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While methane is a desirable product due to its widespread
use as a fuel, the direct electroreduction of CO, to CH, is
hindered by challenges such as low product purity and high
overpotentials. To overcome these limitations, we developed
an efficient cascade system combining electrolysis and
thermocatalysis for the high-purity production of CH,

from CO,. Electrochemical syngas generation using metal
nanoclusters with high CO,-binding affinity enabled
near-theoretical single-pass conversion efficiency, followed
by thermocatalytic conversion to high-purity methane.
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Broader context

High purity CH,4 production from CO, via cascade
electro-thermocatalysis using metal nanoclusters
with high CO, binding affinity7

Sang Myeong Han, {22 Minyoung Park,® Seonju Kim,> Cheonwoo Jeong,”
Joonwoo Kim*® and Dongil Lee (2 *?

Electrochemical CO, reduction reaction (CO,RR) has emerged as a promising strategy to convert CO,
into value-added chemicals and fuels. While methane is especially desirable owing to its extensive use
as a fuel, existing infrastructure, and large global market, the direct electroreduction of CO, to CHy is
hindered by challenges such as low product purity and high overpotentials. In this study, an efficient
cascade electrolysis and thermocatalysis system for the high-purity production of CH4 from CO, has
been demonstrated. Electrochemical syngas production was carried out using CO,RR-active electro-
catalysts, including Au,s and Agy4 nanoclusters (NCs). While both NCs exhibited high CO,-to-CO activity
in alkaline media, Agi4 NCs enabled syngas production with a varying ratio (H,/CO) by adjusting the CO,
flow rate, achieving near-theoretical single-pass conversion efficiency (SPCE) of over 45% (theoretical
limit = 50%). Electrokinetic analysis revealed that the strong CO, binding affinity and exceptional CO
selectivity of Agis NCs contribute to superior syngas tunability and carbon conversion efficiency.
Electrochemically generated syngas (H,/CO = 3) at 800 mA cm™2 was directly fed into a thermocatalysis
reactor, producing CH,4 with a purity exceeding 85%.

Converting CO, into deep-reduced chemicals and fuels is a promising strategy to address environmental issues and achieve a carbon-neutral society. Currently,
electrochemical and thermocatalytic methods are extensively studied to develop efficient conversion processes, along with other approaches. However,
electrochemical CO, conversion suffers from low product purity, while significant challenges remain in the energy-intensive CO production step via the reverse
water-gas shift (RWGS) reaction in thermocatalytic conversion. We report an efficient cascade electro-thermocatalysis process that electrochemically converts

CO, into syngas, followed by subsequent thermal CO methanation. This cascade system not only bypasses the energy-intensive RWGS reaction but also ensures
high CH, purity in the product gas stream. Additionally, we present key design principles for electrocatalysts in electrochemical syngas production with near-
theoretical single-pass conversion efficiency, enabled by the high CO, binding affinity of nanocluster electrocatalysts. This unique property allows tunable CO,-
free syngas production with various syngas ratios (H,/CO) by adjusting the initial CO, flow rate. The electrochemically produced CO,-free syngas is then

converted into CH, with a purity exceeding 85% at an industrially relevant current density of 800 mA cm 2. These findings establish the viability of the cascade

electro-thermocatalysis system for high-purity chemical production with high carbon conversion efficiency.

Introduction

into valuable chemicals and fuels, while also serving to store
surplus renewable energy.' Among several products derived

Electrochemical CO, reduction reaction (CO,RR) has garnered
significant interest as a promising strategy for converting CO,
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from CO,, CO production has garnered substantial research
attention owing to its wide-ranging applications as a compo-
nent of syngas (a mixture of CO and H,) in numerous industrial
processes, including methanation, alcohol production, and
Fischer-Tropsch synthesis.*”® Furthermore, electrochemically
produced CO (or syngas) can effectively mitigate sulfur and
nitrogen contamination—issues commonly encountered in
traditional fossil fuel-based methods such as natural gas
reforming and coal gasification, which are also associated with
significant pollution and high energy consumption.”*° Various
Au- and Ag-based nanoparticles have been developed as selective
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CO,RR catalysts for CO production.”™* However, these catalysts
typically exhibit polydispersity in size, shape, and surface structure,
resulting in suboptimal activity and selectivity."*

Over the past decade, atomically precise metal nanoclusters
(NCs) have emerged as a promising frontier in electrochemical
CO,RR.™ ™ Since Kauffman et al’s pioneering report in
2012,"7 a variety of Au-, Ag-, and alloy-based NCs have been
developed as CO,RR electrocatalysts by tailoring their struc-
tures and compositions.'®*>* Notably, metal NCs have enabled
atomic-level insights and driven significant advancements
in electrocatalyst design. Using Au,s(SR);s, Auzg(SR),4, and
Au,44(SR)so NCs (SR = thiolate) as model catalysts, we have
demonstrated that these NCs undergo electrochemical activa-
tion via partial ligand loss, generating dethiolated Au sites that
serve as active centers for CO,-to-CO conversion.?® Further-
more, the efficiency of CO,-to-CO electroreduction can be
enhanced by transplanting highly active Au sites into catalyti-
cally less-active Ag,5(SR);5 and inactive Niy(SR)g NCs.>*?” Addi-
tionally, the cation-relaying effect has been demonstrated to
boost CO production on Au,5(SR);s NCs by employing anionic
terminal groups on the protecting ligands.>®

While significant progress has been made in developing
selective CO,RR catalysts for CO and formate production,>
much less has been achieved toward developing catalysts for
deep-reduced products such as CH;OH, CH,, and C,H,. Cu-
based electrocatalysts have been widely employed for convert-
ing CO, into various deep-reduced products, owing to their
appropriate adsorption energy for the *CO intermediate.**?
Ni-based electrocatalysts have also shown potential for hydro-
carbon production.**** However, low product purity remains a
major challenge in the electrochemical CO,RR process for
deep-reduced products. For example, widely investigated
deep-reduced products such as CH3;OH,*>*® CH,,*”* and
C,H4,**** typically exhibit purities below 30% due to the
presence of undesired byproducts and unreacted CO,. These
impurities in the product stream necessitate additional separa-
tion steps, further emphasizing the challenge of achieving
high-purity chemical production.

Thermocatalytic conversion of CO, is another promising
strategy for producing deep-reduced products. This approach
typically involves CO,-to-CO conversion via the reverse water—
gas shift (RWGS) reaction, followed by subsequent CO hydro-
genation steps.*”® However, RWGS requires high temperatures
due to its endothermic nature and also relies on external
hydrogen sources,* significantly reducing the overall energy
efficiency of the process. Cascade catalysis, which integrates
electrochemical CO,RR with thermochemical or biochemical
reactions,’®™® offers an effective alternative for producing
deep-reduced products by bypassing the energy-intensive
RWGS process. When combined with hydrocarbon production
technologies such as CO methanation and Fischer-Tropsch
synthesis, electrochemical CO,RR could serve as a viable synthetic
route for various deep-reduced chemicals and fuels.

Herein, we introduce an efficient cascade electro-thermo-
catalysis system for CH, production from CO,. Electrochemical
syngas was generated using CO,RR-active electrocatalysts
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under varying CO, flow rates, including 1-hexanethiolate-
protected Au,s [Au,s(SCeHiz)is], 3,3-dimethyl-1-butynyl-protected
Ag,, [ClAg,,(C=C-tBu);,], and Ag nanoparticles (Ag NPs).
Au,5(SCeH3)15 and ClAg,4(C=C-tBu);, are hereafter abbre-
viated as Au,s and Agy,, respectively, throughout this paper.
Among these, Ag;, NCs exhibited the highest carbon conversion
efficiency, outperforming Au,s NCs and Ag NPs. Electrokinetic
analysis indicated that the superior single-pass conversion
efficiency (SPCE) of Ag,4 NCs originates from their strong CO,
binding affinity and exceptional CO selectivity. Ag,s-based
electrolyzer was seamlessly integrated into a thermocatalysis
reactor, achieving CH, production with a purity exceeding
85% at current densities ranging from 200-800 mA cm >
This integrated system effectively enhances product selectivity
and SPCE, addressing key challenges in electrochemical CO,-
to-CH, conversion.

Results and discussion

Electrochemical production of CH, from CO, remains highly
challenging owing to low selectivity and poor SPCE. On the
other hand, thermal methanation of syngas is a well-estab-
lished process capable of producing high-purity CH, when an
appropriate syngas composition (H,/CO = 3) is supplied.*®
In this study, we explore a cascade electro-thermocatalysis
system consisting of a CO,-to-syngas electrolyzer integrated
with a thermal syngas methanation reactor. As illustrated in
Scheme 1, CO, and water are first electrochemically converted
into a mixture of CO and H, with a predetermined composition,
which is then directly injected into the thermocatalysis reactor
to produce high-purity CH,. Notably, this system can be readily
extended to produce several chemicals and fuels, such as lower
olefins, gasoline, diesel, and more, by utilizing appropriate
thermocatalysts and tailored syngas ratios.*™®

Electrochemical syngas production with tailored ratios has
been achieved by employing a combination of CO,RR and
hydrogen evolution reaction (HER) catalysts that selectively
produce CO and H, (eqn (1) and (2)).>'">* However, this syngas
production is typically conducted in excess CO,, needing addi-
tional CO, separation from syngas product before it can be
injected into the thermocatalysis reactor.”® Furthermore, the

CH,

Electrolyzer

Thermocatalysis
Reactor

Scheme 1 Schematic of a cascade electro-thermocatalysis system for
producing high-purity CH4. The CO,-electrolyzer generates CO,-free
syngas (CO + Hp), which is subsequently converted to CH,4 in the
thermocatalysis reactor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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OH"™ byproduct of HER may react with CO, to generate carbo-
nates (eqn (3)), further reducing SPCE.

CO, + H,O + 2~ — CO + 20H" (1)
2H,0 + 2e~ — H, + 20H" (2)
CO, + 20H  — CO;* + H,0 (3)

To minimize the fraction of unreacted CO, after CO,RR,
we explored the possibility of controlling the syngas ratio by
adjusting the CO, flow rate. When CO,RR is conducted using a
highly efficient CO,RR catalyst at a low CO, flow rate, CO,-to-
CO conversion would predominantly occur, with all supplied
CO, being consumed before HER initiates. Thus, syngas ratio
can be effectively controlled by adjusting CO, flow rate. Addi-
tionally, this approach is expected to significantly reduce
carbonate production from HER byproduct.

It has been demonstrated that ligand-protected Au and Ag
NCs exhibit high electrocatalytic activity for CO,-to-CO conver-
sion.'®2%% In this study, Au,; and Ag,4 NCs were employed as
CO,RR catalysts owing to their exceptional CO selectivity and
stability. The Au,s and Ag,;, NCs were synthesized according to
established protocols in the literature.”>*>* As shown in UV-
Visible absorption spectra (Fig. S1, ESIf), synthesized NCs
exhibit characteristic absorption peaks at 670 and 450 nm for
Au,s NCs and 280 nm for Ag;, NCs. The homogeneity of the
NCs, with average core diameters of 1.3 nm for Au,s and 1.2 nm
for Ag,4 NCs, was clearly observed in the transmission electron
microscopy (TEM) images (Fig. S1, ESIf). These NCs were
further characterized by electrospray ionization (ESI) mass
spectrometry. As shown in Fig. 1a and b, intense single peaks
for both NCs at m/z 7034 Da (orange line) and m/z 2520 Da (gray
line) correspond to the [Auys5(SCeHy3)15]” and [ClAg;4(CeHo)1o]"
ions, respectively. The combined absorption and mass spectro-
metry analyses firmly establish the successful synthesis of the
NCs, confirming their molecular purity.

CO,RR activities of the synthesized Au,s and Ag;, NCs were
evaluated in a zero-gap electrolyzer at a CO, flow rate of
50 mL min~" (Fig. S2, ESIf). For comparison, commercial Ag
NPs (Dioxide Materials) were also studied. NCs were immobi-
lized in a gas diffusion electrode (GDE), which consisted of a
microporous layer (MPL) and a gas diffusion layer (GDL). Fig. 1¢c
presents CO,RR activities of NC/GDE and Ag NP/GDE in the
zero-gap cell at varying cell potentials (E..;;). Both NCs demon-
strated higher CO,RR activity than Ag NPs across the potential
range. Additionally, current density for CO production (jco) on
both NCs showed an exponential increase with increasing cell
potential. Conversely, the Ag NPs exhibited a sharp decline in
Jco and CO selectivity at potentials above 2.5 V (Fig. 1d).

As illustrated in Fig. 1c, Au,s NCs exhibited the lowest cell
potentials compared with other catalysts, with CO selectivity
maintained above 97% within the potential range of 1.6-2.1 V.
However, it dropped below 90% at higher cell potentials.
Conversely, the Ag;, NCs achieved CO selectivity, exceeding
98% across the potential range. In a previous CO,RR study,
the exceptional CO selectivity of the Ag;, NCs was attributed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Crystal structures (redrawn from ref. 56 and 57) and ESI mass
spectra of (a) Aups and (b) Agi4 NCs. All carbon atoms are omitted in panel
(a) and displayed in wireframe form in panel (b) for clarity. Insets in panel (a)
and (b) compare experimental data (lines) with the simulated isotope
patterns (blue bars). The mass spectra of Au,s and Agi4 NCs were obtained
in negative and positive ionization modes, respectively. (c) jco and
(d) corresponding CO selectivities measured for Au,s/GDE-, Agi4/GDE-,
and Ag NP/GDE-equipped zero-gap CO, electrolyzers as functions of cell
potential.

to their unique adsorption properties, which facilitated
enhanced CO,-to-CO conversion and dramatically suppressed
HER activity.>

There have been numerous attempts to achieve controlled
syngas production with specific H,/CO ratios by varying the
applied potential or utilizing a combination of CO,RR and HER
catalysts.”’>* In this study, we first investigated the controlled
production of syngas using a combination of Au,s NCs and
commercial Pt/C, which served as the CO,RR-active and HER-
active catalysts, respectively. Fig. 2a presents the results of
electrolysis performed with the mixed catalysts at a current
density of 200 mA cm ™. As shown in the figure, CO fraction in
the syngas can be precisely adjusted between 25 and 90% by
varying the mixing ratio of the two catalysts. However, this
approach led to over 60% of unreacted CO, in the product gas,
which requires separation before injection into the thermo-
catalysis reactor.

To address the issue of unreacted CO, remaining after
syngas production, we explored the possibility of controlling
CO fraction in syngas by adjusting the CO, flow rate. Highly
efficient CO,RR catalysts are essential to ensure that CO,-to-CO
conversion predominantly occurred, with all supplied CO,
being consumed before HER initiates. Fig. S3 (ESIT) illustrates
the CO and H, selectivities and the residual CO, fraction in the
product gas at varying CO, flow rates. As shown in the figure,

EES Catal., 2025, 3, 723-732 | 725
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Fig. 2 Fractions of the product gas generated from mixed catalysts
composed of Aups NCs and Pt/C in the zero-gap electrolyzer at
200 mA cm~2 with a CO; flow rate of 30 mL min~. By employing different
ratios of Au,s NCs to Pt/C in the mixed catalysts, various syngas composi-
tions were achieved. (b) Fractions of the product gas generated from Aus,s
NCs at 200 mA cm™ as a function of CO, flow rate, and (c) the
corresponding SPCE. (d) jco of three electrocatalysts as a function of the
CO,, partial pressure at Ecey = 1.8 V (sphere). Total flow rate of the feed gas
was 200 mL min~%, and partial pressure of CO, was regulated using Ar gas.
The binding affinity constants of the catalysts are described in the inset by
fitting jco—Pco, plots with egn (11) (solid line).

CO,RR predominantly occurs over HER on the Au,s and Agy,
NCs, achieving CO selectivity greater than 90% at high flow
rates (30-200 mL min %). At these flow rates, only a portion
of the supplied CO, was converted into CO, leaving residual
CO, to constitute over 60% of the product gas. CO selectivity
gradually decreased, while H, production increased as the CO,
flow rate was reduced below 15 mL min ' (Fig. 2b). These
results indicate that CO,-to-CO conversion still occurs prefer-
entially over HER even at low CO, flow rates, enabling control
over syngas composition (i.e., H,/CO ratio) by varying the CO,
flow rate. Notably, residual CO, fraction dramatically decreased
to approximately zero at CO, flow rates below 15 mL min "
Assuming the theoretical SPCE of 50% in alkaline CO,-to-CO
electroreduction,®® the maximum jo and CO selectivity can be
calculated based on the CO, flow rate (see the Supplementary
Notes and Table S1 in the ESIt). For instance, CO selectivities of
25, 50, and 75% are expected at CO, flow rates of 3.75, 7.5, and
11.25 mL min ', respectively, at a total current density of
200 mA cm % In Fig. S3 (ESIf), Au,s and Ag;, NCs achieve
CO selectivities of 22 and 23%, respectively, which are close to
the theoretical limit of 25% at a CO, flow rate of 3.75 mL min .
Actual SPCE values, calculated from these CO selectivities, were
45 and 46%, respectively, approaching the theoretical limit of

726 | EES Catal, 2025, 3, 723-732
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50% and significantly exceeding that of Ag NPs, which exhib-
ited an SPCE of 27%. SPCE values obtained from the three
catalysts at CO, flow rates ranging from 3.75-15 mL min " are
presented in Fig. 2c. As depicted, Au,s and Agy, NCs main-
tained SPCE values exceeding 43% across all flow rates. This
result demonstrates that undesired CO, consumption due to
HER can be effectively mitigated by employing highly efficient
CO,RR catalysts under controlled CO, supply conditions.

To understand the origin of the high SPCE observed for NCs
during syngas production, an electrokinetic study was con-
ducted in a kinetically controlled regime. A CO,-fed flow
electrolyzer was employed to monitor the cathode reaction
(Fig. S4a, ESIf). As shown in Fig. S4 (ESIT), the Tafel slopes
for Au,s and Agy, NCs, obtained from a plot of log(jco) versus
potential, were determined to be 40.7 and 42.0 mV dec ’,
respectively. Ag NPs exhibited a significantly higher Tafel slope
of 131 mV dec™". This result strongly indicates that the mecha-
nism of CO,-to-CO electroreduction on the NCs is distinctly
different from that of Ag NPs. CO,-to-CO conversion under
alkaline media can be described by the following elemental
steps, where M* denotes the active site:

M* + CO, + e~ — M*-CO,~ (4)
M*-CO,~ + H,0 — M*-COOH + OH™ (5)
M*-COOH + e~ — M*-COOH "~ (6)
M*~COOH~ — M*-CO + OH~ )
M*-CO — M* + CO (8)

Tafel slopes of 120 and 40 mV dec ' indicate that the
reaction is governed by the first [eqn (4)] and second [eqn (6)]
electron transfer steps, respectively.'""'>*%%° since the proton
transfer step could also play a role in the rate-determining step
(RDS) of CO,RR, a kinetic isotope effect (KIE) study using H/D
was performed on the NC catalysts. Fig. S5 (ESIT) presents the
Jco values obtained from Au,s and Ag;, NCs as a function of
applied potential in H,O- and D,0O-based 1.0 M KOH solutions.
Both NCs display approximately identical joo curves regardless
of electrolyte condition, suggesting that the proton transfer
step is not involved in the RDS for these NCs. Collectively,
significantly low Tafel slopes observed for the NCs imply that
the first electron transfer step is greatly facilitated on these
NCs, while it constitutes the RDS for CO,RR on Ag NPs.

To gain further mechanistic insights into CO,RR on these
NCs, we investigated the reaction order with respect to the CO,
concentration. Fig. 2d shows the jco values measured at a cell
potential of 1.8 V (iR-corrected) as a function of the partial
pressure of CO, (Pco,) ranging from 0.1-1.0 atm. As shown in
the figure, the joo versus Pco, plots for Auys and Ag;, NCs
exhibit concave curves, while the plot for Ag NPs is approxi-
mately linear. Concave curves observed for Au,s and Ag;, NCs
are particularly notable, as they suggest exceptional CO,RR
activities even at low Pco,. This finding has practical implica-
tions for the direct conversion of diluted CO, without needing a
concentration step.®*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Concave curves can be analyzed using a modified Michaelis-
Menten kinetic model.?>® In this model, the five elemental
steps (eqn (4)-(8)) for CO,-to-CO electroreduction are reduced
to a two-step process. This process consists of a CO, binding
step, forming an intermediate complex (M*-CO, "), followed by
a catalytic step that generates the CO product (eqn (9) and (10)):

ka
M* + CO; + ¢~ T\—‘ M*—CO;~ 9)

d

keat

M*—-CO,” = M* + CO (10)

When the concentration of active sites is much lower than
that of CO,, a steady-state condition is rapidly established.
In this state, the concentration of the M*-CO,  complex
remains approximately constant over the timescale of product
formation. The catalysis rate (jco) is then given by:

. nFk, KM*|,Pco, pnF
=— — 11
Jco 1 + KPco, 28Y RT (11)
kq - -
where K = ——— represents the CO, binding affinity con-
kd + kcat

stant of the active site, ko, is the standard rate constant, f is the
symmetry factor, 7 is the overpotential, and other symbols are
as commonly defined (see the Supplementary Notes for further
details, ESIT).

Fitting the joo~Pco, plots in Fig. 2d with eqn (11) reveals that
the Pco, dependence of jco is governed by K, the CO, binding
affinity of the catalyst. Specifically, the jco—Pco, plot becomes
concave when the catalyst exhibits a high CO, binding affinity
(i.e., K » 1). Conversely, the plot appears linear when the
interaction between the catalyst and CO, is weak (i.e., K « 1).
The high K values of 5.74 and 4.00 atm ', determined for Au,s
and Agy,, respectively, explicitly indicate strong interactions
between CO, and the catalyst, which underlie the exceptional
CO,RR activity and high SPCE. By contrast, the K value for Ag
NPs is only 0.22 atm™"', which accounts for the low SPCE
observed in Fig. 2c.

In recent CO,RR studies, Seong et al. demonstrated that
Au,s and Ag;, NCs undergo electrochemical activation by losing
some ligands, exposing de-ligated metal sites that serve as
active sites.”>>®> Density functional theory (DFT) studies on
Au,s and Agy, NCs further revealed that the upshifted energy
of the d-state in the Au and Ag active sites provides an optimal
binding strength for CO, intermediates, leading to exceptional
catalytic activity in the CO,-to-CO conversion. CO, binding
affinities determined for Au,s; and Ag;, NCs demonstrate that
they are sufficiently high to form stable intermediates, essential
for the CO,-to-CO conversion process. The high SPCE observed
for Au,s and Ag;, NCs can be attributed to the unique CO,-
binding properties of the NCs, which enable high CO,RR
activity even under CO,-deficient conditions.

To further assess syngas production under industrially
relevant current densities, electrolysis was performed at current
densities exceeding 200 mA cm >, Target CO selectivity was set
at 25%, and the CO, flow rate was adjusted to achieve the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) CO selectivities (b) SPCE obtained from Au,s and Agi4 NCs, and
Ag NPs at a total current density range of 200-800 mA cm™2. Fractions of
CO,, utilized during syngas production on (c) Au,s and (d) Agi4 NCs. CO +
Cng’ (CO,RR) represents the fraction of CO, consumed for CO produc-
tion and CO3°~ formation, whereas COs>~ (HER) denotes the CO, cap-
tured in COs%~ formation from the HER byproduct.

predetermined joo at each current density. Fig. 3a and b
illustrate the CO selectivity and corresponding SPCE values
for three catalysts across a current density range of 200-
800 mA cm 2. As depicted in the figures, the CO selectivity of
Au,; decreased significantly, from 22 to 15%, as the current
density increased from 200 to 800 mA cm ™2 (i.e., with increas-
ing overpotential). In contrast, the CO selectivity of Agy,
remained steady, ranging from 21 to 23%, irrespective of
the current density. For Ag NPs, CO selectivity was 13% at
200 mA cm ™2 and dropped below 7% at current densities over
400 mA cm 2. Calculated SPCE values exhibited a similar trend.
The SPCE of Au,;s declined substantially, from 45 to 30%, as the
current density increased, whereas the SPCE of Ag;, remained
relatively constant, ranging from 42 to 47%, near the theoretical
limit for CO,-to-CO conversion in alkaline media. Meanwhile,
the SPCE of Ag NPs decreased from 28% at 200 mA cm > to
below 20% when the current density surpassed 400 mA cm ™.
To understand the origin of the SPCE decrease, we analyzed
the fraction of CO, utilized during electrolysis. Considering the
theoretical limit of SPCE (50%) for CO,-to-CO conversion
in alkaline media, the SPCE of 45% observed for Au,s; at
200 mA cm 2 indicates that most of the available CO, is
consumed in the CO,RR to produce CO. As the current density
increased, SPCE decreased significantly, suggesting a decline in
the fraction of CO, undergoing CO,RR. Interestingly, unreacted
CO, remained negligible across all current densities (Fig. 3c).
As shown in eqn (2), HER also generates OH™ ions, which
can react with CO, to form carbonate ions. Therefore, CO, loss
due to HER must be considered. Fig. 3c demonstrates that CO,
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capture into carbonate ions increased substantially for Au,; as
HER activity intensified at higher current densities. Fractional
analysis revealed that, for Ag NPs, there is not only carbonate
formation from HER but also unreacted CO, (Fig. S6, ESIT).
Conversely, carbonate formation due to HER remained low
(Fig. 3d) for Agy,, resulting in a consistently high SPCE of
42-47% across the current density range. This analysis under-
scores the importance of achieving superior CO selectivity over
HER to maintain high SPCE for syngas production at elevated
current densities.

The exceptional stability of Ag;, in sustaining CO selectivity
and SPCE at elevated current densities establishes it as a pro-
mising candidate for industrial syngas production. To further
evaluate its performance, we examined the long-term stability
of syngas production at 400 mA cm > in a zero-gap electrolyzer
with a flowing 1.0 M KOH electrolyte. CO, flow rate was
adjusted to 8.7 mL min~ " to achieve a syngas ratio (H,/CO) of
3. As shown in Fig. 4a, Ag;s NCs demonstrated excellent
electrocatalytic stability, maintaining a cell potential of 2.7 V.
CO selectivity was sustained at 25% over 24 h of operation, with
the average SPCE value remaining consistent at 45 + 2%
(Fig. 4b). It is well-documented that alkaline CO,RR in zero-
gap electrolyzer faces challenges related to salt precipitation,
which limits long-term operation at high current densities.®*
However, the syngas production approach proposed in this
study utilizes an equivalent amount of CO, to achieve the desired
ratio, effectively preventing salt precipitation over 24 h of opera-
tion (Fig. S7a, ESIT). Conversely, supplying 200 mL min~" of CO,
at the same current density led to massive salt precipitation
within 1 h (Fig. S7b, ESIt). These results demonstrate that highly

(a) - H, co
5 100
S4 800
E »
— m
= 60 3
R 3
< 11 e e
° =
2 2
(&) 20~
1 0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
(b) 100
80
= CO,t0-CO
o 60 Theoretical Limit
© 4/ 99000000000000000VVITHD
w
20
0

Time (h)
Fig. 4 (a) Gas fractions and cell potentials, and (b) corresponding SPCE
values recorded during electrochemical syngas production on Agi4 NCs
for 24 h at 400 mA cm™2. A 1.0 M KOH (3.0 mL min~% and CO. gas
(8.7 mL min~%) were supplied to the anode and cathode sides of the zero-
gap electrolyzer, respectively.
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pure syngas with the desired H,/CO ratio can be efficiently
produced by employing highly CO-selective Ag;, NCs and control-
ling the CO, supply.

High SPCE syngas production on Ag;, motivated us to
explore CH, production by directly integrating the zero-gap
electrolyzer into a thermocatalysis process, as illustrated in
Fig. 5a. Ni-based catalysts are widely used for CH, production
owing to their high conversion efficiency and selectivity at low
temperatures of 250-400 °C.>>®® Therefore, we employed a
Ni-based Si/Al/Mg zeolite (referred to as Ni-zeolite hereafter)
as the thermocatalyst. The catalyst was synthesized via the co-
precipitation method following established literature protocols
(see ESIf for details).®* Fig. S8a (ESI) presents high-resolution
TEM results and energy dispersive X-ray spectroscopy (EDS)
map images of the Ni-zeolite catalyst. As shown in the figure, Ni
nanoparticles are uniformly deposited on the Si/Al/Mg-based
zeolite support. Quantitative analysis revealed that the Ni-
zeolite catalyst comprises 52 wt% Ni/NiO, 34 wt% Al,O3,
6 Wt% SiO,, and 7 wt% MgO. X-ray diffraction (XRD) patterns
of the catalyst in Fig. S8b (ESIt) exhibit characteristic peaks
for metallic Ni and NiO, confirming that the synthesized Ni
nanoparticles possess a mixed valence state. Additionally,
polymorphic SiO, chabazite was prominently observed in the
XRD patterns.®®

As a syngas ratio of H,/CO = 3 is required to produce highly
pure CH,, the CO, flow rates were adjusted to achieve 25% CO
selectivity at the applied current densities. Fig. S9 (ESIt) shows
the product gas selectivities at various current densities
obtained from the Ag;,/GDE-equipped electrolyzer. As shown
in the figure, the product gas consistently contained 25.5
and 74.5% CO and H,, respectively, across all current densi-
ties, indicating that the desired syngas ratio was successfully
achieved by regulating CO, flow rates. Notably, the residual
CO, in the product gas was less than 1% at all current
densities. The produced syngas was then directly injected into
the thermocatalysis reactor, where the reactor bed tempera-
ture was set to 300 °C. This temperature demonstrated the highest
conversion efficiency among the temperatures investigated
(Fig. S10, ESIY).

Fig. 5b presents the product gas selectivities of the cascade
electro-thermocatalysis system across a current range of 200-
800 mA cm . Results clearly show that the electrochemically
produced syngas was directly converted into high-purity CH,,
achieving a CH, concentration exceeding 85%. Notably, almost
all CO in the syngas was successfully converted to CH,. The
presence of approximately 1% residual CO, is attributed to the
thermodynamic equilibrium of the syngas-to-CH, conversion at
1 atm.’® However, the product gas contained slightly more
H, than theoretically expected (<5%). Based on the product
concentration, the initial CO selectivity was calculated to be
24.5%, which is 1% lower than the syngas production results
shown in Fig. S9 (ESIT). This discrepancy is attributed to the
back pressure from the methanation reactor, which caused
additional CO, loss and a subsequent reduction in CO selectivity
in the electrolyzer due to CO, dissolution into the electrolyte.
We believe that managing the pressure balance between the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) A schematic of the syngas-to-CH,4 conversion in a thermal reactor with an inner diameter of 11.2 mm and a length of 35 cm, packed with
Ni-zeolite catalyst particles. The desired syngas ratio (H,/CO = 3) was achieved by adjusting CO, flow rates at each current density, and the
thermocatalysis reactor temperature was maintained at 300 °C throughout the experiment. (b) Fractions of the product gas obtained from the cascade
electro-thermocatalysis system. (c) Comparison of CH4 purity in the product gas from the cascade system with data from direct electrochemical CO,-
to-CH, conversion reported in prior studies.>’~#2 (d) Cell potentials of the electrolyzer and (e) carbon conversion efficiency obtained from the terminal
gas stream of the cascade system. (f) Long-term stability of methane production using the cascade system. Product gas selectivity and cell potential were
recorded for 10 h at 400 mA cm™~2. The asterisk mark at the 2 h mark indicates when the connection between the electrolyzer and thermal reactor was
temporarily disconnected and reconnected to assess back-pressure issues.

electrolyzer and the thermal reactor in large-scale experiments
could mitigate this issue, thereby improving CH, purity further.

Despite advancements in selective CO,-to-CH, conversion
electrocatalysts, achieving high product gas purity remains
challenging owing to the excess amount of unreacted CO,.>”™*>
Fig. 5¢ and Table S2 (ESIt) compare the CH, purity of the product
gas achieved using the cascade electro-thermocatalysis system with
that of other electrochemical systems. As shown in the figure, the
CH, purity and current density achieved by the cascade system are
significantly higher than those obtained through direct CO,-to-
CH, electrocatalysis.>” > These results strongly suggest that cou-
pling electrochemical syngas production with a thermal methana-
tion process is a highly feasible approach for producing high-
purity CH,.

Furthermore, the Ag;,-based cascade electro-thermocatalysis
system demonstrated outstanding syngas production perfor-
mance across all current densities. At total current densities
of 200 and 800 mA cm 2, the cell potential reached 2.5 and
3.1 V, respectively, which are significantly lower than those
reported for other catalysts used in CH, production (Fig. S11,
ESIYt). Given that CO,-to-CH, electroreduction typically requires
high overpotentials,®~**°>®” the production of CO at significantly
lower overpotentials offers a distinct advantage of the cascade
system (Table S2, ESIf). Additionally, since methanation is an

© 2025 The Author(s). Published by the Royal Society of Chemistry

exothermic reaction, the energy input required for the thermo-
catalysis process during operation would be minimal, and the
waste heat generated could be effectively utilized for supplemen-
tary processes, such as power generation.®®

Based on the CO and CH, selectivities obtained from the
electrolyzer and thermal reactor, carbon conversion efficiency
of the entire cascade system was calculated. Combined with the
near-theoretical SPCE from electrolysis and the exceptional CO
conversion efficiency during methanation, overall carbon con-
version efficiency reached 45% at 200 mA cm > and slightly
decreased to 41% at 800 mA cm ™~ (Fig. 5€) owing to enhanced
HER at higher current densities. Notably, the cascade system
surpasses the theoretical limit of CO,-to-CH, electroreduction
in alkaline media (20%), where the remaining 80% of CO, is
typically captured as carbonate ions. Notably, the cascade electro-
thermocatalysis system can be readily adapted for multi-carbon
product generation, which often faces challenges of low carbon
conversion efficiency owing to poor product selectivity and
extensive carbonate formation.

Finally, long-term stability of the cascade system was eval-
uated by monitoring E..; and product selectivity at a current
density of 400 mA cm™>. As presented in Fig. 5f, the cascade
system exhibited reasonable stability, maintaining an E..; of
2.7 V during 10 h of operation. The gradual decline in CH,
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selectivity is thought to be due to the back pressure of the
methanation reactor, which caused a reduction in CO selectivity.
In fact, the CH, selectivity was recovered to 87% after discon-
necting and reconnecting the electrolyzer and thermal reactor
at a reaction time of 2 h, confirming the back-pressure issue in
the system. Nevertheless, CH, purity was maintained above
78%, with negligible residual CO, during the 10-h operation.
This surpasses the CH, purity achieved through direct CO,-
to-CH, electrocatalysis. These results demonstrate that the
cascade electro-thermocatalysis system offers highly selective
and stable CH, production with superior carbon conversion
efficiency.

Conclusions

The efficient cascade electro-thermocatalysis system for high-
purity CH, production from CO, was successfully demon-
strated. Electrochemical syngas production was conducted
using CO,RR-active electrocatalysts, specifically Au,s and
Agy4 NCs, and Ag NPs, by regulating CO, flow rates. Au,s
and Ag;, NCs exhibited near-theoretical SPCE during syngas
production at low CO, flow rates, whereas Ag NPs displayed
low SPCE with unreacted CO, present in the product gas.
Electrokinetic analyses performed on these catalysts revealed
that the high CO,RR activities of Au,s and Ag;, NCs under
CO,-deficient conditions originated from their high CO, bind-
ing affinities, which facilitate the otherwise sluggish first
electron transfer step. Syngas production at higher current
densities exceeding 200 mA cm 2 revealed that, unlike Au,s,
CO selectivity for Ag;, remained high across the current
density range of 200-800 mA cm™ >, demonstrating that excep-
tional CO selectivity is required to achieve high SPCE at
elevated current densities. The Ag,4-equipped electrolyzer,
integrated with a Ni-based thermocatalysis reactor, achieved
CH, production with a purity exceeding 85% across all current
densities. These results highlight the potential of integrating
electrochemical and thermocatalytic processes for high-purity
methane production and open avenues for value-added hydro-
carbon production.
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