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ABSTRACT OF THE DISSERTATION 

 

Proposed mechanisms for the oxidation of methane into methyl hydrogen sulfate with transition 

metal species of vanadium or silver  

 

 

by 

 

Jesus Alberto Iñiguez 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2022  

Professor Chong Liu, Chair 

 

Methane is a gaseous chemical that can be converted into chemicals of interest useful to 

industry. However, the grand challenge in methane functionalization is the low reactivity of 

methane combined with the very high reactivity of its products. The high reactivity of its products 

leads to overoxidation, which in turn leads to low generation of products of interest since over 

oxidation leads to the formation of carbon dioxide. The goal of my research projects hereafter is 

to selectively oxidize methane into the chemical methyl hydrogen sulfate (MHS), which can be 

hydrolyzed into the commodity chemical of methanol. This is done by combining using transition 

metals catalysts coupled with electrochemistry in a two-chamber electrochemical system.  

Moreover, another aspect of my projects has been to propose electrochemical mechanisms for the 

electrochemical reactions. The first part of my dissertation focuses on using a vanadium molecular 

catalyst (chapter 2) to selectively oxidize methane electrocatalytically into MHS. Similarly, the 

second part of this dissertation focuses on the selective oxidation of methane into MHS by using 
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a molecular silver catalyst (chapter 3). Both research projects of vanadium and silver molecular 

catalysts both use electrochemistry as the driving force at ambient conditions of room pressure and 

room temperature, however, the electrolyte used in the chemical reactions is not mild. The 

electrochemical reaction used 98% concentrated sulfuric acid. While room pressure and 

temperature is a big focus of the projects, there are studies in the research projects that utilize 

elevated pressures and temperatures. The use of elevated temperatures and pressures allows us to 

conduct experiments, which can give us an insight into the electrochemical mechanism that is 

occurring during the electrolysis reactions. To my knowledge, methane oxidation at room 

temperature and room pressure had not been seen before with a homogenous catalyst, so the 

innovation of my project is successfully proving that it is possible to oxidize methane at ambient 

conditions with a homogenous catalyst while proposing an electrochemical mechanism for the 

reactions. 
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CHAPTER 1: General Introduction 

 

Significance:  

Methane is an abundant gaseous chemical, but after oxidizing methane, its highly reactive 

intermediates hinder its use for practical applications in fuels and commodity chemicals because 

the intermediates get overoxidized into the final product of Carbon dioxide (CO2)
1.  Currently 

the steam reforming and synthesis gas (syngas) method is the industrial method for methanol 

generation from methane2,3,6 . The steam reforming process is an endothermic reaction that uses 

methane and water to generate carbon monoxide and hydrogen gas intermediates known as 

syngas3,6. Following the generation of syngas, the hydrogen and carbon monoxide gases are used 

with a copper and zinc oxide catalyst supported on an alumina that will generate methanol3,6. 

This process requires high temperatures and high pressures along with a financially expensive 

infrastructure1-3. To my knowledge, presently there is no industrial process for the conversion of 

methane to methanol that is cost-effective4. Therefore, finding alternative and cost-effective 

methods for the oxidation of methane to methanol is of high interest to many researchers. 

Electrochemistry serves as an attractive alternative approach because it can be powered by 

renewable energy sources as well as being a relatively inexpensive method when compared to 

the expensive steam reforming and syngas method. To my knowledge there are no reports of 

methane oxidation at room temperature with a homogenous transition metal catalyst: the 

innovation of my projects is the production of methyl hydrogen sulfate (MHS) at room 

temperature and ambient pressure with a vanadium molecular catalyst (Chapter 2) and a 

molecular Silver (Ag) catalyst (chapter 3).  
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Electrochemical Methane oxidation: 

The grand challenge in methane oxidation is the poor conversion of methane and poor selectivity 

of products. Many efforts have been made to achieve higher conversion rates of methane into 

methanol along with higher selectivity as well. Previously in the past it has been reported that 

transition metal catalysts can activate (i.e. break) the Carbon-Hydrogen (C—H) bond1,2,4,5 

making them attractive homogenous catalysts for selective product generation. Moreover, it has 

been hypothesized previously by other research groups that high valent electrophilic metal ion 

intermediates are influential in the activation of C—H  bonds1,4,5; expanding on this hypothesis, 

it is further hypothesized that by varying the electrode potential in an electrochemical system 

then a nonequilibrium population of highly reactive ions can possibly be generated for methane 

functionalization1,4,5. After experimenting with a couple different transition metal catalysts in the 

laboratory, we found that vanadium works as one of these catalysts to selectively oxidize 

methane. On a different project we have also seen that silver also works to selectively oxidize 

methane into MHS, which can be seen in the following chapters 2 and 3. MHS is a chemical of 

interest in these projects because MHS can be hydrolyzed into methanol5. 
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CHAPTER 2: Electrocatalytic oxidation of methane to methyl hydrogen sulfate with 

vanadium oxo-dimer 

This chapter is a version of: Deng, J., Lin, SC., Fuller, J., Iñiguez, J,A. et al. Ambient methane 

functionalization initiated by electrochemical oxidation of a vanadium (V)-oxo dimer. Nat 

Commun 11, 3686 (2020).  

 

2.1 Introduction 

Natural gas resources have a lot of undesirable loss of methane (CH4) gas especially at remote 

locations by emissions into the atmosphere or by the burning of methane gas (i.e. flaring)1,2.  

These have been common practices over decades that are wasteful since methane gas can 

possibly be converted into commodity chemicals as aforementioned. One possible strategy to 

minimize this wastefulness is to attempt to convert CH4 into liquid chemicals at the source of 

emission under ambient conditions such as room pressure and room pressure2. For this to be 

possible the following requirements must be met. Firstly, a kinetic requirement of a low 

activation energy barrier. Secondly, a high reactivity that will allow the chemical reaction to 

move forward under a low thermal energy and partial pressure of CH4 at mild conditions such as 

room pressure and room temperature. In the past and currently CH4 functionalization occurs at 

high pressure and elevated temperatures. Additionally, the functionalization of CH4 
3-16 can 

involve metal-catalyzed reactions 3-7, superacid-based activation 17, or a free radical chain 

mechanism catalysis performed by a peroxo species 8-10. For previous work in this field, a metal 

catalyzed reactions reported by Periana and coworkers shown in Fig. 1a 3-6 demonstrates an 

electrophilic activation of CH4 using a palladium (Pd) or platinum (Pt) metal species at elevated 

pressures and elevated temperatures. The electrophilic activation is followed by an oxidation 

process that regenerates the active sites on the catalytic metal species. However, at ambient 
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conditions such as room temperatures and room pressures, the metal species are not able to 

activate CH4. However, in the approaches based on radical chain mechanism shown in Fig. 1b 8-

10, initiators including peroxo species yield oxygen radicals that are able activate CH4 at room 

temperature with low activation energies 18. Notwithstanding of these results, it is not easy to 

achieve a stable selective catalytic process that generates and replenishes the radical species. The 

balancing the reactivity and regeneration of active species is a grand challenge that requires 

alternative approaches for ambient CH4 functionalization. 
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Figure 2.1: (a–c) Representative approaches of CH4 functionalization based on electrophilic 

activation3,4,5,6 (a) and radical chain mechanism8,9,10 (b), in comparison with the proposed 

electrocatalytic method (c). (d) The proposed catalytic cycle of electrocatalytic CH4 activation 

with d0 vanadium (V)-oxo dimer (1). Mred and Mox, reduced and oxidized metal active sites, 

respectively; [O], chemical or electrochemical oxidation; Ea, activation energy; d0–M, d0 early 

transition metal species; F.E. Faradaic efficiency, TON turnover number, TLS turnover-limiting 

step 

Here we propose that a controlled electrochemical generation of oxygen radicals that addresses 

the challenge mentioned previously. The electrochemical reduction-oxidation (redox) process 

provides a way of generating and replenishing radical species at ambient conditions without 

sacrificing high reactivities 19,20. To my knowledge, d0 early transition metal centers are not 

known to be directly oxidized, this oxidation reaction was a serendipitous discovery. What we 

found was that electrochemical oxidation of d0 early transition metal-oxo species in 68–98% 

H2SO4 generate cation radicals on the sulfonic ligand that selectively oxidizes CH4 at room 

pressure and room temperature (Fig. 1c). Here we report that d0 vanadium (V)-oxo dimer (V2 
V,V, 

1) 21 as the model catalyst for mechanistic understanding  as seen in Fig. 1d.  

2.2 Experimental 

Chemicals and materials: All chemicals were purchased from Sigma-Aldrich, Thermo Fisher 

Chemical, or VWR International, unless otherwise stated. All chemicals were used as received 

unless specified. Dimethyl sulfoxide-d6 (DMSO-d6) was purchased from Cambridge Isotope 

Laboratories, Inc. All deionized (DI) water was obtained from a Millipore Milli-Q Water 

Purification System. Fluorine-doped Tin Oxide (FTO) glass was purchased from Hartford Glass 

Incorporation. CH4 (99.5%) was purchased from Airgas, C2H6 (99%), C3H8 (98%), and 13CH4 

https://www.nature.com/articles/s41467-020-17494-w/figures/1
https://www.nature.com/articles/s41467-020-17494-w/figures/1
https://www.nature.com/articles/s41467-020-17494-w/figures/1
https://www.nature.com/articles/s41467-020-17494-w
https://www.nature.com/articles/s41467-020-17494-w/figures/1
https://www.nature.com/articles/s41467-020-17494-w/figures/1
https://www.nature.com/articles/s41467-020-17494-w
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(99%; 99 atom% 13C) were purchased from the Sigma-Aldrich. Natural gas mixture was obtained 

from the outlet in Molecular Science Building 4211, Department of Chemistry and Biochemistry, 

UCLA, which is supplied via pipeline by SoCalGas. SRI multiple gas analyzer #5 gas 

chromatograph (GC), 8610C is used to analyze the natural gas mixture. The components are 

91.78 mole% CH4, 4.31 mole% C2H6, 0.31 mole% C3H8, 0.04 mole% n-C4H10, 0.03 mole% i-

C4H10, 0.01 mole% n-C5H12, 0.01 mole% i-C5H12, and 0.81 mole% CO2. Unless specifically 

noted, reagent-grade 98% H2SO4 (VWR BDH3074-3.8LP) was employed as the solvent, which 

contains 5 ppm of metal impurities. When needed, we also employ high-purity 98% H2SO4 

(Sigma-Aldrich 339741), which contains 0.3 ppm of metal impurities as shown in the product 

certificate. 

Catalyst preparation: Homogeneous bimetallic catalyst 1 was prepared by dissolving vanadium 

pentoxide (V2O5) in 98% H2SO4 with ultra-sound treatment for 6 h. Homogeneous titanium (IV)-

oxo and chromium (VI)-oxo catalysts were prepared by dissolved titanyl sulfate (TiOSO4) and 

potassium chromate (K2CrO4) in 98% H2SO4, respectively. The heterogeneous variant 4 

(VOPO4·2H2O) was prepared based on previous literature 37,40. V2O5 (4.8 g), H3PO4 (85.5%, 

26.6 mL), and H2O (115.4 mL) were refluxed at 110 °C for 16 h. After gently cooling down to 

room temperature, the yellow precipitate in the mixture was collected by filtration and washed 

several times with water and acetone. The resulting sample was dried in an oven at 100 °C for 3 

h. When 4 was investigated for its electrochemical response, 4 was loaded onto a FTO electrode 

via a dip-coating procedure. A dispersion of 4 was prepared at a concentration of 6 mg mL−1 in 

2-propanol. The yellow dispersion was ultrasonicated for 30 min until the color of the dispersion 

became faded. Afterwards, sodium carboxymethyl cellulose (CMC) was added into the 

dispersion (weight ratio of VOPO4·2H2O: CMC = 80: 5). The mixture was stirred at 600 
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revolution per minute (rpm) on the heating plate to remove excess 2- propanol and form a 

homogenous slurry, which was then dip-coated onto FTO at a loading amount of 1.9 mg cm−2 for 

4 

Chemical and material characterizations: Ultraviolet–visible (UV–vis) spectra was conducted 

on Hewlett-Packard 8453 UV–vis spectrophotometer. Proton NMR (1H-NMR) and carbon NMR 

(13C-NMR) were recorded on a Bruker AV400 (400 MHz) spectrometer. Deuterium NMR (2D-

NMR) was recorded on a Bruker AV500 (500 MHz) spectrometer. Vanadium NMR (51V-NMR) 

was performed on an Agilent DD2 600 (600 MHz) spectrometer. Powder X-ray diffraction 

(XRD) patterns were measured on a Panalytical X’Pert Pro X-ray Powder Diffractometer with a 

Cu Kα source (λ = 1.54178 Å), The intensities were recorded within the 2θ range from 10° to 

60° with a voltage of 45 kV, and a current of 40 mA. Scanning electron microscope image was 

measured with a JEOL JSM 6700F instrument. XANES and EXAFS were recorded at BL17C of 

National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. Gas 

chromatography–mass spectrometry (GC-MS) was performed on Agilent 6890-5975 GC-MS 

with Inert XL Selective Detector. The GC is equipped with a capillary HP-5MS column (Model 

No.: 19091S-433, 30.0 m × 250 μm × 0.25 μm). The instrument is operated with an oven 

temperature of 50 °C, an inlet temperature of 280 °C, and a flow rate of 1.2 mL min−1 with 

helium carrier gas. A split/splitless injector is applied with a split ratio of 5:1 and a split flow of 5 

mL min‒1. The MS has a source temperature of 230 °C and a quadrupole temperature of 150 °C. 

The SRI multiple gas analyzer #5 GC is equipped with 3 S.S. columns including 18′′ Hayesep D, 

3′MS 5A and 6′ Hayesep D. The instrument is operated with an oven temperature of 50 °C, a 

temperature profile from 50 to 270 °C, and a flow rate of 40 mL min−1 at 15 psi with argon 
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carrier gas. X-ray photoelectron spectroscopy (XPS) was measured on a Kratos AXIS Ultra 

spectrometer (Kratos Analytical, Manchester, UK). 

Electrochemical characterization: All electrochemical experiments were recorded using a 

Gamry Instruments Reference 600+ and Interface 1000 potentiostats. Unless mentioned 

specifically, a three-electrode setup was applied with a Pt wire pseudo-reference electrode and a 

Pt counter electrode. The Pt pseudo-reference electrode was calibrated to a Hg2SO4/Hg 

(saturated K2SO4) reference electrode (CH Instrument, Inc.) via the measurement of open-circuit 

potentials. The relationship is E (V vs. Hg2SO4/Hg) = E (V vs. Pt) + 0.755 V. The gas 

environment of the electrochemical cell was controlled either CH4 (Airgas, 99.5%) or N2 

(Airgas, 99.999%), which were bubbled into the reactor at rates of 7.2 (CH4) and 10 (N2) 

standard cubic centimeters per minute (sccm) with the use of a mass flow controllers (Omega 

Engineering, Inc., FMA5510A). The data were reported after iR compensation. Unless noted 

specifically, the electrolyte is 98% H2SO4 with a certain vanadium concentration of 1. 

Quantification of liquid products: 1H-NMR was applied to quantify product accumulation in 

DMSO-d6 using acetic acid (CH3COOH) as the internal standard. Total, 0.4 mL liquid aliquots 

from electrolysis were mixed with 0.1 mL DMSO-d6 prior to the measurements. Chemical shifts 

are reported on a parts-per-million (ppm) scale. Methyl bisulfate (CH3OSO3H) exhibits a singlet 

at 3.34 ppm while the singlet from acetic acid (CH3COOH) peak resides at 1.96 ppm. A 

calibration curve was constructed by determining the relative ratio of integrated area between the 

NMR peaks of CH3OSO3H and CH3COOH. Product quantification of C2H6, C3H8, and natural 

gas mixture follows the same protocol, except for the quantification of CH3COOH as a C2 

product from C2H6. The quantification of CH3COOH as a C2 product was fulfilled by adding a 

known concentration of CH3OSO3H as an internal standard in a separate 1H-NMR measurement. 
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Calculation of Faradaic Efficiency (F.E.): The F.E. of bulk electrolysis was calculated based 

on the following equation 

F.E. = 
𝑛𝐹𝐶𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑉𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑐ℎ𝑎𝑟𝑔𝑒
𝑥100% 

Here, F is the Faraday’s constant, CProduct is the concentration of product after bulk electrolysis, 

VSolution is the total electrolyte volume, and the overall charge is the total electric charges passed 

through the working electrode. The variable n in the equation is the number of electrons required 

in order to generate one product molecule by electrochemistry. n = 2 for the formation of methyl 

hydrogen sulfate (CH3OSO3H) from CH4. n = 2 and 6 for the formation of ethyl hydrogen sulfate 

(C2H5OSO3H) and acetic acid (CH3COOH) from C2H6, respectively. n = 2 and 4 for the 

formation of isopropyl hydrogen sulfate (i-C3H7OSO3H) and acetone (CH3COCH3) from C3H8, 

respectively. 

Calculation of TOF and TON: In the following we provide the protocols that we calculate the 

turnover frequencies (TOF) and turnover numbers (TON) for the reported data, based on the 

methods established in prior literature19,23. The diffusion coefficient for 1 (D) was determined 

from the cyclic voltammgrams based on the Randles–Sevcik equation shown below 

𝑗𝑝 = 0.4463𝑛𝐹𝐶𝐶𝑎𝑡(
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1
2 

Here jp is the peak current density of quasi-reversible redox couple, n is the number of electrons 

transferred in the redox event, F is the Faraday’s constant, CCat is 1’s concentration, v is the scan 

rate, R is the gas constant, and T is the temperature of experiment. As derived from 

Supplementary Fig. 1a, b, D = 2.18 × 10−7 cm2 s−1 for species 1 in the electrolyte. 
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The observed TOF of bulk electrolysis was determined based on the following equation shown 

below 19,23 

𝑇𝑂𝐹 = (
𝑗𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑛𝐹𝐶𝐶𝑎𝑡
)2

1

𝐷
 

Here, jProduct is the partial current density of product formation in bulk electrolysis, n is the 

number of electrons required to generate one product molecule, F is the Faraday’s constant, CCat 

is the concentration of catalyst 1, D is the diffusion coefficent of catalyst (2.18 × 10−7 cm2 s−1 for 

species 1 as determined above. 

The TON of bulk electrolysis was determined based on the following equation19,23: 

𝑇𝑂𝑁 =  
𝐶𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑉𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐴𝐶𝐶𝑎𝑡

√
𝑇𝑂𝐹

𝐷
 

Here, CProduct is the product concentration after bulk electrolysis, VSolution is the total electrolyte 

volume, A is the electrode area, CCat is the concentration of catalyst 1, D is the diffusion 

coefficent of catalyst (2.18 × 10−7 cm2 s−1 for species 1 as determined above), and TOF is the 

TOF calculated based on above protocol. On the condition of a homogenous process with 

molecular catalyst 1, the diffusion coefficient extracted from the V(V)/V(IV) redox couple is a 

reasonable approximate of the real catalytic redox couple, the vanadium(V)-oxo dimer and its 

one-electron-deficient cation radical, because we are unable to characterize the cation radical due 

to its transient nature. Here, we offer a rough estimate of the relative uncertainty of such an 

approximation based on our proposed mechanism. The Stokes–Einstein relationship41 predicts 

that the diffusion coefficient D of similar molecules follows: D ~MW−1/3, in which MW is the 

molecular weight. As MW = 538.16 g mol−1 for 1, the relative uncertainty of D in our procedure 
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is about 6% or 12%, assuming the loss of one or even two of the sulfonic ligands, respectively. 

As the TOF ~D−1 23, at most about 10% relatively uncertainly will incur in our practice. 

Computational method: All calculations were performed with Turbomole42-52 using the M06 

density functional53. The def2-SVP basis set was used for geometry optimizations and free 

energy corrections, and the def2-TZVP basis set was used for electronic energies54. Solvation 

was modeled with COSMO55 with the dielectric constant set to 10156. Images were rendered 

using Chemcraft57. The natural bond orbital (NBO) analysis was used for atomic charge 

calculations36. 

Details of XAS experiments: XAS, including X-ray absorption near edge spectra (XANES) and 

extended X-ray absorption fine structure (EXAFS), at V K-edge were collected in total-

fluorescence-yield mode at ambient conditions at BL17C of National Synchrotron Radiation 

Center (NSRRC), Hsinchu, Taiwan. Spectra were recorded in the energy range from −100 to 600 

eV, relative to that of V K-edge absorption (5465.0 eV). The XAS spectra were processed by 

subtracting the baseline of pre-edge and normalizing that of post-edge. EXAFS analysis was 

carried out using Fourier transform on k3-weighted EXAFS oscillations to assess the contribution 

of each bond pair to Fourier transform peak. The curve fitting of EXAFS spectra was conducted 

using the software, REX2000, with FEFF program. The operando XAS experiments at V K-edge 

were conducted under the same procedure at TPS beamline 44A of NSRRC, Hsinchu, Taiwan. A 

three-electrode arrangement was used during the operando measurements. The electrolyte was 

saturated with 1-bar CH4, and the measurements were performed using an Autolab PGSTAT204 

potentiostat (Metrohm Autolab) in a customized reactor. 

Operando Raman characterization: A three-electrode setup in a home-made cell was adopted 

for Operando Raman spectroscopy and the electrochemical measurements. The measurements in 
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a CH4-saturated electrolyte were recorded using a Raman microscopy (UniNano UNIDRON) 

and an Autolab PGSTAT204 potentiostat (Metrohm Autolab). A laser of 633 nm with a spot size 

of ~1 µm2 served as the excitation source, and the output power was 2.5 mW. A 50x objective 

lens was employed for operando measurements during electrolysis, while all results were 

obtained under an exposure duration of 3 s with the accumulation number of 60 times. 

2.3 Results and Discussion:  

As previously mentioned, the d0 vanadium (V)-oxo catalyst (1) was prepared by dissolving V2O5 

in 98% H2SO4. As displayed in figure 2a cyclic voltammograms of 10 mM 1 in 98% H2SO4  

 

Figure 2.2: a, b Cyclic voltammograms (a) and 1H-NMR spectra of liquid samples after 6 h 

electrolysis (b) for 10 mM 1 in 1 bar CH4 (red), 10 mM 1 in 1-bar N2 (blue), and blanks 
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without 1 (black). Dashed blue, current density (j) of blue trace magnified by a factor of 10. *, 

internal standard acetic acid. (c) 13C NMR spectra of samples before (black) and after 

electrolysis with 13CH4 (red) and CH4 of natural abundance (blue), respectively. (d) Calculated 

TONs (red) and electric charges passed (blue) versus the duration of electrolysis. (e) F.E. of 

CH4 functionalization in 10 mM 1 vs. electrode potential E under 1 bar N2 (green), 1 bar 

CH4 (blue) and 3-bar CH4 (red). (f) Cumulative TONs for C1 (red), C2 (green, multiplied by a 

factor of 5), and C3 products (black, multiplied by a factor of 50) as well as F.E. values of total 

liquid products (blue) are plotted against the duration of bulk electrolysis. TON values for 

CH3OSO3H (red), CH3COOH plus C2H5OSO3H (green), and CH3COCH3 (black) within 240 h 

are shown on the right, respectively. Natural gas mixture supplied by SoCalGas was used as the 

substrate at ambient pressure. Trace products beyond C3 were also observed. 100 mV s−1 and Pt 

working electrode in (a); FTO working electrode in (b) to (f), and E = 2.255 V vs. Hg2SO4/Hg in 

(b) to (d), and (f). 

 

under 1 bar nitrogen gas (N2) (blue), 1 bar CH4 (red), and a blank control (black) are displayed, 

the experiments are conducted at a temperature of 25 °C on a platinum (Pt) working electrode. A 

quasi-reversible peak corresponding to VV/VIV redox couple was observed with a midpoint 

potential of E1/2 = 0.644 V vs. Hg2SO4/Hg reference electrode, with a diffusion coefficient D = 

2.18 × 10−11 m2 s−1 for 1 based on Randles–Sevcik analysis, which can be found on the 

supplementary information of this publication as Fig. 1a, b.. Moreover, additional oxidation 

current of 1 was observed at an electrochemical potential E > 1.6 V vs. Hg2SO4/Hg, and it was 

observed that an oxidation current is greater in the presence CH4 relative to that when N2 gas is 

present in the electrochemical system. This suggests that 1 can be further oxidized 
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electrochemically, and the reactive species generated can likely react with CH4. Bulk electrolysis 

in 98% H2SO4 under 1 bar CH4 was conducted at a potential E = 2.255 V vs. Hg2SO4/Hg for 6 h 

with a working electrode of fluorine-doped tin oxide (FTO). Analysis of the liquid composition 

after electrolysis was analyzed by nuclear magnetic resonance (NMR) spectroscopy, specifically 

1H-NMR and 13C-NMR. CH3OSO3H, which can yield methanol after hydrolysis, was observed 

at a chemical shift of δ = 3.34 ppm in 1H-NMR after electrolysis with 10 mM 1 under CH4 (red 

color in Fig. 2b). Furthermore, no gaseous or liquid products besides CH3OSO3H was observed 

as a product of CH4 oxidation within our detection limit when conducting NMR spectroscopy 

(Fig. 2b). Other spectroscopies such as mass spectroscopy and gas chromatography were utilized 

to further prove this; the information can be found in the supplementary information of this 

publication as supplementary Fig. 2a, b and supplementary Fig. 3, respectively. It is important to 

note that organic products of interest were not detected when 1 was not present in the 

electrochemical system under CH4 (black), with 10 mM 1 under N2 (blue in Fig. 2b), or at an 

anodic potential less than (E = 1.855 V vs. Hg2SO4/Hg) (Supplementary Fig. 2d).  The previous 

results confirm that CH4 undergoes a two-electron oxidation into CH3OSO3H, which is initiated 

by the electrochemical oxidation of 1. Additionally, the absence of a well-defined redox wave 

preceding the current onset in Fig. 2a suggests two potential scenarios of a homogenous 

electrocatalysis limited by the rate of electron transfer or the occurrence of materials deposition 

during the scans of cyclic voltammetry. These results suggest a likely homogenous 

electrocatalysis limited by charge transfer. We also conducted isotope-labeling experiments by 

introducing 13CH4 as the substrate at a pressure of 1 bar. It was observed that the presence of 

13CH4 versus CH4 of natural abundance leads to the surge of 13CH3OSO3H signal at δ = 58.6 ppm 

in 13C-NMR after electrolysis (Fig. 2c). 
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Another aspect of the project was to study the electrochemical CH4 and natural gas 

functionalization when an electrochemical potential is applied. The electrocatalysis with 1 

demonstrated that it selectively functionalized CH4 and has high turnover numbers (TONs) and 

turnover frequencies (TOFs). Bulk electrolysis was conducted with a concentration of 0.7 mM 1 

at 25 °C under 1 bar pressure of CH4. Liquid aliquots at different time points were analyzed, and 

the electrochemical TONs were calculated based on the existing method19,23. Figure 2d shows the 

amount of electric charge and the calculated TON’s as a function of time of the electrolysis. A 

linear correlation suggests a durable catalyst of TON up to 45,000 without a sign of catalyst 

degradation in the observed time of 72 h. We also investigated the Faradaic efficiency (F.E.), 

which is defined as the selectivity of converting CH4 into CH3OSO3H based on the amount of 

electric charge as function of E at 25 °C. In 10 mM 1 (Fig. 2e), the absence of CH4 leads to no 

product formation (green), and under 1 bar CH4 an optimal F.E. of 63.5% is seen with a potential 

of E = 2.255 V vs. Hg2SO4/Hg (blue). It was observed that the reaction selectivity has a mass 

transport limitation and a limited solubility of CH4 in solvent (~1 mM)11. Moving forward to in 

the project, different pressures of the electrochemical system were studied. When CH4 pressure 

increased to 3 bar, we observed an F.E. = 84.5% at E = 2.205 V vs. Hg2SO4/Hg (red in Fig. 2e). 

The corresponding TOFs of 1 as an electrocatalyst are 483 and 1336 h−1 for CH4 at pressures of 1 

bar and 3 bar, respectively, which are conservative and underestimated given the nature of our 

analysis as stated in the Supplementary Note 1 found in the supplementary information of this 

publication. Furthermore, the measured TOF values at room temperature compare well relative 

with other reported catalysts at elevated temperatures and high pressures, this can be seen in 

Supplementary Table 1 of the supporting information of this publication.  Additionally, natural 

gas studies were conducted with 1 to compare how 1 effect gaseous species such as ethane 
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(C2H6) and propane (C3H8), which can be found in natural gas. The results of this can be further 

seen in the journal publication. 

The reported catalyst 1 can yield a high product concentration capable for practical 

implementations. The limited solubility of CH4 in the solvent within current batch reactor11, 

electrocatalytic experiments of higher product concentrations were conducted under room 

temperature at 11 bar CH4 pressure to to minimize the mass transport issue of limited gas 

solubility. A 72 h electrolysis reaction leads to a CH3OSO3H concentration of ~110 mM with 

F.E. = 81.2% (E = 2.376 V vs. Hg2SO4/Hg). Adding 1 M CH3OSO3H prior to the 

electrocatalysis under the same condition does not hinder the catalysis or decompose the pre-

added CH3OSO3H. A single-pass conversion of 1% was observed in the mixed-flow 

electrochemical reactor, comparable to the results that lead to electrochemical reduction of CO2 

and CO at near-industrial level27,28. The product concentrations reported here are higher than the 

ones in other electrocatalysis5,6, and suggest that high product concentration of electrocatalysis is 

attenable. There seems no observable fundamental limit for product concentrations exceeding 

one mole per liter, a threshold considered suitable for industrial applications11. 

The attractive features of catalyst 1 led us to investigate the underlying mechanism during 

electrolysis with CH4 as the substrate. The current density corresponding CH3OSO3H formation 

(jCH4), a surrogate of CH4-activating rate, was investigated as a function of catalyst concentration 

[1] (Fig. 3a), the electrode potential E (Fig. 3b), the partial pressure of CH4 (pCH4) (Fig. 3c), and 

the temperature T (Fig. 3d). A linear relationship with a slope = 1.03 ± 0.08 between log10(jCH4) 

and log10([1]) suggests that CH4 activation is first-order on 1 (Fig. 3a). When log10(jCH4) was 

plotted against E (Fig. 3b), a Tafel slope of about 120 mV dec−1 was observed before jCH4 

plateaus at larger E values as CH4 is depleted near electrode. This suggests that the first electron 
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removal from 1 is the TLS, uncommon for homogeneous electrocatalysis (Supplementary Note 

2). The overlapping points under 1 bar and 3 bar CH4 pressure when E < 2.1 V vs. Hg2SO4/Hg 

suggest that CH4 is not involved in the TLS or any pre-equilibrium steps. When E > 2.1 V vs. 

Hg2SO4/Hg, a linear relationship between log10(jCH4) and log10(pCH4) with a slope of 0.91 ± 0.07  

 

Figure 2.3: (a) The logarithmic of partial current density for CH4 functionalization, log(jCH4), 

versus the logarithmic of 1’s concentration, log ([1]). (b) Log(jCH4) vs. E under CH4 pressures of 

1 bar (blue) and 3 bar (red) with the fitted Tafel slopes displayed. (c) Log(jCH4) vs. the 

logarithmic of CH4 pressure, log(pCH4). (d) The natural logarithmic of partial current density for 

CH4 functionalization, ln(jCH4), vs. inverse of temperature, T−1, at 1.955 V (black), 2.005 V 

(blue), and 2.055 V (red) vs. Hg2SO4/Hg, respectively. The corresponding apparent activation 
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energies (Ea) are displayed. Unless noted specifically, 25 °C, 10 mM 1 in 98% H2SO4, E = 2.255 

V vs. Hg2SO4/Hg, pCH4 = 1 bar, data recorded from 6 h bulk electrolysis. 

(Fig. 3c) suggests that CH4 is activated in a first order after the TLS. We also found that the 

residual current density, the difference between total current density (jtotal) and jCH4, is 

independent of pCH4 (Supplementary Fig. 2c). It further corroborates that no gaseous or liquid 

products other than CH3OSO3H were generated from CH4 oxidation, and solvent oxidation into 

O2 and possibly trace persulfate29,30 is the only plausible side reaction. The Arrhenius plot 

between ln(jCH4) and 1/T yields an apparent activation energy (Ea) as low as 10.8 ± 0.6 kcal 

mol−1 (Fig. 3d), consistent with the observed ambient reactivity. When conducting electrolysis of 

1 in 98% D2SO4 with CH4 of natural isotope abundance, 2D and 1H-NMR spectra showed no 

H/D exchange in the methyl group of product CH3OSO3H (Supplementary Fig. 6e). This 

excludes the possible mechanism induced by an electrochemically generated superacid17, which 

should yield significant H/D exchange in the methyl group11. In addition, when CH4 was exposed 

to 1 in 98% H2SO4 with added K2S2O8 or H2O2 in the absence of electricity, CH4 

functionalization was not observed at ambient conditions (Supplementary Fig. 6f). This 

illustrates that it is difficult for chemical method to sustainably generate reactive radical 

intermediates at room temperature, which necessitates our use of electrochemistry as proposed 

before. It also shows that the possible formation of peroxo species including peroxoacids is not 

contributing to the observed reactivity. When the electrolyte was switched from 98% H2SO4 to 

oleum with 20% SO3, a 5.4:1 molar ratio between CH3SO3H and CH3OSO3H was observed after 

electrocatalysis (Supplementary Fig. 8). This indicates the formation of CH3• radical during the 

catalysis, which yields CH3SO3H in the presence of SO3 
9. Overall, our experimental data 

support an electrochemical catalysis of low activation energy. After a turnover limiting one-
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electron oxidation of 1, the oxidized species undergoes a first-order C–H activation in CH4 and a 

formation of CH3• radical (Fig. 1d). 

Despite its ease of preparation, the structural information of 1 is not well understood. It was 

hypothesized to be a V2 
V,V dimer with two terminal VV≡O moieties connected by a bridging  

 

Figure 2.4: Structural information of the catalyst and a proposed mechanism. (a) Possible 

isomeric structures of 1 and their relative energetics based on DFT calculations. (b, c) 
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Normalized intensity of V K-edge X-ray absorption near-edge structure (XANES) (b) and 

extended X-ray absorption fine structure (EXAFS) (c) for 1 (solid red), V2O5 (dashed blue), and 

metallic V (dashed yellow). (d) Calculated coordination number (C.N.) and the distance (R) 

away from V atom based on EXAFS results. (e) Calculated frontier orbitals involved in the TLS 

and the proposed transition state of C–H activation step. HOMO highest occupied molecular 

orbital, LUMO lowest unoccupied molecular orbital. *Designated when considering spin–orbital 

coupling, equivalent to singly occupied molecular orbital (SOMO) in restricted formalism. 

 

oxo21. We measured 1’s optical absorption (Supplementary Fig. 9a) and the 51V-NMR spectrum 

(Supplementary Fig. 9b), which confirmed that 1 is different from monometallic VO2
+ species in 

an aqueous medium. Density functional theory (DFT) calculations suggest that 1 may exist as 

two isomers, 1a and 1b (Fig. 4a), with a calculated energy difference of 1.2 kcal mol−1. In an 

attempt to obtain the correct structure of 1 and real conformation in solution, X-ray absorption 

spectroscopy of V atom was conducted for 10 mM 1 in 98% H2SO4, solid V2O5, and metallic V 

foil (solid red, dashed blue, and dashed yellow in Fig. 4b, c, respectively). We carried out a least-

square-regression analysis on X-ray absorption near-edge structure (XANES) for the threshold 

positions, the first peak in the derivative spectra, of VO, V2O3, VO2, and V2O5 to determine the 

electronic structure and oxidation state of vanadium in 1 (Supplementary Fig. 9c)31. The 

electronic structure of vanadium in 1 remains similar to that of vanadium in V2O5, confirming 

the d0 electronic structure of vanadium. The extended X-ray absorption fine structure (EXAFS) 

can offer coordination information of absorbing atoms by extracting the structural parameters. 

As shown in Fig. 4c, the absence of noticeable peaks in the region beyond 4 Å (solid red), 

compared with those of V2O5 and V foil (dashed blue and dashed yellow, respectively), indicates 
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that 1 is a complex homogenously dispersed in the solvent. The peak around 1.56 Å in 1’s 

EXAFS spectrum (gray area) is attributed to the V–O bonds, following the assignment of V–O 

bonds in the V2O5 sample. While this comparison provides some information, the general low 

symmetries of the vanadium-based species prevent us from gaining detailed structural 

information of 1 solely based on EXAFS data32. To this end, we conducted the fitting of 1’s V K-

edge EXAFS spectrum combining the structure suggested by DFT calculations (shown in Fig. 

4d). It reveals that the central V atoms are penta-coordinated by O atoms with three types of V–

O bond lengths (1.58, 1.68, and 1.96 Å) in the first coordinated shell, with a bridging oxo with a 

V–O bond length of 1.68 Å. We note that the EXAFS of 1 suggests a unique coordination 

environment 2.0–3.5 Å away from V atom (blue area), which is different from the monometallic 

VO2
+ species in aqueous medium (Supplementary Fig. 9d). The fitting results of second shell 

(blue area) indicate that consistent with the predicted structure 1a, there are not only three S 

atoms in the second shell (2.73 and 3.13 Å) but also one V atom at the distance of 3.27 Å away 

from the central V atom (Supplementary Table 3). Detailed analysis is provided in the 

Supplementary information (Supplementary Fig. 9e, f). These results reveal the existence of a 

hypothesized structure of µ-oxo bridged V2
 V,V dimer33, and suggest that 1a is the structure of 1 

in the solution. 

Additional operando characterizations were conducted to confirm a homogenous electrocatalysis 

and elucidate identities of immediate species. Operando Raman spectroscopy measures the 

vibrational spectra of chemical species near the FTO electrode at different values of E in CH4. 

No spectral changes were observed and the vibrational spectra evidently differs from solid V2O5 

sample (Supplementary Fig. 10). This suggests that there is no detectable heterogeneous 

intermediate deposited on the FTO electrode during electrocatalysis. Operando XAS spectra of V 
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atom was also measured at different values of E in CH4. Largely, the XANES and EXAFS 

spectra (Supplementary Figs. 11 and 12) differ from the ones of solid V2O5 sample and supports 

a homogenous electrocatalysis. Yet some information of reaction intermediates is available. The 

formal oxidation state of V species, indicative in the pre-edge region of XANES spectra 

(Supplementary Fig. 11), decreases from +5 to near +4 with increasing value of E, contrary to 

the typical trend observed in heterogeneous catalysts of electrochemical oxidation34. This reveals 

the presence of mixed valence V2
IV,V during catalysis (Supplementary Note 3). It also supports a 

homogenous, diffusion-controlled catalysis, since a hypothetical immobile V(IV) species 

deposited on the electrode may not have long enough lifetime to be detectable (Supplementary 

Note 3), given the large thermodynamic driving force of oxidizing V(IV) (>1.2 V from Fig. 2a). 

The pre-edge region also witnesses a broadening and intensity decrease of the pre-edge peak 

concurrent with the increase of E and the observation of electrocatalytic CH4 functionalization 

(Supplementary Fig. 11). This suggests an increase of coordination symmetry near V atom and 

possibly a loss of sulfonic ligand31. The operando EXAFS results (Supplementary Fig. 12) also 

displays a decrease of average coordination number of sulfonic ligands per V atom concurrent 

with increasing E values. Those results imply that the bisulfate group in CH3OSO3H likely 

originate from the vanadium catalyst, a plausible radical rebound mechanism35. 

Combining experimental and computational results, we established a proposed catalytic cycle of 

1 for CH4 functionalization (Fig. 1d) despite its uncommon assignment of TLS that warrants 

additional investigation (Supplementary Note 2). A turnover-limiting electrochemical oxidation 

of 1a removes one electron from O 2p orbitals in the sulfonic ligand, which is calculated as the 

highest occupied molecular orbital (HOMO) of 1a (Fig. 4e). The resultant cation radical 2 is 

predicted to possess an empty frontier spin-orbital on the same O 2p orbitals (lowest unoccupied 
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molecular orbital (LUMO) of 2 in Fig. 4e), which is postulated to initiate H-atom abstraction 

from CH4. DFT calculations predict reaction trajectory between 2 and CH4 without significant 

energy barrier (Fig. 4e, Supplementary Fig. 13a). This is consistent with our experimental 

observation that the TLS is the one-electron oxidation of 1 other than the step of C–H activation 

(Supplementary Note 2). The calculated barrier-less C–H activation also helps explain the 

similar TOFs toward various light alkanes in the natural gas24. We were unable to experimentally 

characterize 2 and the H-atom abstraction step due to its transient nature, which will be of our 

research focus in the future. Yet the subsequent steps of CH4 functionalization seems to proceed 

with the formation of CH3• and a radical rebound process35. This leads to a two-electron 

oxidation and CH3OSO3H formation with a ligand loss on a V2
IV,V dimer (3), which will be 

readily re-oxidized electrochemically to regenerate 1 (Fig. 1d, Supplementary Fig. 14). 

DFT calculations of the atomic charges36 suggest that cation radical 2 is stabilized thanks to 

orbital delocalization, in comparison to the scenario when one electron was removed from 

sulfuric acid (Supplementary Fig. 13b, c). This is consistent with the results that the calculated 

ionization energies of 1a is lower by 12–14 kcal mol−1 than that of sulfuric acid. This implies 

that the metal-oxo centers as carrier of sulfonic ligands stabilize the electrochemically generated 

cation radical, at the same time maintain a cation radical reactive enough for ambient CH4 

functionalization. Other d0 early transition-metal-oxo species can possess similar reactivities. We 

found that d0 metal-oxo species, including TiIV-oxo and CrVI-oxo, are also electrochemically 

active towards functionalizing CH4 at ambient conditions (Supplementary Fig. 15). A more 

extensive survey over the first half of the Period 4 elements except Sc indicates that only Ti, V, 

Cr, and possibly Mn display similar reactivities (Supplementary Fig. 16). It suggests the strategy 

of employing d0 early transition-metal-oxo species is generally applicable for ambient 



25 

 

electrochemical functionalization of natural gas. As such a general trend of reactivity was not 

observed before, we posit our electrochemical approach may offer new perspective towards the 

challenge of CH4 functionalization. Practically, a heterogeneous catalyst variant may also be 

desirable. While 1 is characterized as a homogenous catalyst, we found a two-dimensional 

layered material, VOPO4∙2H2O (4) with exposed V-oxo edges37 (Supplementary Fig. 17a, b), 

acts as a heterogeneous variant of 1 in 98% H2SO4 (Supplementary Fig. 17c, d). This preliminary 

result suggests that even within the same metal-oxo system, the catalyst subsequently its 

reactivity can be tuned with additional materials design and engineering. This heterogenous 

variant also simplifies product separation in downstream process, thanks to the absence of 

vanadium in the liquid phase.  

2.4 Conclusion 

Overall, the general tunability of catalyst composition may herald better catalysts with higher 

TOF, lower oxidation potential, as well as versatile design of the overall process. The ambient 

condition of reported catalysis facilitates the use of O2 in ambient air as the terminal electron 

acceptor, as well as the use of ambient natural gas feedstock for onsite functionalization without 

a centralized facility. Future research will focus on possible scale-up with the exploration of 

optimal reaction conditions. The employment of 98% H2SO4 or more diluted acids, other than 

oleum, mitigates the generation of excessive acid in product separation and is attractive for 

practical application38. Additional fundamental and engineering investigation, including the 

employment of gas diffusion electrode39 as well as ingenious design of electrochemical 

reactors28, will further explore the possible application of converting CH4 into commodity 

chemicals with minimal infrastructure support at remote locations. This will lead to the more 

efficient usage of green-house gases and reducing their emission into atmosphere. 
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Data availability: All data reported or included in this analyzed during this study are 

included in this published article (and its supplementary information). 
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CHAPTER 3: Electrocatalytic oxidation of methane to methyl hydrogen sulfate with 

molecular transition metal silver species 

This chapter is a version of: D. Xiang, J. A. Iñiguez, J. Deng, X. Guan, A. Martinez, C. Liu, Angew. 

Chem. Int. Ed. 2021, 60, 18152. 

3.1 Introduction 

Ambient CH4 functionalization offers a route of chemical synthesis that taps on the vast, widely 

distributed natural gas resources while mitigating the environmentally unfriendly CH4 emission 

into the atmosphere1. The key step in this process is the activation of CH4’s C-H  bond at 

relatively low temperature and pressure, which demands a kinetically reactive species with a low 

activation barrier2. One approach in search of the desirable reactive species begins from the 

classic hard-soft acid-base (HSAB) theory, initially introduced by Ralph Pearson3. The theory 

introduces chemical hardness η as a measure of molecules’ electrophilicity4 and stability in the 

context of Lewis acid-base adduct. In a homolytic cleavage of CH4 , the transferred methyl 

moiety possesses relatively low chemical hardness (η = 4.87).5 The softness of methyl moiety 

along with H atom (η = 6.42) involved in H-atom abstraction suggests that a soft, class (b) 

transition-metal Lewis acid of high valence and increased electrophilicity may be reactive 

towards CH4 via either electrophilic activation6 or a radical-based mechanism.7 Consistently, 

many high-valent class (b) metals in the d-block of periodic table, including RhI,II ,8 PdII,III ,9 IrIII , 

10 PtII,IV ,11 AuI,III ,12 HgII , 6b have been reported for CH4 activation (Figure 1 a). Some of the 

borderline metals with intermediate chemical softness, including MnIII ,13 CoIII ,13 RuIV,VIII ,14 

OsIV,VIII ,15 TlIII ,6c and PbIV ,6c,13 are reactive towards CH4 , too. Yet there is one exception, silver  
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Figure 3.1: a) Transition metals reported for direct C—H activation of homogeneous CH4 

functionalization.[2b] The values of chemical hardness (η) are tabulated for the elements’ 

respective oxidation states.[5] NA, not available. b) The frontier orbitals and structure of a 

proposed AgII metalloradical in 98% H2SO4 . L and L’, ligands; SOMO, Singly Occupied 

Molecular Orbital. c) The strategy of an electrocatalytic CH4 activation in this work. 

 

(Ag). While monovalent AgI as a mild oxidant (η = 6.96; Eo = 0.80 V vs. normal hydrogen 

electrode (NHE) for Ag+ (aq.)/Ag (s))5, 16 may not be oxidative enough to break the C-H bond in 

CH4 (E
o = 0.59 V vs. NHE for CH3OH (l)/CH4 (g)),2b, 16 divalent AgII is similarly soft (η = 6.7)5 

and possesses a Ag II/AgI redox potential (Eo ≈ 2.5 V vs. NHE for AgII/AgI in 98% H2SO4 )
17 

comparable to other reported CH4 -activation catalysts. 2a,b, 9b Therefore, it is intriguing that 

divalent AgII has not been known for CH4 activation despite the reported AgII-based reactivities 

on much weaker C-H bonds in organic synthesis. 18 The d9 electronic configuration of AgII not 

only renders it a metalloradical, but also introduces the Jahn–Teller effect in an Oh ligand field 

that elongates the ligand bond in the axial position (Figure 1 b).19 Such weakly bound axial 

ligands and AgII ‘s likely radical nature may offer an opportunity for substrate binding and CH4 
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activation in a radical-based activation pathway with low reaction barrier, leading to our 

hypothesis that AgII, once continuously generated, may serve as the active species towards 

ambient CH4 functionalization catalytically.  

Our strategy of investigating AgII as a potential active species towards CH4 activation includes 

continuous electrogeneration of reactive AgII species in an inert solvent environment (Figure 1 

c). Electrochemistry offers a viable and clean route of creating reactive intermediates for 

synthesis including C-H activation.20 Such a strategy has enabled our previous discovery of 

electrocatalytic CH4 functionalization with vanadium-oxo dimer as the homogeneous catalysts at 

ambient temperature and pressure. 2a Similarly, the strategy of electrochemical catalysis can be 

also applied for the generation of AgII intermediate, which circumvents the instability of AgII and 

establishes an electrocatalytic cycle mediated by the AgII/AgI redox couple (Figure 1 c). We also 

sought to choose a weakly bound solvation environment as a model system that offers labile 

binding sites for substrate activation, supports the radical nature of AgII in a possible radical-

based mechanism, and mitigates side reactions of solvent oxidation due to AgII’s reactive nature. 

Such consideration leads to the choice of 98% H2SO4 , which not only minimizes possible water 

oxidation reaction due to its oxidative stability2a,b but also can stabilize AgII compound at 208 o 

C.21 The electron-withdrawing bisulfate ligand bound to AgII in 98% H2SO4 is postulated to 

provide access to CH4 activation in the elongated axial position,19a maximize the radical nature 

on metal center due to spin localization,19b and simplify product detection by mitigating the 

additional oxidation with the formation of methyl bisulfate (CH3OSO3H) after a presumed two-

electron oxidation. Such favorable features in conjunction with our expertise in electrochemical 

CH4 activation2a, 22 constitute our motivation for exploring a AgII-mediated electrocatalytic CH4 

functionalization in 98% H2SO4 inspired by the HSAB theory.  
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Here we present our demonstration of AgII-mediated electrocatalytic CH4 activation in 98% 

H2SO4 at ambient conditions. We found that electrochemically generated AgII intermediate is 

capable of activating CH4 and yielding CH3OSO3H with minimal side reactions at room 

temperature and ambient pressure. The CH4 -activation reactivity, measured as the partial current 

density of CH3OSO3H formation jCH4 , is systematically studied as a function of the applied 

electrochemical potential (E), duration of electrolysis (t), the concentration of pre-catalyst AgI 

(cAg), temperature (T), and the partial pressure of CH4 (pCH4 ) up to 125 psi. The results support 

the scheme of electrocatalysis for CH4 functionalization mediated by AgII in an EC’ 

mechanism23 (Figure 1 c), in which the electrochemically generated AgII undergoes a turnover-

limiting CH4 -activating step with low activation energy (13.1 kcal mol-1 ), high pseudo-first-

order rate constant (kobs) of 2.8 x 103 h-1 (pCH4 = 85 psi), and a high turnover number (TON) of 

about 2.45 x 104 when t = 72 h and pCH4 = 125 psi. Three independent kinetic characterizations 

suggest that AgII-mediated CH4 activation is kinetically favored at room temperature over the 

side reaction of solvent oxidation. The overall selectivity of the reaction, measured as the 

Faradaic efficiency (FE) in electrocatalysis, was observed to be 72% when pCH4 = 85 psi and is 

predicted to exceeding 99% when pCH4 > 180 psi after overcoming the mass-transport constraint 

due to CH4’s limited solubility. The discovered reactivity of electrochemically generated AgII, in 

conjunction with Ag’s relatively lower cost comparing to its more precious counterparts in class 

(b) metals (Hg notwithstanding), offer a favorable prospect for its utilization in chemical 

production from widely distributed natural gas with minimal infrastructure reliance. 
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3.2 Experimental 

Chemicals and materials  

All reagents were used without further purification unless otherwise specified and were obtained 

from Sigma-Aldrich, Inc., Thermo Fisher Scientific, Inc., or VWR International, LLC. Dimethyl 

sulfoxide-D6 (D, 99.9%) was attained from Cambridge Isotope Laboratories, Inc. Deionized (DI) 

water (18 MΩ cm−1 resistivity) was produced from the Milli-Q Water Purification System of 

Millipore. Chemically pure (CP) grade CH4 (Min. Purity 99.5%) and ultra-high-purity (UHP) 

grade N2 (Min. Purity 99.999%) were supplied by Airgas, Inc. 13C labeled methane (13CH4 99%; 

99 atom% 13C) was purchased from the Sigma-Aldrich.  

Chemical characterizations 

Ultraviolet-visible (UV-Vis) spectra at room temperature were processed through Agilent Cary 

60 UV-Vis spectrophotometer. Temperature-dependent UV-Vis spectra were obtained by 

JASCO V770 UV-Visible/NIR spectrophotometer with accessory ETCS-761. 1H-NMR and 13C 

NMR spectra were recorded on Bruker Avance spectrometer (400 MHz). Electron paramagnetic 

resonance (EPR) was performed on a Bruker EMX X-band continuous-wave (CW) EPR 

spectrometer. The products in the gas phase were detected online by an SRI multiple gas 

analyzer #5 gas chromatograph (GC), 8610C, fabricated with 3 S.S. columns including one 18” 

Hayesep D, one 3’MS 5A, and one 6’ Hayesep D.  

Catalyst preparation 

Complex AgI sol, serving as the precatalyst AgI in the liquid phase, was prepared by dissolving 

silver (I) sulfate (AgI
2SO4) and sonicating in 98% H2SO4 with 2 h, and the corresponding 

solution was used as the working solution in bulk electrolysis. cAg, the bulk concentration of the 
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precatalyst AgI . Complex [AgII(HSO4)2]sol, serving as the active AgII species, was in situ 

electrogenerated from AgI at the anode (see the insets in Figure S2).  

Electrochemical characterizations 

All electrochemical experiments were recorded using Gamry Instruments Interface 1000E 

potentiostat. Fluorine-Tin-Oxide (FTO) Coated Glass Plates (TEC7) were purchased from 

Hartford Glass, Inc. Other electrodes were purchased from CH Instruments, Inc. unless otherwise 

indicated. A three-electrode setup was applied with an FTO glass working electrode, a Ag wire 

pseudo-reference electrode and a Pt wire counter electrode (Figure S5). The FTO working 

electrode was manufactured by connecting tungsten wire (0.01" diameter) to it and binding 

Teflon tapes so that the exposed surface area was 1 cm × 1 cm. The Ag wire pseudo-reference 

electrode was fabricated by dipping the Ag wire into a Ag2SO4 (98% H2SO4) solution in a glass 

tubing sealed with a porous tip. The AgI solution in the glass tubing had the same cAg as the 

working solution used in bulk electrolysis. The Ag wire pseudo-reference electrode was 

calibrated to a Hg2SO4/Hg (saturated K2SO4) reference electrode by measurement of open-circuit 

potential (OCP). The conversion is E (V vs Hg2SO4/Hg) = E (V vs Ag) + OCP, where the OCP 

value is dependent on cAg (for cAg = 0.1 mM, OCP ~ −340 mV vs Hg2SO4/Hg; for cAg = 10 mM, 

OCP ~ −270 mV vs Hg2SO4/Hg). The working solution was saturated by continuously bubbling 

N2 or CH4 into the cell with the use of a mass flow controller acquired from Omega Engineering, 

Inc. FMA5510A. iR compensation was conducted for all measurements. The experiments at 

elevated absolute pressures of CH4 (pCH4) was conducted by inserting the electrochemical cell 

into a custom-designed setup composed of a pressure vessel with two gas tubings and three 

electric feedthroughs (Parr Instrument, Series 4600, 1000 mL) (Figure S1). In this setup, pCH4 
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was controlled between 0 and 165 psi, and a constant gas flow was maintained by the mass flow 

controller during the electrolysis. 

Cyclic voltammetry  

CV data were recorded using an FTO working electrode, a Ag wire pseudoreference electrode, 

and a Pt wire counter electrode. A 4 mL solution of cAg = 10 mM in 98% H2SO4 was placed in a 

single chamber and sealed in the high-pressure reactor. The working solution was first saturated 

by bubbling N2 for 20 min with the assistance of stirring (150 rpm) to ensure no O2 remained in 

the solution. CV data were then recorded in elevated pCH4 with various scan rates (v). Based on 

the Randles–Sevcik equation, the diffusion coefficient of the electroactive species (D) was 

calculated from the anodic peak current densities (jp,a) at various scan rates in N2 (pCH4 = 0) (see 

Figure 2b in the main text). When elevating pCH4, the system was allowed to equilibrate at each 

pCH4 for 20 min before scanning the CV curves. A series of CVs were thus collected covering 

various pCH4 (from 0 to 165 psi) with different scan rates (from 5 to 1000 mV/s) and iR-

compensated (Figure S4). Numerical simulations of the cyclic voltammograms when cAg = 10 

mM in N2 were conducted with DigiElch 8 Professional. The detailed parameters are shown in 

Table S1 and S2 

Bulk electrolysis 

A 1 mL sample of the pre-electrolyzed solution was reserved for the following product analysis. 

A 5 mL solution of AgI in 98% H2SO4 was placed in each chamber of an H-cell, where a Nafion 

117 membrane was used as the separator, an FTO glass slide as the working electrode, an Ag 

wire as the pseudo-reference electrode, and a Pt wire as the counter electrode (Figure S5). The 

H-cell was then inserted into the high-pressure reactor. The working solution was first saturated 
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by bubbling atmospheric N2 (pCH4 = 0) with a flow rate of 10 standard cubic centimeters per 

minute (sccm) to ensure no O2 remained in the solution. Chronoamperometry was conducted for 

3 h, meanwhile, CH4 was bubbled into the solution with the assistance of stirring (150 rpm). The 

flow rate of CH4 was 7.2 sccm if pCH4 = 15 psi (1 atm), or several tens of standard cubic 

centimeters per minute if pCH4 elevated. Note that the pressure should be equilibrated for 20 min 

before electrolysis, especially for the reaction under high pCH4. The post-electrolyzed solution 

was analyzed by 1H-NMR spectroscopy and compared with the pre-electrolyzed solution (see 

Figure 3a in the main text and Figure S6a). 

Double potential step chronoamperometry 

A 4 mL solution of cAg = 10 mM in 98% H2SO4 was placed in a single chamber and sealed in the 

high-pressure reactor. The pressure-dependent chronoamperometry was conducted with the 

applied potential E1 = 2.0 V vs Hg2SO4/Hg for 40 s followed by E2 = 0.75 V vs Hg2SO4/Hg for 

another 40 s (0.1 s as a sample period). The system was allowed to equilibrate at each pCH4 for 20 

min before the chronoamperometry. The observed rate constants (kobs,t) and turnover frequencies 

(TOFs) were then derived from fitting the linear region of j (t)/j0 (t) vs t1/2 , where j0 (t) is the 

current density of pCH4 = 0, j (t) is the one of pCH4 ≠ 0, j(t)/j0(t) is the normalized current density, 

and t is time (see Figure 6 in the main text and Table S11). 

Product analysis  

Characterization and quantification of liquid products: After 3 h product accumulation, 

quantitative 1H-NMR was conducted to analyze the products in the liquid phase. The NMR 

sample was prepared by mixing a 0.4 mL aliquot of the post-electrolyzed solution with 0.1 mL 

d6-DMSO, in which acetic acid (AcOH) was used as the internal standard. The mixed NMR 
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sample contained 1 mM AcOH. A working curve was plotted by calibrating the linearity of the 

concentration of methyl bisulfate (cMHS) and its relative peak area with respect to AcOH (Figure 

S6d). Here, chemical shift (δ) was expressed in parts per million (ppm). When using electrolytes 

of 98% H2SO4, a singlet peak at 3.34 ppm was assigned to methyl bisulfate (MHS) with two 

satellite peaks appearing on either side of the main peak, whereas the singlet peak at 1.96 ppm 

was assigned to AcOH. No liquid products other than MHS were observed in 98% H2SO4. When 

using electrolytes of oleum (referring to the solution of sulfur trioxide in sulfuric acid, 20% free 

SO3 basis), another product in the liquid phase, methane sulfonic acid (MSA), was observed after 

electrolysis (Figure S6c). 

Solubility estimation 

The singlet peak at −0.47 ppm in 1H-NMR spectrum was assigned to CH4 in 98% H2SO4. We 

observed the concentration of CH4 in post-electrolyzed solution in the atmosphere on the order of 

0.1−1 mM by 1H-NMR. However, it is very difficult to accurately measure the solubility of CH4 

in liquids under a specific reaction condition due to some complicated behaviors.[1] Here we used 

the reported CH4 concentration in aqueous solution at steady state[2] to estimate the order of CH4 

solubility under different pressures according to Henry’s law. The CH4 solubility in aqueous 

solution was estimated to be 9 mM under 165 psi CH4 and 0.8 mM under 15 psi CH4 in aqueous 

solution. Even though water and 98% H2SO4 are both protic media, the CH4 solubility in 98% 

H2SO4 should be lower than the one in an aqueous solution due to the polarity difference of 

solvent. 

Detection of gas products 
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Gas chromatographs were collected online by a thermal-conductivity detector (TCD) and a 

flame-ionization detector (FID) (with a methanizer). The outlet gas flow, together with the 

products from the anodic compartment, was vented directly into the sampling loop of the GC. 

The instrument was operated with a temperature profile from 50ºC to 270 ºC, and a flow rate of 

40 mL/min at 15 psi with Ar carrier gas. Outlet gas components were analyzed before the bulk 

electrolysis, during the electrolysis, and at the end of the electrolysis for comparison. 

Spectroscopy characterizations and analysis 

Identification of the active species: A 5 mL colorless solution of cAg = 30 mM in 98% H2SO4 

was placed in each chamber of an H-cell, where a Nafion 117 membrane was used as the 

separator, an FTO glass slide as the working electrode, a Ag wire as the pseudo-reference 

electrode, and a Pt wire as the counter electrode. After electrolysis for 30 min in N2, the working 

solution became yellow while the counter solution remained colorless (see inset of Figure 3d in 

the main text). S7 Some dark yellow precipitates were formed at the anode due to the high local 

concentration of the electrogenerated AgII species. Such precipitates were tentatively assigned as 

AgII(HSO4)2.
[3] An aliquot of the post-electrolyzed solution was immediately analyzed with UV-

Vis spectroscopy at room temperature. UV-Vis spectrum was measured every 1 min to track the 

degradation of electrogenerated AgII species (solvent oxidation, Figure S8a). We also obtained 

the timedependent UV-Vis spectra of commercial AgO dissolved in 98% H2SO4 (Figure S8b). 

The similar profiles of these two solutions suggested that the post-electrolyzed solution contains 

the same AgII complex as the AgO solution, and henceforth the AgO solution would be referred 

to as the postelectrolyzed solution, of which the equivalence is noted in literature.[4] The AgO 

solution would then be analyzed by EPR and temperature-dependent UV-Vis spectroscopy. 
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EPR of AgII in 98 % H2SO4: EPR was performed on a Bruker EMX X-band continuous-wave 

(CW) EPR spectrometer. The commercial AgO was dissolved in 98 % H2SO4 at room 

temperature and transferred into the EPR tube. The solution was immediately frozen at 77 K 

(liquid nitrogen) and then measured by EPR. The microwave frequency was 9362.304 MHz and 

the power was 2 mW. The g-tensor could be converted from magnetic field by using the 

following equation[5] (see Figure 3e in the main text): 

g = 0.71557 × 9362.304 (MHz) ÷ Magnetic field (Gauss) 

Caution! The volume of 98% H2SO4 could expand at such low temperature, leading to the 

breaking of the EPR tube. 

Kinetic analysis with temperature-dependent UV-Vis spectroscopy  

A thermostatted cell holder was assembled to JASCO V-770 UV-Visible/NIR spectrophotometer 

to achieve a suitable temperature range (from 298K to 328 K). The temperature was equilibrated 

before scanning each spectrum. The AgO solution was freshly prepared, of which the 98% 

H2SO4 solvent was preequilibrated to a certain temperature and pre-saturated with N2 or CH4. 

The thermal decay process of AgII to AgI (solvent oxidation) at a certain temperature was tracked 

by monitoring the decreasing absorbance of AgO solution at 364 nm, where the blanket of N2 

gas was maintained above the solution. The overall reaction of CH4 with AgII (CH4 activation 

and solvent oxidation) at a certain temperature was monitored by measuring the absorbance of 

AgO solution at 364 nm, where the blanket of CH4 was maintained above the solution and 

continuously supplied from the gas source outside the cell with a slow mass flow rate. Each 

measurement might take up to 1000~1200 s to record the complete time trace till the absorbance 

at 364 nm (A364) dropped to zero. While the kinetic may deviate from a pseudo-first-order kinetic 
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on AgII at later stage of characterization due to CH4’s limited solubility, the initial kinetics of 

each trace were tested to be first-order kinetic as alternative reaction orders yielded 

unsatisfactory results (data not shown). In the following analysis, only the initial kinetic traces 

reflective of a pseudo-first-order kinetic on AgII were considered. 

Here, we used the absorbance at 364 nm (A364) to represent the concentration of reactant AgII 

([AgII]) according to Beer-Lambert Law: 

𝐴364 = ε𝑙[AgII] 

where  is the molar absorption coefficient, and l is the optical path length. 

Based on the temperature-dependent decay profiles, the rate constants for chemical processes at 

different temperatures could be obtained by fitting the exponential rate law of (pseudo-)first-

order reaction: 

[AgII] = [AgII]0 × 𝑒 − 𝑘𝑡 

𝐴364 = 𝐴364,0 × 𝑒 −𝑘𝑡 

where t is time, [AgII]0 is the initial concentration of AgII (t = 0), A364,0 is the initial absorbance at 

364 nm (t = 0), and k is the corresponding rate constant of (pseudo-)first-order reaction. Other 

kinetic equations[6] for zero-order reaction and second-order reaction have also been tested, 

however, giving bad fitting results. 

Especially, for the pure solvent oxidation process, the kinetic equation could be represented by: 

𝐴364 = 𝐴364,0 × 𝑒 −𝑘𝑠𝑜𝑙𝑡 

then take the natural log of both sides to obtain: 
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ln(𝐴364) = ln(𝐴364,0) − 𝑘𝑠𝑜𝑙 𝑡 

ln(𝐴364/𝐴364,0) = − 𝑘𝑠𝑜𝑙 𝑡 

suggesting that the plot of ln(A364/A364,0) vs t should yield a straight line with a slope of −ksol. 

As for the overall reaction of CH4 with AgII, it is composed of two parallel reactions including 

solvent oxidation and CH4 activation. Their kinetics hold: 

solvent oxidation: 𝑟𝑎𝑡𝑒sol = 𝑘sol[AgII] 

CH4 activation: 𝑟𝑎𝑡𝑒CH4 = 𝑘CH4 [CH4 ][AgII] = 𝑘obs,s [AgII] 

overall reaction: 𝑟𝑎𝑡𝑒overall = (𝑘obs,s + 𝑘𝑠𝑜𝑙)[AgII] 

where kCH4 is the bimolecular rate constant of CH4 activation, kobs,s is its pseudo-first-order rate 

constant derived from absorption spectroscopy (hence the subscript “s”), and [CH4] is the 

concentration of CH4 dissolved in 98% H2SO4, which is on the order of 0.1−1 mM at 298 K 

under 15 psi according to NMR measurements. 

Similarly, the kinetics of the overall reaction in CH4 could be represented by: 

𝐴364 = 𝐴364,0 × 𝑒 −(𝑘𝑜𝑏𝑠,𝑠
+𝑘𝑠𝑜𝑙)𝑡 

ln(𝐴364/𝐴364,0) = −(𝑘𝑜𝑏𝑠,𝑠 + 𝑘𝑠𝑜𝑙) 𝑡 

which gives the (kobs,s+ksol) value by fitting the above function of t and also gives the kobs,s value 

by ruling out ksol from (kobs,s+ksol) (Table S10). 

The activation energies of solvent oxidation (Ea,sol) and CH4 activation (Ea,CH4) were directly 

fitted by taking the natural logarithm of the Arrhenius equation (see Figure 5f in the main text): 
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ln(𝑘) =  −
Ea

𝑅
(

1

𝑇
) + ln (𝐴)  

where Ea is the activation energy of either solvent oxidation or CH4 activation, R is the gas 

constant, T is the temperature of the experiment, and A is the pre-exponential factor. Note that 

the concentration of CH4 in 98% H2SO4 was assumed to be a constant within the range of 

applied temperatures under ambient pressure. 

Electrokinetic analysis 

Determination of diffusion coefficient (D): As mentioned before, the diffusion coefficient for 

electroactive species (D) was derived from the CV curves of different scan rates.[7] Data 

processing was based on the Randles–Sevcik equation:  

S10  𝑗𝑝,𝑎 = 0.4463 (𝑛𝐹)3/2(𝑅𝑇)−1/2𝑐𝐴𝑔(𝑣𝐷)1/2 

where jp,a is the anodic peak current density, n is 1 for one-electron transferred redox process, F 

is the Faraday’s constant, cAg is the bulk concentration of catalyst (10 mM), v is the scan rate, R 

is the gas constant (8.314 J mol−1 K −1 ), and T is the temperature of the experiment (298 K). D 

was thus extracted from the slope of linear fitting of jp,a versus v1/2 (Figure 2d). D is 2.8 × 10−7 

cm2 ·s‒1 in 98% H2SO4. 

Determination of Faradaic efficiency (FE): To evaluate the selectivity of electrocatalyzed CH4 

functionalization, the Faradaic efficiency (FE) of bulk electrolysis was determined by the 

following relationship: 

𝐹𝐸 =
𝑛𝐹𝑐𝑀𝐻𝑆𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑒𝑠

𝑄𝑜𝑣𝑒𝑟𝑎𝑙𝑙
 𝑥 100% 
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where F is the Faraday’s constant (96,485 C/mol), cMHS is the concentration of MHS determined 

by quantitative 1H-NMR, Velectrolytes is the volume of working solution used in bulk electrolysis (5 

mL), and the Qoverall is the total electric charges integrated from chronoamperometry. The 

constant n indicates the number of transferred electrons in electrochemical reaction if one 

equivalent of product is formed. In this case, n is 2 for the oxidation of CH4 to MHS. 

Determination of partial current density (jCH4) To evaluate the activity of electrocatalysis, the 

partial current density of MHS generation (jCH4) was chosen to represent the reaction rate of CH4 

activation. It has a relationship with total current density (jtot):  

𝑗𝐶𝐻4 = 𝑗𝑡𝑜𝑡 × 𝐹𝐸 

where FE is the Faradaic efficiency. 

Determination of apparent rate constant (kobs) and turnover frequency (TOF): 

Method 1: See derivation of kobs,s in above section Kinetic analysis with temperature-dependent 

UV-Vis spectroscopy.  

Method 2: The apparent rate constant (kobs,b) of bulk electrolysis was calculated based on the 

following equation[8]:  

S11      𝑘𝑜𝑏𝑠,𝑏  = (
𝑗𝐶𝐻4

𝑛𝐹𝑐𝐴𝑔
)2𝐷−1  

Method 3: The value of kobs,t under various pCH4 can be obtained from double potential step 

chronoamperometry (Figure 6 in the main text and Table S11). kobs,t at different pCH4 was derived 

by fitting the linear region of j (t)/j0 (t) vs time1/2 according to the following equation[9] (Figure 

6b):  
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𝑗(𝑡)

𝑗0(𝑡)
= √𝜋𝑘𝑜𝑏𝑠,𝑡√𝑡    

where j is the current densities recorded in CH4 (pCH4 ≠ 0), j0 is the current densities recorded in 

N2 (pCH4 = 0), and t is time. Here CH4 activation is a bimolecular reaction and its rate constant 

(kcat) can be obtained by plotting kobs,t versus pCH4 (Figure 6c): 

𝑘𝑜𝑏𝑠,𝑡 = 𝑘𝑐𝑎𝑡 × 𝑝𝐶𝐻4 

and the slope gives kcat. 

Determination of turnover number (TON): The turnover number (TON) of each experiment was 

calculated from kobs,b according to the equation[8a, 8b]: 

𝑇𝑂𝑁 =  
𝑛𝑀𝐻𝑆

(𝐴)(𝑐𝐴𝑔)
√

𝑘𝑜𝑏𝑠,𝑏

𝐷
 

in which nMHS is the accumulative amount of MHS, A is the area of the working electrode, cAg is 

the bulk concentration of the catalyst, D is the diffusion coefficient of catalyst, and kobs,b is the 

apparent rate constant. This method was employed in Figure 4b in the main text, Table S4, and 

Table S7. 

Estimation of FE(pCH4, T): Theoretically, FE should be equal to the percentage of 

electrogenerated AgII involved in CH4 activation if we consider solvent oxidation as the only 

side reaction when estimating the achievable value of FE. Therefore, theoretical FE, as a 

function of pCH4 and T, can be defined by the following equation: 

𝐹𝐸(𝑝𝐶𝐻4, 𝑇) =  
𝑅𝑎𝑡𝑒𝐶𝐻4

𝑅𝑎𝑡𝑒𝐶𝐻4 +  𝑅𝑎𝑡𝑒𝑠𝑜𝑙
 

considering the kinetics of CH4 activation holds: 
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𝑟𝑎𝑡𝑒CH4 = 𝑘CH4 (𝑇)[CH4 ][AgII] 

and the kinetics of solvent oxidation holds: 

𝑟𝑎𝑡𝑒sol = 𝑘sol(𝑇)[AgII] 

then FE should be equal to: 

𝐹𝐸 (𝑝𝐶𝐻4, 𝑇) = 
𝑘𝐶𝐻4 (𝑇)[𝐶𝐻4 ][𝐴𝑔𝐼𝐼]

𝑘𝐶𝐻4(T)[CH4][AgII] + k𝑆𝑜𝑙(T)[AgII]
 

Eliminate [AgII] from the numerator and denominator: 

𝐹𝐸 (𝑝𝐶𝐻4, 𝑇)  =  
𝑘𝐶𝐻4(𝑇)[𝐶𝐻4]

𝑘𝐶𝐻4𝐶𝐻4 (𝑇)[𝐶𝐻4]  +  𝑘𝑆𝑜𝑙(𝑇)
 

and simplify the above equation with 𝑘obs(𝑝𝐶𝐻4, 𝑇) = 𝑘CH4 (𝑇)[CH4 ], we get the following 

relationship: 

𝐹𝐸 (𝑝𝐶𝐻4, 𝑇)  =  
𝑘𝑜𝑏𝑠(𝑝𝐶𝐻4, 𝑇)

𝑘𝑜𝑏𝑠(𝑝𝐶𝐻4𝐶𝐻4, 𝑇)  +  𝑘𝑠𝑜𝑙(𝑇)
  

Thanks to the well-known relationship between temperature and rate constant described by 

Arrhenius equation: 

ln (
𝑘2

𝑘1
)  =  − 

𝐸𝑎

𝑅
 ( 

1

𝑇2
 −  

1

𝑇1
 ) 

and rearrange the above equation as: 

𝑘2 = (𝑘1) 𝑒
−𝐸𝑎 

𝑅
(

1

𝑇2
 − 

1

𝑇1
 )
 

giving the strategy to derive an unknown rate constant (k2) at temperature (T2) by using a 

measured rate constant (k1) at temperature (T1). 
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Thus, kobs(pCH4, T) can be derived from kobs,t(pCH4, 298) fitted from double potential step 

chronoamperometry at 298 K (using polynomial regression (R2=0.99956) on Figure 6c to 

approach the real), and Ea,CH4 measured by UV-vis absorption spectroscopy (Figure 5f): 

𝑘𝑜𝑏𝑠(𝑝𝐶𝐻4, 𝑇) = 𝑘𝑜𝑏𝑠,𝑡 (𝑝𝐶𝐻4, 298)𝑒
−𝐸𝑎,𝐶𝐻4 

𝑅
(

1

𝑇
−

1

298
)
 

analogously, ksol(T) can be derived from ksol(298) and Ea,sol, which are extracted from the 

UV-vis absorption spectroscopy results: 

𝑘𝑠𝑜𝑙(298) = 𝑘𝑠𝑜𝑙(298) 𝑒
−𝐸𝑎,𝑠𝑜𝑙 

𝑅
(

1

𝑇
−

1

298
)
 

and the general form of FE(pCH4, T) is therefore given by the following equation: 

𝐹𝐸(𝑝𝐶𝐻4, 𝑇) = 
𝑘𝑜𝑏𝑠,𝑡 (𝑝𝐶𝐻4 ,298) 𝑒

−𝐸𝑎,𝐶𝐻4 
𝑅

(
1
𝑇

−
1

298
)

𝑘𝑜𝑏𝑠,t (p𝐶𝐻4,298)𝑒
−𝐸𝑎,𝐶𝐻4 

𝑅
(

1
𝑇

−
1

298
)

+𝑘𝑠𝑜𝑙298𝑒
−𝐸𝑎,𝑠𝑜𝑙 

𝑅
(

1
𝑇

−
1

298
)
 

See Figure 8 in main text and Table S13 for the estimated FE trend with respect to pCH4 and T. 

3.3 Results and Discussion  

Cyclic voltammograms under various pCH4 values in 98% H2SO4 support an electrocatalytic 

activation of CH4 with AgI as the pre-catalyst. Experiments of cyclic voltammetry were 

conducted with 5 mM Ag2SO4 in 98% H2SO4 (cAg = 10 mM), under a single-chamber three-

electrode setup at 258 oC (298 K) in a pre-defined pressure (Supporting Information, Figure S1), 

with fluorine-doped tin oxide (FTO) glass as an innocent working electrode.[2a, 9d] Figure 2a 

shows the lack of features in voltammogram (j-E relationship) without the addition of Ag2SO4 

(yellow trace). In N2 , voltammograms of AgI solution displayed an oxidative charge transfer 

peaking at Ep,a = 1.82 V (all potentials are reported vs. Hg2SO4 /Hg electrode if not mentioned) 

before the onset of solvent oxidation at around 2.1 V (Figure 2 a and b).[17,19b] The corresponding 
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reduction peak of the electrochemically generated oxidant is observed predominantly at 1.08 V, 

albeit a minute peak dependent on scan rate (Figure 2b and c) and cAg (Figure S2) is visible at 

1.52 V. The reductive peak at 1.08 V is assigned as a direct reduction of AgII into AgI . [19b] The 

secondary one at 1.52 V is suggested as the reduction of bisulfate radicals (HSO4
●) 

homogenously generated from the Ag-bound bisulfate ligand (HSO4
● ) via a ligand-metal charge  

 

Figure 3.2: a) j-E plot when cAg=10 mM with increasing pCH4 (red to blue traces) and the result 

without Ag in N2 (yellow trace, “blank in N2”). b) j-E plot when cAg=10 mM in N2 with various 

scan rates (v). c) j/v1/2 –E plot from results shown in (b). d) The plot of anodic peak current 

density (jp,a) versus v1/2 from results shown in (b) and (c). D, the calculated diffusion coefficient. 

e) Enlarged j-E plot in (a) at around 1.5 V. f) j-E relationship when cAg=3 mM with increasing 

pCH4 . Unless noted, room temperature, 98% H2SO4 electrolyte, v=100 mVs-1 , and iR-

compensated. 
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transfer (LMCT),[19b, 24] which helps explain why the integrated reductive charge is smaller than 

the oxidative one. We observed that the reaction kinetic responsible to the reductive peak at 1.52 

V is sluggish since this peak is much less visible at a higher scan rate in Figure 2 b and c. Despite 

the noted complication of reductive behavior, the single-electron oxidation peak from AgI to AgII 

yields a satisfactory linear relationship in the Randles–Sevcik analysis[25] (Figure 2 c and d) with 

a diffusion coefficient of 2.8 X 107 cm2 s-1 . Additional numerical simulation of cyclic 

voltammetry, whose details are listed in Figure S3, Table S1, and Table S2, not only supports the 

obtained value of diffusion coefficient but also suggests a quasi-reversible electrochemical 

oxidation of AgI as a desirable E step in an EC’ mechanism with a charge-transfer rate constant 

(ks) of 3 X 10-6 cm s-1 . When the N2 environment was switched to CH4 , a pCH4 -dependent 

change in the voltammograms was observed (Figure 2 a and S4). The current density of AgI 

oxidation increases with higher pCH4 values, along with the decrease of reductive current density 

peaking at 1.08 V. In addition, a noticeable disappearance of the reductive peak at 1.52 V was 

observed in CH4 (Figure 2 e). As higher pCH4 values correlate with higher CH4 concentrations in 

the electrolyte, the observed change in voltammograms is consistent with a hypothesized EC’ 

mechanism mediated by electrogenerated AgII (Figure 1 c), in which the increased oxidative 

current density stems from the regenerated AgI near the electrode after an oxidative CH4 

activation. The disappearance of reductive peak at 1.52 V in CH4 suggests that CH4 

competitively reacts with AgII metalloradical in lieu of LMCT on the HSO4 ●  ligand, hinting the 

presence of a radical-based reaction pathway. We note that at room temperature CH4 only 

possesses a solubility of about 0.8 mM at ambient pressure and less than 9 mM at the highest 

tested pressure (pCH4 = 165 psi, see the Supporting Information), a concentration smaller than the 



56 

 

cAg used in Figure 2 a to e (cAg = 10 mM). This suggests mass transport of CH4 may limit the 

catalytic response shown in Figure 2 a. Evidently, when cAg = 3 mM, j-E relationship displays a 

more pronounced catalytic current of CH4 activation, even at ambient pressure (15 psi) (Figure 2 

f). This confirms that the electrocatalytic behavior in cyclic voltammetry is limited by the 

solubility of CH4 and electrogenerated AgII is ambiently reactive towards CH4 .  

 

Figure 3.3: a) 1H-NMR spectra of solutions after a 3-h electrolysis with cAg=10 mM in CH4 

(blue) and N2 (red) or cAg= 0 mM in CH4 (yellow). E=1.637 V; *, Acetic acid as internal 

standard; [D6 ]DMSO. b) The evolution of electric charges (blue) and CH3OSO3H concentration 

(cMHS, red) during a 12-h electrolysis. 25 oC; cAg= 10 mM; E = 1.602 V. c) 13C-NMR spectra of 

solutions after a 3-h electrolysis with cAg = 3 mM in 13CH4 (red) and CH4 of natural abundance 

(blue). [D6 ]DMSO; E = 1.637 V. d) UV/Vis spectra of the pre-catalyst AgI (red), 
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electrogenerated AgII (blue), and AgO dissolved in 98% H2SO4 (yellow). The inset shows the 

yellow colored electrogenerated AgII. e) EPR spectrum of AgO in 98% H2SO4 (77 K). 

 

The proposed electrocatalytic CH4 activation is corroborated by analyzing the solution after 

electrolysis via 1H nuclear magnetic resonance (1H-NMR) spectroscopy. Room-temperature 

preparative bulk electrolysis (t = 3 h) was conducted at cAg = 10 mM in a two-chamber three-

electrode setup (Figure S5), and the composition of the resultant electrolyte in the anodic 

chamber was analyzed by 1H-NMR spectroscopy. Electrolysis at E = 1.637 V and pCH4 = 15 psi 

(ambient pressure) leads to the emergence of a peak at chemical shift d = 3.34 ppm in 1H-NMR 

spectra (blue trace in Figure 3 a), consistent with a presumed formation of CH3OSO3H (Figure 

S6a). CH3OSO3H formation was not observed either in N2 with AgI or in CH4 devoid of AgI (red 

and yellow trace in Figure 3 a, respectively). The amount of generated CH3OSO3H is 

proportional to the amount of electric charge passed and linear to t up to 12 h when E = 1.602 V 

(Figure 3 b). This suggests that the CH3OSO3H production is persistent in CH4 . Attempts of 

detecting gas phase products with an online gas chromatograph (Figure S1a) did not find any 

detectable CO, CO2 , and other carbon-based products (Figure S7). 13C isotope-labeling 

experiment with 13CH4 in electrolysis led to a signal at d = 58.6 ppm in 13C-NMR spectrum 

hence 13CH3OSO3H formation, which was not observable under CH4 of natural isotope 

abundance (Figure 3 c). Those data support an electrocatalytic functionalization of CH4 into 

CH3OSO3H with minimal carbon-based side products.  

Additional experimental data support a CH4 -activating electrocatalysis mediated by AgII. Visual 

inspection during electrolysis unveiled a yellow hue in solution near the FTO electrode under 

potentials anodic enough to produce AgII (insets in Figure 3 d and S2), which faded away after 
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the termination of electrochemical oxidation. UV/Vis spectroscopy recorded an absorption peak 

at 364 nm with a shoulder around 700 nm (blue trace in Figure 3 d) that existed for more than 10 

min after electrolysis (Figure S8a). Such absorption features are distinct from the stable spectrum 

of AgI (red trace in Figure 3 d) and identical to the one of commercially available AgO dissolved 

in 98% H2SO4 (yellow trace in Figure 3 d and more in Figure S8b). In the solution of AgO, a 

distorted octahedral AgII metalloradical depicted in Figure 1 c is confirmed via electron 

paramagnetic resonance (EPR) spectroscopy[19b, 26] with our measured spectrum at 77 K (Figure 

3 e; g1 = 2.07, g2 = 2.09, g3 = 2.43). Given the similar optical spectra, we deemed that AgII 

metalloradical is generated upon electrochemical oxidation. Moreover, we found that the 

solution of AgO is reactive towards CH4 ambiently and yields CH3OSO3H, albeit with weaker 

reactivity (Figure S6b). This observation supports our initial inspiration that AgII as a soft Lewis 

acid is reactive towards CH4 and corroborates our proposed EC’ mechanism mediated by AgII 

(Figure 1 c). Last, when oleum (20% free SO3 basis) was employed as the electrolyte, the 

predominant product was methanesulfonic acid (CH3SO3H) with a minute amount of 

CH3OSO3H (31:1 ratio) (Figure S6c). The detection of CH3SO3H from oleum suggests that 

electrolysis generates SO3 -reactive CH3 C, [7a] consistent with the implication from HSAB 

theory due to CH3
●’s softness (Figure 1 a).  

We evaluated the reactivity of CH4 activation as a function of electrochemical potential E, CH4 

pressure pCH4 , and electrolysis duration t. When cAg = 0.5 mM and pCH4 = 15 psi, the partial 

current density (jCH4 ) and the Faradaic efficiency (FE) of CH3OSO3H formation, quantified by 

1H-NMR (Figure S6d, Table S3), are displayed against E in Figure 4 a. CH3OSO3H formation 

takes place when E > 1.5 V, concurrent with AgII generation in Figure 2 b. A near-plateaued jCH4 

at higher E contributes to a maximal FE of 36.2% at 1.662 V when cAg = 0.5 mM (Figure 4 a). 
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This observed optimum of electrocatalytic CH4 functionalization is about 600 mV more cathodic 

than our previously reported vanadium-oxo electrocatalyst[2a] and comparable with the Pd-based 

ones in literature. [9] As the observed jCH4 plateau does not change significantly when cAg = 10  

 

Figure 3.4: a) Partial current density (jCH4 , red) and Faradaic efficiencies (FE, blue) as a 

function of E. t = 3 h. b) Concentration of accumulated CH3OSO3H (cMHS, yellow), FE (blue), 

and turnover numbers (TONs, red) at different values of pCH4 , t, and cAg. E = 1.737 V; *, 

Multiplied by a factor of 10. c) The plot of log10(jCH4 ) versus log10(pCH4 ). E=1.737 V. d) The 

plot of log10(jCH4 ) versus log10(cAg). pCH4 =15 psi; E = 1.637 V. e) The plot of log10(jCH4 ) versus 

E. pCH4 = 15 psi. Each data point is the average of at least two or three independent 

measurements. 25 oC. 
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mM (Figure S9, Table S3), it is the mass transport of CH4 that limits both the jCH4 and FE since 

AgII seems highly reactive towards CH4 and CH4’s solubility is about 0.8 mM ambiently (see the 

Supporting Information).[27] Additional evaluation was conducted under elevated pressures when 

cAg = 0.5 (entry 1 to 4) and 3 mM (entry 5 to 10) in Figure 4 b. When t = 3 h (entry 1 to 8 in 

Figure 4 b), increasing pCH4 leads to increased FE and jCH4 and results in a maximal FE of 72.1% 

at cAg = 0.5 mM, pCH4 = 85 psi, and E = 1.737 V (Table S4). When pCH4 = 15 and 85 psi, our 

reported data suggest a full-cell voltage of 1.07 and 1.15 V, respectively, for an electricity-driven 

CH4 functionalization with the reduction O2 into H2O as the reduction half-reaction, in 

comparison to the thermodynamic driving force of 0.48 V and 0.50 V based on our calculation 

(Table S5). The ideal energy input, assuming a unity of FE, is 210 and 220 kJ molCH4
-1 (Table 

S6) when pCH4 = 15 and 85 psi, respectively, in the context of a lower heating value (LHV) of 

802 kJ molCH4 
-1 for CH4 . Comparing the results when cAg = 0.5 (entry 1 to 4) and 3 mM (entry 5 

to 10) in Figure 4 b, higher cAg values increase CH3OSO3H concentration (cMHS) yet lower FE 

values, likely due to the CH4’s limited solubility. Extending t from 3 h to 72 h yielded cMHS > 25 

mM when cAg = 3 mM (25 oC, pCH4 = 125 psi, and E = 1.737 V; entry 9 and 10 in Figure 4 b, 

S10, and Table S7). While there remains much room for optimization, the reported values of FE 

and cMHS illustrate the favorable intrinsic activity and practical usability of this ambient 

electrocatalytic CH4 activation. 

Electrocatalytic kinetics was determined to be first-order on both CH4 and AgII with a turnover-

limiting CH4 activation and a high value of pseudo-first-order rate constant kobs. Devoid of mass-

transport complication, jCH4 as a surrogate of the CH4 -activation rate is found to be mostly linear 

with pCH4 . When cAg = 3 mM and E = 1.737 V, ∂log10(jCH4 )/∂log10(pCH4 ) = 0.78 (Figure 4 c, 

Table S4). Experiments with cAg as a proxy of electrogenerated AgII yielded ∂log10(jCH4 
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)/∂log10(cAg) = 1.00 when pCH4 = 15 psi and E = 1.637 V (Figure 4 d, Table S8). Those results 

suggest that the turnover-limiting step probably involves one equivalent of CH4 and AgII. 

Plotting log10(jCH4 ) versus E when cAg = 10 mM and pCH4 = 15 psi yielded a Tafel slope of 70.6 : 

4.8 mVdec-1 (Figure 4 e, Table S3). The obtained value of Tafel slope is in accordance with a 

proposed EC’ mechanism with a continuous regeneration of AgII (E step) and a turnover-limiting 

CH4 -activating C’ step (Figure 1 c), which predicts a theoretical value of 60 mV/dec for Tafel 

slope. [28] The obtained reaction kinetics on Ag enables us to calculate kobs,b as the pseudo-first-

order rate constant of CH4 activation,[29] frequently dubbed as turnover frequency, based on bulk 

electrolysis data (hence the subscript “b”).[2a, 30] At 25 oC, cAg = 0.5 mM, and E = 1.737 V, kobs,b 

reaches as high as 3.5 X 102 and 2.8 X 103 h -1 when pCH4 = 15 and 85 psi, respectively (Table 

S4). The values of kobs,b are on par with some of the best electrocatalysts for CH4 activation 

(Table S9).[2a, 9d, 11c] Furthermore, we calculated the effective turnover number (TON) of CH4 

activation, presented in Figure 4 b. [30a,b] Similarly due to CH4’s limited solubility (see above), 

higher cAg yielded lower TON when comparing between cAg = 0.5 (entry 1 to 4) and 3 mM (entry 

5 to 10) in Figure 4 b. Prolonged electrolysis increases the calculated TON values. When t = 72 h 

and pCH4 = 125 psi, TON tops 2.45 X 104 (entry 10 in Figure 4 b, Table S7) and no intrinsic issue 

seems to prevent the electrocatalytic system from keeping operation. The obtained TON value 

showcases the longevity of the discovered electrocatalyst. 

We found that CH4 activation is kinetically favored over the undesirable side reaction of solvent 

oxidation. In 98% H2SO4 electrogenerated AgII either activates CH4 or reacts with solvent 

possibly via a HSO4
● -yielding LMCT (see above). We quantitatively established a reaction 

model that includes two competing reaction pathways: CH4 activation and the undesirable 

solvent oxidation (Figure 5 a). The kobs,b calculated from bulk electrolysis offers the first 
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approach for elucidating the kinetics of CH4 activation branch (“method 1” in Figure 5 a). We 

also took advantages of the difference in optical absorption between AgI and AgII (Figure 3 d and 

S2) and the equivalent identity of AgII in the AgO solution and the post-electrolyzed AgI solution 

(Figure S8, see above), and henceforth employed the AgII’s absorbance at 364 nm (A364) of AgO  

 

Figure 3.5: a) A kinetic model that includes competing AgII-based solvent oxidation (1) and CH4 

activation (2), which were studied via steady-state bulk electrolysis (“method 1”), temperature-

dependent UV/Vis absorption spectroscopy (“method 2”), and double potential step 

chronoamperometry (“method 3”). (b to e) The time evolutions of AgII’s absorption spectra at 

298 K (b, d) and the logarithmic of normalized absorbance at 364 nm ln(A364/A364,0) under 

different temperatures (c, e) when pCH4 = 0 (b, c) and 15 psi (d, e). f) The logarithmic of pseudo-

first-order rate constant for solvent oxidation (ln(ksol), blue) and CH4 activation (ln(kobs,s), red) 
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versus the inverse of temperature (1/T). Ea,sol and Ea,CH4 , the calculated activation energies for 

AgII-based solvent oxidation and CH4 activation, respectively. 

 

solution to probe the transient of AgII at different temperatures (“method 2” in Figure 5 a, see the 

Supporting Information). When pCH4 = 0 psi, the initial decrease of A364 from AgII followed a  

 

Figure 3.6: a) Double potential step chronoamperometry at different pCH4 . E = 2.0 and 0.75 V 

for time t ∈ [0, 40 s] and t ∈ [40 s, 80 s], respectively; cAg = 10 mM. b) The plot of j(t)/j0(t) 

versus t1/2 based on the results in (a) at different pCH4 . j0 (t) and j(t), current densities at time t 

when pCH4 = 0 and pCH4 ≠ 0, respectively. c) Pseudo-first-order rate constant kobs,t for CH4 

activation extracted from the linear region in (b) as a function of pCH4 . 

 

first-order kinetics for solvent oxidation (Figure 5 b and c), which possesses a rate constant ksol = 

1.9 h -1 at 25 oC and an activation energy Ea,sol = 25.7 kcal mol-1 (Figure 5 f, Table S10). When 

pCH4 = 15 psi, the initial A364 decrease contributed from both solvent oxidation and CH4 

activation similarly followed a first-order kinetics and was much faster (Figure 5 d and e). The 

resultant pseudo-first-order rate constant of CH4 activation from absorption spectroscopy (hence 
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the subscript “s”) kobs,s = 88 h -1 at 25 oC with an activation energy Ea,CH4 = 13.1 kcal mol-1 

(Figure 5 f, Table S10). Furthermore, although our setup of UV/Vis absorption spectroscopy is 

unable to operate at elevated pressure, experiments of double potential step 

chronoamperometry[28] at higher values of pCH4 indicate that kobs is linearly dependent on pCH4 

(“method 3” in Figure 5 a). At a certain pCH4 value, E was first poised at 2.0 V to oxidatively 

generate AgII population near the electrode; then E was switched to 0.75 V at which potential the 

residual AgII that had not reacted was reduced back to AgI . Right after the potential application 

of 2.0 V on the electrode, current density j was recorded under different pCH4 (Figure 6 a). 

Qualitatively, the higher steady-state j(t) under higher pCH4 at 2.0 V indicates a CH4 -mediated 

electrocatalysis while the constant steady state j(t) at 0.75 V suggests that a Ag-based catalytic 

cycle imposes no loss of Ag in the solution. If j0(t) is denoted as the transient j(t) value when 

pCH4 = 0 psi, kobs,t based on such transient measurement (hence the subscript “t”) can be 

mathematically described: 

𝑗(𝑡)

𝑗0(𝑡)
= √𝜋𝑘𝑜𝑏𝑠,𝑡√𝑡 

The plots of j(t)/j0(t) versus t1/2 at various pCH4 values are displayed in Figure 6 b and the 

calculated kobs,t values are mostly linear to pCH4 (Figure 6 c, Table S11). The slope of kobs,t versus 

pCH4 , at a value of 2.8 X 10-4 psi-1 s-1 , yields kcat as the second-order rate constant of the 

bimolecular reaction between AgII and CH4 . The observed linear relationship between kobs,t and 

pCH4 offers another evidence that the AgII - based CH4 activation is the turnover-limiting step. 

Overall, the rate constants of AgII-based CH4 activation were determined via three independent 

methods (Figure 5 a): steady state bulk electrolysis (kobs,b), time-dependent absorption 

spectroscopy (kobs,s), and double potential step chronoamperometry (kobs,t). Notwithstanding the 
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values of kobs,s fetched when cAg > 10 mM, a satisfactory agreement was reached at low cAg value 

(Table S12). The larger rate constant and the lower value of activation energy for CH4 activation 

suggest that during ambient electrocatalysis CH4 functionalization is order-of-magnitude faster 

than the undesirable solvent oxidation 

Our results warrant a mechanistic discussion in this electrocatalytic CH4 activation inspired by 

HSAB theory (Figure 7). We showed that an electrochemical oxidation of AgI yields AgII 

metalloradical continuously (E step and route i in Figure 7). EPR spectroscopy supports AgII’s 

radical nature and the quasi-reversible oxidative charge transfer is supported by the successful 

application of Randles–Sevcik analysis and numerical simulation.[25] Without CH4 , AgII slowly 

undergoes solvent oxidation (route ii in Figure 7; ksol = 1.9 h -1 and Ea,sol = 25.7 kcal mol-1 at 25 

oC), possibly via a HSO4● -yielding LMCT[19b, 31] as evident in the reductive peak of 1.52 V in 

the cyclic voltammogram. The resultant HSO4● is proposed to further dimerize and yield 

persulfate, which eventually can disproportionate and generate O2 (Figure S11).[19b, 32] In CH4 , a 

turnover-limiting reaction between one equivalent of AgII and CH4 initiates CH4 activation (route 

iii in Figure 7). The first-order reaction kinetics for both AgII and CH4 has been supported by the 

near-unity values of ∂log10(jCH4 )/∂log10(pCH4 ) and ∂log10(jCH4 )/∂log10(cAg) in bulk electrolysis, 

the time-dependent change of A364 for AgII, and the experiments of double potential step 

chronoamperometry. The reported pseudo-first-order rate constant kobs = 3.5 X 102 or 88 h -1 

(kobs,b and kobs,s, respectively) at 25 oC and pCH4 = 15 psi with Ea,CH4 = 13.1 kcal mol-1 . The 

quantitative determination of reaction kinetics offers opportunities for additional understanding 

and design of the reported electrocatalytic system.  
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Figure 3.7: a) A proposed catalytic cycle. b) Individual steps i to v in the catalysis and the 

overall electrocatalytic oxidation reaction. TLS = turnover-limiting step 
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We pondered whether AgII is directly responsible to turnover-limiting C—H activation in CH4 

(C’ step and route iii in Figure 7) and the nature of reactions after CH4 activation during catalysis 

(route iv and v in Figure 7). We contend that HSO4● generated from the LMCT of Ag-bound 

HSO4—  has a minimal contribution, if any, in the turnover-limiting step of AgII-initiated CH4 

activation, not only because the inclusion of HSO4● will prevent a first-order kinetics for both 

AgII and CH4 but also because HSO4● thermally generated from persulfate is reported as inactive 

towards CH4 . 
[2a, 9b] The electrolysis in oleum with yielded CH3SO3H suggests the presence of 

CH3
● intermediate. [7a] As η = 6.7, 6.42, and 4.87 for AgII, H●, and CH3

●, respectively, [5] we 

postulate a homolytic CH4 cleavage in the turnover-limiting step, while we do not exclude the 

possibility of a Ag-CH3 intermediate from electrophilic activation. The reaction steps after the 

turnover-limiting step of CH4 activation remain elusive. We tentatively consider that the yielded 

CH3
● can either directly react with another AgII for a consecutive two-electron oxidation (route 

iv in Figure 7), or react with one HSO4● indirectly generated from AgII to yield CH3OSO3H 

(route v in Figure 7). Nonetheless, as shown by our data, the branch of CH4 -activating pathway 

is kinetically faster than the solvent oxidation at room temperature and ambient pressure, paving 

a selective electrocatalytic CH4 activation. Assuming two consecutive AgII-mediated oxidations 

for one equivalent of CH4 activation (route iii and iv in Figure 7), the half-reaction of overall 

electrocatalysis is written as: 

CH4 (g) + H2SO4 (l) → CH3OSO3H (l) → 2H+ (solvated) + 2e—        (2) 

Last, the quantification of reaction kinetics indulges us to predict the electrocatalysis’s ultimate 

performance when all of the engineering constraints, particularly the mass transport of CH4 , are 

successfully addressed in a hypothetical scenario. In particular, we are interested in the FE  
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Figure 3.8: Calculated FE as a function of pCH4 and T based on the established kinetic model and 

the measured kinetic parameters. 

 

towards CH4 functionalization. Our established kinetic model (Figure 5 and 6) suggests that the 

pseudo-first-order kinetic rate constant of CH4 activation and the selectivity towards CH4 

activation are both functions of CH4 pressure pCH4 and temperature T, that is, kobs = kobs(pCH4 , T) 

and FE = FE(pCH4 , T). We utilized our kinetic model shown in Figure 5 a and calculated the 

values of FE (pCH4 , T) as a function of pCH4 and T (Figure 8, Table S13):  

FE (pCH4, T) = 
𝑘𝑜𝑏𝑠,𝑡 (𝑝𝐶𝐻4 ,298) 𝑒
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At T= 25 oC (298 K), FE(pCH4 , T) is calculated as 53% at ambient pressure (pCH4 = 15 psi). FE 

reaches 90% when pCH4 > 62 psi (4.3 bar), 95% when pCH4 > 85 psi (5.9 bar), and 99% when 

pCH4 > 180 psi (12.4 bar) (Figure 8). This suggests that Ag-based electrocatalysis of CH4 

activation is capable of reaching near-unity selectivity at room temperature and an accessible 

pCH4 that is much lower than the syngas synthesis from steam reforming of CH4 (650 oC and 30 

bar).[33] We also considered how reaction temperature T affects FE (Figure 8). FE drops 

significantly at higher temperature, because Ea,sol > Ea,CH4 and hence the rate of solvent oxidation 

increases much faster than the one of CH4 activation. This suggests that AgII-mediated 

electrocatalysis is selective and specifically suitable at lower temperature. While the absolute 

rate of CH4 activation increases with temperature, it is the competition between CH4 activation 

and the undesirable solvent oxidation that dictates the selectivity. Overall, calculations of FE 

(pCH4 , T) suggest that the AgII - mediated electrocatalysis is reactive and selective for low-

temperature CH4 functionalization and further engineering optimization will be constructive to 

reach the electrocatalyst’s full potential. 

3.4 Conclusion 

Inspired by the HSAB theory, we explored the electrocatalytic CH4 functionalization mediated 

by AgII metalloradical, the last class (b) metal whose reactivity towards CH4 is unknown. Kinetic 

characterization establishes that selective electrocatalytic CH4 activation proceeds ambiently in 

98% H2SO4 with low activation energy and high kinetic rate constant. The electrocatalytic 

system is unique that low reaction temperature is preferred for high reaction selectivity, while a 

reaction pressure slightly higher than ambience (6 – 10 bar) favors the overall turnover. Future 

experiments are desired to continue investigating the nature of reactions after the turnover-

limiting CH4 activation. Engineering optimization is needed to overcome the mass transport 
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limitation due to CH4 limited solubility and maximize the electrocatalysis’s selectivity at low 

temperature. Moreover, the successful inquiry of CH4 catalysts initiated based on the chemical 

hardness of possible reaction intermediates encourages us to adopt such a strategy to discover 

more CH4 -activating catalysts, particularly with electrochemical charge transfer as the reaction’s 

driving force. This work offers a new route of ambient electrocatalytic CH4 functionalization as 

well as a strategy that may be generally applicable for future catalyst design, in order to achieve 

chemical production from widely distributed natural gas resources with minimal infrastructure 

reliance. 

Data availability: All data reported or included in this analyzed during this study are 

included in this published article (and its supplementary information). 
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Conclusion 

Both projects are fundamentally the same in that they focus on the generation of liquid MHS 

from gaseous methane gas. However, as previously stated, each project uses a different transition 

metal catalyst, the second chapter focused on the use of a vanadium oxo species, and chapter 3 

focused on the use of a silver molecular species. 

For the case of the vanadium catalysts, the ambient condition of reported catalysis facilitates the 

use of O2. Additionally, an added potential benefit is the use of ambient natural gas feedstock for 

onsite functionalization and independent of a large infrastructure. One aspect that needs to be 

researched further in the future is scaling up. Additional fundamental and engineering 

investigations will allow us to explore the possible application of converting CH4 into 

commodity chemicals with minimal infrastructure. This can possibly lead to more efficient usage 

of green-house gases and reducing their emission into atmosphere.  

For the silver molecular catalysts, we explored the electrocatalytic CH4 functionalization 

mediated by AgII metalloradical. Through Kinetic characterization we saw that the selective 

electrocatalytic CH4 activation in 98% H2SO4 and in ambient temperature and room pressure has 

a low activation energy and high kinetic rate constant. However, additional experiments must be 

conducted in order to investigate the reactions after the turnover-limiting step after the CH4 

activation. As stated above in chapter 3, there is a mass transport and solubility of CH4 gas 

limitation that prevents the maximization of the selectivity in this electrochemical reaction. 

Furthermore, this work with the silver catalyst can provide a new path towards ambient 

electrocatalytic CH4 functionalization and potentially a strategy that can possibly one day 

applicable for future catalyst design to successfully achieve chemical production from widely 

distributed natural gas resources with minimal infrastructure. 
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A future direction that this project can take is to continue studying different transition metal 

species to see if there another transition metalworks better as a catalyst. Additionally, it would be 

interesting to possible conduct a study of combining both vanadium and silver in an 

electrochemical reaction to see if there is a synergistic effect of having both species present. 

 

 

 




