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A B S T R A C T

The electrochemical conversion of captured CO2 – also known as reactive capture – offers a promising approach 
to produce renewable carbon monoxide (CO) while bypass the energy and cost-intensive CO2 capture, purifi
cation and pressurization processes at large scale. However, current reactive capture systems suffer from low CO 
selectivity (< 50 %) and productivity (< 100 mA cm⁻2) due to the lack of efficient electrocatalysts and limited 
CO2 availability at the reactive interfaces. Here, we develop a coupled catalyst and microenvironment strategy to 
overcome these barriers. Employing Ni single-atom catalysts with a high density of reactive sites (Ni loading up 
to 3.0 wt%), together with enhanced CO2 regeneration and transport to the catalyst via local hydrophobicity 
control, we achieved efficient CO production with a Faradaic efficiency of 68 % at 100 mA cm⁻2 with stable 
performance maintained over 100 h in a hydroxide-mediated reactive capture system. The system achieved a CO 
energy efficiency of 27 % and an energy intensity of 37.7 GJ ton⁻¹CO, outperforming the best reported amine- and 
hydroxide-based reactive capture processes operating at ambient temperature and pressure.

1. Introduction

Electrochemical CO2 reduction (CO2R) powered by renewable elec
tricity is promising to convert CO2 waste into chemical feedstocks and 
fuels offering a pathway to achieve net-zero emission [1–3]. Carbon 
monoxide (CO), as one of the most readily reduced CO2R products, is 
particularly attractive due to its high market demand and wide appli
cations in industry such as the production of synthetic fuels and metal 

refining [4–8]. However, conventional CO2R-to-CO requires pure CO2 
supply to achieve considerable reaction rate and CO product selectivity. 
The energy- and capital-intensive CO2 capture, regeneration and puri
fication to produce pressurized CO2 hinders the practical applications of 
this technology [9–11].

Direct conversion of CO2 capture solution, also known as reactive 
capture (Fig. 1a), avoids the energy-intensive CO2 regeneration and 
purification, representing a promising way to achieve a large-scale CO2- 
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to-CO conversion [12–14]. Current reactive capture systems rely on 
organic amine or aqueous hydroxide solution to carry CO2 to the catalyst 
surface [15–21]. Despite their high CO2 adsorption capacity (up to 
0.57 mol CO2/molamine), these reagents capture CO2 in the form of 
carbamates or carbonates which are thermodynamically stable and 
difficult to be activated in the solution-mediated electrochemical pro
cess [21–25]. The dominant reactive species is the dissolved CO2 gas 
with a solubility of tens of millimolar [26,27]. The lack of reactive CO2 
species near catalyst surface limits the reaction rates and selectivity for 
CO production (e.g., CO Faradaic efficiency < 30 % at 100 mA cm− 2) 
[15].

Enabling gaseous CO2 regeneration in the vicinity of catalyst via pH 
swing is an approach to improve the local CO2 concentration. The pro
tons electromigrated from the anode side or bipolar membrane react 
with the capture solution to generate CO2 that is subsequently electro
chemically reduced on the cathode. Employing the carbonate electrolyte 
as feedstock and silver nanoparticles as catalyst has resulted in a CO 
Faradaic efficiency (FE) of 47 % at 100 mA cm− 2 [21]. Employing a 
single-atom Ni catalyst embedded in N-doped carbon (Ni-N-C) in the 
MEA-based reactive capture system promoted the CO FE to 65 % yet at a 
lower current density of 50 mA cm− 2 [17]. However, the CO selectivity 
at industrially relevant current densities (e.g., 200 mA cm− 2) in these 
reactive capture systems is still largely constrained (FECO < 50 %) due to 
various entangled factors such as the low intrinsic activity of catalysts 
and limited CO2 transport to catalyst [28–32]. The limited electro
catalytic performances challenge the practical applications of this inte
grated carbon capture and utilization technology. Improvements on 
both catalyst activity and CO2 availability are required to promote the 
CO2R kinetics while suppressing the competing proton reduction for an 
improved CO selectivity at the desired reaction rates (> 100 mA cm− 2).

Herein, we report a systematic catalyst and catalyst microenviron
ment engineering to improve CO production at industrially desirable 
current densities in a KOH-based reactive capture system (Fig. 1b). We 

employ a Ni single-atom catalyst (Ni-SAC) embedded in N-doped car
bons, which possess high intrinsic activity for CO2R and sluggish kinetics 
for hydrogen evolution reaction (HER). To boost the reaction rate, we 
develop a Ni-SAC with a remarkably high density of active sites where 
the Ni single-atom loading reaches 3 wt%. We further improve the 
regeneration and transport of CO2 to the catalyst surface via catalyst 
microenvironment control. Employing this systematic catalyst strategy, 
we achieved a high CO Faradaic efficiency of 61 % at 200 mA cm− 2 

together with a CO2 utilization efficiency of 89 %, surpassing the results 
in all the prior reactive capture systems (Table S1).

2. Experimental

2.1. Chemicals and materials

Zinc(II) nitrate hexahydrate (Zn(NO3)2⋅6 H2O), methanol (CH3OH), 
2-methylimidazole (C4H6N2), nickel(II) acetylacetonate (Ni(acac)2), 
sulfuric acid (H2SO4), potassium hydroxide (KOH), Nafion solution 
(PFSA, ~5 wt%), poly(ethyleneimine) solution (PEI, ~50 wt%), poly
tetrafluoroethylene solution (PTFE, ~60 wt%), 1-propanesulfonic acid 
3-(trimethylsilyl) sodium salt (DSS), dimethyl sulfoxide-d6 (DMSO-d6), 
and Nafion 117 membranes were obtained from Sigma-Aldrich. All re
agents were used as received without further purification unless other
wise specified. Ultrapure water (18.2 MΩ cm resistivity, Millipore) was 
utilized for all experiments.

2.2. Preparation of catalysts and working electrodes

Synthesis of ZIF-8 was synthesized by mixing 6.78 g Zn(NO3)2⋅6 H2O 
and 7.92 g 2-methylimidazole in separate 150 mL CH3OH solutions, 
followed by combination and heating at 60 ◦C for 24 h. The precipitate 
was washed with CH3OH and vacuum-dried at 60 ◦C. For Ni-SAC syn
thesis, Ni(acac)2 (20, 60, or 100 mg for Ni-SAC-1, − 2, and − 3, 

Fig. 1. Schematic illustration of a reactive capture system for CO electrosynthesis. (a) The integration of a CO2 capture unit with an electrochemical reactor for CO2- 
to-CO conversion. (b) The cross-section of the electrolyser from anode to cathode. The enlarged section shows the catalyst/cation-exchange membrane interface and 
the strategies employed to enhance energy efficiency of CO2-to-CO conversion.
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respectively) and 100 mg of ZIF-8 were placed upstream and down
stream, respectively, in a dual-zone furnace. Under Ar flow 
(10 mL min− 1), the upstream and downstream zones were heated to 
240 ◦C and 400 ◦C for 2 h, followed by downstream carbonization at 
900 ◦C (10 ◦C min− 1 ramp, 3 h dwell).

Working electrodes were prepared by dispersing 9 mg of catalyst (Ni- 
SAC-1, − 2, or − 3) in 2 mL methanol, followed by 30 min sonication. 
Subsequently, 30 μL of ~5 wt% Nafion solution was added and soni
cated for an additional 60 min to form a homogeneous ink, which was 
spray-coated onto 2.5 × 2.5 cm2 hydrophilic carbon paper (AvCarb 
MGL190) to achieve a loading of approximately 0.8 mg cm− 2. The 
loading was measured by weighing the carbon paper before and after 
air-brushing. To modulate catalyst layer (CL) thickness, 4.5, 9, and 
18 mg of Ni-SAC-2 were processed similarly, yielding Ni-SAC-2 μm, − 6 
μm, and − 8 μm electrodes. For PFSA content variation, 9 mg of Ni-SAC-2 
was mixed with 15, 30, or 90 μL of ~5 wt% Nafion, generating Ni-SAC- 
7 %, − 13 %, and − 37 % PFSA electrodes. To study ionomer effects, inks 
with 30 μL of either PEI or PTFE solution (both ~5 wt%) were prepared 
with 9 mg Ni-SAC-2, producing Ni-SAC-PEI and Ni-SAC-PTFE 
electrodes.

2.3. Simulated CO2 capture process

CO2 Capture Experiments by Potassium Hydroxide (KOH) Solution. 
Initially, a 2 M KOH solution was prepared. Subsequently, 60 mL of the 
2 M KOH solution was transferred into a glass bottle. CO2 was then 
introduced into the bottle at a flow rate of 50 mL min− 1 for 120 min to 
finish the CO2 capture process. After the CO2 capture process, the pH of 
the resulting solution (~9.6) was measured using a calibrated pH meter 
(Apera Instruments AI311, Premium Series PH60). The species present 
in the capture solution, as well as their concentrations, were determined 
based on a Vapor Liquid Equilibrium (VLE) Model [33]. The CO2 loading 
capacity in 2 M KOH at pH ~9.6 is approximately 0.87 mol CO2 per mol 
KOH. The details of VLE model and MATLAB code are shown in Sup
plementary Information.

2.4. Electrochemical measurements

The electrolysis experiments of the carbon capture solution were 
conducted in a 1 cm × 1 cm membrane electrode assembly (MEA) 
electrolyzer, featuring serpentine flow channels integrated into both the 
stainless-steel cathode and the titanium anode current collectors. In the 
experimental setup, the cathode was positioned on the cathode plate of 
the MEA, followed by the careful placement of a mixed cellulose ester 
(MCE) membrane over the cathode. A cation-exchange membrane 
(CEM) was then placed atop the MCE membrane, with the anode posi
tioned on top of the membrane assembly. In all experiments, unless 
otherwise noted, the cathode feed was the previously prepared carbon 
capture solution, while the anode was supplied with 0.05 M H2SO4. Both 
catholyte and anolyte flow rate were setting at 10 mL min− 1. Electro
chemical measurements were performed using a potentiostat (Lvium 
OctoStat 5000), and the full cell voltages reported were not IR- 
compensated unless otherwise specified. For the stability test, the 
MEA was operated at a constant current density of 100 mA cm− 2, and 
2 litre of CO2 capture solution (pH ~9.6) was prepared to ensure that the 
electrolyte composition remained constant during the long electrolysis 
process. The details of electrochemical data analysis are shown in Sup
plementary Information.

2.5. Material characterizations

X-ray diffraction (XRD) patterns were collected using a Bruker D8 
Advance diffractometer equipped with Cu Kα radiation (λ = 1.54 Å) at a 
scan rate of 10◦ min− 1. Surface morphologies and cross-sectional 
structures were examined using a field-emission scanning electron mi
croscope (SEM, JEOL FE7900F). High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) and energy- 
dispersive X-ray (EDX) elemental mapping were conducted on a JEOL 
ARM-200F transmission electron microscope operating at 200 kV. 
Nickel loading in the catalysts was quantified via inductively coupled 
plasma atomic emission spectrometry (ICP-AES, PerkinElmer Nex
ION2000). X-ray photoelectron spectroscopy (XPS) was performed on a 
Thermo Scientific K-Alpha+ spectrometer using an Al Kα excitation 
source (1486.6 eV), with binding energies calibrated against the C 1 s 
peak at 284.8 eV to correct for surface charging. Ni K-edge X-ray ab
sorption spectroscopy (XAS) measurements were carried out at the 12- 
ID beamline of the Australian Synchrotron (ANSTO, 3.0 GeV, 
200 mA), utilizing a fixed-exit Si (111) double-crystal monochromator 
to tune the incident X-ray energy from 2.0 to 13.6 keV. A Ni foil standard 
was employed for energy calibration. All XAS data were acquired in 
transmission mode using pellets prepared by homogenously mixing the 
catalyst powder with cellulose as a binder. The details of XAFS data 
analysis are shown in Supplementary Information.

2.6. Computational details

The details of Finite Element Method (FEM) simulation and Density 
Functional Theory (DFT) calculation are shown in Supplementary 
Information.

2.7. Energy analysis details

The details of energy analysis for gas-phase CO2 system and CO2 
reactive capture system are shown in Supplementary Information.

3. Results and discussion

3.1. Ni-SAC synthesis and characterization

Metal single atoms embedded in nitrogen-doped carbon (M-N-C) 
frameworks have demonstrated exceptional activity and selectivity for 
CO production in gas-fed CO₂ reduction (CO2R) systems, outperforming 
conventional noble metals such as Ag and Au [34–38]. In contrast, 
reactive capture systems suffer from a substantial deficiency of CO2 
reactant, making the suppression of the hydrogen evolution reaction 
(HER) critical for achieving high CO selectivity. Our density functional 
theory (DFT) calculations revealed that Ni–N–C exhibits the most posi
tive difference between the limiting potentials for CO2 reduction and 
HER UL(CO2)-UL(H2) among common M-N-C catalysts (where M = Fe, 
Co, Zn, or Ni) (Figs. S1–S2), indicating its superior ability to promote 
CO2 reduction while suppressing HER [39,40]. This highlights the 
intrinsic activity of Ni-N-C sites and their strong potential for application 
in reactive capture-based CO2R [41–43]. Although current reactive 
capture systems employing Ni-N-C catalysts show promising CO selec
tivity, their reaction rates remain below 100 mA cm⁻² (Faradaic effi
ciency ~65 % at 50 mA cm⁻²), likely due to the low density of 
surface-accessible Ni single-atom active sites (typically <1 wt% Ni 
loading) [17,44]. To address this limitation, we aimed to enhance CO 
productivity by increasing the density of Ni active sites within the 
reactive capture system.

We synthesised the Ni single-atom catalysts (Ni-SACs) using a 
chemical vapour deposition (CVD) method that enables precise control 
over metal loading. In a typical procedure (Fig. 2a), nickel acetylacet
onate powder served as the sublimation source and was placed upstream 
of the host material – zeolitic imidazolate framework (ZIF-8) powder – 
inside a horizontal quartz tube [45]. Upon heating to 240 ◦C, the nickel 
precursor sublimated into the vapour phase and deposited onto the 
surface of ZIF-8 nanoparticles. Subsequent pyrolysis at 900 ◦C caused 
the Ni atoms to dissociate from the acetylacetonate ligands and anchor 
onto the N-surrounding vacancies generated by Zn evaporation from 
ZIF-8 derived carbon. By varying the amount of the sublimation source, 
we successfully synthesised a series of Ni-SACs with Ni loadings ranging 
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from 1.0 wt% to 4.0 wt%. These were designated as Ni-SAC-1 (1.0 wt 
%), Ni-SAC-2 (3.0 wt%), and Ni-SAC-3 (3.7 wt%), respectively 
(Table S2, Figs. S3–S14).

Scanning electron microscopy (SEM) analysis of the three Ni-SAC 
catalysts (Fig. 2b and Fig. S3) revealed well-dispersed granular mor
phologies with an average particle size of approximately 500 nm. These 
particles are randomly assembled into a three-dimensional porous car
bon framework, as further confirmed by transmission electron micro
scopy (TEM) (Fig. S4). High-resolution scanning transmission electron 
microscopy (STEM) analysis verified the predominant presence of single 
metal sites on the surfaces of all three samples (Fig. 2c and Fig. S5). 
Taking Ni-SAC-2 as an example, energy-dispersive X-ray spectroscopy 
(EDX) elemental mapping showed a uniform distribution of Ni, N, and C 
elements on the polyhedral carbon supports (Fig. 2d). X-ray photoelec
tron spectroscopy (XPS) analysis further confirmed the presence of Ni–N 
bonds (Fig. 2e), where the oxidation state of Ni is between 0 and + 2 
(Fig. S6) [46–48]. This is consistent with the Ni K-edge X-ray absorption 
near-edge structure (XANES) analysis (Fig. 2f). The Fourier-transform of 
the extended X-ray absorption fine structure (EXAFS) spectra (Fig. 2g), 
along with the corresponding fitting results (Figs. S7–S8 and Table S3), 

revealed predominant Ni− N/O coordination, with a characteristic peak 
at 1.38 Å observed for Ni-SAC-2. A secondary peak at 2.08 Å corre
sponds to the Ni–Ni path, indicating the presence of Ni or NiO clusters on 
the carbon surface [49–51]. For Ni-SAC-3, Ni nanoparticles were 
detected (Fig. S9 and Fig. S11). These results suggest that, with 
increasing amounts of the Ni sublimation source during the CVD pro
cess, a portion of Ni atoms aggregated into Ni clusters in Ni-SAC-2 and 
further into Ni nanoparticles in Ni-SAC-3.

We further conducted linear combination fitting (LCF) of the XANES 
spectra to determine the distribution of Ni species in the three samples 
(Fig. S10 and Table S4). The results indicate that Ni-SAC-1 consists 
exclusively of Ni single atoms; Ni-SAC-2 comprises 76 % Ni single 
atoms, 18 % NiO, and 6 % metallic Ni; and Ni-SAC-3 contains 69 % Ni 
single atoms, 17 % NiO, and 14 % metallic Ni. The absolute contents of 
these species were quantified by correlating the LCF results with 
inductively coupled plasma atomic emission spectrometry (ICP-AES) 
measurements (Table S2). Specifically, Ni-SAC-1 contains 1.0 wt% Ni 
single atoms, whereas Ni-SAC-2 contains 2.3 wt% Ni single atoms and 
0.7 wt% Ni/NiO species, which are ascribed to Ni/NiO clusters due to 
the absence of distinct Ni metal reflections in the XRD pattern (Fig. S10). 

Fig. 2. Structural characterization of Ni-SAC catalysts. (a) Schematic illustration of the fabrication of Ni-SAC catalysts. (b) SEM images of Ni-SAC-2. (c) High- 
resolution STEM image, and (d) EDS mapping images of Ni-SAC-2. (e) High-resolution N 1 s XPS spectra of Ni-SAC-2. (f) Normalized Ni K-edge XANES spectra, 
and (g) Fourier transform of the EXAFS spectra of Ni foil, NiO, NiPc and Ni-SAC-2.
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Ni-SAC-3 possesses a comparable Ni single-atom content (2.6 wt%) to 
Ni-SAC-2; however, it exhibits a higher loading of NiO/Ni species 
(1.1 wt%), which are present in the form of Ni nanoparticles (Fig. S11). 
It has been reported that Ni clusters can synergistically promote the 
electrocatalytic activity of Ni single atoms toward CO2-to-CO conver
sion, whereas Ni nanoparticles predominantly facilitate the competing 
HER during CO2 electrolysis [52–55]. This compositional distinction 
highlights Ni-SAC-2 as a particularly promising catalyst for enhancing 
CO2-to-CO conversion rates in reactive capture systems.

3.2. Ni-SAC catalyst for CO electrosynthesis in a reactive capture system

We evaluated the catalytic performance of the three Ni-SAC catalysts 
in a membrane electrode assembly (MEA) electrolyser-based reactive 
capture system [21]. Carbon dioxide was purged into 2 M KOH solution 
to simulate the capture process, and the capture solution (pH ~9.6) was 
fed to the electrolyser for electrochemical CO2 conversion (Fig. 1, 
Fig. S15-S18). The CO2 regeneration arises from the reaction between 
the CO2-loaded alkaline solution and protons electromigrated from the 
anode, in agreement with previous reports (Fig. S16) [20,21]. The pH of 
the capture solution remained nearly unchanged during 10 min elec
trolysis at 100 mA cm− 2, indicating minimal CO2 consumption 
(Fig. S17). VLE modeling confirmed that the observed buffering capacity 
suffices to sustain CO2 regeneration, and the CO2 loading capacity of 
2 M KOH at pH ~9.6 was estimated to be ~0.87 mol CO2 per mol KOH, 
consistent with reported values (Fig. S18) [56]. Only H2 and CO were 
detected at the cathode outlet. All three catalysts exhibited similar 
trends in CO production across the current density range of 
50–300 mA cm⁻2, with CO Faradaic efficiencies (FEs) peaking around 

100 mA cm− 2 (Fig. 3a). Among them, Ni-SAC-2 – with its higher loading 
of Ni single atoms – achieved significantly greater CO FEs and better 
HER suppression compared to Ni-SAC-1. Notably, further increasing the 
Ni loading, as in Ni-SAC-3, did not result in a proportional enhancement 
in CO production. Ni-SAC-2 contains 2.3 wt% Ni single atoms and 0.7 wt 
% NiO/Ni clusters, while Ni-SAC-3 has 2.6 wt% Ni single atoms 
accompanied by 1.1 wt% NiO/Ni nanoparticles. Although small NiO/Ni 
clusters can contribute positively to CO₂-to-CO conversion, larger 
NiO/Ni nanoparticles tend to promote hydrogen evolution instead 
[52–55]. Typically, at 100 mA cm− 2, a peak CO FE of 68 % with a 
CO/H2 ratio of ~2.0 was achieved for Ni-SAC-2, 1.4 times larger than 
that of Ni-SAC-1 (48 %) and Ni-SAC-3 (47 %) (Fig. 3a, Figs. S19-S21). At 
a higher current density of 200 mA cm− 2, Ni-SAC-2 maintained a rela
tively high CO FE of 61 % and a CO2 conversion rate of 89 %, much 
higher than those reported in prior reactive capture systems (Table S1). 
Notable, the maximum TOF of Ni-SAC-1 reaches 11142.2 h− 1 at 
200 mA cm− 2, which exceeds the performance of previously reported 
reactive capture systems employing Ni-based single-atom catalysts 
(Fig. S22). The Ni-SAC-2 catalyst also exhibited larger CO production 
rate, i.e., CO partial current density (jCO), compared with the other two 
catalysts. At 300 mA cm− 2, its jCO reached 140 mA cm− 2 with a full-cell 
voltage of 5.1 V (Fig. 3b). The Ni-SAC-2 electrode exhibited excellent 
stability for CO production. The CO FE kept more than 50 % during 
100 h electrolysis at 100 mA cm− 2, with a CO/H2 ratio of ~ 1.0, a 
minimal full-cell voltage drop of ~5 mV h− 1 and capture solution pH 
were stable (Fig. 3c and Fig. S23). The electrode microstructure and 
Ni-N coordination were nearly unchanged after the prolonged electrol
ysis, verifying the robustness of Ni-SAC-2 (Figs. S24–S25). N 1 s XPS 
analysis of the spent catalyst further confirmed the structural integrity of 

Fig. 3. Electrocatalytic performance of Ni-SAC catalysts for KOH-based reactive capture. (a) CO FE as a function of applied current densities for Ni-SAC catalysts with 
different Ni loading. (b) CO partial current densities for Ni-SAC electrodes at different applied potentials. (c) Long-term operation of Ni-SAC-2 catalyst for reactive 
capture over 100 h at 100 mA cm− 2, with the variation of CO FE, CO/H2 ratio, cell voltage (initial voltage: 2.8 V), and the capture solution pH. Error bars represent 
standard deviations of three independent measurements.
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Ni-N4 sites (Fig. S25), with the Ni-N coordination fraction decreasing 
only slightly from 23.9 % before electrolysis (Figs. 2e) to 22.0 % after 
100 h of continuous operation. This negligible variation highlights the 
exceptional stability of the atomically dispersed Ni sites under extended 
electrochemical conditions. Furthermore, high-resolution TEM images 
and XRD patterns revealed no observable aggregation of Ni/NiO nano
particles under the same conditions (Fig. S26). These results collectively 
exclude the possibility of structural reconstruction of Ni-SAC-2 during 
long-term electrolysis [57–59].

3.3. The impacts of Ni-SAC catalyst microenvironment on CO 
electrosynthesis

Despite the promotional effect of high-density active sites, the 
microenvironment within the Ni-SAC catalyst layer – such as local pH 
and ion/gas transport – plays a critical role in regulating CO2 regener
ation and the accessibility of in situ generated CO2 to the Ni catalytic 
sites [60–63]. To decouple these effects, we conducted a systematic 
investigation using the Ni-SAC-2 catalyst.

The regeneration of CO2 in the reactive capture system arises from 
the reaction between the capture solution and protons electromigrated 
from the anode. The proton flux towards the cathode influences the 
availability of CO2 reactant (Fig. 1). To investigate this effect, we varied 
the proton concentration in the anolyte. Increasing the proton concen
tration from 0.05 M to 0.1 M resulted in a significant enhancement in 
electrocatalytic CO production (Fig. 4a, and Fig. S27). At 100 mA cm− 2, 
the 0.1 M anolyte achieved a CO FE of 68 %, which is1.2 times larger 
than that obtained with the 0.05 M anolyte (FECO ~ 59 %). Ion 
permeation tests confirmed that the 0.1 M anolyte generated a higher 
proton flux across the CEM – 1.035 μmol s⁻¹ cm⁻² compared to 1.026 
μmol s⁻¹ cm⁻² with the 0.05 M solution (Fig. 4b, and Fig. S28). This 
increased proton flux enhanced CO2 production at the catalyst/CEM 

interface (Fig. 1b), as evidenced by the elevated CO2 concentration 
measured at the cathode outlet (Fig. 4b). Further increase in proton 
concentration did not significantly improve the proton flux, CO2 
regeneration, or CO production.

We further investigated the impacts of catalyst microenvironment on 
the transport of in situ regenerated CO2 to the active sites. By varying the 
Ni-SAC-2 catalyst layer thickness from 2 μm to 8 μm (Fig. 4c, Fig. S29
and Fig. S30), we identified an optimal CO production performance with 
a 6 μm-thick catalyst layer. This electrode showed significantly higher 
CO FE and CO production rates than the 2 μm and 8 μm counterparts. At 
a current density of 200 mA cm− 2, the 6 μm electrode achieved a CO FE 
of 61 % and a jCO of 121 mA cm− 2, 1.4 times and 1.9 times larger than 
those of 8 μm (45 %, 89 mA cm− 2) and 2 μm (32 %, 64 mA cm− 2) 
electrodes, respectively. CO2 flux measurements revealed that the 6 μm 
catalyst layer delivered a higher CO2 flux across the electrode (0.807 
μmol s− 1 cm− 2) compared to the 2 μm layer (0.411 μmol s− 1 cm− 2) 
(Fig. S31). This trend was further supported by one-dimensional diffu
sion-reaction model simulation (Fig. S32). Increasing the catalyst layer 
thickness beyond 6 μm did not lead to further improvement in CO2 flux 
or CO production.

In addition to catalyst layer thickness, ionomers dispersed among 
catalyst particles play a key role in facilitating CO2 transport to active 
sites during CO2R. To investigate the impacts of ionomers in the reactive 
capture system, we employed the widely used perfluorosulfonic acid 
(PFSA) ionomer, which contains both hydrophobic and hydrophilic 
domains, and fabricated 6 μm catalyst layers with varying PFSA contents 
(7 wt%, 13 wt%, and 37 wt%) (Fig. 4d, Figs. S33-S34). The catalyst 
layer containing 13 wt% PFSA delivered superior performance 
compared to those with 7 wt% case and 37 wt% case, in terms of CO FE 
and jCO. This highlights the importance of optimizing the hydrophobic/ 
hydrophilic balance within the catalyst layer to effectively manage the 
local ion/gas microenvironment and promote conversion of in situ 

Fig. 4. Decoupling the impacts of Ni-SAC catalyst microenvironment on CO electrosynthesis in reactive capture. (a) The electrocatalytic performance of Ni-SAC-2 
catalyst using H2SO4 anolyte with various proton concentration at 100 mA cm⁻2. (b) The apparent proton flux and CO2 concentration at the cathode outlet measured 
at 100 mA cm⁻2 for three different anolytes. (c) Impact of Ni-SAC-2 catalyst layer thickness on electrocatalytic performance at 200 mA cm− 2. (d) Impact of PFSA 
ionomer content in 6 μm-thick Ni-SAC-2 catalyst layer on electrocatalytic performance at 200 mA cm− 2. (e) Impact of PTFE and PEI ionomer in the Ni-SAC-2 catalyst 
layers on electrocatalytic performance at current densities from 50 to 300 mA cm⁻2. (f) Electron transfer resistance and CO2 diffusion layer thicknesses measured or 
calculated for the 6 μm-thick catalysts layers with three different additives including PEI, PFSA, and PTFE.
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regenerated CO2 [64]. This was further supported by controls using 
highly hydrophilic polyethyleneimine (PEI) and hydrophobic poly
tetrafluoroethylene (PTFE) as alternative additives (Fig. 4e, 
Figs. S35-S37). Notably, the Ni-SAC-2 electrode with 13 wt% PFSA 
exhibited a CO FE of 61 % and a jCO of 121 mA cm⁻2 at 200 mA cm− 2, 
2.3 times and 1.5 times higher than those obtained with PEI (27 %, 
54 mA cm− 2) and PTFE (40 %, 79 mA cm− 2), respectively. Electro
chemical impedance spectroscopy (EIS) analysis revealed that the hy
drophilic domains within the ionomers facilitate charge transfer at the 
catalyst/electrolyte interface, while hydrophobic domains enhance CO2 
mass transport (Fig. 4f, Fig. S38 and Table S8, see EIS section for more 
details).

The above results highlight the crucial role of the Ni-SAC catalyst 
microenvironment in governing CO2 regeneration and transport for 
efficient CO electrosynthesis in the reactive capture system. Optimizing 
both the catalyst layer thickness and interfacial proton flux enhances the 
local CO2 regeneration at the catalyst/CEM interface, ensuring a suffi
cient supply of reactants for electrochemical conversion. Meanwhile, 
improving CO2 transport within the catalyst layer, modulated by ion
omer content and hydrophobicity, reduces mass transfer resistance and 
facilitates effective delivery of CO2 to the active sites. Together, these 
two mechanisms work synergistically to enhance CO2-to-CO conversion 
efficiency and boost CO production rates in the reactive capture system.

3.4. Energy consumption analysis

Our reactive capture system, integrated with a high-density Ni-SAC 
catalyst and an optimized catalyst microenvironment, achieved an en
ergy consumption of 37.7 GJ ton− 1

CO for CO electrosynthesis. This rep
resents a 30 % and 50 % increase in energy efficiency compared to 
previously reported amine-based reactive capture system (62.2 GJ 
ton− 1

CO) and KOH-based reactive capture systems (56.9 GJ ton− 1
CO) (Fig. 5

and Table S9), respectively. Despite these improvements, it is important 
to note that the energy consumption associated with the CO2 electrolysis 
component in our system (34.2 GJ ton− 1

CO) remains higher than that of 
pure-CO2 electrolysis system (23.0 GJ ton− 1

CO). These results highlight the 
substantial progress made, while also underscoring the need for further 
innovation in catalyst design and microenvironment engineering to 
improve the overall energy efficiency of reactive capture systems.

4. Conclusions

We developed a nickel single-atom catalyst (Ni-SAC) featuring a high 
density of active Ni sites (>1.0 wt% Ni loading) and a systematically 
engineered microenvironment to enable efficient CO electrosynthesis in 
a hydroxide-mediated reactive capture system. By concurrently opti
mizing the catalyst structure and its local reaction environment, we 
achieved a CO Faradaic efficiency of 61 % and a CO2 conversion rate of 
89 % at a current density of 200 mA cm⁻2, with stable operation main
tained for over 100 h. These performance metrics surpass those of pre
viously reported reactive capture systems. Combined experimental and 
computational analyses reveal that, beyond catalyst design, CO2 
regeneration and mass transport to active sites are critical factors gov
erning CO production in such systems. This study underscores the dual 
importance of catalyst architecture and microenvironmental control, 
offering practical strategies to advance the electrocatalytic performance 
of next-generation reactive capture technologies.
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