygen exchange, excluding 

possible laser overheating, see Fig. S3. 

In order to determine possible correlations between oxygen 

mobility and catalytic activity during the CO oxidation test 

reaction, ILPOR was carried out in an Automated Catalyst 

Characterization System (Autochem II 2920) coupled with 

quadruple mass spectrometer (QMS) (Thermostar TM GSD 

301T Pfeiffer Vacuum). 100 mg of an 
18

O enriched sample was 

loaded in a U-shape micro reactor system and stabilized at 

40°C under 
16

O2 (16 cm
3
/min) atmosphere, approximately 

during 1 hour. Once stabilized, the reactor temperature was 

raised to 500°C with a ramp of 2K/min. The carrier gas used 

was 1%C
16

O/He (16 cm
3
/min, 10 000ppm) to which pulses of 

16
O2 with a volume of 0.5785 cm

3
 were injected by the loop 

valve every 60 s with an injection time of 0.2 μs (corresponding 

to 50 000 ppm O2 on average). The evolution of different 

oxygen isotopes containing species (m/e = 16 for 
16

O
-
, m/e =17 

for 
16

OH
-
, m/e = 18 for 

18
O

-
/H2

16
O, m/e = 19 for 

18
OH

-
, m/e = 20 

for H2
18

O, m/e = 28 for C
16

O, m/e = 30 for C
18

O, m/e = 32 for 
16

O2, m/e = 34 for 
16

O
18

O, m/e = 36 for 
18

O2, m/e = 44 for 

C
16

O
16

O, m/e = 46 for C
16

O
18

O, m/e = 48 for C
18

O
18

O) were 

monitored by the QMS during the temperature programed 

oxidation of CO. Pt-impreganted CeO2 was H2 activated at 

300°C during 2h followed by cooling down under He 

atmosphere prior to the ILPOR measurement.  

RESULTS 

Regarding ceria as an oxygen buffer compound, it is obvious 

that the oxygen release and uptake performance together with 

bulk oxygen mobility, affects catalytic activation processes. 

The question, which type of oxygen species are involved in the 

catalytic reaction, is still controversially discussed, as it 

remains a challenge to distinguish between the implication of 

surface and/or bulk oxygen.  

In order to access surface and bulk oxygen participation for the 

catalytic reaction we combined three complementary 

characterization techniques, namely TG-MS, Raman 

spectroscopy and a pulsed catalytic reaction. The latter was 

carried out under operando conditions during the C
16

O 

oxidation on 
18

O-enriched ceria. To access the influence of Gd-

doping, grain size and Pt-impregnation, we used pure NCEO, 

BCEO, NCGO and BCGO as well as 9 nm grain size CeO2 

impregnated by 2.5% in weight of Pt.  

The catalytic results on non-stoichiometric ceria will be 

compared to the catalytic activities of CaFeO2.5 with 

Brownmillerite type structure, which we found has equal 

catalytic potential for CO oxidation at very moderate 

temperatures, see Fig. S4.
50

 In contrast to ceria, CaFeO2.5 is a 

stoichiometric line phase, allowing differentiating in a 

complementary way between lattice and surface oxygen 

participation, as further outlined below. 
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Since TG-MS gives solely an integral weight change of the 

sample, it is impossible to discriminate between different 

oxygen species released from the surface or bulk. Using Raman 

spectroscopy, changes in the lattice dynamics related to the 

replacement of 
18

O by 
16

O during heating under 
16

O2-

atmosphere provide selective lattice oxygen information. To 

better access CO oxidation performance during ILPOR, we 

supplied molecular oxygen by a pulsed injection instead of a 

continuous flow, allowing to better differentiating dynamic 

exchanges with the bulk and surface interface. As the partial 

pressures of CO and O2 are periodically altered, the system is 

exposed to reducing or oxidizing atmosphere. Thus, a pulsed 

oxygen injection allows not only to monitor, as outlined in 

more detail below, a rapid oxygen release/uptake behavior, 

but to decisively discriminate contributions related to true bulk 

oxygen diffusion.  

TG-MS 

TG-MS analysis of Ce
18

O2 and Ce0.8Gd0.2
18

O1.9 samples with 

varying crystalline size are shown in Fig. 1. The first significant 

weight loss of 1.5% for both NCEO and NCGO is observed 

between 25 and 200°C while for BCEO and BCGO a weight loss 

of only 0.5% is observed in the same temperature interval. 

Mass spectrometry data support the assignment of this mass 

decrease to the loss of weakly adsorbed water. Unfortunately, 

the mass of H2O and 
18

O
-
 are identical, however, in the case of 

18
O

-
 one would expect to observe a simultaneous formation of 

18/16
O2 molecules, which reasonably rules out this option. The 

second major weight loss of about 1.5% is observed between 

400 and 600°C, corresponding to the quantitative exchange of 
18

O from the lattice with 
16

O2 from atmosphere, forming 
18/16

O2 and 
18

O2 species. While for 100% 
18

O enrichment a 

weight loss of 2.3% is expected, the enrichment achieved here 

yields 65%. The same weight loss corresponding to 
18

O is 

accompanied by an MS signal corresponding to m/e = 18, 

which is attributed to monoatomic 
18

O
-
 ions. This signal is less 

significant for NCEO and NCGO, while it becomes more 

important with increasing grain size. This might be related to a 

more facile recombination to molecular oxygen in case of 

higher surface area.  

While for NCEO and NCGO samples the temperature of 

quantitative oxygen isotopomers exchange takes place at 

400°C, a shift towards 500°C is observed in case of BCEO and 

BCGO. This tendency, i.e. the variation of the onset behavior 

even when using isotopes, and especially for the nano-sized 

catalysts. We want to underline that an important catalytic 

activity is found already in the temperature region below 

400°C, i.e. before oxygen isotope exchange sets in, together 

with the presence of a pronounced surface coverage with 

water, as further outlined below. 

 

Raman 

In order to analyze selectively the exchange behavior of lattice 

oxygen as a function of temperature, we studied the changes 

of lattice dynamics for the oxygen related F2g Raman mode, 

related to the mass difference of 
18

O/
16

O isotopes, Fig. S5.  

  

Figure 1 Thermogravimetric-mass spectroscopic study of: A. NCE
18

O 9 nm; B. BCE
18

O 81nm; C. NCG
18

O 9 nm; D. BCG
18

O 61 nm, using a heating rate of 5K /min in 
20%

16
O2/He gas atmosphere. A mass change of 2.3% would be expected in case of a 100% 

18
O enriched sample. As becomes evident from the MS signal, all mass 
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losses below 400°C belong to the desorption of loosely bound water, while a quantitative oxygen isotope exchange requires at least temperatures of 400°C or above. 
The amount of water content is significantly higher in case of NCE

18
O and NCG

18
O compared to the respective bulk samples.  

 

 

 

 
Figure 2 A. F2g Raman mode position for Ce

16
O2 with 81 nm (red solid line) and 

Ce
18

O2 with 81 nm (blue solid line) obtained at ambient temperature with an 
incident wavelength of λ = 473 nm. The dashed-dotted lines in the respective 
colors show the T-dependent shift of the F2g Raman modes obtained in air as a 
function of temperature, while their differences Δ = ν(

16
O) - ν(

18
O) are shown in 

Fig. 2B as a function of temperature for CeO2 with 81 nm (red line) and nano-
CeO2 with 9 nm grain size (blue line). This method, which is sensitive to lattice 
oxygen only, yields onset temperatures for 

18
O/

16
O exchange of 550°C for BCEO, 

while it decreases to 400°C for NCEO. 

Analyzing the change in the Raman frequency shift of the CeO8 

breathing mode, assigned as the F2g mode around 446 cm
-1

, 

during heating up 
18

O-enriched ceria in a 
16

O2 atmosphere, will 

thus allow concluding on the 
18

O/
16

O ratio and respective 

exchange behavior.  

In Fig. 2A, the F2g peak positions of 
16

O- and 
18

O-enriched 81 

nm sized CeO2, indicate a difference of 17cm
-1

 at ambient 

temperature. The change in the peak position as a function of 

temperature is overlaid in the same figure for samples 

containing 
18

O and 
16

O isotopes. Both F2g frequencies change 

continuously with a constant gap up to 550°C while above this 

temperature, the F2g Raman mode of the 
18

O enriched BCEO 

sample shows a significant deviation towards higher 

frequencies, finally approaching the signal measured for the 

pure 
16

O sample.  

The difference of both signals is a direct quantitative measure 

for the 
18

O/
16

O isotope exchange ratio, which is used in Fig. 2B 

to indicate the 
18

O/
16

O exchange rate taking the difference of 

both signals. Using Δ = ν(
16

O) - ν(
18

O) at room temperature as 

the starting point and set to 100%, Δ stays invariant within 5% 

up to 400°C for both compounds NCEO and BCEO, indicating 

that no lattice oxygen isotope exchange takes place within this 

temperature range. Since the slope of the Raman frequency 

for both, 
16

O and 
18

O containing isotopes is identical with 

temperature, the difference (Δ) of the vibrational energies 

between both isotopomeric samples at a given temperature 

reflects only changes of the vibrational energy related to 

isotopic exchange. Systematic errors originating e.g. from 

temperature-induced volume expansion and anharmonicity 

effects are thus minimized.
52, 53

 Following the variations of Δ 

with temperature, we observe a steep change above 400°C for 

NCEO, while for BCEO, Δ starts to vary around 550°C. Both 

values are in agreement with TG-MS measurements discussed 

above, confirming the temperatures obtained for oxygen 

isotope exchange reactions and the ability of this method to 

selectively monitor lattice oxygen exchange behavior.  

Catalysis 

In general CO-oxidation is studied employing a constant gas 

flow of CO/O2 gas and analyzing the reaction products by mass 

spectrometry (MS), gas chromatography, or similar. Here, we 

want to specifically address the participation of surface and/or 

bulk lattice oxygen to the reaction by ILPOR. This method uses 
16

O-pulses added to a constant C
16

O flow as a function of 

temperature over 
18

O-enriched ceria. This set-up allows 

following in real time the catalytic activity under a periodically 

swinging redox potential over 
18

O-enriched ceria, and which 

consequently provides via the related oxygen exchange, 

uptake and release kinetics, valuable information on the 

underlying reaction mechanism. Following the overall gas 

concentrations outlined above (see experimental section), the 

total molar oxygen quantity is on an overall scale about five 

times higher compared to CO. The catalytic oxidation of CO to 

CO2 can occur via two distinct reaction mechanisms.  

The first one is the direct oxidation of CO using lattice oxygen, 

leaving behind oxygen-deficient CeO2-δ, which can be re-

oxidized by O2-uptake from the air. The second one is the 

reaction of CO with the injected O2 from the gas atmosphere 

on the ceria surface. Since both reactions are supposed to 

proceed at the surface of the catalyst, it is a priori difficult or 

almost impossible, to unambiguously specify the origin of the 

involved oxygen atoms and hence to conclude on the reaction 

mechanism. Additional complexity arises from the fact that 

ceria becomes non-stoichiometric at already moderate 

temperatures, and thus able to undergo 
18

O/
16

O oxygen 

isotope exchange reactions as outlined above. Since both 

reactions are partially overlaid, it is in principle difficult to 

access towards a quantitative understanding of the reaction 

mechanism and involved oxygen atoms. We aimed to 
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overcome these difficulties, accessing the participation of 

lattice or surface-bound gas phase oxygen to the catalytic 

reaction, via a periodic modulation of an applied redox 

potential between CO and O2 on the catalyst and to focus on 

dynamically analyzing related reaction products and, to a 

certain extend, associated kinetics. The studied system is thus 

quite complex, as together with a continuously increasing 

temperature, we add a periodically oscillating redox potential 

via variations of the CO/O2 atmosphere. However, this set-up 

will allow at least on a qualitative level, to follow up oxygen 

uptake/release behavior and to access in parallel the impact of 

lattice oxygen on the catalytic reaction. 

The employed pulsed structure for the 
16

O2-injection is 

balanced here in a way that the resulting modulation of the 

oxygen partial pressure and related oxygen exchange kinetics 

with/at the catalyst, allows to dynamically discriminate 

between the implication of bulk and surface oxygen through 

the formation of C
16

O
18

O and, to a minor extent, C
18

O
18

O, Fig. 

3. We first report the results of CaFeO2.5 with Brownmillerite 

structure, which may serve as a reference, related to the fact 

that it presents a stoichiometric line phase under the 

employed reaction conditions.  

Temperature-dependent activation of 
18

O/
16

O oxygen isotope 

exchange for CaFe
18

O2.5, performed as a solid-gas exchange 

reaction in 
16

O2 atmosphere, has been shown to strongly 

depend on the grain size, as outlined above.
51

 Employing 40 

nm size CaFeO2.5, we observed during ILPOR the formation of 3 

different CO2 isotopomers namely C
16

O
16

O, C
16

O
18

O and 

C
18

O
18

O above 250°C. The oxidation to CO2 is accompanied by 

a corresponding reduction of the 
16

O2 signal, indicating that 

the oxygen from the gas atmosphere is used for the CO2 

production, see Fig. 4.  

Formation of C
16

O
18

O in parallel to pure C
16

O
16

O is related to 

the fact that oxygen starts to get mobile in CaFeO2.5 at these 

temperatures, creating to a certain extend an oxygen isotope 

exchange system, where oxygen is almost freely diffusing 

inside the Brownmillerite matrix. We note that the MS signal 

of all CO2 species is exactly modulated with the pulsed MS 

signal of 
16

O2, confirming dynamically the direct involvement 

of the provided oxygen gas in the reaction chamber for the CO 

oxidation.  

 

 

Figure 3 Schematic view of the C
16

O oxidation at the Ce
18

O2 interface, carried out 
using a 

16
O2 oxygen pulse on top of a continuous 1%C

16
O/He gas flow. The 3 

different CO2 isotopomers formed, namely, C
16

O
16

O and C
16

O
18

O, C
18

O
18

O are 
analyzed by time-resolved mass spectrometry with respect to the underlying 
16

O2 pulse structure (cf. text). 

 

Figure 4 ILPOR plot obtained for nano-CaFeO2.5. While heating the temperature 
of the reactor vessel by 2K/min, 

16
O2 pulses were injected periodically to a 

constant carrier gas of 1%CO/He, causing symmetrical oscillating 
16

O2 MS signals 
(green line). The relatively small oscillations of the C

16
O signal (as well as CO2 

signals) are related to local fluctuation of its partial pressure caused by the 
16

O2 
pulses. In parallel the three possible MS signals for C

18
O

18
O, C

18
O

16
O and C

16
O

16
O 

(light green, blue and red curves) are monitored together with the C
16

O signal 
(black curve), as a function of the reaction time and –temperature. The zoomed 
sections at the bottom allow following the pulsed structure of all signals and 
respective relative quantities. From the coherence of the 

16
O2 and all CO2 signals 

we can conclude on a direct 
16

O2 turnover during the catalytic reaction.  

Reaching the maximum reaction temperature at 500°C (eq. 

14000 s), which is then kept constant, as further increase 

would modify the CaFeO2.5 microstructure and thus the grain 

size, we observe a continuous decrease of the C
16

O
18

O signal, 

while the C
16

O
16

O signal accordingly increases. This is a 

consequence of a progressive 
18

O concentration reduction in 

the lattice with reaction time. 

Coming to the catalytic activity of ceria, the situation becomes 

more complex. This is related to the fact that ceria can act as 

an oxygen buffer and thus becomes non-stoichiometric with 

temperature and especially under reducing reaction 

conditions, while its catalytic surface activity depends on the 

availability of active centers, i.e. oxygen vacancies, as 

discussed elsewhere.
54

 Looking at the CO2-MS signals for NCEO 

(see Fig. 5A), CO conversion sets in above 250°C with the 

overall CO2 signal intensity continuously increasing with 

temperature. At about 300°C the CO2 signal starts to oscillate 

around its equilibrium value, at a CO concentration 

corresponding to almost half of its initial value. On an overall 

scale the concentration of C
16

O
18

O goes through a maximum 

around 400°C, while it further decreases with temperature. 

This confirms as already discussed above for the TG studies, 

that oxygen isotope exchange is fully activated at 400°C and 

enables all lattice 
18

O to participate to the catalytic reaction. 

The C
16

O
16

O signal increases accordingly with the decrease of 

the C
16

O
18

O signal. Inspecting in more detail the C
16

O
16

O and 

C
16

O
18

O oscillations in the region between 12160 and 12260 

sec, we can state that both follow the same oscillation 

characteristics, which are, however, not as regular as observed 

for CaFeO2.5 discussed above. Each steep increase of the CO2 

signal is followed by a longer smooth decrease as given in the 

magnified part in Fig. 6. What is even more intriguing is the 
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fact that the steep increase of the CO2 signal is, independent of 

the C
16

O
18

O isotope composition, starting, before the O2-pulse 

initiates. 

 

  

  
 

Figure 5 ILPOR plots for:  NCE
18

O (A), NCG
18

O (B), BCG
18

O (C) and 2.5% wt. Pt-impregnated NCE
18

O (D). For all experiments a heating rate of 2K/min was used. 
The 

16
O2 oscillations at the beginning of the reaction reflect the 

16
O2 pulses added to the 1%C

16
O/He carrier gas. The CO2 oscillations setting in for NCE

18
O at 

300°C and for NCG
18

O around 375°C are related to the formation of non-stoichiometric CeO2-δ or Ce0.8Gd0.2O2-δ and associated oxygen uptake and release 
behavior. From the time resolved O2 pulse structure, the steep increase of the CO2 signals is observed for both compounds to set in already before the oxygen 
pulse arrives at the sample (see also the magnified part in Fig 6), indicating lattice oxygen as source for the catalytic reaction, while creating non-stoichiometric 
ceria. The subsequent smooth decrease corresponds to a superposition of oxygen uptake with the catalytic reaction, which is ongoing in parallel. The C

18
O

16
O 

formation without oscillations in (A) and (B) indicates direct oxygen turnover strongly involving near surface oxygen, which amounts for nano-sized ceria to 30% 
of the total oxygen. We note for BCGO the absence of a catalytic activity without CO2 oscillations as indicated in (C). In (D) a strong catalytic activity becomes 
evident for 2.5% wt. Pt-impregnated NCEO by strong CO2 oscillations starting just above ambient, consuming directly almost all supplied 

16
O2. The oscillations 

are here consequently not related to a “breathing-behavior” as found for NCEO, but directly following the 
16

O2 supply.  

It is thus evident, that the oxygen for the CO oxidation is, at 

this moment, not originating from the gas in the reaction 

vessel, but from the lattice of ceria itself. We may thus 

conclude that the oxidation mechanism involves lattice oxygen 

atoms from ceria, thus creating oxygen vacancies and yielding 

non-stoichiometric CeO2-δ. Once the maximum of the CO2 peak 

is achieved, it decreases smoothly in intensity, which we 

interpret to be related to a competitive interplay of the 

ongoing catalytic reaction of CO, while at the same time, 

oxygen provided by the O2-pulse, also directly serves for the 

re-oxidation of ceria. For clarity we added in Fig. 6 the oxygen 

pulse time structure as observed at the beginning of the 

experiment (time scale between 3160 and 3260 sec, marked 

by dashed-dotted line), where no catalytic activity is observed. 

The full width of the initial pulse reduces significantly at higher 

temperatures due to oxygen consumption related to the 

formation of CO2. For CaFeO2.5, the oscillations were found on 

a considerably lower scale. The strong oscillations observed for 

CeO2 can thus be interpreted to be at least partially related to 

the non-stoichiometry of ceria and the amplitudes then reflect 

the “breathing-behavior” of ceria. The region below 300°C, 

where catalytic activity is observed, but without significant 

oscillations of CO2, must be interpreted to essentially rely on a 

high surface catalytic activity, directly involving the oxygen 

from the O-pulse for CO oxidation. Also for this temperature 

range we observe the formation of a C
16

O
18

O signal, equally 

proving a direct implication of the lattice oxygen. It remains 

questionable, to which extend this is related to partial oxygen 

mobility of the near surface region and thus allowing a limited 
18

O/
16

O exchange reaction, or induced by the strong and 

oscillating redox potential of the CO/O2 pulse structure. While 

the catalytic behavior of Gd-doped ceria is similar to pure 

ceria, the temperature for oscillations to set in is shifted to 

375°C, which is significantly higher compared to NCEO, Fig. 5B. 

We note, however, that the appearance of oscillations seems 

to be much better defined than for undoped ceria. Below 
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375°C, we conclude from the low/absent oscillation 

amplitudes, together with a high CO conversion rate, on a high  

 

Figure 6 Pulse-depended conversion of CO to CO2 for NCE
18

O (solid red, blue and 
green lines) with pulses obtained at a time scale between 12160 and 12260s, i.e. 
with catalytic activity, and for 

16
O2 pulses by a dashed-dotted green line 

corresponding to part of the reaction without catalytic activity (4000-4160 s), 
while the dashed-dotted red line corresponds to the CO2 signal in the same 
region. The figure is a magnified part of Fig. 5A. 

surface catalytic activity also including high dynamic lattice 
18

O 

exchange capacity, as already discussed for the pure CeO2 

sample.
55 

This behavior is somehow expected, as Gd-doped 

ceria intrinsically contains a higher concentration of oxygen 

defects compared to CeO2, which act as active catalytic 

centers. It is astonishing to note that the C
16

O
18

O signal follows 

the C
16

O
16

O signal, even in the region with low oscillations, 

where high CO conversion is observed, at which the C
16

O
18

O 

signal reaches already its maximum. It becomes thus clear that 

an important amount of the lattice 
18

O is participating to the 

CO oxidation. It is worth to note that the use of 9 nm grain size 

CGO implies an important quantity of near surface 
18

O atoms 

available for the reaction. Assuming that the 
18

O lattice oxygen 

participation for the formation of C
16

O
18

O is induced by the 

modulated redox potential, i.e. the pulsed CO/O2 structure, 

the supposed volume for 
18

O-transfer, taking into account a 

thickness of 2 unit cells starting from the surface of a 9 nm 

grain, amounts to around 30% with respect the to total sample 

volume. This implies an important amount of the lattice 

oxygen is readily available for exchange in the presence of CO 

at 250°C, without the necessity for ceria to become non-

stoichiometric. This is a significant difference to the 
18

O/
16

O 

isotope exchange behaviour, without the presence of strongly 

reducing agents. 

Verifying the importance of the grain size for a possible 
18

O/
16

O exchange of the surface and subsurface region should 

consequently become accessible through analyzing the 

catalytic activity of CGO with a larger grain size. This allows not 

only concluding on possible changes for the kinetics of the 

dynamic oxygen exchange capacity (OEC), but equally on the 

oscillation behavior related to the competitive interplay of the 

different redox reactions involved. Besides the CO oxidation to 

CO2, this also concerns the re-oxidation of possible oxygen 

vacancies in ceria, in addition to defects related to Gd-doping.  

From the catalytic activity of BCGO, as illustrated in Fig. 5C, we 

first note the absence of a region with low CO2 oscillations. As 

a consequence we conclude on a strongly reduced catalytic 

activity for the CO oxidation, when compared to NCGO. On the 

other hand, a relevant oscillation free signal for C
18

O comes up 

already before the CO2 conversion sets in. The onset of CO 

oxidation goes directly along with the onset of C
16

O
18

O 

oscillations, indicating that lattice oxygen is strongly involved 

in the oxidation reaction, creating oxygen defects in BCGO. 

This is also supported by the modulation of the CO2 signal, 

similar to what was observed for pure CeO2. A limitation in the 

dynamic OEC becomes visible through a steep increase of the 

CO2 signal, which herein relaxes much more smoothly to its 

starting value as clearly indicated in the intersection of Fig. 5C. 

The different CO2 oscillation behavior comparing 9 nm NCGO 

and 61 nm BCGO are thus related to a drastic change in the 

dynamic exchange capacity, which is then governing the 

kinetics of the two main reaction equilibrium involved, i.e. the 

CO oxidation on one hand and the re-oxidation of CGO on the 

other hand. The reduced 
18

O dynamic exchange behavior for 

61 nm BCGO is also expressed by the C
16

O
18

O signal reaching a 

maximum at 450°C, while 350°C are observed for the 9 nm 

NCGO. The same conclusion can be obtained following the CO 

conversion setting in at 320°C and 220°C for the 61 nm and 9 

nm samples respectively, reaching completeness at 500°C and 

400°C. 

While all catalytic reactions so far were investigated without 

using noble metals, we consider now Pt-impregnated nano-

sized ceria, in order to study its catalytic influence and 

especially concerning the participation of lattice oxygen to the 

catalytic reaction. As indicated in Fig. 5D, a complete different 

scenario for the catalytic activity is observed for a 2.5%wt. Pt 

impregnated nano-ceria with 9 nm grain size, and 1 nm sized 

Pt. High catalytic activity, already starting below 50°C, is 

indicated by the rapidly decreasing CO signal. Above 100°C, 

CO2 oscillations are strongly increasing in the absence of a 

C
16

O
18

O signal, proving that all provided oxygen gas in the 

reaction vessel is directly used for the CO conversion, 

supporting the Langmuir-Hinshelwood mechanism. The CO2 

oscillations are here not a result of ceria non-stoichiometry 

and associated “breathing-behaviour”, but a consequence of a 

complete O2 turnover, the variations in the CO2 signal are thus 

directly monitoring the O2-availability. Almost no 
18

O lattice 

oxygen participation is observed below 250°C, except for a 

very small hump in the C
16

O
18

O signal, which comes along with 

the inset of increased C
16

O
16

O oscillations at around 100°C. We 

can see that this contribution is not observed for any of the 

pure ceria supports. This minor contribution might be 

attributed to the formation of highly active 
18

O/Pt8/Ce40
18

O79 

species as described in
56

, following reverse oxygen spillover 

from ceria onto the platinum species, and subsequent reaction 

with CO, forming C
16

O
18

O species at low temperatures. In any 

case we observe a direct correlation of the CO2 pulses with the 

O2 modulation, which indicates a one-step Langmuir-

Hinshelwood type oxidation mechanism. It remains so far 
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unclear whether the oxygen originates from oxygen provided 

by 
18

O/Pt/Ce
18

O2-δ-type species or if locally active Pt-
18

O-Ce 

bonds serve as active catalyst centres. In both cases, the 

minimum in the C
16

O signal around 100°C can be explained by 

the consumption of 
18

O derived from highly active species, 

going along with the appearance of the C
16

O
18

O signal.  

The fact that seemingly no lattice oxygen participates to the 

catalytic reaction is in contradiction to what is reported 

elsewhere, as it implies that the kinetics of CO oxidation over 

Pt/CeO2 depends on the partial pressure of O2, while it has 

been found to be independent of the oxygen partial 

pressure
57

, at least for low p(O2) values. The 
18

O exchange 

reaction for 2.5%wt. Pt impregnated nano-ceria with 9 nm 

grain size reported here, clearly indicate at least no 

quantitative 
18

O exchange from the lattice sets in below 250°C. 

In this view we might, however, not exclude to consider the 

small hump observed at around 100°C, to correspond to an 

oxygen exchange of the CeO2/Pt interface, which can serve as 

an exchange volume which is not negligible, taking into 

account the surface area and dispersion. The results obtained 

here might in this way also be perceived as a participation of 

lattice oxygen (i.e. Mars van Krevelen type), even if it is clear 

that only a very narrow surface depth is serving for the oxygen 

exchange reaction, participating to the catalytic reaction. 

Increasing the temperature above 100°C leads to a notable 

reduction in the CO conversion. At the same time, Pt is 

supposed to get preferentially covered by CO, thus possibly 

limiting the catalytic reaction rate.  

The catalytic activity above 250°C is then following the same 

trends as observed for pure ceria when lattice oxygen is fully 

participating to the reaction.  

The increase of the C
16

O
18

O and C
18

O
18

O signal going in parallel 

along with a decrease of the C
16

O
16

O signal, thus indicates a 

change of the reaction mechanism from Langmuir-

Hinshelwood mechanism to the Mars-van Krevelen 

mechanism, as indicated by a change in the modulation of the 

C
16

O
18

O signal with respect to the 
16

O2 amplitudes. 

CONCLUSIONS 

This work aims attaining a better fundamental understanding 

of the role lattice oxygen has in highly active nano-sized ceria 

based catalysts. Several isotope-labelling techniques were 

combined in order to explore the catalytic reaction mechanism 

and especially on how bulk oxygen mobility, and oxygen 

release and uptake kinetics contributes to the catalytic 

oxidation of CO to CO2.  

From TG coupled MS studies we were able to show that 
18

O 

lattice oxygen exchanges quantitatively only above 400°C, 

while below this temperature an important amount of loosely 

bound water is released. The differentiation between oxygen 

and water release was possible using 
18

O labelling. These 

results are confirmed by Raman spectroscopic studies on 

Ce
18

O2, selectively probing lattice oxygen only. 

Oxygen uptake and release behaviour during the catalytic 

oxidation of CO to CO2 became directly accessible, employing 

periodically alternating redox conditions, realized via 
16

O2-

pulses added onto a continuously flowing C
16

O/He carrier. 

Time-resolved MS was accordingly used to analyse the 

reaction products, with reference to the initial 
16

O2 pulse 

structure, while in parallel all catalytic activity was monitored 

by MS. This allowed following the exchange behaviour of 
18

O 

from Ce
18

O2 towards catalytically formed C
16

O
18

O, which 

permitted concluding on the implication of lattice oxygen for 

the catalytic reaction, as a function of temperature. In this way 

we could differentiate surface catalytic activity from a reaction 

involving the formation of non-stoichiometric ceria clearly 

evidencing buffer behaviour inducing CO2 oscillations.  

While TG and temperature dependent Raman studies on 
18

O 

enriched ceria samples result concordantly in temperatures 

above 400°C for isotope exchange reactions of 
18

O lattice 

oxygen with 
16

O from the gas atmosphere, we evidenced that 

a significant amount of 
18

O isotope exchange is induced by the 

modulated red/ox potential. This results form the C
16

O/
16

O2 

pulse structure, involving an oxygen exchange volume, 

corresponding to a thickness of about 2 unit cells below the 

surface, which for a 9 nm grain amounts to about 30% of its 

total oxygen content. In this way we were able to demonstrate 

for NCGO an amplified dynamic OEC and enhanced surface 

catalytic activity compared to NCEO, indicated by a shift of CO2 

oscillations to set in at higher temperatures. This proves that 

even at low temperatures the participation of lattice oxygen, 

which in fact can be identified as lower surface region oxygen, 

to the catalytic reaction is important at least for nano-sized 

ceria.  

We could evidence a pure catalytic activity and high oxygen 

turnover, without significant participation of lattice oxygen for 

Pt-impregnated nano-CeO2. This catalytic activity sets in at 

room temperature up to 220°C, while above this limit an 

increasing exchange of 
18

O indicates a progressing contribution 

of lattice oxygen to participate in the catalytic reaction.  

The strength of ILPOR for all these investigations is thus to 

provide a much deeper insight in the catalytic reaction 

mechanism, compared to classical light off curves only 

providing integral information, as a dynamic swinging redox 

potential allows to differentiate between surface and lattice 

oxygen implication in the same experiment. In this context the 

formation of non-stoichiometric ceria and related “breathing-

behaviour” becomes easily accessible by ILPOR, which is 

difficult to quantify by other methods.  

Summarizing, this dynamical approach is, although inherently 

much more complex to interpret, essentially due to the 

overlay of different redox equilibra, much more appropriate to 

analyse, to which extent lattice oxygen contributes to the 

catalytic reaction. 
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Graphical Abstract 

Understanding role of lattice oxygen on CO oxidation over ceria based compounds, revealed by combination of novel isotope-

based techniques, namely temperature-controlled Isotope LAbeling Raman Spectroscopy (ILARS) and Isotope Labeling Pulse 

Temperature Programed Oxidation Reaction (ILPOR). 
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