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As the Supplementary material of the manuscript “Preparation of Pd/SiO2 catalysts by 

a simple dry ball-milling method for lean methane oxidation and probe of the state of active 

Pd species”, following Tables and Figures are provided: 

 

A comparison of various supported palladium catalysts in their activity for lean methane 

oxidation; TEM images, Pd particle size distribution curves and XRD patterns of the Pd/SiO2 

catalysts prepared by the dry ball-milling method with different Pd precursors and treated 

under different conditions; FT-IR spectra of the SiO2 support and Pd/SiO2-Acac catalyst; 

TG-MS profiles of the Pd(Acac)2/SiO2 catalyst; more light off test results for lean methane 

oxidation; Pd 3d XPS spectra of the PdOx/SiO2-Acac catalysts with different Pd oxidation 

states; DFT calculation method and results for the dissociation of methane on the Pd0, PdOx 

and PdO species. 
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Table S1. A comparison of various supported palladium catalysts in their activity for lean 

methane combustion 

Catalyst Loading 

method 

Reaction conditions Pd loading  

(wt. %) 

T90%  

(°C) 

Ref. 

Pd/H-ZSM-5 impregnation 2% CH4 + 8% O2;  

GHSV = 48,000 h−1 

1.0 400 [1] 

Pd/H-ZSM-5 deposition 1% CH4 + 20% O2;  

GHSV = 15,000 mL g−1 h−1 

0.77 311 [2] 

Pd-SSZ-13 ion exchange 0.15% CH4 + 5% O2; 

GHSV = 100,000 h−1 

1.1 362 [3] 

Pd-ZSM-5 ibid ibid 1.30 384 [3] 

Pd-H-Mordenite ion-exchange 1% CH4 + 99% air;  

GHSV = 100,000 h−1 

0.70 495 [4] 

Pd-H-Y ibid ibid 1.0 475 [4] 

Pd-H-SAPO-5 ibid ibid 0.96 480 [4] 

Pd/H-MCM-41 wet 

impregnation 

O2/CH4 = 4;  

GHSV = 15,000 mL g−1 h−1 

0.98 454 [5] 

Pd/MCM-48 ibid ibid 1.05 483 [5] 

Pd/H-ZSM-5 sol-gel 1% CH4 + 99% air;  

GHSV = 30,000 mL g−1 h−1 

0.92 298 [6] 

Pd/γ-Al2O3 wet 

impregnation 

1% CH4 + 20% O2;  

GHSV = 30,000 mL g−1 h−1 

0.4 350 [7] 

Pd/CeO2 solution 

combustion 

0.5% CH4 + 2% O2;  

GHSV = 200,000 h−1 

1.0 490 [8] 

Pd/Co3O4 wet 

impregnation 

1% CH4 + 8% O2;  

GHSV = 12,000 h−1 

0.79 500 [9] 

Pd/SiO2 impregnation 1% CH4 + 99% air;  

GHSV = 48,000 h−1 

1.0 860 [10] 

Pd/TiO2 ibid ibid 1.0 885 [10] 

Pd/SnO2 ibid ibid 1.0 440 [10] 

Pd/ZrO2 ibid ibid 1.0 490 [10] 

Pd/In2O3 ibid ibid 1.0 590 [10] 

Pd/Ga2O3 ibid ibid 1.0 815 [10] 

Pd/Nb2O5 ibid ibid 1.0 875 [10] 

Pd/Y2O3 ibid ibid 1.0 700 [10] 
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Catalyst Loading 

method 

Reaction conditions Pd loading  

(wt. %) 

T90%  

(°C) 

Ref. 

Pd/SiO2-Acac dry 

ball-milling 

GHSV = 30,000 mL g−1 h−1 1.00 288 this work 

Pd/SiO2-OAc ibid GHSV = 30,000 mL g−1 h−1 1.02 305 this work 

Pd/SiO2-Cl ibid GHSV = 30,000 mL g−1 h−1 0.98 345 this work 

Pd/SiO2-NO3 ibid GHSV = 30,000 mL g−1 h−1 1.03 462 this work 

Note: T90% denotes the temperature for lean methane combustion at which a methane 

conversion of 90% can be achieved. 

 

Table S2. DFT calculated structures of the reactant, transition state, and product for the 

dissociation of methane over the Pd(100), PdO0.75 (3ML-PdO(101)/Pd(100)), and PdO(100) 

surfaces as well as the corresponding energy barrier (ΔEint
≠, eV) and reaction energy change 

(ΔEr, eV) 

Pd surface Reactant Transition state Product ΔEint
≠  ΔEr 

Pd(100) 

 

2.15 Å 1.64 Å
1.65 Å

2.15 Å 1.64 Å
1.65 Å

  

0.76 0.53 

3ML- 

PdO(101)/Pd(100) 

 

2.25 Å

1.38 Å

1.29 Å2.25 Å

1.38 Å

1.29 Å

  

0.73 −0.33 

PdO(100) 

 

2.33 Å

1.40 Å1.28 Å 2.33 Å

1.40 Å1.28 Å

  

1.27 −0.05 
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Figure S1. TEM images and Pd particle size distribution curves of the Pd/SiO2-x catalysts 

prepared by the dry ball-milling method with different Pd precursors calcined at 400, 600 

and 800 °C: (a) Pd/SiO2-Acac, (b) Pd/SiO2-OAc, (c) Pd/SiO2-Cl and (d) Pd/SiO2-NO3. 



S-5 

 

 

500 1000 1500 2000 2500 3000

 SiO
2

 Pd/SiO
2
-Acac

A
b
so

rb
an

ce
 (

a.
u
.)

Wave number (cm
-1
)  

Figure S2. FT-IR spectra of the SiO2 support and Pd/SiO2-Acac catalyst. 
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Figure S3. TG-MS profiles of the Pd(Acac)2/SiO2 catalyst: (a) weight loss; (b) DTG curve; 

(c) H2O signal in effluent; (d) CO2 signal in effluent. 
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Figure S4. Light off tests of lean methane oxidation over the Pd/SiO2-x catalysts prepared by 

the dry ball-milling method with different Pd precursors (After the ball-milling, the Pd/SiO2 

catalysts was calcined in air at 400, 600, and 800 °C, as marked in the legends, for 4 h and 

then reduced with hydrogen at 400 °C for 1 h): (a) Pd/SiO2-Acac, (b) Pd/SiO2-OAc, (c) 

Pd/SiO2-Cl; and (d) Pd/SiO2-NO3. 
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Figure S5. (A) XRD patterns of the Pd/SiO2-Acac catalysts come through the lean methane 

oxidation reaction at different temperatures: (a) original; (b) 200 °C; (c) 220 °C; (d) 240 °C; 

(e) 260 °C; (f) 280 °C; (g) 300 °C; (h) 320 °C. (B) XRD patterns of the 

xPdO+(1−x)Pd/SiO2-Acac catalysts, a mixture of PdO/SiO2-Acac and Pd/SiO2-Acac with 

different contents of PdO: (a) Pd/SiO2-Acac; (b) 0.2PdO+0.8Pd/SiO2-Acac; (c) 

0.4PdO+0.6Pd/SiO2-Acac; (d) 0.6PdO+0.4Pd/SiO2-Acac; (e) 0.8PdO+0.2Pd/SiO2-Acac; (f) 

PdO/SiO2-Acac. 
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Figure S6. Pd 3d XPS spectra of the PdOx/SiO2-Acac catalysts with different Pd oxidation 

states obtained by oxidizing the previously reduced Pd/SiO2-Acac in air for 30 min at 

different temperatures: (a) fresh reduced Pd/SiO2-Acac; (b) 240 °C; (c) 250 °C; (d) 300 °C; 

(e) 350 °C; (f) 400 °C; (g) 500 °C; (h) calcined PdO/SiO2-Acac. 

 



S-9 

 

 

a b c d

50 nm 50 nm 50 nm 50 nm

2 3 4 5 6 7
Particle size (nm)

4.6 nm

3 4 5 6 7
Particle size (nm)

4.7 nm

3 4 5 6 7
Particle size (nm)

4.8 nm

3 4 5 6
Particle size (nm)

4.5 nm

e f g h

50 nm 50 nm 50 nm 50 nm

3 4 5 6
Particle size (nm)

4.5 nm 

2 3 4 5 6 7
Particle size (nm)

4.7 nm

2 3 4 5 6 7
Particle size (nm)

4.6 nm

2 3 4 5 6
Particle size (nm)

4.2 nm

a b c d

50 nm 50 nm 50 nm 50 nm

2 3 4 5 6 7
Particle size (nm)

4.6 nm

3 4 5 6 7
Particle size (nm)

4.7 nm

3 4 5 6 7
Particle size (nm)

4.8 nm

3 4 5 6
Particle size (nm)

4.5 nm

e f g h

50 nm 50 nm 50 nm 50 nm

3 4 5 6
Particle size (nm)

4.5 nm 

2 3 4 5 6 7
Particle size (nm)

4.7 nm

2 3 4 5 6 7
Particle size (nm)

4.6 nm

2 3 4 5 6
Particle size (nm)

4.2 nm

 

Figure S7. TEM images and Pd particle size distribution curves of the PdOx/SiO2-Acac 

catalysts with different Pd oxidation states (obtained by oxidizing the previously reduced 

Pd/SiO2-Acac in air for 30 min at different temperatures): (a) Pd/SiO2-Acac; (b) 

PdO0.36/SiO2-Acac; (c) PdO0.58/SiO2-Acac; (d) PdO0.75/SiO2-Acac; (e) PdO0.82/SiO2-Acac; (f) 

PdO0.88/SiO2-Acac; (g) PdO0.95/SiO2-Acac; (h) PdO/SiO2-Acac. 
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Figure S8. TEM images (A), Pd particle size distribution curve (B) and Pd 3d XPS spectra 

(C) of the spent PdO0.82/SiO2-Acac catalyst come through lean methane oxidation reaction at 

280 °C for 60 h. 

 

Pd(100) 3ML-PdO(101)/Pd(100) PdO(100) Pd(100) 3ML-PdO(101)/Pd(100) PdO(100)  

Figure S9. Models of the most stable bulk PdO(100), Pd(100), and 3 monolayer 

PdO(101)/Pd(100) (3ML, labeled as PdO0.75, where the atomic ratio of Pd and O is 0.75). 

Vacuum thickness of 15 Å was used to separate the slab in the z directions, which was found 

sufficient to avoid electronic coupling between the adjacent slabs. For geometry optimization, 

the atoms in two lower rows were fixed and other atoms at both edge surfaces are allowed to 

relax. 

All calculations were conducted by using the periodic plane-wave DFT methods, 

implemented in the Vienna ab-initio simulation program (VASP) [11]. The spin-polarization 

within the generalized gradient approximation (GGA) using the Perdew-Wang 91 (PW91) 

exchange-correlation potential and ultrasoft pseudopotentials (US-PP) was employed to 

describe the interactions between core and valence electrons [11,12]. As revealed previously, 

the U parameter in GGA+U did not significantly influence the barriers for C–H bond 

activation [13].Wave functions were constructed from the periodic plane-wave expansions 

out to a kinetic energy cutoff of 400 eV. A 2 × 2 × 1 Monkhorst−Pack k-point mesh was used 
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to sample the first Brillouin zone, allowing convergence to 0.1 meV of the total electronic 

energy and below 0.05 eV/Å of the remain total force. All transition states reported herein 

were isolated by using the climbing image-nudged elastic band (CI-NEB) methods [14]. 
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