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Electro-assistedmethane oxidation to formic
acid via in-situ cathodically generated H2O2
under ambient conditions

Jiwon Kim1,2,7, Jae Hyung Kim3,7, Cheoulwoo Oh1,2, Hyewon Yun4,5,
Eunchong Lee4, Hyung-Suk Oh 2,6, Jong Hyeok Park 1 &
Yun Jeong Hwang 4,5

Direct partial oxidation of methane to liquid oxygenates has been regarded as
a potential route to valorize methane. However, CH4 activation usually
requires a high temperature and pressure, which lowers the feasibility of the
reaction. Here, we propose an electro-assisted approach for the partial oxi-
dation of methane, using in-situ cathodically generated reactive oxygen spe-
cies, at ambient temperature and pressure. Upon using acid-treated carbon as
the electrocatalyst, the electro-assisted system enables the partial oxidation of
methane in an acidic electrolyte to produce oxygenated liquid products. We
also demonstrate a high production rate of oxygenates (18.9μmol h−1) with
selective HCOOH production. Mechanistic analysis reveals that reactive oxy-
gen species such as ∙OH and ∙OOH radicals are produced and activate CH4 and
CH3OH. In addition, unstable CH3OOH generated from methane partial oxi-
dation can be additionally reduced to CH3OH on the cathode, and so-
produced CH3OH is further oxidized to HCOOH, allowing selective methane
partial oxidation.

Methane, the main component of natural gas, has been an important
resource for energy and chemical production owing to its abundance
and high energy density (55MJ kg−1)1,2. Unfortunately, the utilization of
natural gas has been hampered by the difficulty of its long-distance
transportation in gaseous form, and unavailable methane has been
flared into CO2, a form of less potent greenhouse gas, in oil fields (143
billion m3 of natural gas was flared in 2020 globally)3,4. The methane
partial oxidation to liquid oxygenates such as CH3OH and HCOOH has
been regarded as a promising approach for effective natural gas uti-
lization as it can facilitate transportation and storage andmitigate CO2

emission5–7. However, methane is a stable non-polar hydrocarbon
(ΔHC-H = 439.3 kJmol−1) that is challenging to activate8. Moreover, the

complete oxidation of methane to CO2 is more favorable than its
partial oxidation (Eqs. (1, 2)). Hence, it is still challenging to induce the
partial oxidation of methane without over-oxidizing it to CO2.

CH4 gð Þ+ 1
2O2 gð Þ ! CH3OH lð Þ 4Go = � 114 kJmol�1 ð1Þ

CH4 gð Þ+2O2 gð Þ ! CO2 gð Þ+2H2O lð Þ 4Go = � 804kJmol�1 ð2Þ

For the production of methanol or other liquid products from
methane, the current industrial process relies on the following two-
step indirect route: steam methane reforming (SMR) to syngas
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(CO and H2) at a high temperature (700−1000 °C) and pressure
(5–40bar) followed by a gas-to-liquid process9. Since SMRprocess has
high emission of CO2, at almost 9 kg of CO2 per 1 kg of H2 produced,
and requires energy-intensiveand large infrastructure, it is infeasible at
remote geographical locations10,11. Therefore, energy-efficient, lowCO2

emission, andminiaturized technologies are highly required for direct
partial oxidation of methane.

To date, many approaches have been developed for direct
methane partial oxidation via thermocatalytic reactions; however, they
need to be improved in terms of both efficiency and catalyst/oxidant
candidates. Early studies employed liquid-phase homogeneous cata-
lysis using complexes of low-valence precious metals (Hg, Pt, and Au)
with a strong acid, such as oleum12–14. These systems, however, require
highly corrosive solvents and additional hydrolysis steps for product
extraction. In later studies, bioinspired Cu- or Fe-exchanged zeolite
catalysts were exploited with N2O, O2, or H2O oxidants for stepwise
methane conversion in the gas phase15–17. Although high selectivity was
achieved, such conversions suffer from low reaction rates, high reac-
tion temperature (300–550 °C), and catalyst regeneration step.
Recently, an aqueous-phase partial oxidation of methane over Fe and
Rh catalysts using H2O2 as the oxidant was reported18–20. Although
higher production yield and selectivity were achieved, the high cost of
H2O2, which is more expensive than the reaction products, limits the
practical application of this process. Therefore, efforts have beenmade
to convert methane to oxygenates using in-situ H2O2

5,21,22 generated
from O2 and H2 over a catalyst such as AuPd or PdCu5,21. However, such
conversions require H2 as a co-reductant, precious metal catalysts, and
elevated temperatures (70–120 °C). Hutchings et al. reported an Au-
ZSM-5 catalyst using O2 as the sole oxidant for the partial oxidation of
methane; however, the reaction conditions were still harsh (120–240 °C
and 23.2 bar)22. For conducting partial oxidation of methane in indus-
trial areas, systems with mild reaction conditions should be developed
using earth-abundant materials and eco-friendly oxidants.

While thermocatalytic oxidation reactions often require a high
temperature and pressure, electrochemical oxidation can be con-
ducted under ambient conditions. It offers a sustainable route for
converting CH4 to liquid fuels, mitigating CO2 emissions23–29. For
electrochemical methane oxidation, the formation of active oxygen
species (e.g., O2– andO–) on the electrocatalysts is necessary. Bertazzoli
et al. succeeded in producing CH3OH, HCHO, and HCOOH as liquid
products from methane using TiO2/RuO2 and V2O5/TiO2/RuO2

electrocatalysts23,24. NiO/Ni catalyst has also been reported to generate
C2H5OH, and CH3OH in an H-cell26. However, the production rates of
oxygenates were insufficient possibly due to the over-oxidation of the
products to CO2 or the competitive oxygen evolution reaction. To
resolve these issues at the anode, electro-assisted methane partial
oxidation (EMPO) at the cathode side has been proposed27–29.
By reacting methane with the active oxygen species generated
from the electrochemical oxygen reduction reaction (ORR), methane
partial oxidation could be accomplished. However, there are only few
reports about EMPO systems, and the reaction mechanism of EMPO is
unclear.

In this study, we systematically investigate the EMPO system and
demonstrate its promising production rate of oxygenates formethane
partial oxidation. The EMPO system involves both electrochemical and
chemical reactions. In this system,H2O2 is electrochemically produced
on the cathode through a two-electron pathway ORR, and the H2O2

production involves oxidizing methane in the catholyte. The EMPO
process canprovide ahighoxygenates production rate of 18.9 μmol h−1

at room temperature and atmospheric pressure. Mechanistic investi-
gations indicate that the EMPO system is beneficial for selective
methane oxidation to HCOOH. Reactive oxygen species (ROSs) (i.e.,
∙OH and ∙OOH radicals) are generated during ORR and activated CH4

and CH3OH. CH3OOH is one of the major products in methane partial
oxidation; however, it is not a suitable liquid fuel for long-distance

transportation because of its instability. In the EMPO system, most of
the produced CH3OOH is electrochemically reduced to CH3OH on the
cathode, and CH3OH is further oxidized to HCOOH, resulting in high
selectivity to HCOOH (80.7%). We also demonstrate that the electro-
assisted oxidation process can be a general approach for the partial
oxidation of small hydrocarbons such as ethane. We envisage that this
miniaturized and sustainable system can provide a beneficial strategy
for direct methane partial oxidation.

Results
Feasibility study of EMPO system
First, an acid-treated ketjen black (a-KB) carbon powder catalyst was
prepared as a selective cathode catalyst for generating H2O2 via the
two-electron pathway ORR30,31. Pristine ketjen black (KB) powder was
acid-treated at an elevated temperature (80 °C) to introduce oxygen
functional groups (−COOH and C−O−C), which are active in two-
electronORR. X-ray photoelectron spectroscopy (XPS) was performed
to examine the changes in oxygenated species on the surface of the
acid-treated carbon powder. (Supplementary Fig. 1). TheC 1s spectrum
of a-KB could be deconvoluted into bands attributed to the following
species: graphitic carbon (C–C) at 284.8 eV, defects attributed to
amorphous carbon at 285.9 eV, carbon singly bound to oxygen (C–O)
at 286.8 eV, carbon bound to two oxygen atoms (i.e., −COOH) at
288.8 eV, and carbon in an aromatic ring at 291.2 eV (π–π*

transitions)32,33. Deconvolution of the O 1s peak resulted in two peaks:
oxygen doubly bound to carbon (C=O) at 533.7 eV and oxygen singly
bound to carbon (C–O) at 532.1 eV34. Both the C 1 s and O 1s signals
indicate an increase in oxygenated species with C–O and C=O func-
tional groups (e.g., C–OH, C–O–C, and O=C–OH) after acid treatment.
High-resolution transmission electron microscopy (HR-TEM) and
energy-dispersive X-ray spectroscopy (EDS) mapping images of a-KB
revealed that the oxygen functional groups were well distributed over
the surface of carbon (Supplementary Fig. 2). TheORR performance of
a-KB was then evaluated in an aqueous solution (0.05M H2SO4) using
the rotating ring-disk electrode (RRDE) technique. The polarization
curves of the catalyst (Supplementary Fig. 3) indicate that the onset
potential is ~0.3 V (vs. reversible hydrogen electrode (RHE)). Further-
more, the a-KB catalyst exhibited a high H2O2 selectivity of >90% over
the applied potential ranges (0–0.3V vs. RHE).

Next, to demonstrate the proposed EMPO systemmediated by in-
situ cathodic H2O2 generation, we conducted the reaction in anH-type
cell (Fig. 1a). The working electrode was prepared by spraying a-KB
based catalyst ink on carbon paper. The EMPO was carried out in a
0.05MH2SO4 electrolytewith continuous feeding ofO2 andCH4gases.
The potential was maintained at 0 V (vs. RHE), at which H2O2 was
selectively produced from ORR (Supplementary Fig. 3), and the reac-
tion was conducted at 25 °C for 30min. 1H and 13C nuclear magnetic
resonance (NMR) spectra were obtained to analyze the liquid products
using an internal standard. Figure 1b shows that CH3OH, CH3OOH, and
HCOOH were generated as liquid products of the partial oxidation of
methane. No liquid products were detectedwhenArwas fed insteadof
CH4

18,35. The isotope experiment using 13CH4 corroborated that
H13COOH originated from the methane partial oxidation, as shown in
Fig. 1c and Supplementary Fig. 4 (CH3OH and CH3OOH could not be
detected because of the sampling method)36. We conducted an EMPO
reaction applying Au foil as a carbon-free ORR catalyst, and the
HCOOH was also generated as a liquid product confirming that the
reaction products are generated from CH4 oxidation (Supplementary
Fig. 5). Then we analyzed time-dependent product formation under
0V (vs. RHE), which further verified that the amount of the major
product, HCOOH, increased linearly with the reaction time (Fig. 1d),
supporting the continuous EMPO process. The amounts of minor
products, CH3OOH and CH3OH, increased to a certain level and
remained constant. The different behaviors of time-dependent pro-
ducts’ amounts originate from the reaction mechanism of EMPO,
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which is later discussed. Additionally, we investigated whether gas
products such as CO and CO2 were generated due to the over-
oxidation of CH4 by on-line gas chromatography (GC). During the
EMPO reaction, the amount of the produced CO2 was 0.76μmol h−1

which was an insignificant amount compared to that of HCOOH
(13.8μmol h−1) (Supplementary Figs. 6, 7).

Then other parameters,which can affect production rates, such as
flow rate and applied potential were examined. First, we increased the
flow rates of both feeding gases (CH4 and O2) from 100 sccm to
200 sccm (Supplementary Fig. 8a). The same product amounts were
observedmeaning that these total flow rates do not have an impact on
the EMPO reaction rate (i.e., sufficient supplyof reactant gases).On the
other hand, the production of HCOOH is influenced by changes in the
partial concentrations of CH4 and O2 (Supplementary Fig. 8b). To
control theCH4:O2 ratio,we reduced theCH4flowrate to 25 sccmwhile
maintaining the O2 flow rate (resulting in a decrease in the partial
pressure of CH4), which led to a decrease in the amount of HCOOH
produced. In contrast, when theflow rate ofO2was reduced to 25 sccm

while keeping the CH4 flow rate constant, the production of HCOOH
increased. As the flow rate of CH4/O2 changed from 25 sccm/100 sccm
to 50 sccm/50 sccm to 100 sccm/25 sccm, the partial concentration of
CH4 increased from 20% to 50% to 80%. The amount of HCOOH pro-
duced increased in the order of increasing partial concentration of
CH4, indicating that CH4 was the limiting reagent and affected the
reaction rate under these EMPO conditions.

In addition, the production rate depended on the applied
potential (Fig. 1e) and is related to the amount of cathodically gener-
ated H2O2. As the applied potential was swept from +0.2 to −0.2 V (vs.
RHE) (i.e., as the cathodic current increased), the amounts of oxyge-
nated liquid products increaseddue to increasedH2O2 generation. The
highest production rate of the total oxygenates was 18.9μmol h−1

(CH3OH: 0.4μmol h−1, CH3OOH: 2.7μmol h−1, and HCOOH:
15.8μmol h−1). Although the production rate increased at −0.2 V (vs.
RHE), the hydrogen evolution reaction can occur competitively below
0V (vs. RHE) in an acidic electrolyte. Therefore, we performed the
subsequent experiments at 0 V (vs. RHE).
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Fig. 1 | Electro-assisted selective CH4 partial oxidation system. a Schematic
illustration of the EMPO system. b 1H-NMR spectra of the products after reaction
with purging CH4 (red) or Ar (gray) alongwith O2. The peaks at 0.17, 2.71, 3.35, 3.85,
and 8.22 ppm are attributed to CH4, (CH3)2SO (DMSO), CH3OH, CH3OOH, and
HCOOH, respectively. c 13C-NMR spectrum of the product after EMPO using 13CH4.

The peak at 166 ppm is attributed to H13COO−. d Time-dependent change in the
amounts of liquid products of EMPO. e Potential-dependent production rates of
liquid products of EMPO. Reaction conditions: 25 °C, 1 bar, 30min, O2: 100 sccm,
CH4: 100 sccm, 55mL of 0.05M H2SO4, and stirring at 700 rpm. The error bars
represent the standard deviation. Source data are provided as a Source Data file.
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Investigation of the reaction mechanism of EMPO
Next, we explored the reaction mechanism of EMPO mediated by in-
situ generated H2O2. First, we compared the performances of the
EMPO system (e-H2O2) and a non-electro-assisted system using com-
mercial H2O2 (c-H2O2) as the oxidant (Fig. 2a). In the c-H2O2 system,
c-H2O2 was supplied with a syringe pump, and the injection rate was
controlled to be the same as the H2O2 production rate estimated from
the 2e− ORR activity in our EMPO system (calculated based on the
RRDE analysis). Other reaction conditions such as the electrolyte
(0.05M H2SO4) and reaction time (30min) were the same, except for
the feeding of O2 gas. In contrast with EMPO, no liquid products were
formedwhen c-H2O2was added to the reaction cell at 25 °C (Fig. 2a and
Supplementary Figs. 9, 10) implying that H2O2 molecule itself cannot
react with CH4 and ROSs formed during electrochemical ORR are
crucial for the EMPO37,38.

We performed control experiments to figure out whether ROSs
are generated from O2 and participate in the EMPO reaction. To
understand the role of O2 in the EMPO reaction, we applied the same
cathodic potential in the H-cell under CH4 and Ar flow. No CH4 oxi-
dation products were detected after the reaction feeding CH4 +Ar
exceptO2 (Supplementary Fig. 11), supporting that O atoms fromO2(g)
not from the H2O electrolyte participate in activating CH4. Then, to
verify radical species more directly, we additionally conducted elec-
tron paramagnetic resonance (EPR) analysis by adding 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) in the electrolytes as a spin trap. EPR signals
were collected by measuring electrolytes before and after applying
reduction potential (0V vs. RHE) flowing O2(g) or O2(g)+CH4(g) under
the additionofDMPO (Fig. 2b).Weconfirmed that no radical signalwas
observed in the electrolyte before the reaction (gray line). Meanwhile,
a quartet spectrum with a relative intensity ratio of 1:2:2:1 appeared
after applying potential under O2 +CH4 feeding (blue line). It is

typically attributed to the formation ofDMPO−OHadducts supporting
that radicals were formed during the EMPO reaction39. Especially,
DMPO−OH adducts were also detected when only O2 was fed without
CH4 suggesting that ROSs are generated as the result of electro-
chemical ORR in our system (red line). Although the signal corre-
sponding to DMPO−OH adducts was the only EPR signal detected, the
formation of other ROSs cannot be excluded because other DMPO
−ROS adducts have a short lifetime and quickly decompose to the
DMPO−OH adduct40. Therefore, we further performed trapping
experiments applying tert-butyl alcohol (TBA) and 1,4-benzoquinone
(BQ) as ∙OH and ∙OOH radical scavengers, respectively. To identify the
effects of the ROSs, we measured the product amount of CH3OOH in
the presence or absence of the radical scavengers. No CH3OOH was
detected under an excess amount (400μmol) of scavengers (Fig. 2c).
When 40μmol of TBA and BQ were present in the electrolytes,
respectively, the generated amount of CH3OOH was decreased com-
pared to the case without these scavengers (Supplementary Fig. 12).
These series results indicate that ROSs generated fromO2 activate CH4

to produce CH3OOH.
Then, the reaction temperature was increased to 70 °C to activate

c-H2O2. At 70 °C, the c-H2O2 reacted with CH4, but only unstable
CH3OOH was produced at 0.8μmol h−1 production rate (Fig. 2a and
Supplementary Fig. 13), which wasmuch lower production than that of
the EMPO system at room temperature. Other reaction temperatures
(50–90 °C) were also tested using c-H2O2 and all showed only a small
amount of CH3OOH production (Supplementary Figs. 13, 14). The
production rate of the unstable CH3OOH rather decreased as the
reaction temperature increased from 70 °C to 90 °C. This supports
that the electro-assisted system (e-H2O2) contributes to the increase
in liquid products. Based on these results, we speculated that the
EMPO system not only guides the reaction between CH4 and
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and 70 °C, respectively) and the EMPO system (e-H2O2). The error bars represent the
standard deviation. b EPR spectra of the electrolytes before (gray line) and after
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flowing with DMPO. c CH3OOH production after EMPO reaction in the presence of
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∙OOH, respectively. d Chronoamperometry under O2 +Ar and O2+CH4 purging at
0V (vs. RHE); O2, Ar, and CH4: 100 sccm. e Polarization curves in the presence of
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of methanol oxidation using ORR. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-40415-6

Nature Communications |         (2023) 14:4704 4



electrochemically generated H2O2 but also alters the selectivity of the
reaction and enhances the production rate.

CH3OOH+2H+ + 2e� ! CH3OH+H2O Eo = 1:70V vs:RHE ð3Þ

Considering the standard reduction potential of CH3OOH
(Eq. (3)), it can be easily reduced to CH3OH at the working potential of
the EMPO system. We investigated the additional reduction of
CH3OOH on the electrode through control experiments. We con-
ducted chronoamperometry at 0 V (vs. RHE) with alternating supply of
O2 + Ar and O2 +CH4 gas mixtures for 10min each (Fig. 2d) to under-
stand whether the supply of CH4 affects the current density of the
reaction. While the ORR can occur under O2 + Ar conditions, under
O2 +CH4 conditions, the generation of oxygenates and their sequential
reduction can occur together with the ORR. The current during the
O2 +CH4 supply was always higher than that during the O2 +Ar supply,
and the cathodic current density increased slowly, implying that CH4

induced additional reduction reactions. To determine whether oxy-
genated products were electrochemically reduced further on the
cathode, we performed linear sweep voltammetry to study the
reduction capabilities of CH3OOH, CH3OH, and HCOOH at the EMPO
working potential using various concentrations (0–40mM) of these
compounds41,42. As shown in Fig. 2e, the reduction current increased
with increasing CH3OOH concentration, indicating its easy reduci-
bility. In contrast, the polarization curves of the systems containing
CH3OH and HCOOH exhibited no significant differences with the
increase in their concentrations (Supplementary Fig. 15). These results
suggest that CH3OH and HCOOH cannot be reduced on the a-KB
cathode under these conditions, and the current increase observed in
Fig. 2d is due to the reduction of CH3OOH.

In addition, to confirm whether CH3OH can be oxidized to
HCOOH in the presence of ROSs, we conducted CH3OH oxidation
experiments using c-H2O2 and e-H2O2 at room temperature. Similar to
CH4, CH3OH was oxidized to HCOOH only by in-situ generated H2O2

(e-H2O2) and no CH3OOH was produced (Supplementary Figs. 16, 17
and Fig. 2f)18,35,43,44. We also investigated the EMPO reaction under the
alkaline electrolyte (0.1M KOH). Although an a-KB exhibited high

selectivity to H2O2 from ORR in the alkaline condition, no products
from CH4 oxidation were observed. This implies that the coupling
betweenORRandCH4oxidation reaction is influencedby the pHof the
electrolyte, favoring the acidic condition for the EMPO reaction
(Supplementary Figs. 18, 19).

Proposed mechanism
Based on the above electrochemical analyses,we deduced the reaction
mechanismof EMPO. As illustrated in Fig. 3, first, O2 is reduced toH2O2

on the electrode through the electrochemical two-electron pathway
ORR, and ROSs are formed (ROSs formation). Second, ∙OH radicals
activate CH4 to produce CH3∙ radicals in the electrolyte (CH4 activa-
tion). Then, CH3OOH is generated by the reaction between CH3∙ and
∙OOH radicals (CH3OOH formation). Subsequently, CH3OH was gen-
erated by electrochemical reduction of CH3OOH and radical reaction
between CH3∙ and ∙OH. Finally, HCOOHwas formed in the presence of
∙OH radicals (HCOOH formation). Thus, HCOOH can be generated as a
selective reaction product with the aid of electrochemical reduction
potential at room temperature and atmospheric pressure in the EMPO
system.

Electro-assisted C2H6 partial oxidation
To validate the electro-assisted C−H activation of alkane for partial
oxidation products generation, the C2H6 partial oxidation was
examined under the same cathodic H2O2 generation conditions. All
the reaction conditions were maintained the same, except that C2H6

was used instead of CH4. In this case, C2 oxygenates (C2H5OH,
C2H5OOH, and CH3COOH) and C1 oxygenates (CH3OH, CH3OOH, and
HCOOH)were obtained as the products (Supplementary Fig. 20). The
exclusive observation of the C2 partial oxidation products are sup-
porting direct C−H activation from C2H6. The reaction products were
changed from C1 (CH3OH, CH3OOH, and HCOOH) to C2 (C2H5OH,
C2H5OOH, and CH3COOH) with similar oxidation states by simply
replacing CH4(g) with C2H6(g) under the same reaction conditions.
The reaction pathway is similar to that of EMPO. As C2H6 is more
reactive (ΔHC-H = 421.7 kJmol−1)45,46 than methane, the activation of
C2H6 via C−H bond breakage can occur more easily, resulting in
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Fig. 3 | Proposed reaction mechanism of EMPO. Schematic illustration of the
reaction mechanism for selective HCOOH production by EMPO. The red (①,②,⑥)
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reactions, respectively. The black, red, and white balls represent C, O, and H atoms,
respectively.
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higher total product yield than that of the EMPO system (Figs. 4a, 2a).
Further, C −C bond breakage can lead to C1 oxygenates products.
The increased current compared with that of EMPO (Fig. 2a) is
attributed to the relatively high concentration of reaction inter-
mediates that can be reduced on the electrode. Through the electro-
assisted C2H6 partial oxidation, we confirmed that electrochemically
generated H2O2 can also activate C2H6, leading to the production of
partially oxidized products. This reaction also demonstrates the
general applicability of the electro-assisted system in the partial
oxidation of saturated hydrocarbons. Thus, the EMPO system can be
adopted as a general partial oxidation system for small
hydrocarbons.

Stability test
A stability test of the EMPO systemwas performed (Fig. 5). The stability
test was conducted under the electrolyte-flowing H-cell setup to keep
HCOOH concentration low because the high concentration of HCOOH
induces over-oxidation to CO2 (Supplementary Figs. 21, 22). During six
hours of the EMPO reaction, no decreases in the current density or
production rate of HCOOH were observed demonstrating its stable
operation. It is attributed to the stability of metal-free carbon catalyst
which operates stably under acidic condition. Additionally, it was

confirmed that no Pt metal impurities were detected in either the
catalyst or solution after the reaction by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Supplementary Table 1). The
HCOOH production rate in our EMPO process was kept high, and the
reaction proceeded under ambient pressure and temperature (Sup-
plementary Fig. 23 and Supplementary Table 2)7,22,47–54.

Discussion
In this study, we investigated an EMPO system for the partial oxidation
of methane at room temperature and ambient pressure with the
assistance of electrochemically in-situ generated H2O2 on the cathode.
The EMPO process involves cathodic H2O2 production from the ORR
and subsequent partial oxidation of methane, resulting in selective
HCOOH production in the acidic condition. Metal-free a-KB was uti-
lized as the catalyst to generate H2O2 via the two-electron pathway
ORR. CH3OH, CH3OOH, and HCOOHwere obtained as liquid products
of EMPO reaction with a total oxygenate production rate of
18.9μmol h−1 under ambient pressure and temperature. Through a
mechanistic study of the EMPO process, we propose that ROSs are the
active species of the partial oxidation of CH4. CH4 can be activated by
the in-situ cathodically generated ROSs (i.e., ∙OH and ∙OOH radicals)
from the O2 reduction. Additionally, the unstable CH3OOH product
can be converted to CH3OH on the cathode at the EMPO working
potential; this improved product selectivity (80.7%) toward the stable
liquid fuel, HCOOH. This EMPO system applying metal-free carbon
catalyst showed significant stable performance for 6 h. We also
demonstrated the general applicability of the electro-assisted oxida-
tion process by activating the C−H bond of C2H6. In this case, various
C2 andC1 oxygenates were produced, with C2H5OOH andCH3COOHas
the major products. We believe that the EMPO system is a promising
route for developing a sustainable and miniaturized strategy for on-
site natural gas conversion.

Methods
Acid treated ketjen black (a-KB) preparation
Ketjen black (EC-600JD) (KB)powder (1 g)was added to 250mLof 60%
HNO3 (SamchunChemicals) then themixturewas stirred at 80 °C in an
oil bath for 12 h. After acid-treatment, acid treated ketjen black (a-KB)
was vacuum-filtered and washed with copious amount of deionized
(DI) water anddried in vacuumovenovernight. Finally, 800mgof a-KB
powder was obtained.

Characterization
TheXPS spectrawere acquiredusing aNexsa (ThermoFisher Scientific)
instrument with a Microfocus monochromatic Al-Kα X-ray source.
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The HR-TEM was performed on a JEM-F200 (JEOL) electron micro-
scope with 200 kV acceleration voltage. EDS mapping were analyzed
by JEOL Dual SDD system with 200 kV. The ICP-OES was measured by
iCAP 7000 (Thermo Scientific) to analyze the presence of Pt metal
impurities in the catalyst and electrolytes.

Electrochemical ORR test
The electrochemical ORR testwasperformedusing anelectrochemical
workstation (CHI760E, CH Instruments) at room temperature (25 °C)
under atmospheric pressure. For the rotating ring disk electrode
(RRDE) measurements, a three-electrode system was constructed
with an RRDE (Pine research, E7R9 RRDE) (glassy carbon (GC) disk
(0.2475 cm2) + Pt ring (0.1866 cm2)), a Ag/AgCl (stored in 3M KCl,
BASi) reference electrode, and a Pt foil counter electrode. The catalyst
ink were prepared by dispersing the a-KB powder in solution (Ethanol
(C2H5OH, Sigma-Aldrich, 99.5%):DI = 3.5:1) with 5wt% Nafion (Sigma-
Aldrich) to achieve concentration of ~0.01mgμl−1. After sonication for
30min, 8μl of the catalyst ink was drop casted onto a disk electrode
and dried at room temperature. Cyclic voltammetry (CV) was per-
formed between 0.05 and 1.20 V (vs. RHE) in N2 (99.999%)-saturated
0.05M H2SO4 (Sigma-Aldrich, 99.999%) and 0.1M KOH (Sigma-
Aldrich, 90%) at a scan rate of 100mVs−1 for 10 cycles, in which steady
CV response was obtained. O2 (99.999%) gas was supplied into the
electrolyte for 5min. The impedance spectroscopy was conducted at
0.68 V (vs. RHE) from 100,000 to 1Hz to determine the uncompen-
sated resistance (Ru) in a high-frequency range for iR-correction. The
H2O2 production activity was assessed by linear sweep voltammetry
(LSV) from 1.1 to 0.2 V (vs. RHE) in O2-saturated 0.05M H2SO4 and
0.1M KOH at a scan rate of 5mVs−1 and rotating speed of 1600 rpm.
During the LSV, the Pt ring potential was held at 1.23 V (vs. RHE). The
H2O2 selectivity was calculated using the following relation:

H2O2 Selectivity ð%Þ= 200×
ir=N

id + ir=N
ð4Þ

where ir, N, and id denote the ring current, collection efficiency (37%),
and disk current, respectively.

The Faradaic efficiency of H2O2was calculated by equation below:

F: E:H2O2
ð%Þ= 100×

ir=N
id

ð5Þ

The collection efficiency (N) was determined using the
[Fe(CN)6]

3-/4- redox system. Chronoamperometry was carried out at
−0.3 V (vs. Ag/AgCl) while the ring potential was fixed at 0.5 V (vs. Ag/
AgCl) for 60 s on the catalyst-deposited RRDE in N2-saturated 0.1M
KOH+ 2mM K3[Fe(CN)6] (Sigma-Aldrich, ≥99.0%). The background
current was obtained similarly, but the disk potential was 0.5 V (vs.
Ag/AgCl). The collection efficiency was calculated as follows:

N =
∣ir � ir,bg ∣

id
ð6Þ

Where ir, ir,bg, and id denote the ring current, background ring current,
and disk current, respectively. The collection efficiency was 37%
(Supplementary Fig. 24).

Working electrode preparation
5mg of a-KB catalyst was mixed with 1mL of 2-propanol (IPA, Sigma
Aldrich, 99.5%) and 50μL of 5 wt% Nafion. Then the mixture was
sonicated for 10min. The catalyst inkwas sprayed on the carbon paper
(TGP-H-120 20%WP, Toray) (11.25 cm2). The mass loading of a-KB on
the carbon paper was 1mg cm−2.

EMPO experiment
The EMPO experiment was conducted in an H-type cell separated by
Nafion 117 membrane using a potentiostat (Ivium Vertex, Ivium Tech-
nologies). A three-electrode system consisting of an a-KB sprayed
carbon paper as the working electrode, Ag/AgCl (stored in 3M KCl)
reference electrode, and a Pt plate as a counter electrode was con-
structed. The working electrode was used without pre-activation
process. The 0.05M H2SO4 was used as an electrolyte (55mL for both
catholyte and anolyte). Catholyte was purged with O2 and CH4

(99.999%) gases for at least 30min prior to reaction and constantly
purged at a flow rate of 100 sccmduring the reaction (0V vs. RHE). The
catholyte was continuously stirred at 700 rpm. Reaction temperature
was maintained at 25 °C by water bath.

For the control experiment, all reaction conditions were the same
except for feeding Ar gas (99.999%) instead of CH4.

For the 13CH4 (Icon Isotopes, 99.8%) isotope experiment, all
reaction conditions were the same except for feeding 13CH4 instead
of 12CH4.

For the carbon-freeORRcatalyst experiment, Au foil (DasomRMS,
99.99%, 11.25 cm2) was applied for working electrode while all other
reaction conditions were the same. The Au foil was used without pre-
activation process.

For the timedependentproduction rate analysis, potential (0 V vs.
RHE) was applied for 1 h and 500μL of electrolyte was extracted for
each 5, 10, 15, 20, 25, 30, and 60min. Other reaction conditions were
the same.

For the flow rate experiments, the flow rates of CH4 and O2 were
varied from 25 sccm to 200 sccm while all other reaction conditions
were maintained.

For the potential dependent production rate analysis, applied
potential was varied from −0.2 to +0.2 V (vs. RHE) for 30min. Other
reaction conditions were the same.

For the identification of O source experiment, Ar was purged
instead of O2. Other reaction conditions were the same.

For the EPR experiment, 1mmol of DMPO (Sigma-Aldrich, ≥98%)
was applied as a spin trap before the reaction. Other reaction condi-
tions were the same except for feeding O2 or O2 +CH4 gases.

For the trapping experiments, 400 and 40μmol of TBA (Sigma-
Aldrich, ≥99.5%) and BQ (Sigma-Aldrich, ≥98%) were added before the
reaction as ∙OH and ∙OOH radical scavengers, respectively. Other
reaction conditions were the same.

For the chronoamperometry experiment, O2 + Ar and O2 +CH4

(100 sccm each) were purged alternatively every 10min for 1 h. Other
reaction conditions were the same.

For the CH3OH (Sigma-Aldrich, ≥99.9%) oxidation experiment, all
reaction conditions were the same except for injecting 100μmol of
CH3OH before the reaction instead of CH4.

For the alkaline EMPO experiment, all reaction conditions were
the same except for applying 0.1M KOH as an electrolyte instead of
0.05M H2SO4.

For the electro-assisted C2H6 partial oxidation experiment,
all reaction conditions were the same except feeding C2H6 instead
of CH4.

For the stability test, the electrolyte-flowing H-cell setup was
established. 550mL of 0.05M H2SO4 was circulated by 10mLmin−1.
The EMPO reaction was performed for 6 h. Other reaction conditions
were the same.

Methane partial oxidation using commercial H2O2

CH4 partial oxidation using commercial H2O2 (30wt% in H2O, Sigma-
Aldrich) was conducted using cathode part of H-type cell. 55mL of
0.05M H2SO4 was filled in cathode part and the solution was purged
with Ar and CH4 at 100 sccm simultaneously. Ar was purged instead of
O2 to keep balance of partial flow of CH4. Commercial H2O2 was
injected during reaction time (30min) via syringe pump. The amount
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of H2O2 supplied was determined based on RRDE analysis.

The amount of H2O2 =
F :E:H2O2

× j ×A× t

n× F
ð7Þ

where, F.E.H2O2 = 81.8%, j is current density, A is area of electrode, t is
reaction time, n ismoles of electron to produce 1moleofH2O2, and F is
faraday constant. The solution was stirred at 700 rpm and kept at 25,
50, 70, or 90 °C by water bath.

Methanol oxidation using commercial H2O2

CH3OH oxidation using commercial H2O2 was conducted using cath-
ode part of H-type cell. 55mL of 0.05M H2SO4 was filled in cathode
part and 100μmol of CH3OH was injected before the reaction. Com-
mercial H2O2 was fed during reaction time (30min) via syringe pump.
The amount of suppliedH2O2was determined based onRRDE analysis.

1H-NMR analysis of liquid products
The concentration of the liquid products was quantified by 1H-NMR
(Agilent 600MHz). Typically, 430μL sample was mixed with 50μL of
D2O, and 20μL of 6mM dimethyl sulfoxide (DMSO, Sigma-Aldrich,
99.9%) was added as an internal standard.

13C-NMR analysis of liquid products
Due to the lower detection limit of 13C-NMR than that of 1H-NMR,
freeze-drying prior to analysis to combat low concentrations, fre-
quently <100μMC, was conducted55. 5mL of 1M KOHwasmixed with
50mL of sample to alkalify formic acid to formate anion to prevent
sublimation during freeze-drying. Then sample was frozen by liquid
nitrogen. Frozen sample was lyophilized at −80 °C at 200 mtorr until
dry (48 h) (CH3OH and CH3OOH was sublimated in this step). Freeze-
dried sample was re-dissolved in 1mL DI water. 500μL of re-dissolved
sample was qualified by 13C-NMR (Agilent 600MHz).

GC analysis of gas products
The gas products from the EMPO reaction were quantified by on-line
gas chromatography (GC, Agilent 6890). A flame ionization detector
was used to detect CO and CO2. A methanizer was utilized to increase
the detection sensitivity of CO and CO2. The GC system was equipped
with a ShinCarbon ST column (Restek) to separate gas products.
The calibration of the GC was carried out by flowing three calibration
gas mixtures with CO- and CO2-concentrations ranging from 10 to
100 ppm (Supplementary Fig. 25).

EPR experiment
The EPR spectrumof electrolytes wasmeasured at KBSI SeoulWestern
Center using CW/Pulse EPR system with the following parameters:
frequency 9.852GHz; power 3mW; modulation frequency 100 kHz;
modulation amplitude 1 G; time constant 20.48ms; conversion time
20.00ms; scan 8; room temperature.

Synthesis of CH3OOH
The CH3OOH was synthesized by the modified procedures from the
previously-reported method56. On the three-neck flask, 62.5 g of H2O,
37.5 g of 30% H2O2, and 25 g of dimethyl sulfate ((CH3O)2SO2, Sigma-
Aldrich, ≥99.5%) were mixed. Subsequently, 52.5 g of 40wt% KOH
aqueous solution was added dropwise very slowly into the solution
with stirring to induce a nucleophilic substitution reaction. The overall
reaction is exothermic. Then, the gas-phase products were generated
by the heat of the reaction. The generated gas-phase products were
collected as a liquid phase in the vial by the condensation. Diluting the
concentrated CH3OOH in the DI water, electrochemical analysis was
performed. The synthesizedCH3OOHwas confirmedandquantifiedby
1H-NMR analysis (Supplementary Fig. 26).

Reduction reaction test of CH3OOH, CH3OH, and HCOOH
The reducibility test of CH3OOH, CH3OH, and HCOOH (Sigma-Aldrich,
≥98%) were also performed in the similar electrochemical configura-
tions as mentioned above. A working electrode prepared by spraying
a-KBbased catalyst ink on carbonpaper (11.25 cm2) wasused. Themass
loading of a-KB on the carbon paper was 1mgcm−2. Before the test, CV
was carried out for the electrochemical cleaning of the electrode sur-
face between 0.05 and 1.2 V (vs. RHE) at a scan rate of 100mV s−1 for 20
cycles in N2-saturated 0.05MH2SO4. LSV was then performed from 1.1
to 0.1 V (vs. RHE) at a scan rate of 10mV s−1 in N2-saturated 0.05M
H2SO4 containing 0, 10, 20, and 40mM of CH3OOH, CH3OH, and
HCOOH, respectively.

Calculation of Gibbs free energy and standard potential
Standard Gibbs free energies of selected coupled reactions and their
corresponding standard cell potentials have been calculated by Eqs.
(8, 9) based on thermodynamic data (Supplementary Table. 3)57

4G=4H � T4S ð8Þ

E =
�4G
nF

ð9Þ

Data availability
The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information files.
Source data are provided as a Source Data file. Additional data are
available from the corresponding author upon reasonable
request. Source data are provided with this paper.
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