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Abstract 

CeO2 offers excellent oxygen storage capacity for catalysis and energy applications. It 

accommodates a surprising number of oxygen vacancies (VO), yet the driving force and origin 

of these VO are rarely discussed. Through a combination of in situ techniques and resonant 

inelastic X-ray scattering (RIXS), here, we discovered that upon formation of the VO, the 

remaining Ce4+-O2- bond energy increases by at least 0.2 eV. Such an increase in the bond 

energy provides an additional enthalpy change (ΔH) in the reaction of VO formation, stabilizes 

the reduced CeO2 phase and explains why CeO2 can host an extensive array of VO. This work 

demonstrates that RIXS is effective in probing metal-oxygen bond energy, possibly under 

working conditions, which is an ideal method to quantify electronic structures with material 

performance. 
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Introduction 

The unique Ce3+/Ce4+ redox couple of CeO2 is associated with the reversible formation of 

oxygen vacancies (VO)1,2. As a result, CeO2 is commonly used as catalyst support due to its 

excellent oxygen storage capacity (OSC) for applications such as emission control3, CO2 

reduction4-6, water-gas shift reaction7, reforming processes8, organic reactions9 and oxidation 

chemistry10,11. The addition of isovalent non-reducible elements, such as Zr4+ cations, into the 

CeO2 lattice, has been shown to improve its physico-chemical properties, including its thermal 

stability, OSC, and oxygen mobility in the solid framework12. In addition, adding active metals 

such as Cu and Pd can enhance the redox of CeO2
2,13. The synergetic electronic interactions 

between metal and ceria promote metal−oxygen bond weakening, facilitate oxygen desorption, 

and promote active site regeneration13,14. 

The reducibility of CeO2 can be described as the cost of the formation of VO. Unlike many 

transition metal oxides, it has been shown that the crystal structure of nonstoichiometric ceria 

remains stable even in the presence of a significant number of VO
15. This raises an interesting 

question: What stabilizes such a large amount of VO? An aspect that is important and has 

received relatively little attention so far is how the VO affect the subsequent removal of oxygen 

atoms. Most of the theoretical calculation focuses on the cost of removing the first oxygen atom 

from the interface, while this cost may significantly differ as the surface undergoes further 

reduction16,17. Ševčíková et al.18 demonstrated that the occurrence of oxygen reverse spillover 

on Rh/CeO2 depends on the oxidation state of the ceria substrate, while inhibited spillover was 

observed for reduced ceria (CeO2-x). Despite all these efforts, an in-depth understanding of the 

dynamics of Ce-O bonds upon the formation of O vacancies is still missing. This directly 

relates to the activity and the chemical/structural behaviours. The study of the dynamics of Ce-

O bonds contributes to the understanding of the easy formation of VO of CeO2.  

Resonant inelastic X-ray scattering (RIXS) techniques represent a powerful and site-selective 

approach19,20. Rueff et al. investigated elemental Ce by 2p3d-RIXS directly subjected to high 

pressure to induce the γ-α transition21. Early Ce M4,5-edge measurements of CeO2 by Butorin 

et al. showed that RIXS is an effective method for determining charge excitation22. Herein, we 

present the results of a RIXS investigation of the evolution of Ce-O bond energy and the impact 

on the activity of such catalytic systems. In this regard, a complementary study of density 

functional theory (DFT), in situ X-ray absorption spectroscopy (XAS), in situ Raman, in situ 

high energy resolution fluorescence detected (HERFD)-XAS and RIXS have been applied to 

understand the electronic properties and redox of Ce species during reactions. 

Results and discussion 

DFT studies were undertaken to provide insight into the changes in the Ce-O bond after the 

formation of a VO (Fig. 1a). The integrated crystal orbital Hamilton population (ICOHP) 

shows the contribution of a specific contact to the bond strength23. After the introduction of 

an O vacancy, the bond strength of the second shell Ce4+-O2- becomes stronger (-0.85 eV to 

-1.00 eV) and the bond length (2.36 Å to 2.30 Å) becomes shorter than the primitive system. 

These results suggest that the formation of VO strongly influences the nature of the remaining 

Ce4+-O bond (strength and length). However, it is challenging to study the Ce4+-O2- bonding at 

different Ce3+ ratios. 
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RIXS is a scattering process that involves the absorption and emission of coherent X-rays, 

resulting in a "photon-in-photon-out" interaction. This technique has gained significant 

popularity as an experimental probe due to its bulk sensitivity (more than 100 nm) and ability 

to provide element- and orbital-specific information24. In this study, we use Ce M-edge RIXS 

to obtain direct information on the electronic excitations just above the ground state from 

inelastic scattering, which cannot be obtained from the first-order process of core-level 

spectroscopy24. Briefly, the method exploits the selective resonant 3d-4f excitation in Ce3+ 

(3d104f1) and Ce4+ (3d104f0). By tuning the incident photon energy, obtained RIXS show the 

transition from the specific intermediate state to the final states. 

The 3d-XAS of CeO2 (Fig. 1b) has a main peak (~884 eV) and a satellite (~889 eV), which 

originates from the strong covalency hybridization between Ce 4f and O 2p states25. Figure 1c 

presents the total energy level scheme of CeO2, which shows that the ground state corresponds 

to a bonding state between 4f0 and 4f1v configurations, where v represents a ligand hole as the 

result of ligand to metal electron transfer (from O2- to Ce4+)22,26. The intermediate states include 

Ce4f-O2p bonding, antibonding, and nonbonding states between 3d9f1 and 3d94f2v 

configurations (Fig. 1c). In the RIXS, a Ce 3d electron is initially excited to the 4f states by 

absorbing an incident X-ray photon with energy hv. Subsequently, a radiative transition occurs 

where a 4f electron transitions to the 3d state by emitting an X-ray photon with energy hv'. In 

this process, if the final state is the same as the initial state (bonding state), the elastic 

component can be obtained. It also is possible to make a transition to both nonbonding and 

antibonding states in addition to the bonding state (Fig. 1c). Since, by comparing the hv and hv’ 

(energy loss = hv - hv’), the strength of the covalency mixing between Ce 4f and O 2p states 

can be obtained without a core hole on the Ce site. 

 

Figure 1. a, Top and side views of CeO2 (111) surface with O vacancy and ICOHP of Ce4+-O2- 
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bond in pure CeO2 and CeO2 with O vacancy. b, XAS of Ce M5-edge under O2 at 300 °C. c, 

Total energy level scheme of 4f → 3d RIXS for CeO2, in which only the two lowest energy 

configurations are depicted for simplicity (see also ref. 22). The shaded rectangles denote the 

O 2p valence band. The transition is denoted by the arrow with solid lines (strong transition) 

and dash lines (weak transition). d, Energy loss at the excitation energy of 888.74 eV for 

CeO2 under room temperature.  

The RIXS spectra show a two-peak structure, where the relative intensity of the two peaks 

depends on the incident energy hv. When the incident energy is tuned to the main peak of 3d-

XAS (883.54 eV), a strong transition to the bonding state and weaker transitions to nonbonding 

and antibonding states can be observed. The energy separation at about 4 eV corresponds to 

the distance between bonding and nonbonding states, while the energy separation at about 6 

eV corresponds to the distance between bonding and antibonding states27. The satellite peak of 

Ce XAS is indicative of the contribution of 4f0 states as it arises from the transitions to 4f states 

in the conduction band28. When the incident energy is tuned to the satellite position of 3d-XAS 

(888.74 eV), the strong transition between the bonding and antibonding states of 4f0 and 4f1v 

configurations can be observed29 (Fig. 1d). 

To understand the properties of Ce-O bonds in Zr4+ doped catalysts and metal-modified 

catalysts, we synthesized and measured the 1wt% Cu-CeO2 (CuCe), Ce0.5Zr0.5O2 (CZ), 1wt% 

Cu-Ce0.5Zr0.5O2 (CuCZ) and 1wt% Pd-Ce0.5Zr0.5O2 (Pd-CZ) samples, characterization 

details are shown in Supplementary Figs. 1-6 and Supplementary Note 1. The commercial 

CeO2 was used as a reference. The detailed RIXS spectra of as-synthesised samples and 

commercial CeO2 are shown in Supplementary Figs. 7-14. 

By excitation at 888.74 eV, the strong transition to the Ce4+ antibonding states can be measured. 

The energy separation between the bonding and antibonding states is mainly determined by the 

effect of hybridisation. To our surprise, Pd-CZ has the highest energy separation, while CeO2 

has the lowest energy separation (Fig. 2a). The separation between bonding and nonbonding 

states also follows this trend (Supplementary Fig. 15). This suggests that Pd-CZ has a stronger 

Ce4+-O2- bond than other samples. The inelastic peak position of antibonding states is positively 

correlated with the reactivity and reducibility of the catalyst. Considering ultra-high vacuum 

(UHV) is a reductive condition, the possible reason is that only stronger Ce4+-O bonds can exist 

in highly reducible catalysts under reduction. 

In the XAS spectra, the 881.6 eV feature is associated with Ce3+ (Fig. 2b). Exciting at 881.6 

eV, a strong feature at 230 meV of energy transfer is observed for all samples (Fig. 2c). This 

feature is associated with the Ce3+ 4f1 state in the form of 2F5/2 → 2F7/2 transition (Fig. 2d). Ce4+, 

on the other hand, should not have any feature at this energy range26. The ratio of the 2F5/2 → 
2F7/2 peak to the elastic scattering peak gives an approximate indication of the Ce3+ content. 

Such ratio is in the order of Pd-CZ > Cu-CZ > CZ > CuCe > CeO2, suggesting that both Zr 

doping and surface metal lead to higher Ce3+ concentration in the catalyst. The energy loss was 

found to be positively correlated with the ratio of Ce3+ (Fig. 2e). A higher concentration of Ce3+ 

increases the stress energy and shortens the Ce4+-O2- bond, resulting in a stronger Ce4+-O bond. 
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Figure 2. a, Energy loss at the excitation energy of 888.74 eV for various samples under 

UHV at room temperature. b, XAS of Ce M5-edge for various samples under UHV at room 

temperature. c, Energy loss at the excitation energy of 881.60 eV for various samples under 

UHV at room temperature. d, Scheme of the spin-orbit splitting of the 4f states for a Ce3+ 

ion. e, Relationship between the energy separation and the peak ratio of the 2F5/2 → 2F7/2 

peak to the elastic scattering peak. 

By heating up under UHV, more Ce4+ in CZ is reduced to Ce3+, as shown in Fig. 3a. The 

changes in O K-edge are shown and discussed in Supplementary Fig. 16 and Supplementary 

Note 2. With more Ce3+, the energy loss for the antibonding states of Ce4+ is increased (Fig. 

3b). It is noteworthy that the energy separation between bonding and antibonding states of CZ 

(6.80 eV) is 0.2 eV lower than that of Pd-CZ (7.00 eV) under the similar Ce3+ ratio. This is 

consistent with our speculation that the sample with higher antibonding states under reductive 

conditions has better redox behaviour, as the remaining Ce4+-O2- bond is strengthened during 

reduction. This means that breaking the Ce4+-O2- bond will become more difficult in reduced 

Pd-CZ. The stronger Ce4+-O2- bond suggests lower energy of final states, indicating a higher 

enthalpy change (ΔH) in the reaction to lose oxygen (Fig. 3c). The formation of O vacancies 

leads to entropy increase (ΔS). According to the Gibbs free energy formula (ΔG = ΔH - TΔS), 

the formation of O vacancies is favoured at high temperatures, with extra ΔH being 

thermodynamically more favourable. Therefore, we speculate that Pd-CZ has better redox 

behaviour and OSC. 

Fig. 3d compares the OSC of the CeO2, CZ and Pd-CZ catalysts at 300 ℃. The reference 

sample, CeO2 commercial particles, showed almost no OSC. The OSC performance of 

synthesized Pd-CZ was 5 times higher than that of CZ. To further clarify the redox behaviour 

of bulk and surface Ce in the CeO2-based catalysts, in situ Ce L3 HERFD-XAS and near 

ambient pressure (NAP)-near edge X-ray absorption fine structure (NEXAFS) studies were 

conducted. HERFD-XAS is bulk sensitive. Under the reduction of CO, CeO2 bulk remained 
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unchanged up to 300 ℃ (Fig. 3e, spectra in Supplementary Fig. 17). In contrast, the loading of 

Pd on the Ce0.5Zr0.5O2 surface significantly promotes the reduction of Ce (Fig. 3f, spectra in 

Supplementary Fig. 18). The spectra of CuCe, CZ and CuCZ are shown in Supplementary Figs. 

19 to 22 and further discussion is in Supplementary Note 3. In situ NAP-NEXAFS experiments 

further confirm the highest surface reducibility of Pd-CZ (Supplementary Fig. 23 and 

Supplementary Note 4). 

 

Figure 3. a, Energy loss at the excitation energy of 881.60 eV under UHV at 200 °C. b, 

Energy loss at the excitation energy of 887.74 eV under UHV at 200 °C. c, Simplified energy 

level diagram of the reduction of CZ and Pd-CZ. d, The oxygen storage capacity (OSC) of 

the as-synthesized CZ, Pd-CZ catalysts and CeO2 commercial powder, respectively. e,f, In situ 

HERFD-XANES of (e) CeO2 and (f) Pd-CZ in 2% CO from RT to 300 ℃. g, Raman spectra 

of CeO2, CZ and Pd-CZ under Ar at room temperature. h, Main CeO2 Raman peak (F2g) shifts 

(relative to the shifts at 25 ℃) as a function of temperature during CO flow (5% CO in He) 

over commercial CeO2, CZ and Pd-CZ. i, Changes in the F2g peak position of commercial CeO2, 

CZ and Pd-CZ with CO/Air switching at 500 °C. The Raman spectra were normalized to the 

peak height of the CeO2 F2g peak near 460 cm-1. 

Ex situ and in situ Raman spectra were performed to characterize the crystal structure of the 

catalysts. The CeO2 sample showed one strong Raman peak at 465 cm-1 (F2g mode of cubic 

CeO2), which is usually reported relevant to a perfect ceria lattice at room temperature30. Its 

peak position varies with the length of Ce-O bonds in ceria-based catalysts31. Zr doping leads 
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to a blue shift (from 465 to 471 and 472 cm-1) for the as-prepared CZ and Pd-CZ samples due 

to the substitution of Ce4+ cations (ionic radius 0.97 Å) by smaller Zr4+ cations (ionic radius 

0.84 Å). The peak at 625 cm-1 of CZ and Pd-CZ samples is attributed to the presence of 

defective structure in CeO2-ZrO2 materials (Fig. 3g)32.  

In situ Raman under 5% CO from RT to 500 °C were measured and the results were shown in 

Supplementary Figs. 24 to 26. The decrease in Raman shift of CeO2 by ~15 cm-1 from RT to 

500 ℃ seen in many cases is due only to thermal expansion and phonon coupling and decay. 

Larger decreases in the Raman shift indicate more vacancies, because of the lattice of 

expansion that occurs when Ce4+ (0.97 Å) is replaced by Ce3+ (1.04 Å)33. CZ has a similar 

Raman peak shift with CeO2 below 300 ℃ and shows higher peak shift at high temperatures, 

while Pd-CZ has the highest Raman peak shift (Fig. 3h). Switching of CO and air at 500 °C, 

the CeO2 exhibit no obvious shift (Supplementary Figs. 24b), while both CZ and Pd-CZ show 

reversible shift (Supplementary Figs. 25b and 26b). Pd-CZ has the biggest difference in peak 

position between CO and air at 500 °C (Fig. 3i). The rapid formation of oxygen vacancies at 

low temperatures meant the Pd-CZ catalyst has a strong ability to form O2.  

By modulating the particle size of the CeZrO4 support in Co/Ce-Zr catalysts, Hensen and 

colleagues observed reverse oxygen spillover (ROS) from the support during treatment in 

hydrogen, resulting in the generation of oxygen vacancies34. The bulk reduction of ceria, 

induced by the formation of Pd metal, has been reported as an indication of ROS2,35, which has 

introduced novel avenues for enhancing the activity and stability of catalyst systems employing 

Ce-based supports, due to the exceptional oxygen mobility of ceria36. Surface metal can 

activate the lattice oxygen of the CeO2 support and facilitate ROS at the M-O-Ce interface2. 

The formation of O vacancies in the bulk leads to an increase in the bond strength of the 

remaining bulk Ce4+-O2-, which explains the inhibited ROS for reduced ceria. For metal-

supported catalysts, the ROS is only suppressed at a higher reduction (stronger bulk Ce4+-O2- 

bonds) due to the presence of active surface sites, leading to higher OSC. 

Metal supported on cerium-zirconium-based oxides has been commercially used in three-way 

catalysts (TWC)37. Nitrous oxide (N2O) is a secondary pollutant formed within the TWC38 and 

will become regulated with the introduction of the EURO 7 emissions regulations. N2O is a 

potent greenhouse gas and a major contributor to stratospheric ozone depletion39,40. The direct 

catalytic decomposition (2N2O = 2N2 + O2) of N2O is a promising remediation technology for 

reducing N2O emissions. The decomposition of N2O over the catalyst involved redox cycles of 

the Ce, and N2O acted as an oxidizing agent to react with the VO created upon heating with the 

concomitant formation of molecular O2
41. Therefore, the N2O decomposition reaction is used 

to evaluate the activity of VO for different samples.  

When testing for the N2O decomposition, the CeO2 catalyst showed no activity at temperatures 

below 550 ℃, whereas the Cu-CeO2 catalyst showed a N2O conversion of 37% at 550 ℃. 

Compared with pure CeO2, the addition of Zr4+ boosted performance remarkably, which is 

slightly higher than that of Cu-CeO2. Loading Cu and Pd on the CeZrO2 leads to higher 

reactivity so that the Pd-CZ catalyst achieved 97% N2O conversion at 550 ℃. The N2O 

decomposition rate is in the order of Pd-CZ > Cu-CZ > CZ ≥ Cu-CeO2 > CeO2 (Fig. 4a), which 

follows the same trend of ability in forming VO (Fig. 2e). 
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Figure 4. a, N2O conversion as a function of temperature. b, Reaction order plots for the 

catalytic decomposition of N2O over Pd-CZ, measured at 450 °C and 600 °C. 2-180 mg catalyst; 

total flow rate, 100 mL/min; and N2O concentration, 0.25%-1% in He. c, Ce L3-edge XANES 

spectra of Pd-CZ under various temperatures during N2O decomposition. d, Ce3+ fraction in 

CZ and Pd-CZ as a function of temperature during N2O decomposition reaction (2500 ppm 

N2O, balanced in He). e, Ce3+ fraction in Pd-CZ under N2O and He conditions at 300 ℃. f, 

Relationship between N2O conversion at 500 °C and the energy separation between bonding 

and antibonding states measured under UHV at RT. 

The following mechanism of N2O decomposition is generally accepted: (1) the extraction of 

the oxygen atom from N2O (N2O + *→N2 + O*) by the oxygen vacancy (*) of catalysts to 

yield N2 and (2) the formation of molecular O2 and O vacancies (*) (O* + O*→O2 + 2* or N2O 

+ O*→N2 + O2 + *) from the catalyst surface. Xiong et al. found that the splitting of N2O (step 

1) is the rate-determine step42, while the formation of O2 (step 2) is also reported as the rate-

limiting step in the decomposition of N2O
43,44. Arrhenius plots were obtained in the applied 

temperature ranges of 380–420 °C and 560-600 °C (Supplementary Fig. 27). The Ea values 

were determined to be 117 kJ/mol in the lower temperature range and 67 kJ/mol under higher 

temperatures. The apparent reaction order decreased from 0.9 to 0.2 with increasing 

temperature (Fig. 4b), indicating that the activation of N2O is easier at high temperatures. 

To further clarify the reaction mechanism, especially the redox behaviour of Ce, in situ X-ray 

absorption near-edge spectroscopy (XANES) studies were conducted. Normalized Ce L3-edge 

XANES spectra of the CZ catalyst and the Pd-CZ catalyst, measured in situ during the catalytic 

reaction of N2O decomposition up to 500 ℃, are shown in Figure 4c and Supplementary Fig. 

28. To determine changes in the Ce oxidation state, a quantitative analysis was conducted by 

curve-fitting the XANES spectra using an arctangent function to simulate the edge jump and 

Gaussian functions for peak features45 (Supplementary Fig. 29, fitting details in Supplementary 

Note 5).  

At 300 °C, Ce4+ in both CZ and Pd-CZ can be reduced, while Pd-CZ has a higher Ce3+ 

concentration (Fig. 4d), showing that Pd-CZ is more prone to form VO. Further, at 300 ℃, 
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N2O/He gas was introduced into the cell with an interval of He purge. Switching from N2O/He 

to He, more Ce4+ is reduced (Fig. 4e). Then introducing N2O, the Ce3+ fraction decreased to the 

origin state, suggesting that N2O oxidized the Ce3+ species to form N2. The increased Ce3+ 

ratios suggest that the breakage of the N-O bond (step 1) is the rate-limiting step at low 

temperatures. Raising temperature, Ce3+ in Pd-CZ can be gradually oxidized, whereas the Ce3+ 

fraction in CZ remains stable (Fig. 4d). With the oxidation of Ce3+, N2O has significant 

conversion in Pd-CZ, while CZ cannot convert N2O during the reaction (Supplementary Fig. 

30), indicating that the reactivity is related to the redox behaviour of Ce. At high temperatures, 

regeneration of the reduced active site can be considered to be the rate-limiting step since this 

coincides with O2 formation46. The decreased Ce3+ ratios indicate that the formation of O 

vacancies (step 2) is the rate-determine step at high temperatures. 

Surface metal species could act as activators for the migration and storage of oxygen on the 

support. Based on the dynamics of Ce-O bond energy at steady-state conditions, catalysts with 

high Ce3+ content (strong Ce-O bond) are favourable for oxygen spillover (OS), while catalysts 

with low Ce3+ content (weak Ce-O bond) favour ROS. Pd-CZ has a high concentration of Ce3+ 

under low temperatures and thus is prone to the dissociation of N-O bonds, showing lower 

light-off temperature. At rising temperatures, the Ce3+ in Pd-CZ is gradually oxidized, resulting 

in enhanced ROS, which is favourable for O2 formation (regeneration of O vacancies) in N2O 

decomposition. The evolution of remaining Ce4+-O2- bonds explains the special redox 

properties of CeO2-based catalysts. The energy separation between bonding and antibonding 

states under reductive conditions can reflect the limit for support to lose lattice oxygen, which 

can serve as a key descriptor in catalysis. The N2O conversion of different catalysts showed a 

positive correlation with their antibonding energies measured under UHV at RT (Fig. 4f). The 

enhanced reactivity is made possible due to the ability of the CeO2 to adjust its bonding 

properties easily and drastically to best fit its immediate environment. 

Conclusion 

When VO is formed in the CeO2 lattice, the remaining Ce4+-O2- bond energy increases and 

stabilizes the reduced lattice with such extra ΔH of the reduction reaction. This increase in bond 

energy explains the presence of a large amount of stabilised VO in CeO2. Therefore, the 

antibonding states energy under reductive conditions is positively correlated with the 

reducibility and reactivity of the catalyst, serving as a descriptor in catalysis. The highest bond 

energy is achieved with the Pd-Ce0.5Zr0.5O2 catalyst, which also has the highest activity in the 

N2O decomposition reaction. The dynamics of Ce-O bond energy can be experimentally 

observed using RIXS, which can be applied to determine the M-O bond strength in other 

chemical systems. 

 

Method 

Sample preparation 

Commercial CeO2 (99.9%, CAS: 1306-38-3) was purchased from Acros Organics. 

The 2wt% Cu-CeO2 catalyst was obtained by conventional impregnation on CeO2 nanospheres 

prepared by a microemulsion method as described in previous studies47,48. Firstly, 200ml n-
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heptane, 8ml butanol and 8.87g triton X-100 were mixed in a 500ml 2-neck flask. The solution 

was sonicated for 10 minutes and then stirred for 30 minutes at room temperature to let them 

fully mix. Then 2 mL 0.5 M Ce(NO3)3∙6H2O solution (Ce(NO3)3∙6H2O 0.432 g + H2O 2 mL) 

and 2mL 25% Trimethyl phenyl ammonium hydroxide solution (TMAH) was slowly added to 

the mixture with the colour changing from orange to yellow, then continuously stirred the 

mixture solution for 24 hours. After stirring, the formed yellow precipitate was collected by 

filtering and washing with MeOH three times. Then the solids were dried at 100 °C overnight 

with the colour changing from yellow to dark brown. The dark brown precipitate was calcined 

at 500 °C for 2 h (heating rate: 5 °C/min), and the colour changed back from dark to yellow. 

The obtained 550 mg yellow powder was stored in vacuum condition before loading Cu on it. 

The next step is loading 1 wt% Cu on CeO2. 150mg obtained CeO2 was added to 10 mL 

deionized water and sonicated for 30 mins to let it evenly disperse. A corresponding mass of 

Cu(NO3)2∙2.5H2O was added in CeO2 dispersed solution as a precursor and then stirred for 10 

mins. During this time, 250 mg Na2CO3 was dissolved in 5 mL deionized water and stirred for 

10 minutes to obtain the Na2CO3 solution. Then, the Na2CO3 solution was added to the 

dispersed mixture and stirred for 2 h, followed by centrifugation (4000 rpm, 10 min) to remove 

the solution. The precipitate was washed with hot deionized water by reduced pressure filtration 

and then moved to the oven at 60°C overnight. Finally, using a train furnace system, the solid 

powder was reduced by 5% H2 (balanced in Ar) at 250 ℃ for 1 h. 

Ce0.5Zr0.5O2 support was prepared by co-precipitation method by using cerium ammonium 

nitrate ((NH4)2·[Ce(NO3)6]), zirconium oxynitrate hydrate (ZrO(NO3)2·xH2O) and ammonia 

hydroxide (NH3·H2O, 28%-30%) as precursors. 0.005 mol of ((NH4)2·[Ce(NO3)6] and 0.005 

mol of ZrO(NO3)2·xH2O were dissolved in 20 mL of deionized water. Subsequently, the 

mixture was stirred for 10 minutes, and then NH3·H2O was added dropwise until pH reached 

9 under continuous stirring. After stirring the mixture for 1 h, the obtained precipitation was 

filtered and thoroughly washed with deionized water to remove ammonium ions and then dried 

at 60 °C overnight. Then, the sample was carefully ground and calcined at 500 °C in the air for 

2 h (heating rate: 5 °C/min).  

The 1wt% Cu-CeZrO2 and 1wt% Pd-CeZrO2 catalysts were obtained by incipient wetness 

impregnation method by using copper nitrate trihydrate (0.25 ml solution for 1.0 g CeZrO2) 

and palladium nitrate as precursors (0.25 ml solution for 1.0 g CeZrO2). The Pd and Cu loading 

on the catalysts is 1wt%. After the impregnation, the samples were calcined in air at 500°C for 

2 h (heating rate: 5 °C/min). 

Catalytic performance 

The decomposition of N2O was evaluated in a fixed-bed flow system using a stainless-steel 

flow reactor (i.d. = 9.75 mm, 300 mm length). The composition and flow rate of the inlet gas 

mixture was set by the mass flow controller. A typical reaction gas composition was: 2500 ppm 

N2O, balanced in He. The flow rate of the mixed gas was 100 mL/min. The catalyst was sieved 

below 250 µm of grain size. Typically, 200 mg of catalyst diluted in 200 mg SiC (400 mesh) 

was placed in the reaction tube, and the product was detected with the Quadrupole Mass 

Spectrometer (MS) Quantitative Gas Analyser (Hiden Analytical, UK). The reaction was 

studied in the temperature range of 350 ℃ to 600 ℃. After reaching a steady state at each 

reaction temperature, the reaction was maintained for at least 30 minutes to measure the MS 
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signals of N2O.  

For both catalysts, the Ea and reaction order were measured with the same reactor for the 

catalytic performance described above. An appropriate amount of catalyst diluted with SiC was 

used, and the experiments were carried out by changing the temperature and gas flow rate, with 

the conversion within the kinetic regime. 

Characterization 

High-resolution aberration-corrected HAADF-STEM images were obtained from the probe-

corrected (CEOS) JEM ARM 200CF (JEOL, Japan) operated at 200 keV. The samples for the 

analysis were dispersed in ethanol followed by the addition of a few drops of lacey carbon 

films supported on copper grids.  

EDX data were obtained from the probe-corrected JEM ARM 200CF (JEOL, Japan) with large 

solid-angle dual EDS detectors for X-ray spectroscopy and elemental mapping. The EDS data 

acquisition was carried out in STEM imaging mode, with a probe current of 143 pA (probe size 

is 5 C) at 200 keV acceleration voltage. Gatan Microscopy Suite Software was used for EDS 

spectrum imaging data acquisition. 

The measurement was performed on the STOE STADI-P diffractometer with a voltage of 40 kV 

at 30 mA, using a Cu source with Kα1 = 1.54060 Å. With a resolution of 0.015° each step, the 

signals of 2θ in the range of 2°-80° were collected. 

Electron paramagnetic resonance (EPR) measurements of Cu-CeO2 and Cu-CeZrO2 samples 

were carried out with an X-band Magnettech Bench-top ESR spectrometer MiniScope MS5000 

under room temperature. Powder samples (~20 mg for Cu-CeO2 and ~50 mg for Cu-CZ) were 

measured in a 4 m OD quartz EPR tube by sweeping the magnetic field between 100-500 mT 

under 10 mW microwave power (frequency 9.46 GHz). The field is modulated at 100 kHz 

frequency with 0.8 mT amplitude. 

The oxygen storage capacities (OSCs) of all samples were obtained by a Builder PCSA-1000 

instrument under the pulse mode. 50 mg of powder catalyst was pretreated under a gas flow of 

20% O2/N2 (30 mL/min) at 200 ºC (heating rate: 20 ºC/min) for 30 min. Under the same flow, 

the sample was heated to 300 ºC with a rate of 20 ºC/min, followed by a purge of pure Ar (30 

mL/min) to remove the residual oxygen. Then, the sample was treated with 5% H2/Ar (30 

mL/min) at 300 ºC for 10 min, and flushed with pure Ar until the stabilization of baseline. After 

that, pure O2 was pulsed into the reactor at 300 °C by several pulses at intervals of more than 

1 min until the saturated adsorption of O2. After the first round of testing, two more rounds of 

H2 treatment-O2 pulse testing were conducted. The O2 volume of each pulse was 0.2 mL. The 

O2-OSC values were determined by the amount of cumulative O2 consumption during the O2 

pulses. 

In situ XANES investigations 

The in situ XANES measurement was carried out in the BL01B1 beamline at Spring8 (Hyogo, 

Japan). The spectra were recorded in transmission mode with Si(111) double-crystal 

monochromator. The photon energy was calibrated at the inflexion point of the Ce L3-edge 

XANES spectra of reference Ce foil (5723 eV). In the experiments, 2 mg of samples (CZ and 

Pd-CZ) were pressed into pellets with 58 mg boron nitride (diameter around 7 mm) and 
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measured in the in situ cell provided by BL01B1. The in situ XAS cell was equipped with a 

heater and thermocouples and sealed by a Kapton membrane. Products at the outlet of the 

reactor were analysed by a mass spectrometer (OmniStar), which was placed downstream. The 

X-ray beam was transmitted through the Kapton membrane and sample pellets were mounted 

in the cell. Ce L3-edge XAFS spectra were acquired in a transmittance mode with a Quick 

XAFS system. In situ experiments were carried out by flowing a constant N2O gas mixture (10 

mL∙min-1 with 2500 ppm N2O, balanced in He) generated by mass flow controllers. The 

oxidation states of Ce under the condition of N2O (2500 ppm N2O, balanced in He) from room 

temperature to 500 ℃ were measured. At 300 ℃, the catalysts were measured under both N2O 

conditions and pure He conditions with a total gas flow was 10 mL·min-1. XANES under static 

conditions of each gas composition were recorded between 5510-6260 eV. The spectra 

processing and peak fitting analysis were processed with Athena49. The R-factor for peak fitting 

is below 0.001. 

In situ HERFD-XANES investigations 

HERFD-XANES and non-resonant XES measurements were carried out in the I20-Scanning 

beamline50 at Diamond Light Source (DLS, UK). The incident beam energy was selected using 

a Si(111) 4-bounce scanning monochromator51. The X-ray emission spectrometer is equipped 

with three Si(642) spherical analysers, operated in the Johann configuration with a 1 m 

diameter Rowland circle52. The beam size (hv) is 400 µm × 300 µm FWHM. For the in-situ 

measurement, catalyst powders were fixed inside the 3mm diameter Kapton tube to be 

measured from room temperature to 300 ℃. Samples were diluted with boron nitride to 

minimise self-absorption. Typically, 2 mg of catalyst was diluted with 50 mg boron nitride. The 

temperature is controlled by a thermocouple inserted into the catalytic bed. 

In situ experiments were carried out by flowing different gas mixtures (15 mL∙min-1 with 2% 

CO or 1% O2 or 5% H2, balanced in He) generated by mass flow controllers. The concentration 

of the respective gas was kept the same with balancing He while changing the composition of 

gas flow, which was monitored through a mass spectrometer connected to the outlet. CeO2, 

CeZrO2 (CZ), Cu-CeO2, Cu-CeZrO2 (Cu-CZ) and Pd-CeZrO2 (Pd-CZ) samples were measured 

under reductive and oxidative conditions to study the redox behaviours of Ce: reduced form 

under CO, followed by pure He, and reoxidation under O2 gas streams. The sequence of 

different atmospheres follows the order CO, He, O2 to avoid interference. The spectra 

measurement always started after the stabilization of the gas flow. Under each condition, Lα1 

XES (3d → 2p) and several HERFD-XANES spectra were recorded until the catalysts reached 

stable states. For the ex-situ measurement, pellets were made for Ce(NO3)3∙6H2O references 

with 13 mm die under 3-5 tons pressure for 1-1.5 min.  

HERFD-XANES was measured at the peak of the Lα1 emission line at 4840.0 eV, while 

scanning the incident energy between 5650-5900 eV with region-scan mode (edge region step 

= 0.3 eV). The spectra merging and normalization were processed with Athena49. Three 

repetitions (~20 min) were taken under each condition, making a total measurement time of 1 

hour for each HERFD-XANES.  

In situ NAP-NEXAFS investigations 

In situ NAP-NEXAFS experiments for 1wt% CuO-CeO2 were carried out at the VerSoX 
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beamline (B07-C) of Diamond Light Source53 (DLS, UK). The beamline has a maximum 

hν/Δ(hν) > 5000 with a photon flux > 1010 photons s−1 from 170 eV to 2000 eV and can be 

operated (delivering lower flux) up to 2800 eV. Temperature control of the two available sample 

holders, all manipulator/analyser motions, and all endstation signals (sample current, analyser, 

diagnostics, etc.) are fully integrated in the EPICS and GDA controls and data acquisition 

environment of the beamline. The accuracy of the sample and analyser position is typically less 

than 10 µm. The gas pressure and composition are controlled via a butterfly valve and mass 

flow controllers. The endstation consists of a fixed interface flange that holds the entrance cone 

of the ambient-pressure electron energy analyser (SPECS Phoibos NAP-150). The samples 

(around 1 mg) were dispersed in water (around 1 mL) and dropped (around 2 droplets) on Au-

coated Si (~1 cm × 1 cm), followed by heating at 70 °C to remove the solvent. NEXAFS spectra 

at Ce M4/M5 edge (875-915 eV) and O K-edge (520–560 eV) were measured in both total 

electron yield (TEY) mode and Auger electron yield (AEY) mode from room temperature to 

300 ℃. The measurements were performed either under UHV or various gas conditions (CO 

or O2) with a total pressure of 1 mbar. The temperature was monitored by a K-type 

thermocouple and regulated by a PID controller. 

In situ Raman investigations 

Raman spectroscopy: In situ Raman spectra were measured by the LabRAM HR800 

spectrometer (HORIBA JY) with an excited laser at 473 nm. The micro-Raman reaction cell 

(Xiamen TOPS) is equipped with a quartz window that has a heating module to control the test 

temperature. The powder catalysts were sealed in the in situ reactor for further Raman tests. 

The specific test programs were as follows: 

The sample was purged by 20% O2/N2 (30 mL/min) at room temperature (RT) for 5 min and 

then heated to 200 ºC (heating rate: 20 ºC/min) for 30 min. After that, the sample was cooled 

to RT under the pure Ar flow (30 mL/min) and then the gas flow was switched to 2% CO/Ar 

(30 mL/min) at RT. Under 2% CO/Ar atmosphere, the sample was heated from RT to 500 ºC 

(heating rate: 20 ºC/min), and the Raman spectra were collected at RT, 200 ºC, 300 ºC, 400 ºC 

and 500 ºC after 10 min of steady-state reaction, respectively. After that, the sample underwent 

a consecutive switch of 20% O2/N2, 2% CO/Ar and 20% O2/N2. When the predetermined gas 

was introduced into the sample chamber, a period of 10 min was allowed for stabilization, 

followed by the signal collection. Finally, the temperature was cooled to RT and maintained 

for 10 min to collect Raman spectra.  

XAS and RIXS investigations 

Ce M-edge and O K-edge resonant inelastic X-ray scattering (RIXS) data of the catalysts were 

collected at the PEAXIS beamline54,55 of synchrotron BESSY II at Helmholtz-Zentrum Berlin 

(HZB). The beamline delivers 1.4 × 1012 to 2.4 × 1011 flux at 400 eV and 4.6×1011 to 7.7×1010 

flux at 900 eV. The focus size is 15 µm × 4 µm. A hemispherical energy analyser (SPECS 

PHOIBOS 150) is used for electron detections and a CCD camera (Andor iKon-L) is used for 

X-ray detections. We present here RIXS data taken from five samples (CeO2, Cu-CeO2, CZ, 

Cu-CZ and Pd-CZ). The sample powders were attached using Cu tape or conductive Ag paint. 

The scattering angle between the incident and scattered beam was constantly fixed at 90°. The 

O K-edge or Ce M-edge TFY (total fluorescence yield) of samples were first measured. For 
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RIXS experiments, Ce M-edge and O K-edge XAS spectra were used to select the incident 

excitation energy for the RIXS measurements. The samples were measured at room 

temperature and 200 ℃ under UHV. For temperatures above 300 K, the sample temperature is 

derived from the heating power, which currently restricts the precision to ±5 K below 350 K 

and above 700 K and to ±10 K in the intermediate temperature range. The final resolution was 

estimated to be ~70 meV for O K-edge and ∼150 meV for Ce M-edge determined by the full 

width at the half-maximum (FWHM) coming from Gaussian fits at the elastic line. The data 

was processed by ADLER 4.0, a software designed for the PEAXIS Instrument. 

DFT calculation 

All spin-polarized DFT+U calculations were employed by Vienna Ab initio Simulation 

Package (VASP)56. The projector-augmented wave (PAW) method was performed to calculate 

the interaction between the ions and electrons. The exchange–correlation energy was handled 

by the Perdew-Burke-Ernzerhof functional57. A plane-wave basis set was employed with a 

cutoff energy of 400 eV. The 1×1×1 Monkhorst-Pack k-point grids were performed for all 

calculations. The energy and the force converged to 10−5 eV and 0.01 eV/Å, respectively. The 

van der Waals (vdW) interactions were handled by the DFT-D3 method58. The Coulomb 

interaction effect on screened Ce atoms was considered as U=4 eV and J=1 eV59. The thickness 

of the vacuum layer was set to 15 Å to weaken interactions the periodical interaction. The (100) 

surface of CeO2 (111) was chosen as a result of its greater stability60. 

 

Data availability 

Additional data can be found in the Supplementary Information. The data that support the 

findings of this study are available from the corresponding authors upon reasonable request. 
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