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Abstract

The carbon intensity of industrial cement production could be reduced if the high-temperature kilns used

to decompose limestone (CaCO3(s)) were replaced. One possible solution is to use electrochemical

reactors to convert CaCO3(s) into Ca(OH)2(s). The challenge is that the continuous-flow electrochemical

reactors reported to date all require voltages that are too high (>4 V at 100 mA cm–2) to be put into

practice. A key reason for these high voltages is that the reactors contain a chemical chamber, inserted

between the anode and cathode chambers, that leads to a high Ohmic resistance. In this study, we present

an electrolyzer that decomposes CaCO3(s) into reactive Ca2+ ions using only two chambers. This cell

design, with an anode and cathode chamber separated by a membrane instead of a chemical chamber,

follows a “zero-gap” design akin to hydrogen-producing electrolyzers and fuel cells. This cement

electrolyzer is capable of operating at a full cell voltage (Ecell) of merely 0.38 V at 100 mA cm–2, and

with 100% faradaic efficiency (FE). This strikingly low Ecell is 1.4 V lower than any other reported Ecell.

We achieved this goal by not only eliminating the chemical chamber, but by also engaging the reversible

redox activity of (hydro)anthraquinones to mediate oxidation and reduction within a narrow

electrochemical window. This streamlined reactor is capable of operating at a record low voltages of

0.38 V at 100 mA cm–2, and 4.23 V at 1 A cm–2.

One sentence summary: A zero-gap 2-chamber electrolyzer demonstrated successful Ca(OH)2(s)

production at 0.38 V and 100 mA cm–2.
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The cement industry accounts for 8% of global CO2 emissions.(1–3) The carbon intensity of cement

production arises from the combustion of fossil fuels needed to reach the high temperatures (>900 ºC)

needed to decompose limestone (CaCO3(s)). This decomposition process also releases stoichiometric

amounts of CO2(g) from limestone (Eq. 1) before the CaO(s) is converted into cement clinker (Eq. 2).

Several methods are being considered to lower the carbon intensity of cement production, including the

sequestration of CO2 within concrete,(4, 5) the replacement of limestone with calcium-bearing silicate

rock,(6, 7) and the use of electric ovens to thermally drive limestone decomposition.(2, 8–10)

Limestone calcination CaCO3(s) →CaO(s) + CO2(g) Eq. 1

Clinker formation CaO(s) + SiO2(s) → 3CaO ᐧ SiO2(s) Eq. 2

Fig. 1: Thermal and electrochemical cement production. Industrial cement production involves the

grinding and thermal decomposition of limestone (CaCO3(s)) in a precalciner at >900 °C to form CaO(s)

and CO2(g). The CaO(s) is then heated with SiO2(s) in a kiln set at >1400 oC to form cement clinker

precursor (Ca(OH)2(s)). A cement electrolyzer electrochemically generates acid to decompose CaCO3(s)

into Ca2+ ions, and then converts Ca2+ into Ca(OH)2(s). This solid can then be heated with SiO2(s) in a kiln

set at >1400 oC to form cement clinker precursors. The CO2(g) released from the cement electrolyzer can

then be upgraded or stored.

3

https://doi.org/10.26434/chemrxiv-2024-fvxrb ORCID: https://orcid.org/0000-0001-6875-849X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://paperpile.com/c/WCyuOf/AJgeU+YntTO+W2aiJ
https://paperpile.com/c/WCyuOf/GP2DV+6KQyz
https://paperpile.com/c/WCyuOf/8fzHT+gJww8
https://paperpile.com/c/WCyuOf/YntTO+AjNB3+vZaA9+DesHc
https://doi.org/10.26434/chemrxiv-2024-fvxrb
https://orcid.org/0000-0001-6875-849X
https://creativecommons.org/licenses/by-nc-nd/4.0/


Another pathway for decarbonizing cement production is to electrochemically produce cement

clinker precursor (Ca(OH)2(s)) using renewable electricity (Fig. 1).(2, 8) We previously demonstrated a

continuous flow three-chamber electrochemical reactor that electrolytically produces H+ ions, sourced

from water, at an anode that react with CaCO3(s) to form Ca2+ ions in a chemical chamber, which, in turn,

react with OH– formed at the cathode to form Ca(OH)2(s) (Fig. 2).(8) The challenge with this electrolyzer

is that the voltage (>4 V at 100 mA cm2) needed to drive the reaction is too high to be practical.(2, 8,

10–13) Cement electrolyzers will need to operate at a cell voltage (Ecell) below 1.5 V and at current

densities greater than 100 mA cm–2 to compete with how cement is produced commercially today (fig.

S1).

We therefore sought alternative ways to lower the voltage required to electrochemically drive the

production of cement clinker precursor. We focused our attention on addressing three aspects of the

cement electrolyzer that contribute to the high voltages: (i) the inherently high ohmic resistance

associated with using a chemical chamber in between the anode and cathode chambers; (ii) the high

potentials needed to generate H+ from water at the anode (oxygen evolution reaction, OER; E0 = 1.23 V

vs NHE at pH = 0); and (iii) the high potentials needed to drive water dissociation at a bipolar

membrane (BPM; E0 = 0.83 V). Here, we engage the proton-coupled electron transfer (PCET)

chemistry(14) associated with a quinone-based redox-active electrolyte to create a two-chamber,

zero-gap electrolyzer that converts CaCO3(s) into Ca(OH)2(s).
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Fig. 2: Benchmarked operating voltages of electrochemical cement electrolyzers at 100 mA/cm2.

Expanded view illustrations of our initial three-chamber cement electrolyzer (“Control Electrolyzer”)

and the two-chamber cement electrolyzer reported here (“2-Chamber Electrolyzer”).(8, 9, 13) The key

reaction chemistries that occur within each chamber is indicated. (OER: oxygen evolution reaction;

HER: hydrogen evolution reaction; ClER: chloride electrochemical oxidation reaction; HOR: hydrogen

oxidation reaction)
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An enabling feature of the updated cement electrolyzer is the use of an anolyte and catholyte

containing a (hydro)anthraquinone redox shuttle [i.e., dihydroanthraquinone-2,7-disulfonic acid

disodium salt (H2AQ) and anthraquinone-2,7-disulfonic acid disodium salt (AQ)]. The H2AQ species

can be oxidized (–0.25 V vs NHE at pH 7.5) at a lower potential than OH– (EOER = 1.7 V vs NHE at pH

7.5),(15) thereby reducing the voltage required to generate acid at the anode. The AQ species is reduced

at a potential ( –0.46 V vs NHE at pH 7.5) slightly favorable to HER that occurs in our system starting at

–1.4 V vs NHE at pH 7.5.(15) Consequently, AQ requires a lower voltage to form hydroxide at the

cathode. Consequently, the oxidation and reduction of H2AQ and AQ, respectively, occurs within a

narrow electrochemical window within water oxidation and reduction (fig. S2).

The voltage of the three-chamber cement electrolyzer that we previously reported (“Control

Electrolyzer”) can therefore be reduced from 4.55 V to 1.95 V at 100 mA cm–2 by using (H2)AQ as the

anolyte and catholyte (“3-Chamber Electrolyzer”; fig. S3). We lowered the voltage further by (i)

replacing the BPM used in the 3-Chamber Electrolyzer with a cation exchange membrane (CEM), and

(ii) removing the middle chemical chamber to form a two-chamber electrolyzer configuration. This

simplified zero-gap, two-chamber electrolyzer (“2-Chamber Electrolyzer”; Fig. 2) yields a record low

voltage of 1.31 V at 100 mA cm–2 at 20℃ in aqueous media. This voltage was lowered further to 0.38 V

(Fig. 2) by using a water/acetonitrile (H2O/MeCN, 4:1) mixed-electrolyte system, and with operation at

an elevated temperature of 60 ℃. These conditions also benefited the Ca(OH)2(s) production by

suppressing the formation of quinone dimer byproducts at the anode, and by increasing the pH of the

catholyte to increase the formation of the desired Ca(OH)2(s) upon combination with the anolyte

containing Ca2+ in a secondary reactor (“Calcium Reactor”).

These collective design changes present a new pathway for potentially decarbonizing cement

production, and showcase yet another example of how redox-active quinones can be utilized for

energy-related applications.(16–24)
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For this study, we designed, built, and tested three different electrolyzer configurations that we

denote herein as the Control Electrolyzer, 3-Chamber Electrolyzer, and 2-Chamber Electrolyzer (Table

1). The experiments were designed to electrolytically produce H+, convert limestone into Ca2+ ions, and

to produce OH– under continuous flow in the electrochemical reactors. The Ca2+ ions and OH– were then

mixed in a batch process within a separate Calcium Reactor.

Table 1. Summary of Differentiated Features of the Three Electrolyzers Tested in this Study.

Control Electrolyzer 3-Chamber Electrolyzer 2-Chamber Electrolyzer

Number of chambers 3 3 2

Membrane(s) BPM, CEM BPM, CEM CEM

Anode reaction 2OH– → 1/2O2(g) + H2O + 2e– H2AQ → AQ + 2H+ + 2e– H2AQ + CaCO3(s) →
AQ + Ca2+ + CO2(g) + H2O + 2e–

Cathode reaction 2H2O + 2e– → H2(g) + 2OH– AQ + H2O + 2e– → H2AQ + 2OH– AQ + H2O + 2e– → H2AQ + 2OH–

Each experimental campaign consisted of three iterative phases (Fig. 3). During Phase 1,

electrolysis was performed for at least 30 minutes while recirculating the same electrolyte through each

of the anode and cathode chambers. Because the anolyte and catholyte were not mixed during the

electrolysis experiments, the concentrations of Ca2+ and AQ would build up with time in the anolyte,

while H2AQ and OH– formed with time in the catholyte. Electrolysis was then stopped. Phase 2 involved

manually stirring the Ca2+-enriched anolyte and the OH–-enriched catholyte in an independent round

bottom flask (Calcium Reactor) to precipitate Ca(OH)2(s) (Fig 3). For Phase 3, the Ca(OH)2(s) product

was isolated, and resultant electrolyte solution was then reused for electrolysis experiments. Half of the

solution was used as the anolyte, the other half as the catholyte. Phase 1, 2 and 3 were then repeated in

succession. Each repeat is denoted a “Cycle”. The experimental campaign reported here was performed

for at least 4 cycles.
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Fig. 3: Schematic description of experimental streamline for 2-Chamber Electrolyzer. The

electrochemical reaction was first performed to dissolve CaCO3(s) and produce OH– (Phase 1). The

electrolytes were mixed to precipitate Ca(OH)2(s) in a Calcium Reactor (Phase 2). Finally, the Ca(OH)2(s)
was isolated and the electrolyte was reused.

A convenient feature of the experiments is that the H2AQ, AQ, and Ca(OH)2(s) are distinctively

red, green, and white, respectively. These distinctive colors help inform the chemical species occurring

in the electrolyzers and the Calcium Reactor.
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Electrolyzer configurations

The Control Electrolyzer was the same as we previously reported.(8) Nickel foam was used for both the

anode and cathode, each with an active area 5 cm2. This electrolyzer relies on the OER in the anode

chamber (Eq. 3; Fig. 2 and Table 1), using a 1 M KOH.(12) A BPM separates the anode chamber from

an adjacent chemical chamber, and a CEM coated with Ca2+-blocking polyaniline separates the chemical

chamber from the cathode chamber.(12) The protons generated from water dissociation (Eq. 4) within

the BPM enter the chemical chamber to react with CaCO3(s) (Eq. 5). The CaCO3(s)was delivered to the

chemical chamber as an aqueous slurry of microparticles (20 g L–1) in 1 M KCl. A 1 M KCl solution

catholyte was delivered to the cathode chamber, where HER occurs at the cathode. The flow rates for all

three electrolytes entering the electrolyzer were set to 150 mL min–1. This flow rate was used for all the

electrolyzers.

Anode chamber (OER) 2OH– →H2O + 1/2O2(g) + 2e– Eq. 3

BPM 2H2O→ 2OH– + 2H+ Eq. 4

Chemical chamber CaCO3(s) + 2H+ →Ca2+ + CO2(g) + H2O Eq. 5

Cathode chamber (HER) 2H2O + 2e– → 2OH– + H2(g) Eq. 6

Overall reaction CaCO3(s) + H2O→ Ca(OH)2(s) + CO2(g) Eq. 7

The 3-Chamber Electrolyzer followed the same design as the Control Electrolyzer, except that (i)

0.2 M (H2)AQ (1:1, 0.1 M H2AQ and 0.1 M AQ) in 1 M potassium acetate (KOAc) was used as the

anolyte and catholyte, respectively, and (ii) graphite felt was used as both electrodes. The reaction that

occurs at the anode is H2AQ oxidation (Eq. 8; fig. S3), and at the cathode is AQ reduction (Eq. 9).

Anode chamber (PCET) H2AQ→ AQ + 2H+ + 2e– Eq. 8

Cathode chamber (PCET) AQ + 2H2O + 2e– →H2AQ + 2OH– Eq. 9
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The 2-Chamber Electrolyzer was designed without a chemical chamber between the anode and

cathode chambers (Fig. 2 and Table 1). The anode and cathode chambers were separated instead by a

Ca2+-blocking CEM. This configuration was designed so that H+ generated by H2AQ oxidation react

with CaCO3(s) suspended in the anolyte (H2AQ in 1 M KOAc) to form Ca2+ and CO2(g) (i-CO2(g), Eq. 10).

The i-CO2(g) was quantified by purging N2 (200 sccm) through the anolyte to an in-line gas

chromatograph (GC) after 5 min of electrolysis. Notably, this design change also resulted in a zero-gap

electrolyzer configuration,(25, 26) where the anode and cathode are pressed tightly against the

membrane.

Anode chamber (PCET) H2AQ + CaCO3(s) →AQ + Ca2+ + CO2(g) + H2O + 2e– Eq. 10

All three reactors used a polyaniline-coated CEM to block the diffusion of Ca2+ through the

membrane. To test the efficacy of this membrane for blocking Ca2+, we quantified the amount of Ca2+

ions in the anolyte and catholyte by inductively-coupled plasma optical emission spectroscopy

(ICP-OES) for the 2-Chamber Electrolyzer. After 120 min (4 Cycles) of electrolysis at 100 mA cm–2, 0.3

ppm of Ca2+ was detected in the catholyte. We took this result to indicate that >98.9% of Ca2+ ions were

prevented from crossing the membrane into the catholyte over the course of each experiment.

Cement electrolysis experiments

We ran experimental campaigns with each of the three electrolyzers where electrolysis was performed at

100 mA cm–2 and 20 oC for 30 min, unless stated otherwise. We recorded an Ecell of 4.6 V for the Control

Electrolyzer, consistent with our previous reported paper.(9, 12) We measured an Ecell of 2.0 V and 1.3 V

at 100 mA cm–2 for 3-Chamber Electrolyzer and 2-Chamber Electrolyzer, respectively, and 13.0 V and

8.1 V at 1 A cm–2 (Fig. 4a, fig. S4, and Table 2).
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Table 2. Cell Voltages Required to Drive Electrolysis at 100 and 1000 mA cm–2. All reported
voltages are those measured at 5 min during Cycle 1.a

J (mA cm–2)
Full cell voltage (V)

Control Electrolyzer 3-Chamber Electrolyzer 2-Chamber Electrolyzer

100 4.6 2.0 1.3 (0.3b; 0.4c)

1000 16.4 13.1 8.1 (5.0b; 4.2c)
aData recorded at an aqueous electrolyte temperature of 20 oC. bData recorded at an aqueous electrolyte temperature of 60 oC. cData recorded at an
H2O/MeCN (4:1 v:v) electrolyte temperature of 60 oC.

The voltages for each of the electrolyzers did not stay constant over the course of the electrolysis

experiments, largely due to the build up of ions during electrolysis. Notwithstanding, the drift in voltage

was not as significant for 2-Chamber Electrolyzer as it was for the three-chamber electrolyzers: The

voltage increased by 0.3 V for 2-Chamber Electrolyzer over 30 minutes of electrolysis at 100 mA cm–2

(Fig. 6), and by >1 V within 18 min of electrolysis in Control Electrolyzer and 3-Chamber Electrolyzer.

Fig. 4: Cell voltage profiles for each of the three electrolyzers. a Voltage measured as a function of

current density using aqueous or H2O/MeCN (4:1) mixed electrolytes set at 60 oC for the 2-Chamber

Electolyzer. The Control and 3-Chamber Electrolyzers use aqueous electrolytes at 20 ºC. b Voltage

measured as a function of electrolyte temperature for electrolysis experiments performed at 100 (pink)

or 1000 (blue) mA cm–2 using either an aqueous or H2O/MeCN electrolyte. c Calculated Faradaic

efficiency (FE) of i-CO2(g) from the anode chamber in a 2-Chamber Electrolyzer (pink) and the chemical

chamber in a 3-Chamber Electrolyzer (blue) after 5 min of reaction at 100 mA cm–2.

While all the electrolyzers are continuous flow reactors, the electrolyzers were not coupled to the

Calcium Reactor to minimize complexity. As such, the precipitation of Ca(OH)2(s) was carried out as a
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batch process in the Calcium Reactor, and the filtrate (i.e., the electrolyte) was then reused for a

successive Cycle. The Ecell increased by <0.2 V over 4 electrolyte recycling cycles for each of the

electrolyzers (Fig. 5b).

For these experiments, we measured a Faradaic efficiency (FE) of 100% for i-CO2(g) generation

for 2-Chamber Electrolyzer (Fig. 4c and fig. S5), a surrogate indicator of all electrochemically generated

H+ reacting with CaCO3(s). The FE was merely 30% for 3-Chamber Electrolyzer. Supplementary Video 1

qualitatively support these measurements by showing a higher amount of i-CO2(g) being generated in

2-Chamber Electrolyzer, where i-CO2(g) bubbles adhere to and bring the CaCO3(s) microparticles to the

surface of the anolyte slurry.

Fig. 5: Electrochemical performance and product characterization of 2-Chamber Electrolyzer

with H2O/MeCN (4:1) mixed electrolyte at 60 ℃. a Tracked pH changes in the electrolytes over a 30

min reaction campaign. b Voltage measured on 2-Chamber Electrolyzer after 5 min of electrolysis

during Phase 2 for five successive Cycles. The same electrolyte was used for all Cycles.

Identification of solid byproducts in the anode chamber

We encountered the challenge of solid byproduct formation at the anode during electrolysis at room

temperature using 2-Chamber Electrolyzer. Specifically, a dark precipitate would form along the flow

channels at the graphite felt surface (fig. S6). The formation of this precipitate was commensurate with

increases in anode resistances and cell voltages during electrolysis (Fig. 6).
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Fig. 6 Electrolyzer voltages recorded as a function of time at 100 mA cm–2. The flow rate of the

(H2)AQ electrolytes was slowed to 100 mL min–1 to reduce the deformation of the CEM in long-term

experiment. (Reaction conditions: gray, 3-Chamber Electrolyzer, solvent: H2O at 20 oC; blue, 2-Chamber

Electrolyzer, solvent, H2O at 60oC; pink, 2-Chamber Electrolyzer, H2O/MeCN (4:1) at 60 oC)

These solid byproducts were deemed to be dimers of the quinone species based on analysis with

scanning electron microscopy with energy dispersive X-ray spectroscopy (EDX; fig. S7),

ultraviolet–visible (UV-vis) spectroscopy (fig. S8), 1H NMR (fig. S9), and mass spectrometry (MS, fig.

S10).(27) At elevated temperatures >60 °C, the formation of byproducts was not observed on the

electrode surface, and the voltage readings remained relatively constant during electrolysis (Fig. 6).

Temperature-dependent electrolysis experiments

To address the aforementioned solid byproduct formation, we ran experimental campaigns with the

electrolyte at progressively higher temperature using 2-Chamber Electrolyzer. When the temperature

was increased from 20 to 60 oC, the Ecell was reduced from 1.31 V to 0.32 V at 100 mA cm−2, and from

11.44 V to 5.03 V at 1 A cm−2 (Fig. 4a). A further voltage improvement was not observed at the higher

temperature of 80 oC (fig. S4 and table S1).
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We hypothesized that the decrease in Ecell was due to improved diffusion of (H2)AQ molecules.

To validate this hypothesis, we determined the diffusion coefficient by performing cyclic voltammetry

measurements on aqueous (H2)AQ (1:1) electrolyte (fig. S11, tables S2 and S3). This analysis showed

that the diffusion coefficient increased from 2.5 × 10–4 to 6.09 × 10–4 cm2 s–1 when heating the electrolyte

from 20 oC to 60 oC.

Electrolyte engineering

We set out to further improve the electrolyzer performance by adding 20% MeCN to the electrolyte, and

then measured the Ecell for 2-Chamber Electrolyzer again over the 20–80 oC range (Fig. 4b). Experiments

with a H2O/MeCN (4:1) mixed electrolyte at 60 °C achieved an Ecell of 0.38 V at 100 mA cm−2, which

was slightly higher than the 0.32 V measured with the aqueous electrolyte at the same temperature.

At higher current densities and 60 oC, the addition of MeCN in the electrolyte played an

important role on electrolyzer performance: At 1 A cm–2 the voltage was 4.23 V and 5.03 V with and

without MeCN in the electrolyte, respectively (fig. S4c and Table 2).

The effects of pH

We monitored the electrolyte pH as a function of time during each electrolysis experiment. When using

a H2O/MeCN mixed electrolyte for 2-Chamber Electrolyzer, the anolyte and catholyte reached a

steady-state pH of 6.3 and 13.2, respectively, after 30 min (Fig. 5a and fig. S12). The high pH of the

catholyte enabled rapid precipitation of Ca(OH)2(s) in the Calcium Reactor. The desired Ca(OH)2(s)

product for each campaign was confirmed by Fourier-transform infrared (FTIR, fig. S13a) spectroscopy

and X-ray diffraction (XRD) measurements (fig. S13b).(8, 28, 29) Notably, the same experiments with

the aqueous electrolyte yielded a lower catholyte pH of 11.8, which proved insufficient for Ca(OH)2(s)

precipitation.
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Discussion

The PCET chemistry associated with organic redox shuttles(30) has proven effective in a range of

electrochemical applications, including high-voltage redox flow batteries,(16–18)

supercapacitors,(19–21) and CO2 capture.(22–24) (Hydro)anthraquinones have been particularly

effective for their high solubility, fast kinetics, high chemical stability, tunable redox potentials, and low

cost.(15, 30)

We identified that the PCET reactions associated with (H2)AQ could potentially drive the release

and uptake of protons in a cement electrolyzer in favorable ways. For example, if the pH could be made

sufficiently acidic in the anolyte, the anolyte could be used to convert CaCO3(s) into reactive Ca2+ ions.

Likewise, a sufficiently caustic catholyte could react with Ca2+ ions to form the desired

electrochemically upgraded Ca(OH)2(s) product. We were also drawn to the fact that PCET reactions with

(hydro)anthraquinones show small differences in redox potentials across a wide range of pH (ΔE0 at pH

7–14 are typically <0.4 V).(15)

It is for these reasons that we built a 3-Chamber Electrolyzer, a reactor analogous to our initial

Control Electrolyzer, but with H2AQ and AQ in the electrolyte. Indeed, the PCET chemistry of (H2)AQ

enabled the Ecell to be reduced by 2.6 V relative to the Control Electrolyzer at 100 mA cm–2 (Table 1).

However, the resultant Ecell was still too high. We therefore removed the chemical chamber to construct a

zero-gap configuration with only anode and cathode chambers, which yielded yet another massive drop

in Ecell. These design changes confirmed that the narrow electrochemical window of the

(hydro)anthraquinone electrolyte (fig. S2) and the two-chamber cell design collectively reduced the

voltage required to drive limestone decomposition at 1.3 V at 100 mA cm–2, and 11.4 V at 1 A cm–2.

These positive results notwithstanding, we encountered issues related to the formation of

quinone dimer byproducts. We addressed this solubility issue by both heating the electrolyte, and by

adding organic solvents to the electrolyte. We converged on a H2O/MeCN (4:1) mixed electrolyte

system set at 60 °C as the optimal conditions. The higher temperatures benefit cell voltage by
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minimizing quinone dimer byproduct formation (fig. S6–10), and also by increasing the diffusion of

(H2)AQ species (fig. S11, tables S2 and S3).(27, 31–33) These experimental modifications had an

especially large impact on voltage at high current densities (fig. S4, and table S1).

The formation of quinone is likely suppressed at high temperatures due to the disruption of the

intramolecular hydrogen bonding of quinhydrone and quinone.(27, 33) We conjecture that the addition

of MeCN to the electrolyte also disrupts hydrogen bonding. This claim is supported by electrolysis

experiments with 2-Chamber Electrolyzer, where the H2O/MeCN mixed electrolyte operates at far lower

voltage (4.23 V) than the aqueous electrolyte (5.03 V) at a current density of 1 A cm–2. Moreover, the

mixed-solvent electrolyte yielded a more constant voltage during longer electrolysis runs (Fig. 6 and

table S1), which was reproducible over successive Cycles (Fig. 5b).

Another important advantage of the mixed-solvent system is that the catholyte becomes more

basic during electrolysis: The pH of the MeCN-containing catholyte of 2-Chamber Electrolyzer reached

13.2 after 30 min of electrolysis (Fig. 5a), which is substantially more basic than the pH of 11.78 that

can be reached with the purely aqueous system. We attribute the higher pH to MeCN suppressing the

dissociation of protons from H2AQ.(34, 35) This effect is important because the higher pH acts to lower

the solubility of the desired Ca(OH)2(s) product, working in our favor for precipitation the desired

Ca(OH)2(s) product in the Calcium Reactor. The mixed-solvent system therefore yields superior

electrolytic limestone-to-Ca(OH)2(s) conversion than the experiments with aqueous medium.

The 2-Chamber Electrolyzer also yielded a much higher Faradaic efficiency (100%) than the

3-Chamber Electrolyzer (<40%). These significant differences arise from the very different reaction

chemistries that occur in the two electrolyzers. When CaCO3(s) enters the 2-Chamber Electrolyzer, it

reacts with protons sourced from H2AQ in the anode chamber. This CaCO3(s) instead reacts with protons

delivered from the BPM in the three-chamber configuration.

The CaCO3(s) slurry was also delivered to each of the reactors differently, with very different flow

fields. For the 2-Chamber Electrolyzer, CaCO3(s) was delivered through flow channels, while the
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3-Chamber Electrolyzer delivered CaCO3(s) into a central chemical chamber lacking any flow channels.

The thicknesses of the chemical and anode chambers were held at parity for Electrolyzers A and B, and

thus we assert that it is the delivery of the CaCO3(S) slurry through the flow channels and high surface

area graphite felt that enables the more efficient reaction between H+ and CaCO3(s) (Fig. 2 and fig. S3).

In contrast, protons released from the BPM cannot react as effectively with CaCO3(s) in the chemical

chamber lacking the flow channels. This claim is supported by the fact that the pH of the electrolyte in

the chemical chamber of 3-Chamber Electrolyzer was more acidic (pH 5.4) than the anolyte in

2-Chamber Electrolyzer (pH 6.3), and by the higher rate of production of i-CO2(g) in 2-Chamber

Electrolyzer (fig. S5). It is these design considerations that enabled us to achieve quantitative Faradaic

efficiencies with the 2-Chamber Electrolyzer.

We designed and built a 2-Chamber Electrolyzer capable of decomposing limestone Ca(CO3)(s)

under continuous flow with high energy and Faradaic efficiencies. This electrolyzer produces

independent product streams from the anode and cathode chambers that can be mixed in an independent

reactor to react Ca2+ and OH– ions to form the targeted Ca(OH)2(s) product. This solid product can be

isolated and used for downstream processing into cement clinker, while the remaining electrolyte can be

delivered back to the cement electrolyzer for successive reaction with limestone feedstock.

The zero-gap two-chamber configuration of this electrolyzer, coupled to the use of organic redox

mediators and mixed solvents, enabled limestone decomposition at exceptionally low voltages and with

high faradaic efficiency. This electrolyzer provides a viable pathway for decarbonizing cement

production.
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