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Supplementary Figure S1. SEM image of bulk VOPO4·2H2O.
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Supplementary Figure S2. EDS image of bulk VOPO4·2H2O.
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Supplementary Figure S3. a NMR result of the reaction aliquots after 6 hr electrolysis 
at different working potentials versus Ag/AgCl (3M KCl) reference electrode. b 
Calibration curve for the quantification of MBS using acetic acid sodium salt as the 
internal standard. 
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Supplementary Figure S4.  Activity difference between experiments with and without 
the heterogeneous catalyst. Data were collected under 2.8 V vs. Ag/AgCl (3M KCl) 
and 1 bar methane pressure condition.
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Supplementary Figure S5.  Vanadium K-edge EXAFS fitting curves in R-space and 
k-space for vanadium phosphate nanosheet catalyst under as-prepared condition.
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Supplementary Figure S6.  Vanadium K-edge EXAFS fitting curves in R-space and 
k-space for vanadium phosphate nanosheet catalyst under OCP condition.
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Supplementary Figure S7.  Vanadium K-edge EXAFS fitting curves in R-space and 
k-space for vanadium phosphate nanosheet catalyst under 2.6 V (vs. Ag/AgCl) reaction 
condition.
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Supplementary Figure S8. Vanadium K-edge EXAFS fitting curves in R-space and 
k-space for vanadium phosphate nanosheet catalyst under 2.7 V (vs. Ag/AgCl) reaction 
condition.
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Supplementary Figure S9.  Vanadium K-edge EXAFS fitting curves in R-space and 
k-space for vanadium phosphate nanosheet catalyst under 2.8 V (vs. Ag/AgCl) reaction 
condition.
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Supplementary Figure S10.  Vanadium K-edge EXAFS fitting curves in R-space and 
k-space for vanadium phosphate nanosheet catalyst under 2.9 V (vs. Ag/AgCl) reaction 
condition.
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Supplementary Figure S11. Raman spectrum of the vanadium phosphate nanosheet 
under dry (as-prepared) and wet (OCP) conditions.
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Supplementary Table S1. Entries 1,2: Experiments with the addition of 10 % SO3, 
where methane sulfonic acid (MSA) was yielded instead of methyl bisulfate (MBS). 
Entries 3,4: Experiments with the addition of MBS conducted under argon atmosphere.

Entry Condition Potential
(vs. Ag/AgCl, 3M KCl)

∆ Concentration 
(mmol hr-1)

1 100 % H2SO4
10 % SO3
1 bar CH4

2.8 V Trace (MBS)
0.011 (MSA)

2 100 % H2SO4
10 % SO3
1 bar CH4

3.0 V Trace (MBS)
0.005 (MSA)

3 98% H2SO4
0.22 mmol MBS
1 bar Ar

2.8 V -9.8 10-6 ×
(MBS)

4 98% H2SO4
0.22 mmol MBS
1 bar Ar

3.0 V -1.7 10-5 ×
(MBS)
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Table S2. Comparison of the performance of different electrocatalysts in MOR.

Electrocatalyst T 
(oC)

PCH4 
(bar)

jCH4 
(μA/cm2)

Ea 
(kJ/mol) Ref.

B-doped diamond 140 70 - - 1
Ag2SO4 25 8.6 36 13.1 2
PdSO4 25 34.5 - 25.9 3
Aqueous PtII 130 46. 90 - 4
PdIII dimer 50 7 - 21.3 5
V-oxo dimer 25 1 50.1 10.8 6
VOPO4 25 7 92.66 9.0 This work

1.
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Table S3. Structural parameters from in situ V K-edge EXAFS during MOR.
Condition Path* R(Å) CN ΔE 𝜎2(Å) R factor

V-Os 1.599 (4) 1.0 (1) 7 (2) 0.03 (2)
V-Oe 1.934 (4) 4.0 (2) 6 (1) 0.08 (1)As-prepared
V-Ol 2.330 (2) 1.0 (3) 9 (4) 0.08 (5)

1.096

V-Os 1.570 (1) 0.5 (7) -9 (3) 0.03 (7)
V-Oe 1.957 (4) 3.9 (2) -6 (6) 0.07 (1)OCP
V-Ol 2.400 (1) 1.7 (3) -8 (2) 0.06 (3)

1.134

V-Os 1.532 (5) 0.8 (7) -6 (2) 0.04 (3)
V-Oe 1.903 (5) 4.0 (2) -5 (8) 0.09 (1)2.6 V
V-Ol 2.320 (1) 1.3 (2) -5 (3) 0.08 (3)

0.528

V-Os 1.547 (5) 0.9 (8) 2 (2) 0.03 (3)
V-Oe 1.916 (6) 4.0 (2) 1 (8) 0.10 (2)2.7 V
V-Ol 2.320 (2) 1.2 (3) 0 (4) 0.07 (5)

0.267

V-Os 1.535 (4) 0.9 (7) -3 (2) 0.03 (3)
V-Oe 1.899 (5) 3.9 (2) 0 (1) 0.10 (1)2.8 V
V-Ol 2.320 (3) 1.2 (3) -4 (4) 0.10 (5)

0.286

V-Os 1.555 (4) 0.9 (8) 7 (2) 0.02 (3)
V-Oe 1.911 (4) 3.9 (3) 2 (8) 0.10 (1)2.9 V
V-Ol 2.300 (1) 1.2 (2) -1 (3) 0.06 (4)

5.900

* V-Os : V-Oshort ; V-Oe : V-Oequatorial ; V-Ol : V-Olong
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Supplementary note S1
A kinetic model is built to explain why C-H oxidation is not necessary the rate 
determining step despite the production rate of methyl bisulfate showing a first order 
dependence to the methane pressure.
A is the resting state of the catalyst, where B is the active state of the catalyst. C is 
methane, while D is methyl bisulfate. E is water or sulfuric acid, and F is the side 
products.

 B𝐴  
𝑘1 
→

𝐵 + 𝐶 
 𝑘2
→   𝐴 + 𝐷

𝐵 + 𝐸 
 𝑘3
→   𝐴 + 𝐹

Starting condition 
A (t=0) = A0
B (t=0) = 0
C (t=0) = C0
D (t=0) = 0
E (t=0) = E0
F (t=0) = 0
Approximation 1: steady-state approximation

𝑑𝐴
𝑑𝑡

 =
𝑑𝐵
𝑑𝑡

= 0

A + B = A0

𝑑𝐴
𝑑𝑡

=  ‒ 𝑘1𝐴 + 𝑘2𝐵𝐶 + 𝑘3𝐵𝐸 = 0 

𝑘1𝐴 = (𝑘2𝐶 + 𝑘3𝐸)𝐵

𝐴 =  
𝑘2𝐶 +  𝑘3𝐸

𝑘1 +  𝑘2𝐶 +  𝑘3𝐸

𝐵 =  
𝑘1

𝑘1 +  𝑘2𝐶 +  𝑘3𝐸
𝑑𝐷
𝑑𝑡

=  𝑘2𝐵𝐶 =  
𝑘2𝑘1𝐶

𝑘1 +  𝑘2𝐶 +  𝑘3𝐸

Approximation 2: side reaction (OER) is faster than methane oxidation (MOR)
k3>k2

𝑑𝐷
𝑑𝑡

=
𝑘2𝑘1𝐶

𝑘1 +   𝑘3𝐸
If active site generation is the rate determining step ((k1 < k2, k3):

𝑑𝐷
𝑑𝑡

=
𝑘2𝑘1𝐶

𝑘3𝐸
If methane oxidation is the rate determining step (k1 > k2, k3):

𝑑𝐷
𝑑𝑡

= 𝑘2𝐶

Therefore, under the existence of a fast side reaction, the production rate of MBS is 
linearly correlated to the concentration of methane at the electrode no matter the rate 
determining step is the active site formation step or the methane hydrogen subtraction 
step.
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