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Preparation of Ce2(WO4)3 

Ce2(WO4)3 was prepared using an EDTA-citrate complex polymerization method, as described in 

previous papers.1,2 Firstly, EDTA (Ethylenediaminetetraacetic acid; Kanto Chemical Co., Inc.) was 

dissolved in aqueous ammonia (28.0−30.0%; Kanto Chemical Co., Inc.), and then an aqueous 

solution of Ce(NO3)3·6H2O (Kanto Chemical Co., Inc.) was added. Subsequently, WO3 (Kanto 

Chemical Co., Inc.) was added to the solution. After 15 min of stirring at 313 K, citric acid (Kanto 

Chemical Co., Inc.) was added; the pH of the solution was adjusted to 10 using the aqueous 

ammonia with a temperature fixed to 353 K. The prepared solution was stirred at 353 K until 

formation of gel-like precipitate. This gel-like precipitate was pre-calcined for 3 h in a maffle 

furnace at 503 K under a ramping rate of 5 K min-1 to obtain powder primer. This Powder primer 

was calcined for 5 h in the maffle furnace at 1273 K under a ramping rate of 5 K min-1 to obtain 

well-crystalized Ce2(WO4)3. The molar ratio of EDTA, citric acid, and total metal ions (Ce+W) was 

1:1.5:1. 

 

Preparations of Ln2(WO4)3 

Ln2(WO4)3 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy) catalysts were prepared according to the 

published procedure.3 Stoichiometric amounts (Ln:W = 2:3) of Ln(NO3)3·6H2O (Kanto Chemical 

Co., Inc.) and ammonium metatungstate hydrate ((NH4)6H2W12O40·nH2O, STREM CHEMICALS) 

were dissolved in distilled water, and then stirred at 353 K until formation of gel-like precipitate. 

The prepared gel-like precipitate was calcined for 12 h in the maffle furnace at 1173 K under a 

ramping rate of 10 K min-1. The calcined sample was ground with an agate mortar at room 

temperature, followed by another 12 h of calcination at 1173 K to obtain well-crystalized 

Ln2(WO4)3. 

 

Preparation of Ce2(WO4)3/CeO2 
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Ce2(WO4)3/CeO2 catalyst containing 11.9 wt% W was prepared using an impregnation method 

with water as the solvent, as described in earlier reports.4,5 An ammonium metatungstate hydrate 

((NH4)6H2W12O40·H2O) was used as a precursor. After impregnation, the resulting suspension was 

evaporated. Then the resulting solid was dried at 393 K overnight, followed by calcination for 3 h in 

air at 1173 K under a ramping rate of 0.5 K min-1. 
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Table S1. Oxidative coupling of methane over La2(WO4)3 catalyst in the electric field with various imposed 

currents and voltages a 

Current Voltage Ttc 
b Conv. / % C2 Sel. CO Sel. CO2 Sel. 

/ mA / V / K CH
4
 O

2
 / % / % / % 

1.5 700 514  0.01  0.7  0.0 100  0.0 

3.0 400 525  0.02  0.3  0.0 100  0.0 

5.0 200 545  0.01  0.5  0.0 100  0.0 

7.0 200 567  0.01  1.2  0.0 100  0.0 
a CH4:O2:Ar = 25:15:60, total flow rate of 100 SCCM; current, 1.5-7.0 mA; catalyst weight, 100 

mg; furnace temperature, 423 K. 

b Catalyst bed temperature measured using a thermocouple. 

 

 

 

Table S2. BET surface area of various catalysts as made and after reaction with electric field  

Catalyst 
BET surface area / m2 g-1 

As-made After reaction 

La2(WO4)3 1.3 0.4 

Ce2(WO4)3 1.0 0.7 
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Table S3. Lattice parameter and band gap of Ce2(WO4)3  

 

a) Ueff to W 5d = 0 eV. 

b) Ueff to Ce 4f = 3.5 eV. 

 

 

 

Table S4. Lattice parameter and band gap of La2(WO4)3 

 

Ueff to W 5d = 0 eV. 

 

 

  

orbital U eff

 / eV

a

/ Ang.

b

/ Ang.

c

/ Ang.

β

/ degree

Exp.
6,7 - 7.81 11.7 11.6 109.4 1.64-2.05

0.0 7.92 11.9 11.6 109.2 -

1.0 7.95 11.9 11.7 109.4 0.78

2.0 7.96 11.9 11.7 109.4 1.37

3.0 7.97 12.0 11.7 109.4 1.53

3.5 7.96 12.0 11.8 109.7 1.82

4.0 7.97 12.0 11.7 109.3 2.49

4.5 7.99 12.0 11.7 109.1 2.68

5.0 7.98 12.0 11.8 109.6 (2.89)

1.0 7.98 12.0 11.8 109.8 1.87

2.0 7.99 12.0 11.7 109.5 1.95

Ce 4f 
a)

U  term

W 5d 
b)

lattice parameter
Band gap

/ eV

Calc.

orbital U eff

 / eV

a

/ Ang.

b

/ Ang.

c

/ Ang.

β

/ degree

Exp.
8 - - 7.87 11.8 11.7 110.1 -

0.0 8.00 12.0 11.8 110.2 3.67

2.0 8.01 12.0 11.8 110.1 3.67

4.0 8.02 12.1 11.9 110.3 3.66

6.0 8.03 12.1 11.9 110.2 3.66

Band gap

/ eV

La 4fCalc.

U  term lattice parameter
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Table S5. Effects of charging on various W-O bond lengths and Ce-O bond lengths in the simulated 

cluster model of (130) facets of Ce2(WO4)3 structure 

 

 

 

Table S6. Results of Bader charge analyses   

 

 

  

Bond length / Å

Neutral +1

Ce−O

2.54 2.50

2.23 2.18

2.37 2.34

2.45 2.45

W−O

1.78 1.79

1.85 1.86

1.85 1.86

1.86 1.89

neutral +8 adiabatic ∆

Ce 2.25 2.61 0.36

W1 4.34 4.37 0.03

W2 4.41 4.45 0.04

O1 -1.48 -1.39 0.09

O2 -1.45 -1.36 0.09

O3 -1.48 -1.34 0.14

O4 -1.47 -1.37 0.10

O5 -1.44 -1.36 0.07

O6 -1.51 -1.42 0.08
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Figure S1. Schematic diagram of reactor for activity test. 
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Figure S2. Schematic diagram of reactor for in-situ XAFS. 
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Figure S3. XRD patterns of (a) La2(WO4)3 and (b) Ce2(WO4)3 catalysts before and after used for 

oxidative coupling of methane in the electric field. 
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Figure S4. Ex-situ La K-edge XANES spectra of (a) La2O3, (b) La2(WO4)3 as-made, and (c) 

La2(WO4)3 after reaction with the electric field. 
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Figure S5. Ex situ (a) La K-edge and (b) Ce K-edge XANES spectra of La2(WO4)3 and Ce2(WO4)3: 

(blue line) as-made, (red line) after reaction with EF. 
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Figure S6. In-situ W L3-edge XANES spectra of Ce2(WO4)3/CeO2 during OCM reaction at 423 K: 

(a) without EF in CH4 + O2 flow, (b) with EF (10 mA, 660 V) in CH4 + O2 flow, (c) without EF 

after (b). 
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Figure S7. Calculated density of states for Ce2(WO4)3: (a) adopting Ueff  only to Ce 4f orbitals (W 

5d is not adopted Ueff), (b) with different Ueff to W 5d orbitals (Ueff = 3.5 eV to Ce 4f orbitals is 

adopted). 
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Figure S8. Calculated density of states for La2(WO4)3: adopting Ueff only to La 4f orbitals (W 5d is 

not adopted Ueff). 
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Figure S9. Calculated density of states for Ce2(WO4)3 with +1 charged system: (a) without 

optimization (nonadiabatic) and (b) with optimization (adiabatic). 
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Figure S10. Calculated density of states for Ce2(WO4)3 with +8 charged system: (a) without 

optimization (nonadiabatic) and (b) with optimization (adiabatic). 
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Figure S11. Six kinds of oxygens with different configuration in Ln2(WO4)3: (Yellow) Ce or La, 

(Grey) W, (Red) O. 
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Figure S12. The structure model of Ce2(WO4)3: (a) (130) face, (b) simulated cluster model, (c)  

enlarged cluster model without the electric field (neutral), (d) enlarged cluster model with the 

electric field (+1 charged). Black circle in (a) were used for simulation of the cluster model. 
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Figure S13. Charge density difference plots of Ce2(WO4)3 around O1(1): (a) (+8 charged without 

structural relaxation) – (neutral), (b) (+8 charged without structural relaxation) – (+8 with structural 

relaxation). 

 

 

  

Red region: Electron exists when the system 

is non-charged, and electron disappears when 

the system is +8 charged without relaxation 

(nonadiabatic). 

Red region: Electron does not exist when 

the system is +8 charged without relaxation 

(nonadiabatic), and electron appears when 

the system is +8 charged with relaxation 

(adiabatic).  



S-20 

 

 

 

 

 

 

 

Figure S14. Charge density difference plots of Ce2(WO4)3 around O1(2): (a) (+8 charged without 

structural relaxation) – (neutral), (b) (+8 charged without structural relaxation) – (+8 with structural 

relaxation). 
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Figure S15. Charge density difference plots of Ce2(WO4)3 around O2: (a) (+8 charged without 

structural relaxation) – (neutral), (b) (+8 charged without structural relaxation) – (+8 with structural 

relaxation). 

 

 

  

Red region: Electron exists when the system 

is non-charged, and electron disappears when 

the system is +8 charged without relaxation 

(nonadiabatic). 

Red region: Electron does not exist when 

the system is +8 charged without relaxation 

(nonadiabatic), and electron appears when 

the system is +8 charged with relaxation 

(adiabatic).  



S-22 

 

 

 

 

 

 

 

Figure S16. Charge density difference plots of Ce2(WO4)3 around O4: (a) (+8 charged without 

structural relaxation) – (neutral), (b) (+8 charged without structural relaxation) – (+8 with structural 

relaxation). 
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Figure S17. Charge density difference plots of Ce2(WO4)3 around O5: (a) (+8 charged without 

structural relaxation) – (neutral), (b) (+8 charged without structural relaxation) – (+8 with structural 

relaxation). 
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