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SUMMARY

The cement industry is one of the largest contributors to global CO, emissions,
which has been paid more attention to the research on converting the CO,
released by the cement production process. It is extremely challenging to decar-
bonize the cement industry, as most CO, emissions result from the calcination of
limestone (CaCO3) into CaO and CO.. In this work, we demonstrate an in situ elec-
trochemical process that transforms CaCOj3 into portlandite (Ca(OH),, a key Port-
land cement precursor) and valuable carbonaceous products, which integrates
electrochemical water splitting and CO, reduction reaction with the chemical
decomposition of CaCO3. With different metal catalyst electrodes (like Au, Ag,
In, Cu, and Cu nanowires electrodes), we have achieved various valuable carbona-
ceous products, such as CO, formate, methane, ethylene, and ethane during the
electrochemical CO, process. Our work demonstrates a proof of concept for
green and sustainable cement production.

INTRODUCTION

Since the industrial revolution, the rapid increase in global energy demand and human activities has greatly
increased the CO, concentration in the atmosphere, leading to global warming.'™ The cement industry
for building materials is one of the largest CO, emission sources, accounting for ~7% of global CO,
emissions.”® The production of one ton of cement emits 561-622 kg of CO,, which is emitted from the
decomposition of limestone (CaCO3) to CaO (~60%), the combustion of fossil fuels for heating (~30%),
and the power consumption for the associated equipments (~10%).”~” The latter two energy consumption
pathways can be easily switched to renewable energy for carbon neutrality, but the elimination of CO,
emission during the decomposition of CaCOj3 into CaO still faces a substantial challenge. Currently, the
pressure of decarbonation is prompting efforts to reimagine the future of disruptive technologies.

Recently, Fennell et al. discussed the potential to decarbonize cement production by improving energy ef-
ficiency, developing alternative materials, and adjusting the production process.” Chiang et al. demon-
strated the electrochemical synthesis of cement by transforming CaCO3 and water into Ca(OH), via Pt elec-
trodes (Table S1), which could be driven by renewable electricity.” They proposed that the CO, could be
directly captured and sequestered. Based on CaCQ3, Zenyuk et al. demonstrated a flow-through concept
for Ca(OH), production via a bipolar membrane (BPM) CO, electrolyzer.m In addition, Guan et al. demon-
strated the use of electrochemical pH gradients for direct air capture with a calcium-based loop, which
enabled simultaneous CO, capture and carbonate regeneration.'’ However, no further research on CO,
utilization was investigated. Furthermore, Berlinguette's group used a BPM electrolysis system to directly
reduce bicarbonate solution into Cy products, like CO, formate, etc.’”"® The system first generated H",
which reacted with the KHCO3 solution to release CO,, and then the generated CO, was further
reduced.’*'® Moreover, they also reported an electrochemical flow electrolyzer via Ni electrodes
(Table S1), which could continuously convert CaCOj into Ca(OH), at a high rate of product formation
and decrease the amount of CO, emitted per tonne of cement by 75%."”

Inspired by the works above,””"'%"" here, we propose an integrated process for cement production via the
electrochemical pulsed method, which converts CaCO3 into Ca(OH), and valuable carbonaceous prod-
ucts. Different from the previous reports,”"'” our work in situ converts the CO, generated via CaCOj3 disso-
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Figure 1. Scheme of the electrochemical transformation process of CaCO; into Ca(OH), and valuable
carbonaceous products

(A) Schematic diagram of the electrochemical cell for converting CaCO3 into Ca(OH), and valuable carbonaceous
products.

(B) The cycle of CaCO3 converting to Ca(OH), and valuable carbonaceous products.

(C) The scheme of pulsed chronopotentiometry method for the electrochemical process.
(D) The reaction process of the transformation of CaCO3 into Ca(OH), and CO,.

(E) The conversion process of the generated CO, into valuable carbonaceous products.

without CO, emission. Moreover, this design enables in situ conversion of CO, during cement production.
The process first uses electrochemical water splitting to generate H”, which decomposes CaCOj3 into
Ca(OH), and CO,’. The pH of the electrolyte after the oxygen evolution reaction (OER) process for
20 min was tested via the pH meter, which is 5.27 (Figure S1). Then, the CO; is in situ electrochemically
reduced to valuable carbonaceous products via an electrochemical CO, reduction process. As previous
literature point out, the resulting Ca(OH), can react with SiO; to synthesize cement.”'® Here, different
metal catalyst electrodes (like Au, Ag, In, Cu, and Cu nanowires electrodes) were used as electrodes for
the electrochemical CO, reduction process. In a two-chamber electrochemical cell, ~20% Faradaic effi-
ciency (FE) of CO at an applied current of —3 mA with a Au electrode (electrode area, 0.78 cm~?) was
achieved using CaCQO3; as a carbon source. Moreover, based on a triple-chamber electrochemical cell,
different carbonaceous products such as formate, methane, ethylene, and ethane were obtained via the
In and Cu-based electrocatalysts, depending on the selectivity of the electrocatalysts.

RESULTS AND DISCUSSION

The electrochemical transformation process of CaCOj; into Ca(OH), and valuable carbonaceous
products integrates electrochemical water splitting and CO, reduction reaction with the chemical
decomposition of CaCOg (Figures 1A-1C). First, a positive current is applied at electrode | in left cham-
ber (L), process 1, as shown in Figure 1C. Therefore, the OER and the hydrogen evolution reaction
(HER) happened in the left (L) chamber and right (R) chamber, respectively, Figure 1D; the detailed pro-
cesses were shown in Equations (1, 2, 3, and 4), which is partially similar to the work reported by Chiang
et al.” Here, the electrolyte is NaClOy, which constructs neutral condition, H* is generated in chamber L,
and OH™ is generated in chamber R, as shown in Equations (1) and (2) below, similar to the previous
work.”
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2H,O — 20, + 4H* +4e~ (Equation 1)

4H,O + 4e™ — 2H, +40OH~ (Equation 2)

In chamber L, the generated H* reacted with CaCO5 to release CO, and Ca*. The generated CO, could be
converted to valuable carbonaceous products, and the Ca®* migrated to the chamber R side and reacted
with OH™, producing Ca(OH),, as shown in Equations (3) and (4) below, similar to the work reported by
Chiang et al.’

CaCOs; + 2H* — CO, + H,O+ Ca?* (Equation 3)

2Ca®* + 20H™ — Ca(OH), (Equation 4)

Next, the current is switched to negative on electrode | (Figures 1C and 1E), process 2, where the CO,
reduction process is carried out in chamber L, and the OER process is carried out in chamber R, as shown
in Equations (5) and (6) below.

H,O + nCO; + me™ — CH,O,+OH™ (Equation 5)

2H,O — 20, + 4H* +4e~ (Equation 6)

Overall, by counting processes 1 and 2 together, the total reaction in the two-chamber can be illustrated
with Equation (7).

mH,O + xCaCO; — xCa(OH), + nH, + O, + C,H, O, (Equation 7)

Then, the process is repeated periodically to continuously produce Ca(OH), and valuable carbonaceous
products. If the pulse duration is enough, the CaCO3 will be continuously converted into Ca(OH),. As the
neutralization between the OH™ and H* in the system wastes energy, in order to enhance energy efficiency,
it is necessary to optimize the generation and utilization of OH™ and H" by tuning the pulse duration.

To demonstrate the processes discussed above, a laboratory H-cell with two Au electrodes and Ar-satu-
rated 1 M NaClO,4 was used as an electrochemical system. The detailed video of the entire electrochemical
process in the two-chamber could be found in Video S1. The Au electrode has been reported as one of the
best CO production electrocatalysts for electrochemical CO, reduction.'” The glass microfiber filter papers
(Whatman 1442-090) were chosen as the separator and placed between the two chambers to collect
Ca(OH),. The Au wire electrode with a diameter of ~500 pm possesses a smooth surface in the microscopic
view (Figure 2A). The X-ray diffraction (XRD) pattern reveals its polycrystalline crystal structure (Figure 2A),
which is consistent with PDF#04-0784 Au. The positive current (i) was +30 mA, the negative current (i,) was
inthe range of —1.5 ~ —5mA, and the applied time of positive and negative current (t, and t,) was kept the
same for 20 min. The detailed applied current and corresponding potentials were summarized in
Figures S2A-S2E. The FE of CO is 6.8% when the negative current of —1.5 mA was applied to the Au elec-
trode in chamber L. The FE of CO increases with the increasing applied current in the range of —1.5 ~
—3mA. When —3 mA was applied, the FE of CO increased to 20%. The FE of CO started to decrease after
the peak values at the applied current of —3 mA (Figure 2C and Table S1), which might be due to the mass
transport limitation of CO,.%°

The stability test was carried out at the condition of iy = +30 mA, i, = =3 mA, t, = t, = 20 min in Ar-saturated
1 M NaClOy electrolyte for 7 cycles (Figure 2D). The FE of CO was stabilized at around 20% and the FE of H,
was ~80% for 5 h (Figure 2E). After the stability test, the Au electrode was covered by CaCOj3, which was
confirmed by the XRD pattern and scanning electron microscope (SEM) images (Figure S3). The CaCO;
on the surface of the Au electrode either might be due to the reaction of Ca®?* with the generated
CO3%~ or the reaction of Ca®* with HCO;™ and OH™./ Compared with the Au electrode tested in 1T M
NaClO, electrolyte with CaCOs3, the Au tested in the same electrolyte without CaCO3 only produces H,
(Figure S4). This result demonstrated that the CO produced from the reduction of CO, generated from
the decomposition of CaCOs. Different from the pristine CaCOg3, the sample collected from the H-cell
separator after the pulsed process is Ca(OH),, as confirmed by the XRD pattern (Figure 2F). Compared
with CaCOs3, the morphology of Ca(OH), collected after the electrochemical test shows a smaller size
(Figure 2F). Besides Ca(OH),, there also exists a small amount of CaCOs in the collected sample from
the separator, which might be formed upon exposure of the Ca(OH); to air when preparing samples for
XRD or contacted with the soluble CO, or HCO3™ in the electrolyte (Figure 2F).
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Figure 2. Characterization of the electrode, CaCO; and Ca(OH),, and electrochemical test in the two-chamber H-cell

(A) X-ray diffraction (XRD) patterns of pristine Au electrode, inset is scanning electron microscope (SEM) image and energy dispersive X-ray spectroscopy
(EDX) mapping of Au electrode (the scale bar of mapping is 250 pm).

(B) Faradaic efficiency (FE) and (C) partial current density of CO and H, for the 1 M NaClOy, electrolyte and 1g CaCO3 with two Au electrodes (Every
experiment was run for three times.).

(D) Positive and negative current pulsed performance of Auin 1 M NaClQO, electrolyte and 1 g CaCO3 with 7 cycles: io = +30 mA, i, = =3 mA, t, = t, = 20 min,
the applied current and corresponding potential.

(E) Faradaic efficiency (FE) of CO and H,.

(F) X-ray diffraction (XRD) patterns and scanning electron microscope (SEM) images of CaCO3 (above) and the samples in the middle of glass microfiber filter
paper (below).

The electrode in the above-mentioned system carried out both electrochemical oxidation and reduction
reactions, which required an oxidation stable electrode under positive currents. To expand the application
of the concept of converting CaCOj3 into Ca(OH), and valuable carbonaceous products, we further con-
structed an H-cell system with three chambers (Figure 3A). In this triple-chamber system, the OER process
is separated from the CO, reduction process via two electrodes in one chamber, which make it applicable
to nearly all kinds of CO, reduction electrodes. The detailed electrochemical test could be found in Video
S2. In the triple-chamber system, Pt and Ir electrodes in chamber L and middle (M) chamber were used for
HER and OER electrodes, respectively. The metal-based electrodes and NiFe layered double hydroxide
(LDH) electrode in chambers M and L worked for CO; reduction and OER, respectively. To ensure the direct
reduction of CO; generated from the decomposition of CaCOj, the Ir electrode releasing H* and the metal
electrode reducing CO; were settled in chamber M. Chamber L and M contain Ar-saturated 1 M NaClO,4
electrolyte, which is separated by glass microfiber filter paper. The chamber R contains Ar-saturated 1 M
KOH electrolyte to construct a stable working environment for NiFe LDH, and it is separated from the
chamber M via an anion exchange membrane.*?' First, a positive current of +30 mA was applied on the
Ir electrode for 20 min to release H* for CaCO3 decomposition. Then, the CO, generated from CaCO3
decomposition was further reduced on the metal electrodes (Ag, In, Cu, and Cu nanowire electrodes)
from —2 to —9 mA for 20 min.

We tested different metal electrocatalysts in the triple-chamber H-cell. As shown in Figure 3(B-D), the
metal (Ag, In and Cu) wires with a diameter of ~500 um were used as the electrodes. According to XRD
patterns (Figure 3E), the metal electrodes are all polycrystalline. The NiFe LDH electrode (Figure S5) was
used for the OER process in chamber R. The testing process was first carried out with 30 mA, where the
Ir and Pt electrodes were used for the production of H* and OH™, respectively. After 20 min water splitting,
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Figure 3. The detailed electrochemical reaction processes and electrochemical results in the triple-chamber H-cell

(A) Schematic illustration of the electrochemical conversion of CaCO3 into Ca(OH), and carbonaceous products process in the triple-chamber H-cell.
(B-D) Scanning electron microscope (SEM) images and energy dispersive X-ray spectroscopy (EDX) mapping of Ag, In, and Cu electrodes.

(E) X-ray diffraction (XRD) patterns of Ag, In, and Cu electrodes.

(F) The Faradaic efficiency (FE) of valuable carbonaceous products reduced in the 1 M NaClOy electrolyte and 1g CaCO3 with the Ag, In, and Cu electrodes
(Every experiment was run for three times.).

the CaCO3 decomposed into Ca?* and released CO,. Then, a negative current was applied to Ag/In/Cu
electrode for 20 min for CO, reduction. Here, the NiFe LDH was used as the anode. As illustrated in Fig-
ure 3F and S5, Ag achieved a peak FE of CO ~15% at —2 mA, In reached a peak FE of formate ~20%,
and Cu produced CO, CHy, and CoH, (Figures 3F, Sé and Table S1). As the SEM images in Figure S7 shown,
the metal electrodes after the test were covered with CaCOs, which was confirmed by the XRD patterns
(Figure S8). For instance, the Ag electrode after the test has both Ag (PDF#04-0783) and CaCOj;
(PDF#05-0586) diffraction peaks. Besides, we also tested the Cu nanowire electrode in the triple-chamber
system. The nanowires have a length of ~5 um (Figures S9A and S9B). According to the XRD patterns (Fig-
ure S10), the Cu nanowire electrode is polycrystalline. Through the test, we found that the Cu nanowire
electrode produced CO, CHy, CyHy4, and CoHg (Figure S11 and Table S1). However, the FEs for carbona-
ceous products of the Cu nanowire electrode are still low, which might be due to the dissolved Ca®*in
the solution, making the HER process dominate.?” Similar to the three kinds of metal electrodes, the

iScience 26, 106015, February 17, 2023 5
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surface of Cu nanowires was covered by CaCOj3, which was confirmed by SEM and XRD (Figures S9C, S9D,
and S10). The CaCO3 on the surface of the electrodes only reflects the state after the CO, reduction pro-
cess, and it is only a small amount. As long as we prolong the pulse duration, the CaCO3 will be continu-
ously converted into Ca(OH),. To confirm the carbonaceous products were generated from CaCO3, we
further tested the Ag/In/Cu metal electrodes in the Ar-saturated 1 M NaClOy electrolyte without CaCO3
with the same electrochemical method. Except for Hp, no CO, reduction product was detected (Figure S12),
which indirectly confirmed that CaCO3 was the carbon source of the carbonaceous products.

The overall electrochemical process is complicated. Therefore, we calculated the energy efficiency of the
system by separating the two electrochemical processes in the water splitting process and the electro-
chemical CO, reduction process. Through the rough calculation (the detailed calculation process could
be found in supporting information), we found that the energy efficiency (EE) of the water splitting process
was 26.17%, the EE of the electrochemical CO, reduction process was ~24%-80%, and the overall EE of the
system is ~25%-28%. The energy efficiencies were summarized in Tables S2 and S3. The energy efficiency
of this system shows the potential of converting the limestone into portlandite and valuable carbonaceous
products.

Conclusion

In conclusion, we demonstrate an in situ electrochemical process to transform CaCQOj3 into Ca(OH),.
Moreover, this design enables in situ conversion of CO, during cement production, which converts the
CO; into valuable carbonaceous products, such as CO, formate, methane, ethylene, and ethane. By inte-
grating electrochemical water splitting and CO; reduction with the chemical decomposition of CaCOs3, our
electrochemical system demonstrates a proof of concept to produce cement in a green and renewable
manner. To promote the application of our design in industrial cement production, we propose the
following perspectives: (i) Developing efficient catalysts and optimizing system design will further improve
the FE of carbonaceous products; (i) Considering the neutralization between the OH™ and H* in the system
and the CO; solubility, it is necessary to optimize the generation and utilization of OH™ and H* by tuning
the pulse duration for improving the efficiencies; (iii) An industrially relevant flow electrolyzer should be de-
signed to improve the utilization rate of CO; in the system, fully considering the introduction of CaCO3 and
the separation of Ca(OH),. Our work provides a green and sustainable path for cement production, which
will complement the existing CO, reduction technologies and help to build a carbon-neutral society.

Limitations of the study

Our work demonstrates the proof of concept to convert CaCOs3 into Ca(OH), and valuable carbonaceous
products in an integrated system. Nevertheless, there are still some issues to tackle before industrial appli-
cation. Owing to the low CO; solubility in water, the current system only runs at low current densities, and
parts of the CO; released from CaCO3; decomposition may be released in the gaseous form. In the future,
an industrially relevant flow cell system should be developed to improve the utilization of CO, and the pro-
duction rate. In addition, the continuous supply of solid calcium carbonate to the system and the separa-
tion of Ca(OH); from the system should also be considered.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

CaCOs Aladdin CAS no. 471-34-1

NaClO,4 Aladdin CAS no. 7601-89-0

Ni(NO3),-6H,0 Aladdin CAS no.13478-00-7

Fe(NO3)3-9H,O Aladdin CAS no.7782-61-8

CO(NH>), Aladdin CAS no. 57-13-6

KOH Aladdin CAS no.1310-58-3

Au wires Zhongnuo New Material Co., Ltd. Au144014

Ag wires Guantai Metal Materials Co., Ltd. Ag 0.5 mm

In wires Guantai Metal Materials Co., Ltd. In 0.5 mm

Cu wires Guantai Metal Materials Co., Ltd. Cu 0.5 mm

Cu Foil Hujiang Shanghai Co., Ltd. Cu 0.3 mm

Other

Gas Chromatograph Thermo GC 1310 https://www.thermofisher.cn/order/catalog/

product/GHA000010011?SID=srch-srp-

GHAO000010011

Liquid Chromatograph Agilent 1260 Infinity

https://www.agilent.com.cn/zh-cn/product/

liquid-chromatography/hplc-systems/

analytical-hplc-systems/1260-infinity-ii-lc-

system

Electrochemical workstation Autolab, PGSTAT101

Scanning Electron Microscope FEI NanoSEM650
nova-nano.php
X-ray diffraction Rigaku D/MAX-2500
smartlab

http://www.metrohm17.com/forestsun-
Products-16042560/

https://www.memphis.edu/imc/microscopy/

https://www.rigaku.com/products/xrd/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Jingshan Luo (jingshan.luo@nankai.edu.cn).

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Chemicals

All the chemicals including CaCO3 (99.99%), NaClOy4 (99.99%), Ni(NO3),-6H,0O (99%), Fe(NOs3);-9H,0
(98%), CO(NHa); (99-100.5%), KOH (99.99%) were of analytical grade and used without further purification.
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Preparation of the metal electrodes

All the metal electrodes (including Au, Ag, In, Cu, the purity is 99.999%) used in these experiments are
0.5 um. Before preparing the 0.78 cm™ electrodes with the length of 5 cm, all the metal wires were washed
sequentially via CH3CH,OH, deionized water, dilute HC| and deionized water. Cu Nanowires (Cu NWs)
electrodes were synthesized by electrochemical pre-reduce the anodic oxidized Cu(OH),, like previous
report.23 The Cu foil (99.999%) was cleaned by ultrasonic in ethanol, diluted HCI, DI water and dried under
Ar flow. The Cu foil was anodized in 3.0 mol/L KOH aqueous electrolyte at a constant current density of 10
mA cm~2 until the current gradually stabilizes to form Cu(OH), nanowire arrays. Then the Cu(OH), nanowire
@ Cu Foil electrodes were pre-reduced to form Cu nanowires under a negative current via electrochemical
methods.

Preparation of the NiFe layered double hydroxide (LDH) electrodes

NiFe LDH was synthesized by a hydrothermal method. In this experiment, we synthesized NiFe LDH with
the Ni:Fe ratio of ~3:1. Briefly, 0.75 mmol Ni(NO3),-6H,O, 0.25 mmol Fe(NO3)3-9H,O, and 5 mmol
CO(NH,), were dissolved in 35 mL of deionized water and stirred to form a clear solution. Ni foam (about
3 cmx4 cm each) was carefully treated with CH3CH,OH, deionized water, dilute HCI and deionized water.
The above solution and Ni foam were then transferred to a 50 mL Teflon-lined stainless-steel autoclave,
sealed, and maintained at 120 °C for 12 h. This was then allowed to cool to room temperature naturally.
The pale brown NiFe LDH samples were then put into deionized water/ethanol, sonicated for 5 min, and
then dried at 80 °C for 6 h.

Material characterizations

The size and morphologies of as-prepared electrodes were characterized by a field-emission scanning
electron microscope (SEM, FEI NanoSEMé650) operating at 20 kV. X-ray diffraction (XRD) patterns were
collected on Rigaku D/MAX-2500 XRD with Cu Ka radiation (40 kV, 40 mA, A = 1.5418 A), recorded with
26 ranging from 5° to 90°, 10°/min.

Electrochemical measurements and products

The electrochemical measurements were carried out at room temperature in a two-chamber H-cell and a
triple-chamber H-cell using an electrochemical workstation (Autolab, PGSTAT101). The gas products were
detected via gas chromatograph (Thermo GC 1310), and the liquid products were detected via high per-
formance liquid chromatograph (HPLC, Agilent 1260 Infinity). There exists a thermal conductivity detector
(TCD) and two flame ionization detectors (FID) in the GC, which are used for the analysis of H, and carbon
containing products, such as CHy, CO, CyH4 and CoHg, etc. Here, the gas products were collected with an
injector, and 5 mL of gas was taken and injected into the GC. The three quantitative loops of the gas chro-
matograph are 1 mL, 1 mL, and 500 uL respectively. Therefore, the gas taken can be filled and quantitatively
filled, which ensures the accuracy of the test. For the liquid products, we used variable wavelength detector
(VWD) in the HPLC to detect formate. The collected liquid products, containing 900 uL electrolytes acid-
ified with 100 pL 4.5 M sulfuric acid, were quantified by the HPLC. Moreover, every experiment has been
run for three times.

Electrochemical reaction in the two-chamber H-cell

The cement electrolyzer reported by Ellis et al. could produce the Ca(OH); and CO; via CaCOj3 electrol-
ysis.7 Based on this work, we integrated the Ca(OH), formation process with electrochemical CO, reduction
process in the two-chamber H-cell. This system could realize the conversion of CaCOj into Ca(OH), and
valuable carbonaceous products simultaneously. As shown in Figure 1, the Au electrodes were chosen
as electrodes both in left chamber (L) and right chamber (R) in the two-chamber H-cell. The chamber L
as shown Figure 1 contains 1 g CaCOj3 with 1 M NaClQy, electrolyte. First, the positive current of +30 mA
was applied to the electrode | in chamber L for 20 min. During this process, the oxygen evolution reaction
(OER) and the hydrogen evolution reaction (HER) happened in the chamber L and chamber R, respectively.
The H* generated in chamber L during OER process would react with CaCOs to release CO, and Ca*, and
the generated Ca?* would migrate and react with OH™ generated in chamber R to form Ca(OH),. Then, the
applied current was reversely switched to -1.5 mA, -2.0 mA, -2.5 mA, -3 mA, -4 mA and -5 mA for 20 min,
respectively. In this case, the electrochemical CO, reduction process would happen in chamber L and
the OER process would happen in chamber R. The electrochemical CO, reduction process would happen
in chamber L and OER process would happen in chamber R. During the experiment, positive and negative
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currents were applied alternately on the same electrode. In this two-chamber H-cell, our design could
realize the reaction process by switching positive and negative currents, and in-situ convert CaCOj3 to
Ca(OH), and valuable carbonaceous products.

Electrochemical reaction in the triple-chamber H-cell

To further expand the application of this system, we designed a triple-chamber H-cell, in which the CO,
reduction electrode and OER electrode were different and separated. As shown in Figure 3, the Middle
chamber (M) contains CaCO3 with 1 M NaClO, electrolyte, which is separated with glass microfiber filter
paper (whatman 1442-090). The commercial Pt and Ir electrodes were chosen as electrodes in chamber
Left (L) and chamber Right (R), respectively. The chamber R containing with 1 M KOH was separated
from chamber M via an anion exchange membrane (AEM), and the highly efficient CO, reduction elec-
trodes and NiFe LDHs electrodes were used as electrodes in chambers M and R respectively. First, the pos-
itive current of +30 mA was applied to the Ir electrode in chamber M for 20 min. During this process, the
HER process and OER process happened in chamber L and chamber M, respectively. The H* generated
during OER process would react with CaCOj to release CO, and Ca®*, and the generated Ca®* would
migrate and react with OH™ generated in chamber L to form Ca(OH),. Then, the different negative currents
were applied to the CO; electrode in the chamber M for 20 min, and the CO, generated in chamber M
would be reduced. The design of the triple-chamber H-cell could be further used for all kinds of CO, reduc-
tion electrodes, which would not be limited by the electrochemical corrosion caused by switching to the
positive and negative currents.

Calculation of Faradaic Efficiencies (FE)
The FE for gas and liquid products were calculated based on the below Equation (8):

O roauct .
FE(%) = —£°%% % 100% (Equation 8)

total

Qproduct and Qiorai: the charge transferred for product formation and charge passed through the working
electrode.

Combining the above equation and the actual situation, the detailed calculation for Faradaic Efficiencies of
CO, products could be calculated through the Equation (9) as below:

x C roauct as .
FE(%) = % x 100% (Equation 9)

Cporoduct and n: the concentration of the products measured by GC and the number of electrons required for
producing one molecule of the related products.

t: tested time; I: current.

Calculation of energy efficiencies (EE)

The electrochemical transformation process reported in this work, includes the neutral water splitting pro-
cess and electrochemical CO, reduction process, which is complicated. To better evaluate the energy ef-
ficiency of this device, we calculated the energy efficiency of the two-step electrochemical processes
separately.

For the first step, water splitting process, the efficiency was calculated as follow?:
EE.(%) = AEY, /AECVPP'ied x FE (Equation 10)

AEY,: equilibrium full cell potential, Qg — EQp = 0 — 1.23 = — 1.23V
AECvpp”ed: The applied potential at 30 mA is ~4.7 V.

The products of the water splitting process are mainly H, and O,, we assumed their FE is 100%, therefore
the energy efficiency at 30 mA current condition could be calculated as:

EE.(%) = 1.23/4.7 x 100% = 26.17%
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For the second step, electrochemical CO, reduction process. the efficiency was calculated as follow and
summarized in Table S1.

EEc(%) = AE /AE@PP““‘ x FE (Equation 11)

AE2: equilibrium full cell potential, e.g.: EOCOZ/Co — B2 = — 011123 = — 134V

AEépp”e‘j: the applied cell potential at different reduction current.
The overall energy efficiency of the device could be calculated as follow and summarized in Table S2.
EEp(%) = (AU x EE, (%) + AU x EEC(%)) / (AU AU'C”P“‘) (Equation 12)

AUPUt: Full cell energy of water splitting process, AUMPUt = AEMPUE x AINPUt % Aginput

AU'gput: Full cell energy of electrochemical CO2 reduction process.

Calculation of the theoretical extent of CaCO; decomposition

Assuming all the generated H" reacted with the CaCOj, as the amount of the generated H' is equal to the
amount of e, the extent of CaCO3 decomposition can be calculated via the following equations:

Q=1
Ne = Q/eXNA

Ne/2 X Mcacos

Mcaco3
Q: Electricity, C;

e: 1.6x10-19 C;

NA: 6.022x10%;
Here, the current is 30 mA, the time is 1200 s, and the detailed calculation process was as follows:

Q = It = 30x 1200/1000 = 36 C
ne = Q/ex Ny = 36/(36 x 10'%) x 6.022 x 10% = 0.000598007 mol

Mcaco3 = Ne/2 X Mcacos = 0.000598007 x 100.0869 x 1000 = 29.93 mg
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