Polaron localization modulates lattice-oxygen transfer in Pd/CeO₂ methane oxidation
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Supplementary information
[bookmark: _Toc224629213][image: P49#y1]S1. Materials and methods
[image: P50#y1]Figure S1. Scheme of the synthesis procedure.
Figure S2. Scheme of the experimental setup.

[bookmark: _Toc224629214][bookmark: _Toc217314092]S2. CharacterizationsFigure S3. HRSEM images of the supports, CeO2 (a1) nanocubes, (a2) nano-octahedrons, and (a3) nanorods. TEM images of the catalysts Pd/CeO2 (b1 and c1) nanocubes, (b2 and c2) nano-octahedrons, and (b3 and c3) nanorods.












[image: P54#y1]Figure S4. XPS spectrum of the Na 1s core level region.
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Figure S5. XPS spectra of the catalysts: (a) Ce 3d region, highlighting the Ce3+ oxidation state; (b) Pd 3d region, showing the chemical states of palladium species, with Pd0 indicated in green, Pd2+ (PdO) in orange, and (c) O 1s region, displaying surface hydroxyl groups (OHsurf.) in red and lattice oxygen (Olatt.) in grey.

[image: ]Figure S6. Particle size distribution determined by HRTEM and STEM-HAADF.






Figure S7. Raman spectra of the catalysts.

[bookmark: _Toc224629215]S3. Results
S3.1. Microkinetic modelFigure S8. Parity plots of the predicted and experimental turnover frequencies for models M3 (a and c) and M4 (b and d) applied to the Pd/CeO2 nanocubes catalyst.

Table S1. Result of the fitting for the different models and different catalysts.
	
	Pd/CeO2 nanocubes
	Pd/CeO2 nano-octah.
	Pd/CeO2 nanorods

	
	RSS (-)
	AIC (-)
	RSS (-)
	AIC (-)
	RSS (-)
	AIC (-)

	M1
	3951.4
	279.0
	3425.3
	269.7
	4626.7
	289.2

	M2
	3.9
	-166.8
	4.9
	-150.2
	6.1
	-138.2

	M3
	117.7
	54.6
	136.0
	64.0
	159.3
	74.2

	M4
	3.6
	-172.0
	2.8
	-187.8
	2.3
	-202.1










Figure S9. Parity plots of the predicted and experimental turnover frequencies for models M3 (a, c, e, and g) and M4 (b, d, f, and h) applied to the Pd/CeO2 nanorods (a-d) and nano-octahedrons (e-h).

Figure S10. Schematic illustration of mechanism M4, in which O2 undergoes molecular adsorption on the ceria oxygen vacancies followed by surface and lattice oxygen exchange between ceria and PdOx.


Table S2. Microkinetic model M4 results for the different catalysts, obtained by fitting model parameters to experimental data.
	
	Pd/CeO2 nanocubes
	Pd/CeO2 nano-octahedrons
	Pd/CeO2 nanorods

	, Δ‡H (kJ·mol−1)
	102.40
	58.88
	115.04

	, Δ‡S (J·mol−1K−1)
	−107.20
	−193.60
	−89.6

	, ΔH (kJ·mol−1)
	−114.15
	−221.85
	−148.31

	, ΔS (J·mol−1K−1)
	−133.04
	−131.46
	−179.66

	, ΔH (kJ·mol−1)
	190.29
	297.60
	196.80

	, ΔS (J·mol−1K−1)
	2.48
	1.09
	1.33

	, ΔH (kJ·mol−1)
	−50.80
	−50.80
	−50.80

	, ΔS (J·mol−1K−1)
	−0.75
	−0.75
	−0.75












S3.2. Density Functional Theory
Table S3. Formation energies (eV) of the [VO2+ – 2 polarons]0 oxygen-vacancy complex in the surface and first subsurface (sub) layers of the (100), (110), and (111) facets, under O-poor (µO = −2.14 eV) and O-rich (µO = 0 eV) conditions.
	
	(100)
	(100)sub
	(110)
	(110)sub
	(111)
	(111)sub

	O-rich
	2.44
	3.00
	2.44
	3.45
	3.32
	3.19

	O-poor
	0.29
	0.86
	0.30
	1.31
	1.18
	1.05



As listed in Table S4, the (111) surface preserves a band gap of 2.44 eV, close to the bulk value of 2.52 eV, whereas the more open (110) and (100) surfaces show smaller band gaps of 2.03 and 2.00 eV, respectively. The pristine (110) facet exhibits the most negative Fermi level (EFermi = −0.65 V vs. SHE) and CBM potential (−1.66 V vs. SHE), indicating the strongest thermodynamic driving force for electron transfer to adsorbates such as O2. In contrast, the pristine (100) surface has a strongly positive Fermi level (EFermi = +1.69 V), suggesting electrophilic character and a high capacity to stabilize excess electrons generated upon oxygen-vacancy formation, consistent with its facile reducibility.
Table S4. Electronic properties of CeO2 pristine surfaces, including the Fermi level (EFermi), valence band maximum (VBM), conduction band minimum (CBM), and band gap, all referenced to the standard hydrogen electrode (SHE) at pH = 0.
	Surface
	EFermi (V vs. SHE)
	VBM (V vs. SHE)
	CBM (V vs. SHE)
	Band gap (eV)

	(111)
	0.81
	2.03
	−0.41
	2.44

	(110)
	−0.65
	0.37
	−1.66
	2.03

	(100)
	1.69
	2.69
	0.69
	2.00



However, these descriptors describe only pristine surfaces. Under reaction conditions, oxygen vacancies are expected to form, reducing neighboring Ce4+ to Ce3+ and generating localized 4f1 polarons. As shown in Table S5, vacancy formation induces spin polarization and creates spin-resolved VBM, CBM, band-gap values, and mid-gap donor states that control the energetic threshold for electron removal. On defective (110), the Fermi level becomes highly negative (−1.46 V vs. SHE), but the occupied polaron level remains deeply bound, lying 1.06 eV below the CBM. This indicates strong reducing character but kinetically constrained charge release. In contrast, defective (100) exhibits shallower donor states, located only 0.70 eV below the CBM, which should improve electronic coupling between Ce 4f states and adsorbate-derived levels. The (100) facet also shows the largest electronic response to reduction, with a Fermi-level shift of −1.40 V, from +1.69 to +0.29 V, indicating strong n-type doping and favorable redox activity.


Table S5. Electronic structure of CeO2 surfaces containing one oxygen vacancy. Listed are the Fermi level (EF), the polaronic-state edge (VBM, spin-α), the valence-band maximum (VBM, spin-β), the spin-resolved conduction-band minimum (CBM), and the spin-resolved band gap. Energies are given relative to the standard hydrogen electrode (SHE) at pH = 0 (V); band gaps are reported in eV.
	Surface
	EFermi(V vs. SHE)
	VBM (V vs. SHE)
	CBM (V vs. SHE)
	Band gap (eV)

	
	
	Spin-α
	Spin-β
	Spin-α
	Spin-β
	Spin-α
	Spin-β

	(111)
	0.20
	0.29
	1.92
	−0.50
	−0.50
	0.80
	2.43

	(110)
	−1.46
	−0.94
	0.03
	−1.99
	−1.99
	1.06
	2.03

	(100)
	0.29
	0.64
	1.86
	−0.06
	−0.06
	0.70
	1.92



Table S6. Formation energies (eV) of two adjacent oxygen vacancies in the first surface layers of the (100), (110), and (111) facets, under O-poor and O-rich conditions (total formation energy for the pair; the two limits differ by 2 × |µO, poor| = 4.28 eV since two O atoms are removed).
	
	(100)
	(110)
	(111)

	O-rich
	7.48
	8.10
	7.85

	O-poor
	3.20
	3.82
	3.57



Figure S11. Optimized geometries of PdO clusters supported on reduced CeO2 surfaces: (a) (100), (b) (110), and (c) (111). In all models, the cluster is positioned adjacent to a surface oxygen vacancy, marked by a black circle, to represent the metal-support interfacial site. Color code: Ce (purple), O (red), Pd (orange).


















[bookmark: _Toc224629219]S3.3. Reactor design
Table S7. Parameters used for the simulation.
	Parameter
	Value

	Channel length
	0.25 (m)

	Square channel size
	5 (mm)

	Washcoat thickness
	20 (µm)

	Washcoat gas volume fraction
	0.3 (dimensionless)

	Washcoat pore diameter
	1 (µm)

	Washcoat particle diameter
	0.1 (µm)

	Washcoat tortuosity
	4 (dimensionless)

	Washcoat Pd density
	10 000 (mol Pd·m−3)

	Inlet pressure
	100 (kPa)

	Inlet temperature
	327 (°C)

	Inlet CH4 molar fraction
	0.004 (dimensionless)

	Inlet O2 molar fraction
	0.18 (dimensionless)

	Inlet velocity
	3 (m·s−1)


Figure S12. Molar methane concentration fraction along the channel axis (a), and along the washcoat thickness (b) for different Pd-based catalysts supported in different morphologies of ceria.




[bookmark: _Toc224629220]S4. Mass-transport limitations check
[bookmark: _Toc224629221]S4.1. External mass-transport limitations
[bookmark: _Toc224629222]S4.1.1. Experiments
The most active catalyst in the fresh state was selected for the external mass-transport limitations check, and the experiments showed that increasing the linear velocity does not increase the turnover frequency (TOF) (Figure S13). This analysis was done using a catalyst particle size of 38-45 μm, which guarantees no internal mass-transport limitations, as will be discussed in the next section. Moreover, this was done at a concentration of methane of 0.4 vol.% and a temperature of 280 °C. A low reaction temperature was selected to minimize catalyst deactivation and ensure the system operated under differential conversion conditions, maintained at less than 10 %.Figure S13. Variation of TOF with the variation on linear using a typical reaction condition of 0.4 vol.% CH4 and 9.5 vol.% O2, N2 balanced, WHSV of 30 000 mL∙(g·h)−1, and at a temperature of 280 °C.

This strategy is critical for negating significant thermal and concentration gradients within the catalyst bed, thereby approximating isothermal and isobaric operation. Furthermore, this operational temperature mitigates the deactivation of the catalyst during time-on-stream analysis. To confirm the absence of external mass transfer limitations, the TOF was evaluated as a function of gas linear velocity. The TOF was observed to be independent of linear velocities at or above 3.3·10−3 m/s, indicating that the reaction was kinetically controlled. Based on these findings, the catalytic experiments were conducted using a linear velocity of 5.0·10−3 m/s for the Pd/CeO2 nano-octahedrons and 1.7·10−2 m/s for the Pd/CeO2 nanorods.
[bookmark: _Toc224629223]S4.1.2. Mears number calculation
The Mears number[1] was used to theoretically check the possibility of external mass-transport limitations using the typical amount of catalyst of 50 mg and total flow rate of 25 mL∙min−1. External mass-transport limitations can be neglected if the result of Equation S1 < 0.15[2].

Where:
 = Mears criterion
 = observed average methane reaction rate (mol·kg−1s−1)
 = bulk density of catalyst bed (kg·m−3)
 = radius of the particle (m)
 = reaction order (dimensionless)
 = mass transfer coefficient (m·s−1)
 = bulk reactant concentration (mol·m−3)
The observed rate () in mol·(kg·s)−1 was calculated using             Equation S2:

Where:
 = observed methane reaction rate (mol·kg−1s−1)
 = conversion of methane calculated using online GC (dimensionless)
 = total flow rate of the gases (mol s−1)
 = partial pressure of methane (dimensionless)
 = mass of the catalyst (kg)

The bulk density of the catalyst bed was experimentally measured by adding Pd/CeO2 nanorods with a particle size of 38-45 μm until 2 cm of the quartz tube was filled (Figure S14). The outcome yielded a total of 0.2397 g, indicative of a bulk density of the catalyst bed of 9.54∙102 kg·m−3 by straightforwardly dividing the mass by the occupied volume.
[image: P113#y1]
Figure S14. Measurement of the bulk density of the catalyst bed by filling 2 cm of the quartz tube with 4 mm of internal diameter with Pd/CeO2 nanorods with a particle size of 38-45 μm.
The radius of the particle is 2.25∙10−5 m, and the reaction rate is considered one, which is also in agreement with our experiments.
The mass transfer coefficient is calculated using Equation S3[2]:

Where:
 = Sherwood number (dimensionless)
 = bulk diffusivity of methane in air (m2·s−1)
 = particle size (m)
For a packed-bed laboratory reactor tube, Equation S4[3] can be used to calculate the Sherwood number:

Where:
 = Reynolds number (dimensionless)
The Reynolds number was calculated using Equation S5[2]:

Where:
 = free stream linear velocity (m·s−1)
 = particle size (m)
 = fluid density (kg·m−3)
 = fluid viscosity (Pa·s−1)
The free stream linear velocity was calculated using Equation S6[2]:

Where:
 = volumetric flow rate (m3·s−1)
= cross-sectional area (m2)
The volumetric flow rate was regulated using mass flow controllers and calibrated using a digital flow meter ADM2000 (Agilent Technologies, Santa Clara, United States of America). The typical total volumetric flow rate was 4.17∙10−7 m3·s−1 at 20 °C, and the cross-sectional area was calculated using the internal diameter of the quartz reactor tube of 4 mm.

This is valid for 20 °C, to calculate the free stream linear velocity at 280 °C, Equation S7[2] was used:

Where:
 = temperature (K)
 = free stream linear velocity (m·s−1)

The fluid density can be calculated using a rearrangement of the ideal gas law, the concept of density, and molecular weight, as shown in Equation S8:

Where:
 = pressure (Pa)
 = molecular weight (g·mol−1)
 = ideal gas constant (J·mol−1K−1)
 = temperature (K)
The pressure and temperature utilized in the calculation were derived from the experimental conditions. The molecular weight of the gas mixture (0.4 vol.% CH4 and 9.5 vol.% O2, N2 balanced) is 2.83·101 g·mol−1, which was calculated from the weighted sum of the properties of its components.

The fluid viscosity at 280 °C of the gas mixture (0.4 vol.% CH4 and 9.5 vol.% O2, N2 balanced) was calculated as 2.83·10−5 Pa·s−1[4], from the weighted sum of the properties of its components.
Now, the Reynolds number was calculated using Equation S5:

In possession of the Reynolds number, the Sherwood number can be calculated following Equation S4:

The bulk diffusivity of methane in air is calculated following Equation S9[4]:

Where:
 = temperature (K)
 = methane molecular weight (g·mol−1)
 = air molecular weight (g·mol−1)
 = pressure (Pa)
 = methane atomic diffusion volume (dimensionless)
 = air atomic diffusion volume (dimensionless)
The methane and air atomic diffusion volumes were 2.44∙101 and 2.01∙101, respectively[4]. While the temperature and pressure were the conditions used in the experiment, 5.73∙102 K and 1.01∙105 Pa, respectively.

The mass transfer coefficient can be calculated using the values of the previous calculations and Equation S3:

The bulk reactant concentration is 8.81·10−2 mol·m−3, which was calculated using the concentration of methane in the inlet, pressure, and temperature of the experiment.
Finally, using Equation S1 together with the results of the previous calculations, it is possible to obtain the Mears Number:

Since the Mears number is lower than 0.15, external mass-transfer impacts can be disregarded; therefore, there is no concentration gradient between the bulk gas and the external surface of the catalyst.
[bookmark: _Toc224629224]S4.2. Internal mass-transport limitations
[bookmark: _Toc224629225]S4.2.1. Experiments
The catalyst exhibiting the highest activity in its fresh state was selected to evaluate potential internal mass-transport limitations. Catalyst particles with sizes in the range of 38-45 μm were selected based on this study, as demonstrated in       Figure S15; further reduction of particle size did not increase TOF.













S4.2.2. Weisz-Prater criterion calculationFigure S15. Variation of TOF with the variation on the particle size using a typical reaction condition of 0.4 vol.% CH4 and 9.5 vol.% O2, N2 balanced, WHSV = 30 000 mL∙(gh)−1 and at 300 °C. 

To double-check, calculations of the Weisz-Prater criterion[5] were used, considering a first reaction order in methane. The internal mass-transport limitations were calculated using the Weisz-Prater criterion Equation S10[2]:

Where:
 = Weisz-Prater criterion
 = observed average methane reaction rate (mol·(kg·s)−1)
 = density of catalyst particle (kg·m−3)
 = radius of the particle (m)
 = effective diffusivity (m2·s−1)
 = concentration on the surface of the limiting reagent (mol·m−3)
The observed rate () was calculated using Equation S2:


The catalyst particle density was calculated using Equation S11[2]:

Where:
 = bulk density of catalyst bed (kg·m−3)
 = bed porosity (dimensionless)
The bulk density of the catalyst bed was experimentally measured, resulting in 9.54∙102 kg·(m3)−1 as shown before (Figure S14). This was done by adding Pd/CeO2 nanorods with a particle size of 38-45 μm until 2 cm of the quartz tube was filled. The outcome yielded a total of 0.2397 g, indicative of a bulk density of the catalyst bed of 9.54∙102 kg·(m3)−1 by straightforwardly dividing the mass by the occupied volume.
The bed porosity  was calculated using Equation S12[6]:

Where:
 = Internal diameter of the quartz tube (m)
 = particle size (m)

Using the calculated bed porosity, the catalyst particle density was calculated following Equation S11:

The effective diffusivity was calculated using Equation S13[4]:

Where:
 = effective bulk diffusivity of methane in air (m2·s−1)
 = effective Knudsen diffusivity (m2·s−1)

To calculate the effective Knudsen diffusivity, Equation S14 will be used[4]:

Where:
 = catalyst porosity (dimensionless)
 = Knudsen diffusivity (m2·s−1)
 = tortuosity (dimensionless)
The porosity of the catalyst was determined using Equation S15, taking into account a pore volume of 3.35∙10−1 cm3·g−1 acquired by N2 physisorption and an estimated true density of 7.00 g·cm−3 measured by a helium pycnometer[7].

Where:
 = pore volume (cm3·g−1)
 = true density (g·cm−3)

The tortuosity was calculated based on Equation S16[4]:

Where:
 = tortuosity (dimensionless)
 = catalyst porosity (dimensionless)

The Knudsen diffusivity was calculated by Equation S17[4]:

Where:
 = average pore diameter (m)
 = temperature (K)
 = methane molecular weight (g·mol−1)
The pore diameter was obtained using N2 physisorption and was 1.15∙10−8 m, the temperature was 5.73∙102 K, and the methane molecular weight was 1.60∙101 g·mol−1.

Following Equation S14, the effective Knudsen diffusivity can be calculated:

The effective bulk diffusivity of methane in the air can be calculated from Equation S18[4]:

Where:
 = catalyst porosity (dimensionless)
 = bulk diffusivity of methane in air (m2·s−1)
 = tortuosity (dimensionless)
The bulk diffusivity of methane in the air was calculated following Equation S19[4]:

Where:
 = temperature (K)
 = methane molecular weight (g·mol−1)
 = air molecular weight (g·mol−1)
 = pressure (Pa)
 = methane atomic diffusion volume (dimensionless)
 = air atomic diffusion volume (dimensionless)
The methane and air atomic diffusion volumes were 2.44∙101 and 2.01∙101, respectively[4]. While the temperature and pressure were the conditions used in the experiment, 5.73∙102 K and 1.01∙105 Pa, respectively.


Following Equation S18, the effective bulk diffusivity can be calculated:

The effective diffusivity can be calculated following Equation S13:

Finally, Equation S10 can be used to calculate the Weisz-Prater criterion. The concentration of methane in the surface and bulk can be considered the same, as external mass-transport limitations can be neglected. In this case, the methane concentration was 8.51·10−2 mol·m−3, and the radius of the particles  m. The first was obtained through the balance of gases from the mass flow controllers and calibrated using a flowmeter, and the latter from the sieving process.

The result of the Weisz-Prater criterion is much lower than 1, which indicates that sieving the catalyst between 38-45 μm eliminates internal mass-transport limitations, which is in agreement with the experiments.
[bookmark: _Toc224629227]S5. Microkinetic modeling
A series of Mars-Van Krevelen microkinetic models, based on density functional theory (DFT) calculations[8] and incorporating our insights, were developed to describe the mechanisms of dry lean methane oxidation within a temperature range of 200 to 400 °C.
The main differences between the models are summarized in Figure S16. Specifically, the models differ in their assumptions regarding the type of oxygen adsorption on the catalytic surface, either molecular adsorption or dissociative adsorption, and in whether the support is considered as an active participant in the reaction mechanism or considered mechanistically inert.
In all models, methane undergoes dissociative adsorption, where the methyl group adsorbs onto the palladium (Pd) active site, while the hydrogen atom interacts with lattice oxygen from the PdO structure. This elementary step is assigned as the rate-determining step (RDS) of the mechanism, supported by our experiments with deuterated methane and by prior literature.

[bookmark: _Toc224629228]
S5.1. Dissociative adsorption of oxygen without the participation of the support
In the first mechanism (M1), oxygen adsorbs dissociatively from the air in the oxygen vacancies. For a complete stoichiometric balance across all reaction equations, this step must occur twice.Figure S16. Schematic representation of the main mechanistic differences in the models evaluated in this work: (a) dissociative adsorption of O2 on PdOx (mechanism M1); (b) dissociative adsorption of O2 on ceria considering oxygen transfer to PdOx (mechanism M2); (c) molecular adsorption of O2 on PdOx (mechanism M3); and (d) molecular adsorption of O2 on ceria considering oxygen transfer to PdOx (mechanism M4).



In the subsequent step, lattice oxygen from the palladium migrates to the catalyst surface, where it occupies an active site, thereby generating an oxygen vacancy in the lattice structure (Equation S22):

	The subsequent steps involve successive hydrogen abstraction reactions:


In the following step, lattice oxygen, together with the adsorbed hydrogen, migrates to the catalyst surface, generating an oxygen vacancy and adsorbed hydroxyl (Equation S25). This equation occurs twice to ensure stoichiometric balance:

	The hydroxyl group is involved in the next step, forming adsorbed water:

	The last hydrogen abstraction also involves the adsorbed hydroxyl, forming adsorbed water:

	The next step is the desorption of the adsorbed water, which occurs twice to keep the stoichiometric balance:

	Subsequently, the adsorbed carbon monoxide interacts with lattice oxygen on the Pd surface, thereby generating an oxygen vacancy.

	This carbon dioxide desorbs, forming another oxygen vacancy:

	The activity of methane corresponds to its fugacity. Given the reaction conditions, the fugacity coefficient can be approximated as unity, thereby equating the activity of methane to its partial pressure.
The equilibrium constants can be expressed as follows:










Given the temperature range and the fact that the reaction occurs at atmospheric pressure, the gas-phase species were assumed to behave ideally, and the fugacity coefficients were taken as unity. Accordingly, the rate expression can be defined as follows:

The site balance in the lattice oxygen of the PdO is as follows:

	The site balance in the Pd active site is given by:

The intermediate  readily dehydrogenates to  due to the low forward activation energy of this step, as determined through DFT calculations[8]. Combining this with the similarly low activation energy for the formation of both intermediates supports the assumption that their surface coverages are approximately equal (). Finally, the reaction rate equation of the mechanism M1 is expressed as:









[bookmark: _Toc224629229]S5.2. Dissociative adsorption of oxygen with the participation of the support
The next mechanism (M2) involves the active participation of the support, which facilitates oxygen dissociation from the air at oxygen vacancy sites (Equation S45; this step needs to occur twice for stoichiometric balance across all reaction equations). Subsequently, this oxygen is exchanged with the active metal center (Equation S46, four times for stoichiometric balance across all reaction equations) through the following mechanism:


	This implies that rather than employing the equilibrium constant for oxygen dissociation in PdO oxygen vacancies (K1), we will instead use the equilibrium constant for the dissociative adsorption of oxygen on support oxygen vacancies (K1a) and the equilibrium constant governing the exchange between lattice oxygen in the support and PdO oxygen vacancies (K1b). The equilibrium constants are as follows:


	It is worth noting that the site balances for the Pd active sites and lattice oxygen in PdO remain unchanged. These modifications yield the following reaction rate expression for mechanism M2:









[bookmark: _Toc224629230]S5.3. Molecular adsorption of oxygen without the participation of the support
	The subsequent mechanism (M3) proposes that oxygen undergoes molecular adsorption within PdO oxygen vacancies (Equation S50, which occurs twice to ensure stoichiometric consistency), subsequently reacting to generate one lattice oxygen atom and one dissociated oxygen species adsorbed on the Pd active site (Equation S51, which occurs twice to preserve stoichiometric consistency), as follows:


	The subsequent step involves utilizing the previously generated dissociated oxygen in conjunction with the adsorbed methyl group, diverging from the previously described mechanisms (M1 and M2). The reaction proceeds as follows:

	The following step proceeds similarly to the previous mechanism; however, the oxygen in the intermediates (CH2OH* and CH2O*) does not originate from the PdO lattice. The reaction is as follows:

The subsequent step mirrors the previous mechanisms and must similarly occur twice to maintain stoichiometric consistency:

	The next steps involve two dehydrogenations and the desorption of the water. It is worth noting that the water desorption step needs to occur twice.



	The subsequent step is essential to preserve stoichiometric consistency and occurs when a dissociated, adsorbed oxygen atom migrates to an oxygen vacancy in the PdO lattice. This process incorporates the oxygen atom into the lattice structure, thereby regenerating an oxygen vacancy and liberating an active Pd site. The reaction is as follows:

	The adsorbed carbon monoxide undergoes a reaction with a lattice oxygen atom, resulting in the liberation of another Pd active site. Subsequently, the carbon monoxide is desorbed, creating an oxygen vacancy, as illustrated in the following equations:


As the RDS is the same, the reaction rate can still be derived from Equation S41. The equilibrium constants can be expressed as follows:











The site balance in the lattice oxygen of the PdO is given by:

The site balance in the Pd active site is as follows:

	The final M3 mechanism, resulting from the isolation of the terms, is presented below:










[bookmark: _Toc224629231]S5.4. Molecular adsorption of oxygen with the participation of the support
The involvement of the support will be considered in the subsequent mechanism (M4). Initially, molecular oxygen is adsorbed at oxygen vacancies on the support surface, where one oxygen atom incorporates into the lattice of the support, and the other remains bound to this lattice oxygen (Equation S75). Subsequently, the lattice-bound oxygen reacts with a Pd active site, resulting in the formation of an adsorbed oxygen species and atomic oxygen incorporated into the support lattice (Equation S76, occurs twice). Finally, this oxygen is transferred to the PdO lattice, regenerating a vacancy in the support lattice (Equation S77, occurs twice). The process is described by the following equations:



	In place of the equilibrium constants K1 and K2 from mechanism M3, the following equilibrium constants will be used in mechanism M4: K1a, representing the equilibrium constant for the molecular adsorption of oxygen at the vacancies on the support; K2a, describing the formation of adsorbed oxygen on Pd active sites derived from the adsorbed molecular oxygen; and K2b, accounting for the exchange of atomic oxygen from the support lattice to the PdO lattice. The corresponding equilibria are defined as follows:



	The site balance for the Pd active site remains unchanged; however, the site balance for lattice oxygen in PdO will not involve the surface coverage of the molecular oxygen, as this adsorption will occur in the oxygen vacancy of the support. The new site balance is expressed as:

These modifications result in the following reaction rate expression for mechanism M4:









[bookmark: _Toc224629232]S5.5. Simplification of the mechanisms
	The mechanisms were simplified by applying the Most Abundant Reactive Intermediate (MARI) approximation. Each mechanism will be individually discussed in the following subsections.
[bookmark: _Toc224629233]S5.5.1. Dissociative adsorption of oxygen without the participation of the support (M1)
	In the context of lean methane oxidation, the site balance over palladium active sites, as described by Equation S43, can be simplified due to the large excess of oxygen relative to all carbon-containing surface intermediates. Under these conditions, and in the absence of co-fed water, as was the case in the experiments conducted in this study, the surface coverages of hydroxyl species (), molecularly adsorbed water (), and carbon-containing surface intermediates (, , , ) remain negligible compared to that of adsorbed oxygen. Consequently, the site balance expression can be further reduced, leading to the simplified form presented in Equation S83.


The same simplification was applied to the site balance on the lattice oxygen of the PdO, described by Equation S42, resulting in the simplified Equation S84, as shown below:


	Using these simplifications on Equation S41, the final reaction rate is as follows:

[bookmark: _Toc224629234]S5.5.2. Dissociative adsorption of oxygen with the participation of the support (M2)
	The same set of simplifications can be applied to mechanism M2, thereby reducing the complexity of Equation S49 to the following form:

[bookmark: _Toc224629235]S5.5.3. Molecular adsorption of oxygen without the participation of the support (M3)
	The site balance on the lattice oxygen of the PdO is represented by Equation S72, as mentioned before. Considering that the surface coverage of oxygen-related species is higher than that of carbon-containing species and hydroxyl groups, the site balance is simplified to Equation S87.


The Pd site balance is given by Equation S73 and can be simplified under the assumption that the surface coverage of oxygen-related species is significantly higher than that of carbon-containing species, water, and hydroxyl groups. The resulting simplified expression is given by Equation S88:


	By applying these simplifications, the rate equation for mechanism M3 is as follows:

[bookmark: _Toc224629236]S5.5.4. Molecular adsorption of oxygen with the participation of the support (M4)
	The site balance in the Pd active site remains the same as in mechanism M3; however, the site balance in the lattice oxygen of PdO is given by Equation S42. This will be simplified following the same principle as the other mechanisms, resulting in the same expression as Equation S84. The simplified rate equation is as follows:

	To maintain the same number of adjustable parameters of M2 and M3, a final simplification will be performed in this mechanism as described below:

	The final rate equation of mechanism M4 is as follows:

[bookmark: _Toc224629237]S5.6. Thermodynamic assumptions and constraints
	All models considered the following assumptions[9]:
1. All gases behave as ideal gases.
2. All species adsorbed on the surface are randomly distributed.
3. No lateral interactions occur between adsorbed species.
4. The enthalpy of adsorption should be negative.
5. The entropy of adsorption should be negative.
6. The Gibbs free energy of adsorption should become less negative as the temperature increases.
7. The decrease in entropy of a species upon adsorption cannot exceed the entropy of that species in the gas phase.
[bookmark: _Toc224629238]S5.7. Estimation of the initial guesses
The following equation was used to calculate the rate constants, Gibbs free energy of activation, enthalpy of activation, and entropy of activation:

Where:
 = rate constant (molCH4 oxi.·molPd expo.−1·s−1 or molCH4 oxi.·Pa−1·molPd expo.−1·s−1 or molCH4 oxi.·Pa−0.5·molPd expo.−1·s−1)
 = Boltzmann constant (J·K−1)
 = Temperature (K)
 = Gibbs free energy of activation (J·mol−1)
 = Ideal gas constant (J·mol−1K−1)
 = Enthalpy of activation (J·mol−1)
 = Entropy of activation (J·mol−1K−1)
	The following equation was used to calculate the equilibrium constants, Gibbs free energy, enthalpy, and entropy:

Where:
 = adsorption equilibrium constant (Pa−1)
 = Gibbs free energy (J·mol−1)
 = Enthalpy (J·mol−1)
 = Entropy (J·mol−1K−1)
[bookmark: _Toc224629239]
S5.7.1. Reaction rate constant
	The enthalpy change of activation was considered equal to the average apparent activation energy as an initial guess. The entropy change was related to the pre-exponential factor (calculated using the TOF) and corrected by the average temperature using the following equation:

Where:
 = pre-exponential factor (molCH4 oxidized·molPd exposed−1·s−1)
	The results of these calculations are shown in Table S8.
Table S8. Initial guesses for the enthalpy and entropy changes of the constant .
	Catalyst
	ΔH (J mol−1)
	ΔS (J mol−1K−1)

	Pd/CeO2 nanorods
	71 870
	-56.17

	Pd/CeO2 nano-octahedrons
	36 770
	-121.46

	Pd/CeO2 nanocubes
	66 290
	-63.71



	These enthalpies and entropies were used as initial guesses for the constant k for all microkinetic models.
[bookmark: _Toc224629240]S5.7.2. Adsorption equilibrium constants
	To estimate the enthalpy and entropy of adsorption, a methodology previously reported by Gao et al.[10] was employed. The enthalpy change associated with the adsorption process can be derived by calculating the difference between the enthalpy of the system when the species is adsorbed to a surface site x at a given temperature T and the enthalpy of the same species in the gas phase at that temperature. This relationship is expressed mathematically in Equation S96.

Where:
 = Enthalpy of adsorption (J·mol−1)
 = Enthalpy of the system when species 𝑖 is adsorbed to a surface site x at temperature T (J·mol−1)
 = Enthalpy of the system when species 𝑖 is in the gas phase at temperature T (J·mol−1)

	The enthalpy of the system when species 𝑖 in the gas phase at a given temperature can be determined from its enthalpy of formation at that temperature. This enthalpy is expressed as the sum of the standard enthalpy of formation at a reference temperature, typically 298.15 K, and the temperature-dependent contribution due to heat capacity. Assuming that the heat capacity remains constant over the temperature range of this study, the enthalpy of species 𝑖 at temperature T is given by Equation S97[10]:

Where:
 = Enthalpy of adsorption at the reference temperature (J·mol−1)
 = Heat capacity of species 𝑖 (J·mol−1K−1)
 = Temperature of interest (K)
 = Reference temperature (K)
	The enthalpy of the surface-bound species was calculated by subtracting the binding energy from that species at a given temperature, under the assumption that the binding energy remains constant for both temperature and surface coverage. This relationship is represented by Equation S98[10]:

Where:
 = Binding energy of species 𝑖 adsorbed to a surface site x (J·mol−1)
	The binding energy of methane on PdO[11], dissociative and molecular adsorption of oxygen in PdO[12,13] and CeO2[14–16] were derived from literature values and used to estimate the initial guesses for the enthalpy of the adsorption equilibria constants presented in Table S9.
Table S9. Initial guesses for the enthalpy change of the adsorption equilibrium constants.
	Adsorbate
	ΔH (J mol−1)

	
	PdO
	CeO2

	CH4
	−27 000
	–

	O2, molecular
	−67 000
	−169 814

	O2, dissociative
	−100 000
	−179 462



The entropy change of adsorption was calculated by the difference between the entropy of the system when the species is adsorbed to a surface site x at a given temperature T and the entropy of the same species in the gas phase at that temperature. This relationship can be seen in Equation S99:

Where:
 = Entropy of the system when species 𝑖 is adsorbed to a surface site x at temperature T (J·mol−1K−1)
 = Entropy of the system when species 𝑖 in the gas phase at temperature T (J·mol−1K−1)
	The entropy of the species in the gas phase was calculated by the sum of the entropy of adsorption at the reference temperature and the heat capacities, as expressed in Equation S100.

Where:
 = Entropy of adsorption at the reference temperature (J·mol−1K−1)
 = Heat capacity of species 𝑖 (J·mol−1K−1)
 = Temperature of interest (K)
 = Reference temperature (K)
	The entropy of the system when species 𝑖 is adsorbed to a surface site x at temperature T was related to the local entropy and the diffusional entropy in a single direction as described in Equation S101.

Where:
 = Local entropy of adsorption (J·mol−1K−1)
 = Diffusional entropy of adsorption (J·mol−1K−1)
	In this analysis, it is assumed that the adsorbed species experience a complete loss of translational entropy characteristic of the gas phase upon adsorption. However, they retain a portion of their local entropy associated with rotational and vibrational degrees of freedom. The loss of electronic entropy was also taken into account, despite its negligible contribution to the overall local entropy. Equation S102 provides the detailed calculation of the local entropy, incorporating this consideration.

Where:
 = Translational entropy (J·mol−1K−1)
 = Electronic entropy (J·mol−1K−1)
	The gas translational entropy of the gas phase is related to the temperature, reference pressure, and atomic mass, as described in Equation S103:

Where:
 = Atomic mass (kg)
 = Reference pressure (Pa)
	The electronic entropy is related to the degeneracy of the electronic ground state as illustrated in the equation below:

Where:
 = Degeneracy of the electronic ground state (dimensionless)
The degeneracy of the electronic ground state can be calculated using the orbital angular momentum and the spin quantum number, as expressed in the following equation:

Where:
 = Orbital angular momentum (dimensionless)
 = Spin quantum number (dimensionless)
	The ground state of methane is a non-degenerate singlet state, characterized by both an orbital angular momentum quantum number and a spin quantum number of 0. Consequently, the degeneracy of the electronic ground state is 1. Oxygen has a triplet ground state with no orbital angular momentum. The two unpaired electrons result in a spin quantum number of 1, giving a spin multiplicity of 3 and thus a ground state degeneracy of 3.
The diffusional entropy associated with a particle in a 1-dimensional system is as follows:

Where:
 = Dimensionless parameter defined as:


Where:
 = Frequency of the vibrational modes (Hz)
Upon adsorption, the three lost translational degrees of freedom are modeled as new vibrational modes. The vibrational frequency normal to the surface, corresponding to the palladium-adsorbate bond, is assumed to be high and thus contributes minimally to the entropy of the adsorbed species. The other two modes are associated with hindered translations, particularly in large or weakly bound species, where they exhibit low frequencies and significantly impact the total entropy. The vibrational frequencies were correlated with the diffusion barriers[17], with the diffusion barrier estimated to be 12% of the binding energy of the species[18]. To determine the frequency in hertz, the binding energy of a single molecule was taken into account. This relationship is represented by the following equation:

Where:
 = PdO or CeO2 unit cell parameter (m)
 = Binding energy of a single molecule of species 𝑖 adsorbed to a surface site x (J)
	The PdO unit cell parameter was considered 2·10−10 m[19]. The unit cell parameters of the Pd/CeO₂ catalysts with different morphologies were determined from XRD measurements. Interplanar spacings (dhkl) were first derived using Bragg’s law, and the unit cell parameter was then calculated using the cubic lattice relation. The resulting lattice parameters were 5.3561·10−10 m (nanocubes), 5.3631·10−10 m (nano-octahedrons), and 5.3780·10−10 m (nanorods). The calculated values for the entropy change of adsorption are summarized in Table S10.
Table S10. Initial guesses for the entropy change of the adsorption equilibrium constants.
	Adsorbate
	ΔS (J·mol−1K−1)

	
	PdO
	CeO2 nanocubes
	CeO2 nano-octahedrons
	CeO2 nanorods

	CH4
	−106.83
	–
	–
	–

	O2, molecular
	−126.39
	−117.75
	−117.73
	−117.61

	O2, dissociative
	−129.71
	−118.21
	−118.19
	−118.07


[bookmark: _Toc224629241]




S5.7.3. Other equilibrium constants
[bookmark: _Toc224629242]S5.7.3.1. Equilibrium constant of oxygen transfer from the PdO lattice to the Pd surface
	The enthalpy change of this equilibrium was calculated based on the sum of the energy of the surface vacancy formation on PdO[20] and the energy of oxygen adsorption in the Pd surface[21], using an average of the different facet terminations. This calculation resulted in an enthalpy change of 127 360 J·mol−1.
The entropy change was estimated by considering the individual entropic contributions of the adsorbed oxygen species on the Pd active sites, the surface oxygen vacancies in the PdO lattice, and the lattice oxygen in the PdO structure. Specifically, the total entropy was calculated as the sum of the entropies of the adsorbed oxygen and the surface oxygen vacancy, minus the entropy of the lattice oxygen. Both the adsorbed oxygen and the lattice oxygen were assumed to contribute negligibly to the overall entropy due to their relatively low degrees of freedom. The lattice oxygen, being tightly constrained within the rigid crystalline matrix, exhibits minimal configurational and vibrational entropy. Similarly, while adsorbed oxygen at the surface may possess slightly higher entropy due to reduced coordination and surface mobility, its entropy remains low due to chemical bonding. In contrast, the formation of oxygen vacancies introduces substantial entropy, primarily via increased configurational disorder and enhanced vibrational freedom within the distorted lattice. Accordingly, the configurational entropy associated with oxygen vacancies was considered the dominant term in the overall entropy change[22]. The configurational entropy associated with oxygen vacancies was calculated using Equation S109, derived from the Boltzmann equation and applying Stirling’s approximation. This approximation is valid due to the PdO particle size of roughly 5 nm, which ensures a sufficiently large number of atomic sites to satisfy the conditions under which Stirling’s approximation holds. A vacancy concentration of 1% on the PdO lattice was assumed for the calculation, consistent with reported values in the literature[23].

	The result of this calculation was an entropy change of 0.47 J·mol−1K−1.
[bookmark: _Toc224629243]S5.7.3.2. Equilibrium constant of oxygen transfer from the Pd surface to the PdO lattice
	Since this reaction is the reverse of the previous one, the initial estimates for the enthalpy and entropy changes associated with its equilibrium constant are also taken as the corresponding inverse values. Accordingly, the enthalpy change is −127 360 J·mol−1, and the entropy change is −0.47 J·mol−1K−1.
[bookmark: _Toc224629244]S5.7.3.3. Equilibrium constant of oxygen transfer of the oxygen adsorbed to the lattice oxygen of PdO to the Pd active site
	These values were derived from literature-reported DFT calculations[8] and correspond to an enthalpy change of 8 749 J·mol−1 and an entropy change of 21.48 J·mol−1K−1.
[bookmark: _Toc224629245]S5.7.3.4. Equilibrium constant of oxygen transfer from the lattice of the ceria support to the lattice of the PdO
	The initial guesses of the enthalpy change were obtained by summing the standard enthalpy of the formation of PdO[24] with the oxygen vacancy formation energy. The vacancy formation energy is known to be facet-dependent, and our DFT calculations under oxygen-rich conditions, on the surface, resulted in values of 3.10, 2.44, and 2.44 eV for the (111), (110), and (100) surface terminations, respectively. Based on these values, the calculated enthalpy changes were 122 733 J·mol−1 for Pd/CeO₂ nanorods and nanocubes, and 186 414 J·mol−1 for Pd/CeO₂ nano-octahedrons.
	The entropy change was calculated as the difference between the configurational entropy of oxygen vacancies in the CeO₂ lattice and that in PdO. While the total entropy change also includes contributions from the lattice oxygen species in both PdO and CeO₂, these were assumed to be negligible in comparison to the entropy contributions from the vacancies, consistent with prior literature[22]. The configurational entropy was determined using Equation S109, assuming a vacancy concentration of 10 % in CeO₂ and 1 % in PdO[23]. Under these conditions, the entropy change was calculated to be 2.24 J·mol−1K−1.
[bookmark: _Toc224629246]S5.7.3.5. Equilibrium constant of the molecular adsorption of oxygen into the ceria, combined with the transfer of this oxygen to the Pd surface
	As the enthalpy change associated with the molecular adsorption of oxygen on CeO₂ had already been determined, this value was combined with the enthalpy change for the subsequent transfer of oxygen to the Pd surface. The latter was calculated as the sum of the enthalpy of atomic oxygen adsorption on the Pd active site, and the bond dissociation energy of a peroxide species (O–O), 34 000 J·mol−1[25]. This approach assumes that molecular oxygen first adsorbs on the ceria oxygen vacancies and is then transferred to Pd in atomic form via peroxide dissociation. The overall enthalpy change for this process was calculated to be −235 814 J·mol−1.
A similar approach was employed to estimate the entropy change associated with the process. The entropy contribution from the dissociation of a peroxide species (O–O) was assumed to be 46 J·mol−1K−1. This value was incorporated into the overall entropy change. This calculation accounts for the cumulative contributions from the adsorption of molecular oxygen into oxygen vacancies on the ceria surface, the dissociation of the peroxide-type bound (O–O), and the subsequent adsorption of atomic oxygen on the Pd active site. The resulting total entropy change for the process was calculated to be −205.25 J mol−1K−1.
S5.8. Python scripts and data
All Python scripts were executed with Python 3.11.11 using the Spyder IDE version 6.0.5. The analysis relied on the following libraries: pandas for data handling, numpy for numerical operations, matplotlib.pyplot for data visualization, scipy.optimize for nonlinear optimization, and itertools for iterating over parameter combinations.
The Python scripts used for data fitting, together with the corresponding input data and instructions for running the analyses, are available in the 4TU.ResearchData repository[26].
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