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Weisz-Prater and Anderson Criteria Analysis  

The internal mass transfer limitation of the system was explored via a Weisz-Prater Criterion 

analysis where the LHS of the equation should be ≪1.0 to rule out internal mass transfer 

limitations: 

𝑟𝐴
′𝜌𝑐𝑅𝑝

2

𝐷𝑒𝐶𝐴𝑆
≪ 1.0 

Where rA’ is the measured reaction rate, ρc is the pellet density, Rp is the pellet radius, De is the 

effective diffusivity, and CAS is the surface concentration. De is given by equation 2 

𝐷𝑒 =
𝐷𝐶𝐻4−𝑁2𝜑𝑃𝜎

𝜏
 

Where φp is the pellet porosity, σ is the constriction factor, and τ is the tortuosity and DCH4-N2 is 

the diffusion coefficient. A general approximation of φp=0.4, σ=0.8, and τ=3 was used for the 

catalyst. The diffusion coefficient for CH4 and N2 is given by: 

𝐷𝐶𝐻4−𝐻2 =
0.00266𝑇3/2

𝑃𝑀𝐶𝐻4−𝑁2
1/2

𝜎𝐶𝐻4−𝑁2
2 Ω𝐷

 

where T is the temperature (K), P is the pressure (bar), MCH4-N2=2*[(1/MCH4)+(1/MN2)]
-1, 

MCH4=molecular weight of CH4, MN2 = molecular weight of N2, 𝜎𝐶𝐻4−𝑁2 = characteristic length 

(Å) and Ω𝐷 is the diffusion collision integral (dimensionless). Ω𝐷is given by Neufeld’s 

approximated diffusion collision integral.1 

𝛺𝐷 =
𝐴

(𝑇∗)𝐵
+

𝐶

exp(𝐷𝑇∗)
+

𝐸

exp(𝐹𝑇∗)
+

𝐺

exp(𝐻𝑇∗)
 

Where T* is kT/εCH4-N2, where εCH4-N2 is the characteristic energy, J, and the rest are known 

constants. ΩD was found to be 0.749. DCH4-N2 was found to be 1.61x10-4 m2/s, De was 1.71x10-5 

m2/s, ρc was 7.6x103 kg/m3, Rp was ~1.07x10-4 m, CCH4 was 13.26 mol/m3, and rCH4’ at 700 °C was 

0.234 mol/kg/s for PdAcCeO2M and 0.131 mol/kg/s for PdCeO2IW. The LHS of the Weisz Prater 
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Criterion was found to be 0.09 and 0.05 for PdAcCeO2M and PdCeO2IW, respectively, which 

satisfies the Weisz-Prater Criterion in the high flow, high conversion regime. Furthermore, using 

the CO2-N2 binary system and the relevant equations shown above with a rate of CO2 conversion 

of 0.310 mol/kg/s and 0.231 mol/kg/s at 700 °C for PdAcCeO2M and PdCeO2IW, respectively, the 

LHS of the Weisz Prater criterion are 0.16 and 0.11 for PdAcCeO2M and PdCeO2IW, respectively. 

Therefore, the system is not mass transfer limited in either CH4 or CO2. 

To exclude the presence of internal heat transfer limitations the Anderson criterion was used2 

|∆𝐻𝑅𝑥|𝑟𝐶𝐻4𝜌𝑐𝑅
2

𝜆𝑒𝑇𝑠
< 0.75

𝑅𝑔𝑇𝑠

𝐸
 

where ΔHRx is the reaction enthalpy (260 kJ/mol), rCH4’ is the observed reaction rate, ρc is the 

catalyst density, R is the pellet size radius, Ts is the reaction temperature (973 K) and Rg is the gas 

constant (8.314 J/(mol·K)). λe and E represent the effective thermal conductivity and the 

experimental activation energy, respectively, for which approximate values were used (11.71 

W/(K·m) and 70 kJ/mol, respectively).3 Using these parameters, we obtain values of 5.87·10-4 and 

4.4·10-4 for the left term (for PdAcCeO2M and PdCeO2IW, respectively) and a value of 0.09 on 

the right term. The criterion is thus satisfied. In addition, it is worth noting that DRM activity tests 

were performed on 10 mg of powder catalyst diluted with pre-calcined SiO2 in a 1:2 ratio, as to 

further reduce the risk of mass and heat transfer limitations. 
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DFT results 

Each surface is relaxed and minimized for surface species prior adsorption of CO, it is found H, 

O and C all prefer the fcc site on Pd(111), only except C prefers the hcp site at low coverage, 

determined by adsorption energy. That is because the fcc site has more fluxionality upon 

adsorption of C. The horizontal Pd-Pd bond length is 2.794 Å on clean Pd(111), these bonds nearby 

C adsorption site at low coverage can be slightly extended when C falls in the hollow because the 

nearby hollows are empty. In case of carbon adsorbed at fcc site, they extended to 2.857 Å 

(average), and 2.839 Å in the case of hcp site, that means a more Pd-Pd bond tension when 

adsorbing CO at fcc site which destabilized the surface a bit and further reduced overall adsorption 

energy. At higher coverage, the Pd-Pd horizontal bond length restraints 2.794 Å nearby hollow 

sites are also occupied. But regardless of which hollow carbon prefers to stay, the interaction of 

CO and the surface is not affected because they take place on atop sites. 

When the surface is fully covered by hydrogen [Pd(111)H-1ML, B.E.: -0.25 ~ -0.22 eV, ν: 1862 ~ 

2066 cm-1] or the hydride is formed [PdH(111)), B.E.: -0.64 ~ -0.46 V, ν: 1867 ~ 2068 cm-1], the 

CO binding is greatly weakened together with the increase in vibrational frequency and the site-

dependency of CO binding energy is decreased (Table 1). Note that, since the surface is fully 

covered by hydrogen, to adsorb CO at Pd-hollow site requires the adsorbed hydrogen (*H) to be 

pushed away from the original hollow site (Figure S20), which makes it slightly less active than 

the Pd-bridge site (Table 1) with less shift of *H. Given that, the corresponding C-O stretching 

frequency is still higher than that at the Pd-hollow site.  

On the oxygen-covered surface [PdO-1ML(111)], the CO adsorption leads to the oxidation to 

carbonate via C-O bond association (*CO3, Figure S20). As a result, the corresponding binding is 

very strong (B.E. = -3.29 eV) with low C-O stretching of 1631 cm-1. By comparison, when the 



S5 

 

surface is fully oxidized [PdO(111)] it is less active with no CO adsorption due to the higher 

stability of surface oxygen. Note that the partially covered Pd(111) surface was not considered. 

Wherein the adsorbed *CO at Pd sites is not likely to survive but favoring the oxidation by 

neighboring *O to form CO2 with an energy release of 0.6 eV. 

In the case that the carbon build-up occurs on the surface during the DRM process [PdC(111)], 

at *C coverage of 0.25ML CO adsorbed on the Pd-top (B.E. = -1.09 eV, ν = 2057 cm-1) next to the 

adsorbed *C is slightly more stable than that on Pd-hollow (B.E. = -0.93 eV, ν = 1860 cm-1) and 

Pd-bridge (B.E. = -0.90 eV, ν = 1975 cm-1). Like the case of PdH(111), the CO-Pd interaction on 

PdC-0.25ML(111) is weaker than that on Pd(111), while the C-O stretching frequencies only vary 

slightly. Besides, the minimal shift of *C away from the original hollow site on the adsorption of 

CO at the neighboring Pd sites can result in stronger CO binding at the lower symmetric sites. In 

contrast, the carbon itself can act as an active site for CO, and the C-top (B.E. = -1.29 eV, ν = 2105 

cm-1) is the most stable CO adsorption site on PdC-0.25ML(111) via the formation of ketone-like 

*CCO species. With the coverage greater than 0.5 ML, the preference of *CCO over *CO is greatly 

increased, where spontaneous shift of *CO at Pd sites to the neighboring carbon site is observed 

during the geometry relaxation. This is associated with the decrease in number of available Pd 

sites and an increase in CO binding (B.E. = -1.86 eV, ν = 2105 cm-1 for PdC-0.5ML, B.E. = -2.63 eV, 

ν = 2119 cm-1 for PdC-1ML) are less accessible and the strengthening in C-CO interaction with 

increasing *C coverage. However, the promoted CO binding at high *C coverage in this case is 

likely associated with the increased distortion of surface *C species on interaction with CO. Thus, 

the corresponding C-O stretching frequency does not vary significantly once *CCO species are 

formed.  
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Figure S1. Comparison of the measured H2, CO and H2O reaction rates during DRM reaction over 

PdAcCeO2M (A,B) and PdCeO2IW (C,D). Reaction conditions: 10 mL/min CO2 + 10 mL/min 

CH4 + 10 mL/min N2 with 10.0 mg of the catalyst; weight hourly space velocity (WHSV): 180,000 

mL/(gcat·h). 
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Figure S2. Reverse water gas shift reaction over PdAcCeO2M, PdCeO2IW and blank CeO2. CO 

selectivity >95% over all catalysts between 400-700 °C. Conditions: 1:1:1 ratio of CO2:H2:N2 at a 

WHSV of 180,000 mL/(gcat·h) with 10 mg of catalysts loaded, 400 °C H2 pretreatment for 1 h on 

all catalysts, online analysis via GC. 
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Figure S3. Catalytic stability test in DRM conditions for 24 h at 700 °C on the PdAcCeO2M 

(green) and PdCeO2IW (blue) samples; solid dots: CO2 conversion, open dots: CH4 conversion. 

H2/CO ratio is marked by a green arrow (PdAcCeO2M) and blue arrow (PdCeO2IW); the H2/CO 

ratio remained constant throughout the experiment.  
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Figure S4. Catalytic stability test in DRM conditions for 40 h at 700 °C on PdAcCeO2M. Solid 

dots: CO2 conversion; open dots: CH4 conversion; red arrow: H2/CO ratio (constant throughout 

experiment). 
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Table S1. Comparison of catalytic activity for selected catalysts for DRM. 

 

Catalysts 
Temperature 

°C 

WHSV 

mL·gcat
-1·h-1 

Metal 

Loading 

Rate of CH4 Reaction 

molCH4·gcat
-1·s-1 

Ref 

PdAcCeO2M 700 180000 4wt%Pd 2.3 x 10-4 This 

Work PdCeO2IW 700 180000 4wt%Pd 1.3 x 10-4 

Ni/Mg@Al2O3 650 98400 1.6wt% Ni 3.0 x 10-4 [4] 

Ni/La2O3-LOC 700 300000 5.7wt%Ni 2.1 x 10-5 [5] 

Ru/CeO2   0.5wt%Ru 3.4 x 10-4 

[6] Ru/TiO2 700 180000 0.5wt%Ru 1.6 x 10-4 

Ru/Al2O3   0.5wt%Ru 7.0 x 10-5 

PdNi-MgO 700 70000 
0.2wt%Pd 

2.0wt%Ni 
5.6 x 10-5 [7] 

ALD Ni/γ-Al2O3 850 375000 4wt%Ni 8.6 x 10-4 [8] 

1.5CeO2-x-

NSNT 
750 96000 16wt%Ni 2.5 x 10-4 [9] 
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Figure S5. HRTEM images of (A-B) PdAcCeO2M after H2 reduction treatment at 400 °C. Insets 

show the Fourier Transform corresponding to the respective image inside the rectangles under high 

magnification. (C-D) images of PdCeO2IW after H2 reduction treatment at 400 °C. 
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Table S2. Pd K-edge EXAFS Fitting Results. 

Sample Shell R (Å) C.N. σ2(Å2) ΔEo(eV) 

PdAcCeO2M  Pd-Pd 2.837 ± 0.003 10.4 ± 0.6 0.007 -7.5 

PdCeO2IW  Pd-Pd 2.785 ± 0.003 10.7 ± 0.6 0.006 -8.6 

 

 

 

 

 

 

 

 

 

 



S13 

 

 

Figure S6. Representative Rietveld refinement of the ceria lattice parameter of PdAcCeO2M 

(green) and PdCeO2IW (blue) under DRM conditions. Reaction conditions: 

25%CO2/25%CH4/50%He mixture. 
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Figure S7. In-situ XRD profiles of (A) PdAcCeO2M and (B) PdCeO2IW samples in a CH4 

atmosphere. Reaction conditions: 5 mL/min CH4 + 5 mL/min He, ramping to 700 °C with a 5 

°C/min ramping rate. 
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Figure S8. In-situ XRD profiles at 700 °C of (a) PdAcCeO2M and (b) PdCeO2IW samples in a 

CH4 atmosphere. 
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Figure S9. In-situ XRD profiles of (A) CeO2-M and (B) PdOCeO2M samples in a CH4 atmosphere. 

Reaction conditions: 5 mL/min CH4 + 5 mL/min He, ramping to 700 °C with a 5 °C/min ramping 

rate. (C) Rietveld refinement of ceria lattice parameters of PdAcCeO2M, PdCeO2IW, PdOCeO2M 

and CeO2-M under in-situ CH4-TPR XRD experiments. 
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Figure S10. CH4-TPR uptake measurements under a 25%CH4/He atmosphere at a GHSV ≈ 

400’000 h-1. 
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Figure S11. In-situ XPS profiles at 500 °C of (a) PdAcCeO2M and (b) PdCeO2IW samples under 

10 mTorr of CH4.  
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Figure S12. Ce 3d AP-XPS spectra of (A) PdAcCeO2M and (B) PdCeO2IW samples in a 10 mTorr 

CH4 atmosphere, from 25 to 500 °C. 
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Figure S13. HRTEM images of (A) PdAcCeO2M and (B) PdCeO2IW after 24 h at 700 °C under 

DRM conditions. 

 

 

Table S3. Particle size obtained through HR-TEM measurements under different pre-treatment 

and/or reaction conditions. 

Treatment PdAcCeO2M (nm) PdCeO2IW (nm) 

H2 – 400 °C 3.5 2.0 

DRM – 400 °C 3.8 2.8 

DRM – 700 °C 3.3 2.4 

H2 – 700 °C 5.7 5.0 

He – 700 °C 5.2 4.6 
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Figure S14. (a) Thermogravimetric Analysis (TGA) and (b) Temperature Programmed Oxidation 

(TPO) tests of the PdCeO2IW and PdAcCeO2M samples after prolonged stability test under DRM 

conditions (24 h, 700 °C). TGA experiments were carried out in a Q500 (TA Instruments) exposing 

ca. 15 mg of sample loaded in a platinum pan to a flow of air (60 mL/min) and heating to 900 °C 

at 10 °C/min while continuously monitoring its weight evolution. Oxidation tests were performed 

loading 60 mg of sample in a quartz tube reactor on a quartz wool bed; the catalyst powder was 

exposed to a flow of air (60 mL/min) and heated at 10 °C/min to 1000 °C, while the O2 and CO2 

gas concentration were continuously measured with an on line ABB Magnos 106 – Uras 14 gas 

analyzer. 
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Figure S15. In-situ DRIFTS spectra collected over PdAcCeO2M (M) and PdCeO2IW (IW) after 

exposure to 10%CO/He for 15 min and a subsequent He purge for 5 min, at room temperature. All 

samples were pretreated under H2 at 400 °C for 1 h and DRM indicated samples were treated to 

an additional hour under DRM conditions (CH4/CO2/He = 5/5/30 mL/min) at 400 °C while CH4 

indicated spectra were treated under a CH4 TPR (CH4/He 12.5/37.5 mL/min) to 400 °C using a 

ramp rate of 10 °C/min and held at 400 °C for 5 min to stabilize the temperature. All spectra were 

collected at room temperature. 
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Figure S16. In-situ DRIFTS spectra collected over PdAcCeO2M, PdCeO2IW and CeO2-M under 

steady-state conditions (CH4/CO2/He = 5/5/30 mL/min) at 250 °C. 
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Table S4. Assignment of IR bands. 

Wavenumber (cm -1) Assignment Reference 

2350 CO2,gas 
10 

1305 CH4,gas 
11, 6 

2085 CO-Ov-PdO(101) 12 

2180-2130 CO-Pd2+ linear 13 

2130-2100 CO-Pd+ linear 13-15 

2130-2100 CO-Pdδ+(C) linear 16 

2090-2034 CO-Pd0 linear 10,12, 17-19 

1980-1890 CO-Pd0 bridged 10, 20 

1900-1830 CO-Pd0 hollow 18 

1577-1519,1353 Carbonates 10, 20 

1569-1600 Formates 20 
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Figure S17. Time-resolved in-situ FTIR difference spectra of surface species formed during 

switch from 12CO2 to 13CO2 (red spectra) and 13CO2 to 12CO2 (blue spectra) mixture at 250°C at 1 

atm under CO2 and CH4 (left) (CH4/
12CO2 (

13CO2) /He = 5/5/30 mL/min) and only CO2 (right) 

(12CO2 (
13CO2) /He = 5/35 mL/min at 250 °C). Total time was from 0 to 100 seconds and each 

scan was collected every 5 seconds. 
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Figure S18. (A) In-situ DRIFTS spectra collected at room temperature on PdAcCeO2M under CO 

and (B) subsequent He purge. (C) PdCeO2IW under CO and (D) subsequent He purge. Conditions: 

50 mL/min flow (UHP He for purge or 10 % CO in balance He). 
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                           a                  b                 c                 d 

Figure S19.  Top view of DFT-optimized surfaces: a: Pd(111), b: Pd(111)O-1ML, c: PdH(111), d: 

Pd(111)C-1ML. Atom colors: Pd: blue, H: white, O: red, C: grey.  

 

 

 

                a       b   c 

Figure S20. Top and side view of DFT-optimized *CO adsorption on Pd3-fcc site of Pd(111)H-1ML 

(a), O2-bridge site of Pd(111)O-1ML (b) and C-top site of Pd(111)C-0.25ML (c). Atom colors: Pd: blue, 

H: white, O: red, C: grey. 
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