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Integrated system for electrolyte recovery,
product separation, and CO2 capture in CO2
reduction

PengWang1,5, AnPei1,5, Zhaoxi Chen1,5, Peilin Sun1, Chengyi Hu 2, XueWang 3,
Nanfeng Zheng 2,4 & Guangxu Chen 1

Challenges in CO2 capture, CO2 crossover, product separation, and electrolyte
recovery hinder electrocatalytic CO2 reduction (CO2R). Here, we present an
integrated electrochemical recovery and separation system (ERSS) with an ion
separation module (ISM) between the anode and cathode of a water electro-
lysis system. During ERSS operation, protons from the anolyte flow through
the anodic cation exchange membrane (CEM) into the ISM, acidifying the
CO2R effluent electrolyte. Cations like K+ in the ISM flow through the cathodic
CEM into the catholyte to balance theOH− ions fromhydrogen evolution. ERSS
recycles electrolyte-adsorbed CO2, recovers KOH with a 94.0% K+ yield, and
achieves an 86.2% separation efficiency for CO2R products. The recovered
KOH can capture CO2 from air or flue gas or be utilized as a CO2R electrolyte,
closing the CO2 capture, conversion, and utilization loop. Compared to the
conventional acid-base neutralization process, ERSS saves $119.76 per ton
of KOH recovered and is applicable to other aqueous alkaline electrosynthesis
reactions.

Renewable electricity-driven electrosynthesis, such as the electrolysis
of CO2, N2, H2O, hydrocarbons, and biomass, offers promising alter-
natives for conventional industrial reactions and supports carbon
management and net-zero emissions goals. CO2 reduction (CO2R), a
key electrosynthesis reaction, can produce high-value fuels and che-
micals, facilitate renewable energy storage, and significantly reduce
CO2 emissions. Significant efforts have focused on developing CO2R
catalysts with high product selectivity (Faradaic efficiency, FE) for C1

(CO, formate, methanol) or C2+ (ethylene, ethanol, n-propanol) pro-
ducts, high current density, high energy efficiency (EE), and long-term
stability at low overpotentials. Despite recent advances, CO2R is not
yet industrially viable due to several challenges:

First, CO2 capture remains a significant challenge. Conven-
tional wet chemical scrubbing using sp3 amines faces technical
and economic issues, including high energy consumption, cor-
rosion, and sorbent degradation1,2. The Ca(OH)2/CaCO3/CaO +
CO2 cycling process is energy-intensive, requiring temperatures
up to 900 °C to release CO2

3. Electrochemically mediated carbon
capture with redox-active organic compounds, such as quinones,
shows promise but lacks reliable sorbents with excellent solubi-
lity, processibility, and stability against impurities4. The electro-
chemical solid-electrolyte reactor using oxygen/water (O2/H2O)
redox couple also shows potential5 but is limited by high opera-
tional energy consumption.
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Second, CO2 utilization efficiency in CO2R remains very low.
Continuous-flow electrolyzers, such as zero-gap membrane electrode
assemblies (MEA) and flow cells with highly alkaline electrolytes,
achieve high current density for producing CO, ethylene, ethanol, and
multi-carbon products6–13. However, a high concentration of OH− ions
leads to significant CO2 loss through the reaction of 2OH− (aq) + CO2

(g)→CO3
2− (aq) + H2O, and CO2 crossover where CO3²⁻migrates to the

anolyte, reducing CO2R efficiency. For instance, in two-electron pro-
cesses likeCO2 toCO,CO2utilizationefficiency is oftenbelow50%, and
for ethylene and ethanol production, it typically does not exceed 25%14.
Electrocatalytic CO2R in acidic media can avoid CO3²⁻ formation but
faces challenges such as the need for substantial cations (like K+) to
suppress HER, anode catalyst instability in acidic conditions, and
severe corrosion of reactor materials15.

Finally, high costs are associated with electrolyte recovery and
product separation. Techno-economic analysis (TEA) of alkaline CO2

electrolyzers indicates that over 50% of the input energy is used for
regenerating alkaline solution and CO2 from CO3

2− ions14. Additionally,
recovering the alkaline electrolyte and separating products from the
CO2R effluent further increases costs. For instance, chemical neu-
tralization and distillation for downstream liquid product separation
from an alkaline electrolyte account for over 60% of capital costs and
64% of total energy costs16. However, most CO2R research tends to
focus on catalyst development, electrolyzer design, and mechanism
verification, often overlooking product separation and application,
which delays the industrialization of CO2R.

Industrializing CO2R requires a systematic engineering approach
to optimize costs for catalyst production, electrolyzer manufacture,
CO2 capture, CO2 utilization efficiency, electrolyte recovery, and pro-
duct separation. Such a comprehensive approach has not yet been
reported. We present an integrated electrochemical recovery and
separation system (ERSS) based on the electrodialysis principle17–21,
featuring an ion separation (ISM) module between the anode and
cathodeof awater electrolysis cell. The ERSS facilitates the recyclingof
the electrolyte-adsorbed CO2 from the acidified ISM (CO3

2−(aq)/HCO3
−

(aq) → CO2 (g)) and achieves 94% KOH recovery and 86.2% separation
efficiency for CO2R products. Recovered KOH can capture CO2 from
air or flue gas or be used directly for CO2R, supporting continuous CO2

capture, conversion, and utilization. The ERSS paves the way for CO2R
industrialization with renewable energy.

Results and discussion
Configuration of the ERSS. Figure 1 shows the integration of an alkaline
CO2R electrolyzer (Fig. 1a) with the ERSS system (Fig. 1b). The ERSS
includes an oxygen evolution reaction (OER) anode (2H2O→O2 + 4H+ +
4e−) with an iridium oxide catalyst on titanium mesh and a hydrogen
evolution reaction (HER) cathode (2H2O+ 2e− → H2 + 2OH−) with a
commercial Pt/C catalyst. Both electrodes used pure water as the
electrolyte. The anode and cathode were separated by an ISM con-
sisting of CEMs with a porous carbon felt or polyethylene mesh as a
support layer. This support layer was in close contactwith the CEMs to
minimize ohmic losses. The effluent electrolyte, containing CO2R
products, alkali, and carbonate/bicarbonate from the alkaline CO2R
electrolyzer, flowed directly into the ISM chamber for CO2 capture,
alkali recovery, and product separation.

In the ERSS, water electrolysis generated protons in the anolyte,
which flowed through the anodic CEM into the ISM, acidifying the
effluent electrolyte from the CO2R electrolyzer and producing water
(H+ + OH− = H2O) and high-purity CO2 (CO3

2−/HCO3
− → CO2). Con-

currently, cations like K+ in the ISM flowed through the cathodic CEM
into the catholyte to balance OH− ions from the HER, recovering high-
purity KOH. During ERSS operation, the KOH electrolyte, liquid pro-
ducts, and carbonate/bicarbonate from the CO2R electrolyzer in the
ISM served as ion transporters, reducing the overall cell voltage. The
CEM in the ISM chamber effectively separated some alcohol and

carboxylic acid products from the effluent electrolyte. The high-purity
H2 at the cathode and O2 at the anode can be collected and marketed
as by-products.

Our ERSS design offers several advantages. Firstly, it operates at
room temperature, making it simple and efficient while producing
high-purity H2 and O2 by-products. Secondly, traditional product
separation from alkaline solutions involves an acid-base neutralization
process (ABNP) and low-temperature crystallization, requiring excess
acid and posing significant anticorrosion challenges16. In contrast, our
ERSS efficiently recovers KOH electrolytes electrochemically, allowing
for direct reuse without additional treatment. Thirdly, the ERSS only
performs OER/HER electrolysis, consuming minimal water without
needing specific chemicals or consumables. Fourthly, it recovers
adsorbed CO2 from the effluent electrolyte of CO2R, addressing low
CO2 utilization efficiency in alkaline CO2R electrolyzers. Fifthly, over-
accumulating liquid products in alkaline electrolytes degrade CO2R
operational stability. Our ERSS continuously separates products and
recovers KOH, enhancing CO2R stability. The ERSS offers a systematic
approach for electrolyte recovery, product separation, and CO2 cap-
ture for alkaline CO2R electrolyzers using renewable electricity.

Concept verification
To validate the ERSS, we prepared five simulated 0.1M KOH solutions
(10mL), each containing one of the following: methanol (MeOH,
9.091 v%), ethanol (EtOH, 9.091 v%), n-propanol (PrOH, 9.091 v%),
formic acid (FA, 0.023 v%), and acetic acid (HAC, 0.023 v%). These
compounds are common CO2R products. As shown in Fig. 2a, linear
sweep voltammetry (LSV) was performed on the ERSS with the ISM
chamber filled with pure or mixed 0.1M KOH solutions containing
different alcohols. Thepresenceof alcohols led to lower currents in the
LSV curves compared to pure KOH solutions between -3 ~ -5 V, attrib-
uted to alcohols’ ability to penetrate the CEM and affect ion transfer
efficiency, with smaller molecules permeating more easily (Fig. 2a).
The initial ERSS voltage was approximately 1.81 V, including the water
electrolysis thermodynamic potential (1.23 V), OER and HER over-
potentials, and ohmic loss. Under a constant 3 V with 90C passed
charges (87.7 C needed to recover all K+ ions) (Fig. 2b), the yields of
MeOH, EtOH, and PrOH were 84.1%, 95.6%, and 90.9% (Fig. 2c),
respectively, indicatingminimal alcohol loss throughCEMpermeation.
Correspondingly, K+ recovery yields were above 95.6%, 94.3%, and
97.4% (Fig. 2c).

The behavior for carboxylic acids (FA and HAc) is similar.
Although the LSV curves for 0.1M KOH solutions containing low
concentrations of FA (0.023 v%) and HAc (0.023 v%) were comparable
to those of pure KOH solutions (Fig. 2d), increasing the concentration
(Supplementary Fig. 1), for example, of FA, reduced ion transport
efficiency. Thiswas attributed to the consumptionofOH⁻, which forms
formate anions (HCOO⁻) thatmigratemore slowly thanOH⁻ (the effect
is less pronounced at low HCOO⁻ concentrations). After applying a
constant 3 V and passing 90C (Fig. 2e), FA and HAc yields were 96.1%
and 94.9% (Fig. 2f), and K+ recovery yields were 95.2% and 94.3%
(Fig. 2f), respectively. Despite dissociation constants of 1.77 × 10−4 for
FA and 1.75 × 10−5 for HAc, the pH of separated solutions was acidic (3.7
and 3.8, respectively; Supplementary Fig. 2), indicating most FA and
HAc remained in their acid form. In contrast, the solutionswereneutral
after alcohol separation (Supplementary Fig. 3). pH measurements for
pure water and solutions with FA (0.023 v%) and HAc (0.023 v%) were
6.7, 3.3, and 3.6, respectively (Supplementary Fig. 4), confirming the
effective removal of themajority of K⁺ from the solutions. Considering
the impact of small molecules on CEM swelling and shuttle effects, we
also analyzed the composition and pH of the anolyte. The pH values of
the anolytes were measured to be 6.5, 6.6, and 6.7, respectively, when
alcoholmolecules (MeOH, EtOH, or PrOH)were present in the solution
within the ISM, which is similar to the pH of deionized water (6.7), as
shown in Supplementary Fig. 5. To investigate the presence of alcohol
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molecules, we employed 1H-NMR to analyze the alcohols diffusing
from the ISM into the anolyte. Our results confirmed the presence of
alcohol molecules in the anolytes of the ERSS. However, it is essential
to note that the presence of these alcohol molecules did not alter the
pH value of the anolyte, and no electro-oxidation products such as FA
or HAc were detected. When FA or HAc were present in the ISM
solution, no specific acid species in the anolyte was detected. Never-
theless, the pH measurements of the anolytes were approximately 5.5
and 5.6, respectively, suggesting that a small number of acidic mole-
cules may have permeated into the anolyte. However, their con-
centrations were too low for direct detection by 1H-NMR
(Supplementary Fig. 6).

Considering the charge balance within the ERSS, the cathode
chamber generated one OH− for each electron transferred, while one
K+ migrated from the ISM chamber to the catholyte, forming KOH.
Thus, we define KOH recovery’s Faradaic efficiency (FE) to assess
economic benefits. As shown in Supplementary Fig. 7, FEs of KOH
recovery exceeded 90% for all simulated alcohol and carboxylic acid

solutions. We varied KOH concentrations in the ISM chamber from
0.1M to 1.0M, observing that LSV curve currents increasedwith higher
concentrations (Supplementary Fig. 8). This is because the KOH solu-
tion in the ISM chamber acted as an ion transporter; higher ion con-
centrations facilitated faster ion transport, leading to higher currents.

Electrochemical CO2 capture typically involves absorbing and
releasing CO2 through pH swings22–24. Based on the ERSS mechanism,
we assessed capturing CO2 from the atmosphere or flue gas using KOH
solution and recycling high-purity CO2 from the resulting K2CO3 or
KHCO3. The specific reactions for CO2 capture with KOH are:

CO2 + 2KOH=K2CO3 +H2O ð1Þ

CO2 +KOH=KHCO3 ð2Þ

As shown in Supplementary Fig. 9, as the ISM chamber processes
either K2CO3 or KHCO3 solution, protons from OER migrate through
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Fig. 1 | Schematic diagram for coupling alkaline CO2R electrolyzer with ERSS
system. a A conventional continuous-flow alkaline CO2R electrolyzer. b The con-
figuration and working mechanism of the ERSS system. The ERSS consisted of an
HER cathode, anOERanode, and an ISM. The anode and cathodewere separated by
the ISM. The ISM comprised two CEMs separated by a porous carbon felt or
polyethylene network. The porous carbon felt or polyethylene network was placed
as a support layer in the ISM chamber, in close contact with CEMs on both sides, to
minimize the overall ohmic losses of the ERSS. Through water electrolysis in the

ERSS, the protons generated in the anolyte flowed through the CEM into the ISM,
gradually acidifying the effluent electrolyte from the CO2R electrolyzer and pro-
ducing water (H+ + OH− = H2O) and high-purity CO2 (CO3

2−(aq)/HCO3
− (aq) → CO2

(g)). Meanwhile, cations such as K+ in the ISM chamber flowed through another
CEM into the catholyte to balance the OH− ions generated HER, recovering a high-
purity KOH solution. The liquid products from the alkaline CO2R electrolyzer can
collected as an aqueous solution from the ISM chamber.
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the anodic CEM towards the ISM chamber, driven by the electric field.
Within the ISM chamber, the following reactions occur:

K2CO3 + 2H
+ =H2O+CO2 + 2K

+ ð3Þ

KHCO3 +H
+ =H2O+CO2 +K

+ ð4Þ

Under the electric field, K+ migrates through the cathodic CEM
towards the cathode, combining with OH− from the HER to form KOH
and maintain charge balance. Despite the lower migration rates of
CO3

2− and HCO3
− compared to OH−, their effect on ERSS operation

remains acceptable (Supplementary Fig. 10). To validate the ERSS’s
capability for simultaneous CO2 capture andCO2R product separation,
an operational process was devised (Fig. 3a). High-purity CO2 was
collected at the ISM outlet, with H2 and O2 by-products from the
cathode and anode, respectively, via water electrolysis (Fig. 3a). A
0.5M K2CO3 solution containing 0.091 v% FA was used as a simulated
solution, andCO2was collected using thewater displacementmethod.
Applying a constant voltage of 5 V for ERSS electrolysis, real-time CO2

collectionwasmonitored (Fig. 3b). 50mLCO2wasproduced in thefirst
16min. The volume of CO2 gradually increased, reaching a plateau of
345mL,with a collected yield of 77.5% (Fig. 3c). TheKOHrecovery yield
was 90.2%, and the FA yield was 80.6% (Fig. 3c). Approximately 22.5%
of the remaining CO2 dissolved in the electrolyte or trapped in ISM.
Initially, protons from the anode reacted with K2CO3 to form KHCO3,
delaying CO2 production. At 16min, 2023.8 C of charge had passed,
while converting K2CO3 to KHCO3 required approximately 1754.3C.
Consequently, only 50mL of CO2 was collected over 16min.

We operated ERSS with a 1.0M KHCO3 solution containing
0.091 v% FA to validate the phenomenon. Applying a constant

voltage of 5 V, we collected 50mL of CO2 after 2min of electrolysis,
corresponding to a charge of 235.5 C (Fig. 3d). As the reaction con-
tinued, the CO2 volume increased to 690mL, with a CO2 capture
yield of 79.6% (Fig. 3e). The KOH recovery yield was 90.1%, and the FA
yield was 82.2%. FA, being more acidic than H2CO3, reacted with
KHCO3 to release approximately 26mL of CO2 during solution pre-
paration. This leads to a CO2 yield based on reactions (3) and (4),
where HCO3

− reacts with one proton to form one CO2 molecule, and
CO3

2− reacts with two protons to form one CO2 molecule. The
underestimation of CO2 collection might result from the electric
double layer on the electrodes, which consumed a portion of the
charge. As shown in Supplementary Fig. 11, the FEs for KOH recovery
in K2CO3 and KHCO3 solutions were 87.6% and 85.3%, respectively,
and the CO2 capture efficiencies were 75.2% and 75.4%. These results
demonstrate that the ERSS effectively integrates CO2 capture, pro-
duct separation, and electrolyte recovery.

Practical integration of ERSS with alkaline CO2R. The low CO2

utilization efficiency in alkaline CO2R electrolyzers poses a significant
barrier to CO2R industrialization14. Most CO2 is absorbed by the alka-
line solution to form CO3

2− rather than participating in catalytic reac-
tions. To make CO2R industrialization cost-effective, recovering and
reusing the KOH electrolyte is crucial. We integrated our ERSS with an
alkaline CO2R electrolyzer and demonstrated its effectiveness for CO2

capture and product separation. Various FA-selective electrocatalysts,
including Bi, Co, Pd, In, Pb, Sn, and carbon-based materials25–31, can be
explored for ERSS applications. Bismuth-based catalysts have achieved
Faradaic efficiencies (FE) over 95% at high current densities
( > 50mAcm−2), outperformingmost non-preciousmetal catalysts32–36.
As a demonstration, we synthesized a two-dimensional Bi (2D-Bi) cat-
alyst via a hydrolysis method for alkaline CO2R to produce FA13. This
catalyst, featuring abundant low-coordination active sites, showed

Fig. 2 | Concept verification of ERSS for KOH recovery and organic molecule
separation. a The i-V curves (without iR corrections) of the ERSS operatedwith the
0.1M KOH simulated electrolyte withMeOH (9.1 v%), EtOH (9.1 v%), and PrOH (9.1 v
%), respectively. b The i-t (with 95% iR corrections) and Q-t curves of the ERSS
operated with the 0.1M KOH simulated electrolyte with MeOH, EtOH, and PrOH,
respectively. c The KOH, MeOH, EtOH, and PrOH yields, respectively. d The i-V
curves (without iR corrections) of the ERSS operatedwith the 0.1M KOH simulated

electrolyte with FA (0.023 v%) and HAc (0.023 v%), respectively. e The i-t (with 95%
iR corrections) and Q-t curves of the ERSS operated with the 0.1M KOH simulated
electrolyte with FA and HAc, respectively. f The yields of KOH, FA, and HAc,
respectively. The i-t curves were all operated at a constant voltage of 3 V and were
stopped when the accumulated charge reached 90C. The electrode utilized in the
ERSS was with a surface area of 2 × 2 cm2. The ERSS was performed at room tem-
perature and ambient pressure.
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enhanced catalytic performance13. Characterization by X-ray diffrac-
tion, SEM, TEM, and STEM-EDS revealed that the 2D-Bi catalyst had a
Bi6O6(OH)3(NO3)3·1.5H2O crystal phase and a nanosheet structure
consistent with previous reports13 (Supplementary Fig. 12 and Sup-
plementary Fig. 13).

The CO2R performance of the 2D-Bi catalyst was evaluated in a
two-electrode flow cell using 1.0M KOH as the electrolyte. Gas and
liquid products were analyzed via gas chromatography (GC) and 1H-
NMR, respectively. As expected, the main product was FA, with minor
CO and H2 by-products (Fig. 4a, Supplementary Fig. 14, and Supple-
mentary Fig. 15). The maximum FE for FA was approximately 95.7%,
with a partial current density of FA reaching 181.4mAcm−2 (Supple-
mentary Fig. 16). A stability test showed that the catalyst maintained a
current density of 50mAcm−2 for about 200min, with the FE for FA
remaining above 85% (Fig. 4b). Post-reaction, the pH of the KOH
electrolyte decreased slightly from13.9 to 13.8 (Supplementary Fig. 17).
To simulate CO2 capture from flue gas, the post-reaction electrolyte
was bubbled with 10% CO2 in Ar at 100 sccm before KOH recovery on
ERSS, and the pH was monitored in real-time. As shown in Fig. 4c, the
pH dropped from 13.8 to 13.0 within 19min, decreased rapidly to 10.7
between 19 and 35min, and slowed to 8.9 by 161min (Supplementary
Fig. 18). This pH decreased because CO2 reacted with KOH and fol-
lowed the reaction path of CO2→K2CO3→KHCO3.

After the CO2 adsorption process was completed, the 40mL
electrolytewas subjected to our ERSS at a constant voltage of 5 V. Real-
time CO2 collection was monitored (Fig. 4d). Initially, collecting 50mL
of CO2 in 3min is slower compared to the KHCO3 simulated solution
(2min), indicating the presence of K2CO3. Once the electrolyte con-
verted to KHCO3, CO2 production began, resulting in a total collection
of 630mL. The amount of captured CO2 depended on the later-stage
electrolyte’s CO2 absorption capacity (Fig. 4c) and the FA yield from
CO2R. HCOO

− might influence CO2 adsorption, but neutral CO2R pro-
ducts like alcohols do not affect CO2 capture. The CO2 absorption rate
decreased in the later stages as the system approached saturation. The
final recovery yields for KOH, FA, and CO2 were 94.0%, 86.2%, and
69.1%, respectively, with Faradaic efficiencies for KOH and CO2

recovery at 92.3% and 67.7% (Supplementary Fig. 19 and Supplemen-
tary Fig. 20). The pH of the recovered KOH solution was 13.9, con-
sistent with a 1M KOH solution (Fig. 4e). Using this recovered KOH for
CO2R, we achieved stable performance at 50mAcm−2 for 200min,
with a FE for FA above 85%, demonstrating the ERSS’s effectiveness in
practical applications (Fig. 4f).

To further investigate the feasibility of continuous separation
using ERSS (Supplementary Fig. 21), we treated a simulated electrolyte
containing 0.074 V% FA in 0.1MKOH at a flow rate of 1.1mL/min in the
ISM (Supplementary Fig. 22). The yields of FA and KOH remained

Fig. 3 | The concept verification of ERSS for KOH recovery, CO2 capture, and
organic molecule separation from carbonate/bicarbonate electrolytes.
a Schematic diagram of the ERSS for KOH recovery, CO2 capture, and organic
molecule separation from carbonate/bicarbonate electrolytes. b The CO2 produc-
tion and charge consumption curves from the ERSS operated with 0.5M K2CO3

simulated electrolyte with FA (0.091 v%). c The corresponding yields of KOH, FA,
and CO2. d The CO2 production and charge consumption curves from the ERSS

operated with 1.0M KHCO3 simulated electrolyte with FA (0.091 v%). e The corre-
sponding yields of KOH, FA, andCO2. TheQ-t curveswere all operated at a constant
voltage of 5 V. The electrode utilized in the ERSS was with a surface area of
10 × 10 cm2. The resistancewas about 0.7Ω (KHCO3 with FA) and 0.5Ω (K2CO3 with
FA). There were no iR corrections to the voltage. The ERSS was performed at room
temperature and ambient pressure.
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above 80% and 85%, respectively. The ERSS operated continuously for
100hwithout degradation. To simulate practical industrial conditions,
we also tested the ERSS with a higher concentration of 0.4 V% FA in
1.0MKOHataflowrate of 1.1mL/min (2 A current) and2.2mL/min (4 A
current). Under these conditions, the yields of FA and KOH stayed
above 80% and 85%, demonstrating the ERSS’s effectiveness for
industrial applications (Supplementary Fig. 23).

The design of the ERSS extends beyond its application in alkaline
CO2R, offering the potential for various alkaline electrosynthesis
reactions, such as the anodic oxidation of alcohols for alkali recovery
and product separation. Replacing the energy-intensive OER with
anodic oxidation of alcohols or aldehydes reduces energy consump-
tion while generating high-value organic products at the anode. This
method has garnered significant interest from the research commu-
nity. For instance, biomass-derived 5-hydroxymethylfurfural (HMF)
electrooxidation to produce furan-2,5-dicarboxylic acid (FDCA) is a
promising reaction to couple with CO2R. The main operational costs
for this reaction are associated with alkali recovery and product
separation. We tested the ERSS using a simulated 0.1M KOH solution
containing 0.91mM FDCA for KOH recovery and FDCA separation. As
shown in Supplementary Fig. 24, the ERSS LSV curve for theKOH-FDCA
solution was slightly lower than for pure KOH due to the larger FDCA

anion size and slower electron transfer rate compared to OH−. After
operating the ERSS at a constant voltage of 3 V with 90C of charge
passed, KOH recovery reached 95.6%, FDCA yield was 99.5%, and Far-
adaic efficiency for KOH recovery was 93.1% (Supplementary Fig. 24).
The larger size of the FDCAmolecule compared to FA and HAc results
in higher separation yields due to its reduced ability to penetrate
the CEM.

Therefore, we propose an integrated system combining electro-
chemical conversion systems (ECS) and ERSS, as illustrated in Fig. 5a.
This system comprises three main zones: the ECS zone, the CO2 cap-
ture zone, and the ERSS zone. In the ECS zone, cathodic CO2R is cou-
pled with anodic oxidation of organic substances in alkaline
electrolytes (e.g., KOH solution). The effluent catholyte and anolyte are
then collected and transferred to CO2 absorption towers in the CO2

capture zone to adsorb CO2 from flue gas or air. Once saturated with
CO2, the effluent solutions are sent to separate ERSS units in the ERSS
zone for CO2 release and product separation. The recovered KOH
solution from the ERSS can be reused in the ECS, and the captured CO2

serves as a feedstock for the ECS (Fig. 5a, b). As demonstrated in
Supplementary Fig. 25 and Supplementary Fig. 26, a continuous
operation involving electrocatalytic CO2 reduction coupled with CO2

capture and the ERSS systemwas performed. Our experimental results

Fig. 4 | The performance evaluation of ERSS for KOH recovery, CO2 capture,
and product separation from practical alkaline CO2R. a The FEs of electro-
catalytic CO2R products on Bi-based catalysts at different current densities.b Long-
term stability test of Bi-based catalyst at 50mAcm−2 current density. c The pH
evolution curves of the catholyte after electrocatalytic CO2R during the adsorption
of simulated flue gas (10% CO2 at 100 sccm). d The CO2 production and charge
consumption curves from the ERSSoperatedwith theCO2-saturated catholyte. The

Q-t curveswere all operated at a constant voltage of 5 V andwere stoppedwhen the
charge consumption reached 3931.3 C. e The pH value of catholyte from the ERSS
before and after KOH recovery. f Long-term stability test of Bi-based catalyst with
the recovered KOH electrolyte at 50mAcm−2 current density. The electrode uti-
lized in the ERSSwaswith a surface area of 10 ×10 cm2. The resistancewas about 0.7
Ω. There were no iR corrections to the voltage. The ERSS was performed at room
temperature and ambient pressure.
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indicated that the CO2R system could operate stably, achieving a FE of
FA greater than 80%. Additionally, the system consistently released
high-purity CO2 from the ISM chamber of the ERSS at a flow rate of
3.92mL/min, with a high purity of greater than 97%, containing less
than 3% hydrogen (H2) that diffused from the cathode (Supplementary
Fig. 27). This integration effectively addresses the challenge of lowCO2

utilization in alkaline CO2R. The products collected from the anolyte
and catholyte can either be used directly or undergo further purifica-
tion. Additionally, the system produces high-purity H2 and O2 for
market sale andoperates continuouslyusingonly renewable electricity
and pure water. Beyond CO2R, ERSS can also be applied to hetero-
geneous catalysis systems in alkaline environments for alkali recovery
and product separation, such as thermally catalytic alcohol
oxidation37. In summary, our ERSS design is versatile for alkaline
reaction systems, including ECS and heterogeneous catalysis, enabling
efficient product separation and alkaline solution recovery.

Techno-economic and energy costs analysis. In this work, our
primary motivation was to address practical challenges in electrolyte
recovery and product separation in the ECS. Thus, a techno-economic
analysis was conducted to evaluate the cost-effectiveness of the ERSS.

As shown in Supplementary Fig. 28a, our ERSS recovers 1 ton ofKOHat
a cost of only $243.26, which includes expenses for the electrolyzer,
electricity, water, catalysts, CEM, factorybalance, labor, and balance of
plant (Bop). Electricity constitutes 21.82% of the total cost; however,
with the rapid advancement of renewable energy, these costs are
expected to decrease. Revenues from by-products—CO2, H2, and O2—

amount to $30.50, $29.70, and $7.92, respectively, resulting in the
reduction of a net cost of $68.12 per ton of KOH recovered. In contrast,
traditional ABNP for KOH treatment (Supplementary Fig. 29), which
relies on large amounts of H2SO4 (Supplementary Fig. 28b), incurs a
net cost of $294.9 per ton of KOH due to the lack of profitable by-
products and no CO2 emission reduction benefits. Furthermore, our
ERSS is more energy-efficient than ABNP, saving $119.76 per ton of
KOH treated (Fig. 5c) at the onset voltage. Our findings indicate that
the energy consumption of the ERSS system is exclusively dependent
on the applied voltage (Fig. 5d). Although the energy required to
recover 1 ton of KOH in our ERSS process (9.55 GJ at 5 V) is slightly
higher than the energy reported for capturing 1 ton of CO₂ (7.98 GJ)5,
our energy expenditure encompasses a broader range of processes.
This includes not only CO₂ capture and KOH recovery but also the

Fig. 5 | The proposed integration of the ECS and the ERSS and the techno-
economic and energy costs analysis. a Flowchart demonstration of the integra-
tion of the ECSand the ERSS, including the ECSzone, theCO2 capture zone, and the
ERSS zone. After conducting cathodic CO2R coupled with anodic oxidation of an
organic substance in alkaline electrolytes in the ECS zone, both the effluent cath-
olyte and anolyte are transferred to the CO2 absorption towers in the CO2 capture
zone to adsorb CO2 from flue gas or air, respectively. Once the effluent catholyte
and anolyte are saturated by CO2, they will be transferred into two separate ERSS

units in the ERSS zone for CO2 release collection and product separation. The
recovered KOH solution fromERSS can be re-utilized as the electrolyte for ECS, and
the captured CO2 can be supplied as a source for ECS. b Schematic diagram
demonstrating an operation cycle, including electrocatalytic CO2R, CO2 capture,
electrolyte recycling, and product separation. c Techno-economic analysis on the
operation of the ERSS, assuming 1 tone of KOH is treated daily.dThe energy cost of
the ERSS system for 1-ton KOH recovery operated under different voltages.
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utilization of alkaline ECS electrolytes, product purification, and the
additional value generated from high-value O₂ and green H₂ produc-
tion. Consequently, it is essential to select an appropriate applied
potential tailored to specific industrial requirements (Supplementary
Fig. 30b). Although the initial energy cost for CO2 capture is slightly
higher (about 249 kJ/mol CO2) compared to recent advancements
(Supplementary Fig. 30a and Supplementary Table S2), the ERSS’s
multifunctional capabilities offer substantial advantages. Overall, the
ERSS effectively addresses downstream challenges in the alkaline ECS
and significantly contributes to CO2 emission reduction efforts.

In summary, we designed an ERSS to integrate electrolyte recov-
ery, CO2 capture, and product separation, addressing key challenges in
alkaline ECS. The design was motivated by the need to reduce CO2

emissions and enhance CO2 utilization efficiency in alkaline CO2R
processes. The ERSS effectively recoveredKOH from theCO2R effluent
with a K+ yield of 94.0% and achieved up to 86.2% separation efficiency
for CO2R liquid products. This recovered KOH can be reused for CO2

capture from air or flue gas and as an electrolyte for CO2R, thereby
closing the CO2 capture, conversion, and utilization loop. Our techno-
economic analysis indicates that electricity is one of the major cost
components of the ERSS, constituting 21.82% of the total cost. Future
research can focus on optimizing parameters such as operation tem-
perature, pressure, and catalyst performance, and developing more
efficient CEMs to lower energy costs and enhance practical deploy-
ment. The ERSS represents a significant advancement in alkaline ECS,
offering a more effective alternative to traditional alkali recovery and
product separation processes.

Methods
Materials
Proton exchange membrane (PEM) of Nafion 117 (Fuel cell store). 20%
Pt/C catalysts (Johnson Matthey). Titanium mesh coated with iridium
oxide (Alibaba TaoBao Store). Formic acid (FA, 98%). Acetic acid (HAc,
99.8%). Furan-2,5-dicarboxylic acid (FDCA, 99%). Methanol (MeOH,
99.5%). Ethanol (EtOH, 99.7%), Propanol (PrOH, 99.7%). Potassium
bicarbonate (KHCO3, 99.7%). Potassium carbonate (K2CO3, 99.5%).
Potassium hydroxide (KOH, 95%). Bismuth nitrate pentahydrate
(Bi(NO3)2 ∙ 5H2O, AR). Hexadecyl trimethyl ammonium bromide
(CTAB, 99%). Pure water (Milli-Q, 18.2 MΩ).

ERSS construction and operation. The ERSS was constructed as a
three-compartment electrolysis cell, separated by proton exchange
membranes of two Nafion 117 (used as received without any treat-
ment), with a working window area of 2 ×2 or 10 x 10 cm² toward the
ISM. Commercial 20% Pt/C catalysts were loaded on 2 × 2 or 10 x
10 cm² carbon paper as the cathode (1mg/cm2), while a 2 ×2 or 10 x
10 cm² titanium mesh coated with iridium oxide served as the anode
(1mg/cm2). The cathode and anode were supplied with ultrapure
water. The ERSSmeasurementswere conducted on the BioLogic VMP3
workstation or DC POWER SUPPLY (DP6010). Electrochemical impe-
dance spectroscopy data were collected in the frequency range of
0.1–100,000Hz in 0.1M KOH solution with MeOH, EtOH, PrOH, FA,
HAc, or FDCA (Supplementary Table S3). Cathode electrolyte 10mL or
40mL. All experiments were conducted at room temperature (25 °C)
and ambient pressure.

Preparation of simulated solutions. Stock solution preparation: A FA
stock solution with a concentration of 1 v% was prepared by mixing
100μL of FA with 9.9mL water. An HAc stock solution with a con-
centration of 1 v% was prepared by mixing 100μL of HAc with 9.9mL
water. FDCA stock solution with a concentration of 10mM was pre-
pared by dissolving 15.77mg FDCA in 10mL water.

Simulated solution preparation: The FA simulated solution was
prepared by thoroughly mixing 10mL of 0.1M KOH solution with
250μL of FA stock solution and 750μL of water. The preparation

method for the HAc simulated solution was similar, except for sub-
stituting the FA stock solution with 250μL of HAc stock solution. The
methanol solution was prepared by thoroughly mixing 1mL MeOH
with 10mL 0.1M KOH solution. The other simulated solutions were
prepared with the same method except for substituting 1mL MeOH
with 1mL FDCA stock solution, 1mLEtOH, or 1 mL PrOH (note that
alcohols and FDCAstock solutiondonot require the addition of 750μL
water). 1mL of each solution was used for the ERSS measure. The
simulated solutions with FA in 1M KHCO3 (99.7%) or 0.5M K2CO3

(99.5%) were prepared by mixing 4mL FA stock solution with 40mL
1M KHCO3 or 0.5M K2CO3 solution. For continuous ERSS operation,
the simulated electrolyte was a mixed solution of 0.1M KOH and
0.074 v% FA and 1M KOH and 0. 4 v% FA. All solutions are freshly
prepared and used immediately.

Calculation of ERSS performance. The yield (Y1) of KOH electrolyte
recovery was determined by measuring the OH− concentration
through acid-base titration. The specific experimental steps are as
follows: First, take0.5mLof the cathodic electrolyte and transfer it to a
conical flask containing phenolphthalein reagent. The solution turns
immediately red. Next, the solution is titrated with 0.01M H2SO4

solution until the solution becomes colorless, and the volume of sul-
furic acid solution used is recorded. Finally, calculate the KOH elec-
trolyte recovery yield using the following formula:

Y 1 =
A
B
� 100% ð5Þ

Y1 is the yield of KOH electrolyte recovery, A is the OH− con-
centration obtained from acid-base titration, and B is the OH− con-
centration of the initial solution.

The yield (Y2) of product separation was determined by testing
the product concentration before and after the ERSS operation
through H1-NMR spectra. The product separation yield was calculated
by using the following formula:

Y 2 =
S1
S2

� 100% ð6Þ

Y2 is the product yield after separation, S1 is the product con-
centration after the ERSS operation, and S2 is the product concentra-
tion before the reaction.

The CO2 yield (Y3) was calculated according to the following
formula:

Y 3 =
V 1

V 2
� 100% ð7Þ

Y3 is the yield of CO2. V1 is the actual volume of CO2 produced. V2

represents the calculated CO2 volume from the mole of KHCO3 or
K2CO3. For example, 10mL of 0.5M K2CO3 solution, V2 = 0.01 L ×
0.5mol/L × 24.5 L/mol × 1000mL/L = 122.5mL (25 °C)

Here, we defined the Faraday efficiency (FE1) of the KOH recovery
and calculated it according to the following formula:

FE1 =
Q1

Q2
� 100% ð8Þ

FE1 is the Faraday efficiency of the KOH recovery, Q2 denotes the
coulombs obtained from the electrochemical workstation, and Q1 is
the number of coulombs calculated based on the concentration of
recovered KOH. For example, The KOH recovery electrolyte is 10mL
0.1M, Q1 = 10mL × 0.1mol/L × 96485C/mol × (1/1000) L/mL =
96.485C.

Article https://doi.org/10.1038/s41467-025-56111-6

Nature Communications |          (2025) 16:731 8

www.nature.com/naturecommunications


Here, we also defined the Faraday efficiency (FE2) of CO2 and
calculated it according to the following formula:

FE2 =
Q3

Q2
� 100% ð9Þ

FE2 is the Faraday efficiency of CO2, Q2 denotes the coulombs
obtained from the electrochemical workstation, and Q3 is the number
of coulombs calculated based on the collected volume of CO2. For
example, if the ISM chamber contains KHCO3 electrolyte, which
undergoes a single-electron reaction, and the volume of CO2 collected
is 100mL, Q3 = 0.1 L / 24.5 L/mol × 96485C/mol = 393C. The corre-
sponding data was measured once in a strictly standardized manner.

Preparation of 2D-Bi catalyst. Catalyst Preparation: Bismuth-based
catalysts were prepared according to methods previously reported in
the literature13. Specific synthesis steps involved dissolving 970mg
Bi(NO3)2 · 5H2O in 60mLof deionizedwater and adding 500mgCTAB.
Next, 3.0 g urea was added to 40mL ethanol, and the solution was
sonicated to form a uniform mixture. Then, the urea-ethanol solution
was rapidly added to theBi(NO3)2 · 5H2Oaqueous solution, followedby
30min of vigorous stirring to form a white homogeneous solution.
Finally, the solutionwasmaintained at90 °C in awater bath for4 h, and
a white Bi6O6(OH)(NO3)·1.5 H2O powder was collected by centrifuga-
tion. The collectedwhite powderwaswashedwithdeionizedwater and
ethanol and dried at 60 °C. Subsequently, 10mg of the prepared white
powder was mixed with 2mL ethanol and 40μL Nafion solution (3 A,
5%w/w in water and 1-propanol). The mixture was then sonicated for
20min to obtain a homogeneous ink. The catalyst was sprayed onto a
gas diffusion electrode using an electric spray gun for subsequent
electrochemical CO2R testing.

CO2R performance test. Our continuous-flow electrolyzer for the
electrochemical CO2R was meticulously designed. All electrochemical
CO2R procedures were conducted on the BioLogic VMP3 workstation.
A Bi-based catalyst was uniformly sprayed onto carbon paper with a
hydrophobic microporous layer. Iridium oxide was electrodeposited
onto titaniummesh (TaoBaoStore) as the anodewith aworking areaof
1 cm2. The cathode and anode were separated by an anion exchange
membrane (AEM) (Fumasep FAB-PK-130, Fuel Cell Store). A 1.0M KOH
electrolyte was pumped at a 10mL/min flow rate and circulated
separately through the anode and cathode compartments. Simulta-
neously, CO2was continuously passed through the gasflowchannel on
the backside of the cathode catalyst at a rate of 40 sccm.

The gas products (C2H4, CH4, H2, and CO) were meticulously
detected every 8min using an online gas chromatograph (GC, Shi-
madzu GC2014), which was equipped with a thermal conductivity
detector (TCD), a flame ionization detector (FID), and a TDX-01 col-
umn. The carrier gas used was Ar (99.99%). 1H NMR was used to study
liquid products (FA, EtOH, and PrOH). Typically, 500 µL of electrolyte
wasmixed with 100 µL of deuteratedwater (D2O, SigmaAldrich, 99.9%
deuterium atoms) and dimethyl sulfoxide (DMSO, Sigma, 99.99%) as
an internal standard, ensuring the precision of our liquid product
analysis.

Data availability
Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request. Source data are provided with
this paper.
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