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Recoverable operation strategy for selective 
and stable electrochemical carbon dioxide 
reduction to methane
 

Guorui Gao1,8, Behnam Nourmohammadi Khiarak1,8, Hengzhou Liu2,8, 
Thành Trần-Phú    3, Cornelius A. Obasanjo1, Jackson Crane    4, Hung D. T. Lai1, 
Gelson T. S. T. da Silva1,5, Viktoria Golovanova6, Jiantao Li2, Huajie Ze2, 
John Weiss2, Zedong Zhang2, Sungsik Lee    7, Rosalie K. Hocking    3, 
F. Pelayo García de Arquer    6, Edward H. Sargent    2   & Cao-Thang Dinh    1 

In the carbon dioxide (CO2) electroreduction reaction, catalysts 
determine, to a large extent, the system’s product selectivity, energy 
efficiency and stability. Conventionally, catalysts are prepared and 
optimized ex situ before the reaction, but they often suffer from low 
stability due to intrinsic structural changes during the reaction. Here we 
demonstrate a recoverable operation strategy for selective and stable 
electroreduction of CO2 to methane. In this approach, active catalysts are 
formed and fully reset in situ during CO2 electroreduction reaction. By 
stabilizing catalyst precursors and controlling the formation and removal 
of the catalysts, we demonstrate an over 500-hour CO2-to-methane 
conversion with a Faradaic efficiency of over 60% at the reduction current 
density of above 0.2 A cm−2 and full-cell voltage of below 4.0 V. We further 
showcase benefits of the recoverable operation for potential integration 
with intermittent renewable power supply, contributing to more than  
100 days with day-on and night-off operation.

The electrochemical carbon dioxide (CO2) reduction reaction (CO2RR) 
to valuable chemicals driven by renewable energy can contribute 
to achieving net-zero emissions1,2. Among the various products 
electro-synthesized using CO2RR, methane (CH4) stands out in terms 
of its high energy density (55.5 MJ kg−1) (ref. 3), which is important for 
energy storage applications. The seamless compatibility with existing 
gas infrastructure, including transportation pipelines and storage 
facilities, makes it suited for large-scale and long-term energy storage. 
Compared to thermocatalytic methanation, CO2RR has the advantage 
of integration, modular scalability and bypasses the requirement for 

external steady hydrogen (H2) sources4,5. In addition, the ability of 
electrochemical reactors to ramp up and down quickly makes them 
more compatible with intermittent renewable sources compared to 
thermocatalytic processes6,7.

In CO2RR, and more broadly, in electrosynthesis, catalysts are 
employed to enhance the reaction rate and selectivity of chemical 
transformations8. Commonly, catalysts are developed based on 
tuned composition, structure, morphology and surface function 
to address specific reaction intermediates and improve rates9,10. 
These strategies aim to regulate key factors that govern the CO2RR 
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to hydrocarbons (CxHy). Utilizing a membrane electrode assembly 
(MEA) cell with dissolved CO2 feed, we achieved a methane Faradaic 
efficiency (FE) exceeding 60% at reduction current densities above 
0.2 A cm−2. The system maintained CH4 production for over 500 hours 
at a full-cell voltage of 4.0 V. Furthermore, the system showed adapt-
ability to intermittent renewable energy sources and fluctuating 
power supply, with over 100 days of operation under an alternating 
day-on/night-off cycle.

Validation of the recoverable operation concept
To test the feasibility of the recoverable operation concept, we first 
performed the CO2RR in an H-cell with 0.3 M potassium bicarbonate 
(KHCO3) at the cathode, saturated with CO2 and containing 3.6 ppm 
Cu2+. The electrolysis was conducted with electrodeposition of Cu 
onto the silver (Ag) mesh substrate at cathodic potential, followed by 
dissolution of Cu to Cu2+ at anodic potential (Fig. 2a). The oxidation 
potential (+0.25 V vs Ag/AgCl) for Cu dissolution was selected based 
on the cyclic voltammetry curves (Supplementary Note 1).

We first investigated the effect of Cu deposition on CO2RR perfor-
mance by adjusting the deposition/dissolution (Re/Ox) times for 5 s/5 s, 
60 s/60 s, 120 s/120 s and 180 s/180 s at various reduction potentials 
(−2.2, −3.1 and −3.9 V vs Ag/AgCl). Under different reduction potentials, 
5 s/5 s of Cu deposition/dissolution time consistently showed the high-
est CO2 reduction selectivity (Fig. 2b and Supplementary Fig. 2). When 
increasing the applied cathodic potential from −2.2 to −3.1 V vs Ag/AgCl, 
the FE for CH4 was improved significantly from ~17% to ~47%, whereas 
the FE for CO decreased from ~41% to ~17%. Further increase in applied 
potential did not increase CH4 selectivity but promoted HER. A series 
of control experiments, including reactions using bare Ag mesh and 
Cu mesh, suggests that the freshly formed Cu-based catalysts originat-
ing from free Cu2+ ions in the electrolyte served as the active catalysts 
for CH4 production (Supplementary Note 2). We also validated the FE 
values by examining the Cu redox processes under pulsed electrolysis, 
and we concluded that the Cu reduction contributed negligibly (<0.5%) 
to the experimentally obtained FE (Supplementary Note 3).

To evaluate the possible benefits and any limitations of fabricated 
catalysts under recoverable operation compared to pre-synthesized 
catalysts, we first performed alternated −3.1 V vs Ag/AgCl for 120 s 
and +0.25 V vs Ag/AgCl for 120 s of Re/Ox electrolysis using an elec-
trolyte containing 3.6 ppm Cu2+ precursor (Supplementary Fig. 7). 
The results showed that a stable production of CH4 with over 45% FE 
was obtained for 1,800 s of operation. At the end of the 2,040 s (after 
a 120-s Cu deposition), we refreshed the electrolyte to eliminate the 
Cu2+ ions and set a constant potential. Notably, the selectivity of CH4 
dropped dramatically, with the HER becoming the dominant reaction, 
which means that the recoverable strategy is necessary to maintain the 
selective and stable catalysts.

We employed ex situ synchrotron-radiation-based X-ray absorp-
tion spectroscopy (XAS) to analyse the coordination structures of 
Cu species after electroreduction treatment (120 s). The Cu K-edge 
X-ray absorption near-edge structure (XANES) spectra and fitting 
result show that the absorption edge is between that of metallic Cu 
and Cu2O34,35 (Fig. 2c and Supplementary Fig. 8), which corresponds 
with the characteristic peaks of metallic Cu and Cu2O in extended X-ray 
absorption fine structure (EXAFS) spectra (Fig. 2d), with no detect-
able Cu(II) species. X-ray photoelectron spectroscopy (XPS) analyses 
further confirmed these findings as only Cu0 and Cu+ are detected 
(Supplementary Fig. 9a). The XPS survey spectra (Fig. 2e and Supple-
mentary Note 4) and scanning electron microscopy-energy dispersive 
spectroscopy (SEM-EDS) (Fig. 2f and Supplementary Note 5) taken 
on samples after oxidation and reduction cycles reveal recoverable 
changes in both surface elemental composition and morphology. 
The observed dynamic changes in Cu signals prove the formation 
and dissolution of active Cu particles after reduction and oxidation 
steps, respectively.

process, including active sites and the local reaction environment 
on the catalyst surface.

The practical viability of CO2 conversion hinges on catalysts that 
combine high selectivity, commercially relevant current densities and 
extended durability—a challenge that has yet to be fully met. This is 
largely due to the dynamic character of electrocatalysts: catalysts dis-
solve, reconstruct and deactivate over time, which affects interaction 
with reactive species. In CO2RR, this typically promotes the undesired 
hydrogen evolution reaction (HER)11,12 (Fig. 1a). For copper (Cu)-based 
catalysts, which are often used for CO2 conversion to hydrocarbons and 
alcohols, such structural evolution during CO2RR has been frequently 
observed13–15. In addition to their instability during CO2RR, Cu-based 
catalysts also undergo structural changes when the reaction is not 
under the operating reducing potential, making it challenging to inte-
grate CO2RR with intermittent renewable energy sources16,17. Beyond 
Cu, similar transformations are common on noble metal catalysts, 
including gold and palladium, for CO2RR to carbon monoxide (CO)18.

Common strategies to enhance catalyst stability include 
alloying19,20, element decoration21,22, core-shell confinement23,24 and 
additive tuning25,26, among others27,28. For example, alloying Cu with 
antimony and palladium was suggested to improve catalyst stabil-
ity by lowering surface energy29. Core-shell structures have been 
reported to stabilize the oxidation state and enhance the surface 
adhesion energy of the Cu nanocrystals by a hybrid organic/inor-
ganic alumina shell30. Despite noticeable progress, the lifetime of 
reported catalysts remains limited to the hundreds of hours31 and 
typically only to a few hours at application-relevant (>0.2 A cm−2) 
high-reduction-current densities26,32,33.

We argue that these strategies, based on modifying Cu-based 
(pre)catalysts, may slow down reconstruction processes but still face 
a fundamental performance-durability trade-off. Therefore, instead 
of relying on conventional ex situ pre-catalyst compositional and 
structural tuning, we report a strategy based on recoverable operation, 
where catalysts are in situ synthesized and fully reset during electro-
chemical operation to overcome this intrinsic limitation (Fig. 1b). 
The repetition of the cycle enables selective and long-term CO2RR 
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Fig. 1 | Schematic illustration of the CO2 to hydrocarbon conversion process 
using different strategies. a, Conventional steady-state approach using pre-
synthesized catalysts. The pre-synthesized catalysts change during CO2RR, 
leading to the formation of deactivated catalysts, which often produce H2 as the 
main product. b, Proposed ‘recoverable operation’ approach on in situ prepared 
Cu catalysts. Active catalysts are formed during the CO2RR process from the 
catalyst precursor in the electrolyte solution. At the end of each cycle, the 
catalysts are selectively removed from the substrate, forming the initial state to 
complete a cycle.
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To characterize the dynamic structure changes of Cu-based 
active sites during electrolysis, we performed in situ Raman and 
XAS analyses. At an open-circuit potential and at –1.8 V vs Ag/AgCl, 
without Cu2+ in the electrolyte, no significant Raman peaks were 
observed (Fig. 3a). Upon addition of Cu2+, peaks for different reac-
tion intermediates appeared at the negative potential between −0.2 
and −1.8 V versus Ag/AgCl36–38, but no peaks were related to Cu2O and 
CuO, indicating the metallic state of Cu-based active sites at reduction 
potentials. Notably, at potentials more negative than −0.2 V vs Ag/
AgCl, peaks associated with CH4 formation intermediates, such as 
linearly adsorbed CO and C–H stretching vibrations, were detectable. 
As the potential was further scanned to 0 V vs Ag/AgCl, two distinct 
peaks appeared at 519 and 631 cm−1, corresponding to vibrational 
modes of Cu2O37, with no signals for CuO. When the potential shifted 
more positively (Fig. 3b), the intensity of these Cu2O peaks gradually 
diminished and disappeared, which means the oxidative dissolution 
of surface Cu species from the Ag substrate into the electrolyte. 
Further analysis by holding the potential at +0.1 V vs Ag/AgCl up to 
1,200 s revealed the dynamic formation and disappearance of Cu2O 
species (Fig. 3c), indicating the gradual dissolution of surface Cu2O, 

consistent with our pulsed electrolysis strategy for controllable Cu 
deposition and dissolution.

In situ XAS results show a substantial shift between Cu-based 
catalyst formation and removal within the first three cycles of pulsed 
Re/Ox electrolysis (Fig. 3d–f). During the reduction period, Cu2+ from 
the electrolyte electrodeposited on the substrate and mainly formed 
metallic Cu, which was subsequently oxidized and dissolved back 
to the electrolyte (Supplementary Figs. 19–21). By fixing the energy 
at the rising edge (8,985 eV) and applying a pulsed potential (10 s) 
between −1.0 and +0.25 V versus Ag/AgCl, the dynamic change in 
Cu2+ fluorescence intensity inside the electrolyte was observed, and 
the result revealed a reversible process between the deposition of 
Cu2+ from the electrolyte and its dissolution back to the electrolyte 
(Supplementary Fig. 22). These observations demonstrate the high 
recoverability of the Cu-based active sites during pulsed electrolysis.

Recoverable operation strategy at high currents
To test the recoverable operation concept at high current densities, we 
performed CO2RR in a MEA cell coupled with a bipolar membrane (BPM) 
(Fig. 4a and Supplementary Fig. 23). The catholyte, composed of 0.3 M 
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Fig. 2 | Proof of concept of the recoverable operation in a conventional H-cell 
configuration. a, Schematic representation of the ‘recoverable operation’ 
strategy using an Ag substrate and Cu active catalysts. b, System optimization 
using 5 s/5 s, 60 s/60 s, 120 s/120 s and 180 s/180 s of reduction and oxidation 
(Re/Ox) times, respectively, and at a reduction potential of −3.1 V versus Ag/
AgCl and an oxidation potential of +0.25 V versus Ag/AgCl. Error bars represent 
the standard deviation (SD) of measurements based on three independent 
trials. Data are presented as mean values ± SD. c,d, Cu K-edge XANES (c) and 

corresponding Fourier-transformed (FT)-EXAFS spectra of post-Cu deposition 
electrode after 120-s reduction at the potential of −3.1 V versus Ag/AgCl (d). 
Dashed lines represent reference components. e, XPS survey spectra of post-
reaction electrode after 120-s Cu deposition or dissolution at the reduction 
potential of −3.1 V versus Ag/AgCl or the oxidation potential of +0.25 V versus Ag/
AgCl. f, SEM images of corresponding electrodes from XPS analyses. Scattered 
nanoparticle spots were found after the reduction treatment.
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KHCO3, with dissolved CO2 and Cu2+, was circulated through the cathode 
compartment. Ag meshes, identical to those used in the H-cell tests, 
were used as the cathode. Ni foam and 1 M potassium hydroxide (KOH) 
solution were used as anode and anolyte, respectively. All CO2RR tests 
with BPM were performed by alternating cell voltages between an oxida-
tion voltage of −1.0 V and a CO2 reduction voltage in the range of −4.5 to 
−8.0 V (Supplementary Note 6). Unless stated otherwise, oxidation and 
reduction times were fixed at 5 s/5 s, because these conditions yielded 
the highest CxHy:H2 ratio in the H-cell tests (Supplementary Fig. 26).

In our cell configuration, CO2 reactant comes from two sources, 
one of CO2 dissolved in bulk electrolyte (Supplementary Fig. 27a) and 
the other of in situ regenerated CO2 from the reaction between bicarbo-
nate ions and protons from the BPM (Supplementary Fig. 27b,c)39,40. As 
a result, higher CO2RR partial current densities can be achieved when 
compared to those using either dissolved or in situ generated CO2 
sources alone (Supplementary Fig. 27c). We also simulated the limiting 
current density for CH4 production in a configuration with in situ CO2 
only (argon (Ar)-saturated in Fig. 4b) and with both CO2 sources active 
(CO2-saturated in Fig. 4b). The theoretically maximum current density 
for CH4 production with both CO2 sources exceeds our experimental 
results under the highest applied cell voltage, suggesting that the CO2 
availability is sufficient for high current density operation in our system 
(Supplementary Fig. 27c).

We then explored the effect of Cu2+ concentration in the catho-
lyte and found that it did not significantly influence the cell voltages. 
A current density range of −100 to −500 mA cm−2 was attained with 
applied potential from −4.5 to −8.0 V at all Cu2+ concentrations from 
0.5 to 28.8 ppm (Fig. 4c and Supplementary Fig. 28). However, the Cu2+ 
concentrations greatly affected product distribution. At a low Cu2+ 
concentration of 0.5 ppm, CO was the main gaseous CO2RR product at 
a low current range, but the hydrocarbons became the dominant gase-
ous products of CO2RR as the Cu2+ concentration increased. Remark-
ably, current densities exceeding −450 mA cm−2 can be achieved in the 
CO2-limited aqueous system with a CH4 selectivity of over 60% (for 
3.6-ppm and 14.4-ppm conditions), demonstrating the high activity 
of the recoverable operation for CO2RR.

On the basis of these, we selected a 3.6 ppm Cu2+ concentration to 
investigate the stability in the BPM-MEA system based on the highest 
CxHy:H2 ratio (Supplementary Fig. 29). The system showed a starting 
CH4 FE of 66% but gradually decreased to 28% after a 130-hour opera-
tion (Fig. 4d and Supplementary Fig. 30). From the modelling results 
(Supplementary Fig. 31a), a high local alkaline environment (maximum 
pH of ~12) was observed across the electrode at the current density 
of −250 mA cm−2. We subsequently evaluated the stability of Cu2+ in 
electrolytes with different pH values, and we observed that Cu2+ was 
stable in CO2-saturated KHCO3 (pH of 7) but precipitated at a pH of 12 
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(Supplementary Fig. 31b). We thus attributed the performance degra-
dation to the continuous loss of Cu species during the long-term test, 
with evidence of an increase in the CO production over time (Fig. 4c,d). 
Within the period of the reduction process, OH− ions were formed 
around the electrode by CO2RR and HER. When the potential was turned 
to anodic, deposited Cu species were oxidized to Cu2+, and a part of 
Cu2+ ions were prone to form Cu(OH)2 by combining with OH− locally41, 
which decomposed to CuxOy gradually (Supplementary Fig. 32). These 
compounds were insoluble in water and tended to adhere to the flow 
channel and the outlet tube when they were carried out by electrolyte 
(Supplementary Fig. 33). Besides, results from the inductively coupled 
plasma-optical emission spectrometer (ICP-OES) indicated that the 
Cu2+ concentration in the catholyte was lower following the stability 
test as compared to the beginning, confirming that Cu2+ ions were lost 
from the bulk electrolyte over time (Supplementary Table 1).

Long-term stability with stable catalyst 
precursors
To address the instability of the Cu2+ precursor in the electrolyte during 
CO2RR, we complexed pyridine (Py) with Cu (Py-Cu2+) (Fig. 5a) as the Cu 
catalyst precursor, seeking to enable a relay-like Cu dispatch regulation 
effect. The sp2 lone pair orbital of ‘N’ in the benzene ring overlaps with 
the vacant metal orbital, producing a σ bonding interaction, which 
makes the Py a ligand to stabilize the (Cu2+)42,43. The complex precursor 
exhibited good stability under an alkaline environment (pH of 12) in our 

simulated operation conditions (Supplementary Figs. 31a and 34). We 
first investigated whether the Py affects the chemical characteristics 
of freshly formed active sites using ex situ XPS and in situ XAS. We 
observed similar characteristic peaks for Cu-based active catalysts 
under the conditions with and without Py stabilization after reduction 
potential, suggesting a similar nature of the Cu active phase (Fig. 5b,c 
and Supplementary Figs. 35–39).

Next, we chose three different Py:Cu2+ molar ratios of 4:1, 20:1 and 
40:1 to explore the CO2RR performance on the MEA cell system. Adding 
Py did not significantly change the current–voltage behaviour of the 
system, but H2 generation increased with a corresponding decrease 
in CH4 production as the Py concentration increased (Fig. 5d and 
Supplementary Fig. 40). At higher current densities over −200 mA cm−2, 
a CH4 FE of over 60% was obtained for the ratios of 4:1 and 20:1. CH4 FE 
decreased to ~50% when a Py:Cu2+ ratio of 40:1 was used.

To understand the effect of Py on the formation of active Cu cata-
lysts, we first conducted a series of cyclic voltammetry (CV) measure-
ments using varying Py:Cu molar ratios (Supplementary Fig. 41). We 
observed the decrease in the intensity of Cu oxidation peaks with 
increasing Py:Cu molar ratios, suggesting that the presence of Py hin-
ders Cu deposition on the Ag surface. XPS analysis further confirmed 
this inhibitory effect, showing a reduced Cu:Ag ratio in the presence 
of Py (Supplementary Fig. 35). Linear sweep voltammetry (LSV) results 
indicated that the addition of Py slightly shifted the onset potential 
for Cu2+ reduction to more negative values (Supplementary Fig. 42), 
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reinforcing the conclusion that Py ligands hinder the reduction of 
Cu2+ cations.

To investigate the possible adsorption of Py on the catalyst sur-
face, we conducted in situ Raman measurements in the presence 
of Py in the electrolyte. We observed characteristic peaks of Py at 
632, 1,016, 1,213 and 1,598 cm−1 under negative applied potentials 
(Supplementary Fig. 43b)44. These peaks were not detectable when 
the applied potentials were either positive (+0.2 V) or more negative 
than –1.0 V, suggesting that Py adsorption on the electrode surface is 
potential-dependent. Our in situ Raman spectra also showed a decrease 
in the intensity of CO2 reduction intermediates in the presence of Py, 
which could result from the reduced amount of active Cu deposited 
when Py is added (Supplementary Figs. 43a and 44). This observation 
is consistent with the LSV results, which show lower CO2RR currents in 
the presence of Py in the electrolyte (Supplementary Fig. 45).

To examine whether Py adsorption can stabilize Cu catalysts for 
CH4 production, we conducted a series of control experiments (Sup-
plementary Note 7 and Supplementary Figs. 46 and 47). We first depos-
ited Cu on an Ag mesh to produce a catalyst with high CH4 selectivity. 
Then, we applied different electrolysis strategies using an electrolyte 
containing Py but without added Cu2+. We observed that CH4 produc-
tion was not stable under either constant or pulsed potentials. These 
results indicate that adsorbed Py does not act as a protective layer for 
the active sites.

Extended durability tests were performed for all Py:Cu2+ molar 
ratios to evaluate the effect of Py on system stability, and the current 
density was maintained at around −200 mA cm−2 by adjusting the cell 
voltage over time. The existence of Py increased the stability of CO2RR, 
but the decrease in CH4 FE still occurred for nearly 140-hour operation 
at the ratio of 4:1 (Fig. 5e and Supplementary Fig. 48). However, with the 
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Fig. 5 | Effect of Py-Cu2+ complex for improved stability performance in 
BPM-MEA system. a, Schematic representation of the reduction and oxidation 
segments of Cu catalyst on an Ag mesh substrate with Py addition. b,c, In situ 
XAS: Cu K-edge XANES (b) and corresponding FT-EXAFS spectra (c) comparing 
the conditions with and without Py addition. A 300-s reduction or oxidation  
for each cycle was required to obtain the spectra. ‘w/o’ stands for ‘without’.  
d, Comparison of CH4 selectivity for different Py:Cu2+ molar ratios at different 
reduction voltages of −4.5 V, −6.0 V and −8.0 V with an oxidation voltage of −1.0 V. 
Error bars represent the SD of measurements based on three independent trials. 

Data are presented as mean values ± SD. e, Comparison of CH4 product stability 
for Py:Cu2+ molar ratios of 4:1 and 40:1 throughout 130 h. The operation started 
with an oxidation voltage of −1.0 V and a reduction voltage of −6.0 V (and was 
adjusted) to maintain the current density of approximately −200 mA cm−2.  
f, Gaseous product stability of the system operated with oxidation voltage of 
−1.0 V and a reduction voltage of −6.0 V (and was adjusted) to maintain the 
current density of approximately −200 mA cm−2 using a Py:Cu2+ molar ratio of 
20:1. All ratios considered were based on 3.6 ppm Cu2+ concentration, and a 
reduction/oxidation time of 5 s/5 s was used for all stability tests.
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ratios of 20:1 and 40:1, significant improvements were achieved with 
no noticeable decline in CH4 FE for the similar operation time (Fig. 5e,f 
and Supplementary Figs. 49 and 50). We used ICP-OES to quantify the 
Cu2+ concentration in the bulk electrolyte after prolonged operation 
with varying Py concentrations (Supplementary Table 1). The results 
indicate that increasing the Py concentration reduces the loss of Cu2+ 
from the electrolyte.

Improvement in energy efficiency with CEM-MEA 
cell configuration
Whereas MEA with BPM offers a platform for CO2RR with high selectivity 
and stability, the high resistance of traditional and commercial BPM 
leads to high operating cell voltage and reduces the energy efficiency 
of CO2RR45,46. To reduce cell voltage at high currents, we explored a cell 
configuration of MEA with a cation exchange membrane (CEM). In this 
system, iridium oxide (IrOx) supported on titanium (Ti) felt and diluted 

sulfuric acid (0.05 M H2SO4) were used as anode and anolyte, respec-
tively (Fig. 6a). In the CEM-MEA cell configuration, a reduction volt-
age of −3.9 V to −4.4 V was needed to achieve a current density of over 
−200 mA cm−2 to −400 mA cm−2, which is 2.1 V to 3.6 V lower than those 
in BPM-MEA at similar current densities (Fig. 6b). The CEM-MEA system 
exhibited a similar product distribution to the BPM-MEA system, deliv-
ering a CH4 FE of 60% at the current density of −210 and −420 mA cm−2 
at reduction voltage of −3.9 and −4.4 V, respectively (Fig. 6c).

To investigate the stability of the CEM-MEA system with the recov-
erable operation concept, we conducted CO2RR by cyclically alternat-
ing the voltage between −1.0 V and −3.8 V and tracking the current 
and products over time. We found that a stable current of around 
−200 mA cm−2 and CH4 FE of around 60% were maintained through-
out the run of 500 hours (Fig. 6d), which is remarkable compared to 
reported works (Supplementary Table 2). It is worth noting that the 
reduction voltage of this long-term operation only increased from 
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−3.8 V to −4.0 V compared to −6.0 V to −8.0 V for the 400-hour opera-
tion of the BPM-MEA system, demonstrating the more energy-efficient 
configuration (Supplementary Figs. 50 and 51).

We also evaluated the potential application of the recoverable 
concept in intermittent operation. To achieve this, we performed 
CO2RR during the daytime for approximately 12 hours and then 
turned off the system at nighttime for the remainder of the time 
(Supplementary Fig. 52). With this intermittent mode, the system was 
kept operating for more than 100 days, maintaining a high CH4 FE of 
50% at a current density of over −200 mA cm−2 (Fig. 6e). With the recov-
erable operation strategy, the active sites were formed only during 
CO2RR and had no effect when the system was turned off. As a result, 
the system can be very stable during intermittent operation and offer 
a promising platform for the integration of renewable but intermittent 
electricity and CO2RR technology.

We also investigated the recoverable operation strategy for C2 
product generation under intermittent conditions. To produce C2 
products, we employed porous Ag mesh substrates with a high surface 
area47 (Supplementary Fig. 53) and used a high concentration of Cu2+ 
in the electrolyte (36 ppm). A pulsed electrolysis programme with 
long reduction (20 s) and oxidation (20 s) steps was implemented. 
Preliminary results revealed that C2 production with a FE of 35% was 
maintained for over 100 hours of intermittent operation at a current 
density of −120 mA cm−2 (Supplementary Fig. 54).

Conclusion
We report a concept of recoverable operation to extend the durability 
of the CO2RR system. In our approach, Cu catalysts are periodically 
deposited onto the Ag substrate in situ during CO2RR, followed by 
catalyst dissolution in an oxidation process before deactivation. CH4 
production at high current densities was demonstrated through the 
MEA cell with aqueous carbon-rich feed. By stabilizing the catalyst 
precursors and optimizing the cell resistance, the system delivered 
a CH4 Faradaic efficiency of over 60% at a current density of over 
−200 mA cm−2 and a full-cell voltage of 4 V for a 500-hour stable opera-
tion. Operation with day-on/night-off shifts was explored to investigate 
the compatibility between recoverable operation and intermittent 
power supply, and more than 100 days of operation were realized in 
our system. Given the diversity of metal precursor complexes and the 
possibility of regulating the active sites, this approach represents a 
promising pathway for developing stable catalysts for a variety of 
electrochemical processes.

Methods
Materials
All chemicals were purchased and used as received unless otherwise 
noted. The bipolar membrane (BPM) (Fumasep FBM, Fuel Cell Store) 
and cation exchange membrane (CEM) (Aquivion E9809S, Fuel Cell 
Store) were utilized. The copper (Cu) mesh and silver (Ag) mesh (Ama-
zon online store) were used as acquired without pretreatment. The car-
bon paper (Sigracet 39BB) was obtained from Fuel Cell Store and iridium 
oxide (IrOx) coated on titanium (Ti) felt was purchased from Magneto 
Special Anodes. Potassium bicarbonate (KHCO3, 99.9%), potassium 
hydroxide (KOH, 99%), sulfuric acid (H2SO4) and copper(II) sulfate 
pentahydrate (CuSO4 ∙ 5H2O) were purchased from Sigma-Aldrich. Pyri-
dine was obtained from Sigma-Aldrich (99.8%). Argon (Ar) and carbon 
dioxide (CO2) (Praxair, 99.99%) gas cylinder was used as sources for 
sparging and gas carrier. Ultrapure water (18.2 MΩ cm) was prepared 
using a Thermo Fisher Scientific water purifier. The activation of the 
Ag mesh was performed using cyclic voltammetry (CV) at a scan rate 
of 50 mV s−1 between +1.0 and –1.0 V (vs Ag/AgCl) for ten cycles. The 
activation was carried out in a two-chamber electrochemical H-cell 
separated by a BPM, where the cathode chamber contained 1 M KHCO3 
solution, and the anode chamber contained 5 M KOH. Activated Ag 
mesh (1 × 2 cm) was used as the working electrode, whereas a platinum 

mesh and an Ag/AgCl (3 M potassium chloride (KCl)) electrode served 
as the counter and reference electrodes, respectively.

Electrochemical CO2 reduction
H-cell. Electrolytic measurements were performed with an Autolab 
PGSTAT204 potentiostat coupled with a current booster (Metrohm 
Autolab, 10 A). A conventional H-cell was employed in this study, which 
comprises a cathodic and an anodic compartment. The compart-
ments were separated by a BPM (Fumasep) in reverse bias. Fifty ml 
CO2-saturated 0.3 M KHCO3 was used as the catholyte, whereas 50 ml 
1 M KOH was used as the anolyte. CuSO4 ∙ 5H2O was used as the catalyst 
precursor and added to the catholyte before the start of the reaction. 
The working electrode (Ag mesh) with an exposed surface dimension 
of 1 cm × 1 cm was immersed in the catholyte, facing a leak-free Ag/AgCl 
(3 M KCl) reference electrode. A Pt electrode served as the counter elec-
trode in the anodic compartment. CO2 gas was kept bubbling into the 
catholyte, and the catholyte was continuously stirred throughout the 
testing process. CV curves were carried out in an H-cell at a scan rate of 
50 mV s−1 in CO2-saturated 0.3 M KHCO3. Linear sweeping voltammetry 
(LSV) curves were determined in an H-cell at a scan rate of 50 mV s−1 in 
Ar- or CO2-saturated 0.3 M KHCO3.

MEA cell
For experiments carried out in the BPM-membrane electrode assem-
bly (MEA) cell configuration, Ag mesh (110 pores per inch (ppi)) and 
nickel foam (1.5 mm thickness; 80–100 ppi, MTI Corp.) were used as 
the cathode and anode, respectively. The compartments were sepa-
rated by a BPM (Fumasep). Details of the electrolysis cell arrangement 
and the electrolysis system employed in this work are described in 
Supplementary Fig. 23. The exposed sizes of both the cathode and 
anode electrodes were 1 cm × 2 cm (a geometric area of 2 cm2 was used 
for all current density calculations). The Ag mesh was configured to 
be in direct contact with the membrane. The polytetrafluoroethylene 
(PTFE) gasket was used to prevent contact between the anode and cath-
ode titanium flow plates. A PTFE spacer was used to avoid direct contact 
between the Ag mesh and the cathode flow plate. In the CEM-MEA con-
figuration, IrOx/Ti felt was used as the anode, whereas a polypropylene 
mesh was used as the spacer that separates the cathode flow plate from 
the Ag mesh catalyst. For the test carried out in the BPM-MEA cell, the 
catholyte that was continuously stirred and circulated via the cathodic 
plate flow channel was 500 ml of CO2-saturated 0.3 M KHCO3. CO2 was 
also continuously bubbled into the catholyte solution throughout the 
testing period. The anolyte circulated through the anodic flow channel 
was 200 ml of 1 M KOH. Similarly, for the CEM-MEA system, the catho-
lyte and anolyte used were 500 ml of CO2-saturated 0.3 M KHCO3 and 
200 ml of 0.05 M H2SO4, respectively. For each potential screening, the 
electrolysis testing was carried out with the online gas product being 
analysed between 2,000 s and 2,400 s.

Product analysis
The two-phase flow catholyte coming out from the cell was pumped 
back to the catholyte reservoir, where the gas products were accu-
mulated and collected in the reservoir headspace. The headspace 
of the reservoir was connected to a manual six-way valve, which 
controlled the injection of accumulated gas products to the gas 
chromatography (GC, PerkinElmer Clarus 590) for measurements. 
The GC is equipped with detectors—a flame ionization detector that 
operates at 250 °C and a thermal conductivity detector that oper-
ates at 180 °C. Whereas a Carboxen-1000 packed column (Supelco) 
attached to the flame ionization detector was utilized to quantify 
CH4, C2H4 and other possible hydrocarbons, a molecular sieve (5 A) 
packed column (Supelco) connected to the thermal conductivity 
detector was used to evaluate CO, CO2 and H2 products. The two 
columns were operated with Ar carrier gas (flow rate of 20 sccm) at 
a fixed temperature of 180 °C.
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Aliquots of the liquid products were analysed using Nuclear 
Magnetic Resonance spectroscopy. Freshly obtained samples were 
examined on a Bruker spectrometer (400 MHz) in 10% D2O, employing 
water suppression mode (PRESAT). Dimethyl sulfoxide served as the 
internal standard.

The Faradaic efficiency (FE) of gaseous products was calculated 
as follows:

FEi =
zi × F × xi × Fm

I × 100% (1)

where FEi is the FE of the gaseous product i. zi is the number of electrons 
transferred to form the corresponding gaseous product (for CH4, Zi is 
8). F is Faraday’s constant, 96,485 (C mol−1). Fm is the molar flow rate of 
the gas stream (mol s−1). I is the total current applied (A) and xi is the 
mole fraction of the gas product i during the reduction step.

The operation of the cell was carried out with two distinct steps: 
reduction and oxidation. During the oxidation step, no gaseous prod-
uct is formed. As the reduction–oxidation cycle goes on, the amount of 
gaseous product produced is diluted continuously by the CO2 during 
the oxidation cycle. In addition, the flow of the catholyte to the cell was 
kept constant during the oxidation step. Thus, in comparison with the 
continuous reduction operation, the reduction–oxidation operation 
generates the gas product that has the mole fraction as follows:

xi = x ′i ×
Δtr + Δto

Δtr
(2)

where x ′i  is the diluted concentration of the gas product i after mixing 
with gas products from both reduction and oxidation steps, which is 
measured by GC. ∆tr and ∆to are the time of reduction and oxidation 
steps in each cycle, respectively.

The FE of liquid products was calculated as follows:

FEk =
zk × F × Nk

I × t × 100% (3)

where FEk is the FE of the liquid product k and zk is the number of elec-
trons transferred to form the corresponding liquid product k. F is the 
Faraday’s constant, 96,485 (C mol−1). Nk is the total number of moles 
of liquid product k (mol). I is the total current applied (A) and t is the 
total operation time (s).

Characterization
Ex situ X-ray absorption spectroscopy (XAS) measurements were col-
lected at beamline 12-BM of the Advanced Photon Source (APS) at 
Argonne National Laboratory. X-ray photoelectron spectroscopy (XPS) 
was conducted on a Thermo Scientific NEXSA G2 XPS spectrometer 
equipped with an Al K alpha radiation source and electron flood-gun at 
a pressure of 8 × 10−8 mbar with a pass energy of 50 eV. All spectra were 
calibrated with the C 1s peak at 284.8 eV. Scanning electron microscopy 
(SEM) images and SEM-energy dispersive spectroscopy (SEM-EDS) 
analysis of the samples before and after the different electrocatalytic 
conditions were measured using FEI Magellan 400.

The operando electrochemical surface-enhanced Raman spec-
troscopy measurements were carried out using a PGSTAT204 electro-
chemical workstation coupled with a RENISHAW inVia confocal Raman 
microscope. The wavelength utilized in the experiment was 633 nm. 
A custom-designed Raman cell was employed, featuring a platinum 
wire as the counter electrode and an Ag/AgCl electrode as the refer-
ence electrode. A 200-nm layer of Ag was deposited onto a polytetra-
fluoroethylene (PTFE) substrate using a sputter coater to serve as the 
working electrode. Electrochemical experiments were conducted in 
a CO2-saturated 0.3 M KHCO3 aqueous electrolyte, with the optional 
addition of Cu2+ ions and/or pyridine as specified.

In situ XAS of Cu K edges was performed at the Australian Synchro-
tron (ANSTO) in operational mode 2. Cu K-edge spectra were recorded 
with Si(111) monochromators and focusing optics. Data were collected 
in fluorescence mode using an 18-element solid-state Ge fluorescence 
detector. XAS data were analysed using Athena software. The in situ 
XAS was performed in a gas- and liquid-tight spectroelectrochemical 
cell (SEC) as described in our previous study48–50. Ag mesh as substrate 
was first run in the system, but there was a substantial influence of the 
Ag on the Cu K-edge signal, which distorted the interpretation of the 
data. As such, a Sigracet 39 BB carbon paper was used as the electrode, 
and electrolytes of 0.3 M KHCO3 with and without pyridine containing 
3.6 ppm Cu2+ were saturated with CO2 before running experiments. 
A BioLogic SP-150e single-channel potentiostat was used to control 
applied potential in a three-electrode configuration. An Ag|AgCl (3 M 
KCl) reference electrode was used as a reference electrode. A Teflon 
fabric-reinforced Nafion membrane was used to separate the working 
and auxiliary chambers.

Studies on the Cu2+ concentration in the catholyte were carried 
out with an iCAP 7400 ICP-OES analyser (Thermo Fisher Scientific). The 
samples were acidified to below a pH of 2 by H2SO4 before the analysis.

Multiphysics modelling
A one-dimensional multiphysics model was developed and previ-
ously validated39 to replicate the experimental conditions. The domain 
simulated was the cathode catalyst layer and the cation exchange layer 
(CEL) of the bipolar membrane. The physics considered were species 
diffusion and electromigration, electrokinetic reaction evolution, bulk 
buffer reactions, liquid-to-gas phase transfer and current distribution. 
The boundary condition at the CEL was a proton flux, while the bound-
ary condition at the catalyst layer was a finite flux of electrolyte and a 
half-cell potential from 0 to −2.5 V. The CEL was modelled with a fixed 
negative space charge, which limits anion transport due to repulsion. 
Two electrokinetic reactions were considered: the methane evolu-
tion reaction and the hydrogen evolution reaction (HER). To calculate 
the limiting current density, the HER was disabled. The model was 
solved using COMSOL Multiphysics version 6.3. Additional details 
of model parameters can be found in the ‘open matrix’ case of our 
previous work39.

Data availability
All the data supporting the findings of this study are available within 
the article and its Supplementary Information and Source Data file. 
Source data are provided with this paper.
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