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ABSTRACT: The process of CO, valorization—from capture of CO, to its

electrochemical upgrade—requires significant inputs in each of the capture, ~ 0
upgrade, and separation steps. Here we report an electrolyzer that upgrades « @
carbonate electrolyte from CO, capture solution to syngas, achieving 100% carbon L > o
utilization across the system. A bipolar membrane is used to produce proton in situ y

to facilitate CO, release at the membrane:catalyst interface from the carbonate s

solution. Using a Ag catalyst, we generate syngas at a 3:1 H,:CO ratio, and the
product is not diluted by CO, at the gas outlet; we generate this pure syngas product
stream at a current density of 150 mA/cm” and an energy efficiency of 35%. The
carbonate-to-syngas system is stable under a continuous 145 h of catalytic operation. SY83S Fischer
The work demonstrates the benefits of coupling CO, electrolysis with a CO, capture Capture —> Electroly3|s —’Tropsch
electrolyte on the path to practicable CO, conversion technologies.

( : O, capture systems often use alkali hydroxide solution anion. We design an electrolysis system that generates CO, in
to form alkali carbonate, and this requires additional situ from carbonate to initiate CO,RR.
energetic steps to dry and calcite the carbonate salt to Figure 1b shows the conventional/prior catalyst—membrane
generate a pure gas-phase CO, stream for the subsequent approach that uses a membrane—electrode assembly (MEA)

electrolysis reaction.”” Direct electrochemical reduction of design.
Here we instead use a bipolar membrane (BPM), which

consists of a catalyst layer to dissociate water to generate protons
and hydroxide anions and directs them to the cathode and

Such an approach would also address a limitation in present- anode, respectlvely.. The energy ff)r water dlSSO-Clatlon '
dav CO.RR svst th £CO. d h ion of recovered by lowering the Nernstian overpotential at the

y CO,RR systems: the waste o 2 due to the conversion 0 anode and cathode due to the pH gradient.”~'” Carbonate
CO, gas into carbonate anions, especially in alkaline solutions.™” P & )

electrolyte circulates to the cathode via a peristaltic pump.
Carbonate anions travel through an anion exchange membrane . . s .
) O Under applied potential conditions, the BPM proton reacts with
(AEM), alc:ng with some CO,RR products, and are oxidized at carbonate to generate CO, near the membrane:cathode
the anode.” Additionally, as much as 80% of the input CO, gas

‘ : . interface (Figure 1b and Video S1), and this is reduced to
may simply exit the electrolysis cell unreacted: many systems value-added products via CO,RR. The chemical balance is

carbonate from the CO, capture solution could bypass the
energy-intensive calcination step and reduce the carbon
footprint of the CO,-to-products process.

exhibit low single-pass utilizations even along the input-to- presented in Figure Ic.
output gas channel.”” As illustrated in Figure 1a, with the loss of We evaluated performance using Ag electrocatalysts (Figures
CO, due to carbonate formation, electrolyte crossover, and low S1 and S3) and Cu electrocatalysts (Figures S2 and S$4) in 1 M
single-pass conversion efficiency, the utilization of carbon is low K,COj electrolyte. The catholyte in Figure 2a—c was purged
in many present-day CO,RR electrolyzer designs. using N, to remove dissolved CO,. Ni foam was used as the

We focused herein on carrying out CO,RR electrolysis using anode with 1 M KOH electrolyte, a nonprecious catalyst in an
carbonate solution as the carbon supply. We document 100%
carbon utilization of input-carbon-to-products, evidenced by the Received: May S, 2019
lack of gaseous CO, at the reactor outlet. We do so by levering Accepted: May 24, 2019
the facile acid/base reaction between a proton and carbonate Published: May 24, 2019
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Figure 1. (a) Carbon loss mechanisms in a CO, electrolysis cell with gas-fed CO,. (b) Illustration of the BPM generating CO, in situ via the acid/
base reaction of the proton and carbonate ion. (c) Full chemical balance of the direct carbonate electrolysis cell with BPM.

alkaline condition, favorable for the oxygen evolution reaction.
All studies herein report the full cell voltage, which includes the
series resistance, transport, and kinetic overpotentials, from the
cathode, anode, and membrane, as seen for example in Figure 2a.
The onset full cell potentials for both Ag and Cu catalysts were
observed at ca. 2.2 V, with Ag showing faster kinetics at higher
applied potentials. For the Ag catalyst (Figure 2b), the CO
Faradaic efficiency (FE) ranges from 28 to 12% at applied
current densities of 100—300 mA/cm?, with the remainder of
the FE going to hydrogen. We carried out carbon-13
experiments that ascertained that CO,RR products come from
CO, and not contaminants (Figure SS). This yields a syngas
ratio (H,:CO) ranging from 2.5 to 7, suitable as feedstock to the
Fischer—Tropsch (FT) reaction.'® Because the source of carbon
in this reaction is carbonate—a liquid phase reactant—the gas
product exiting the electrolysis cell is pure syngas with a small
amount of moisture. Gas chromatography confirms that no CO,
is detected from the gas outlet stream. The full cell energy
efficiency (EE) is 35% at 150 mA/cm? where in the product
values we have included the contributions of both CO and H,.

With a Cu catalyst, ca. 10% FE of ethylene is detected, as well
as a small amount of ethanol and methane. In total, 17% CO,RR
to hydrocarbon products was achieved. The full product
distribution is available in Table SI.

The BPM also offers the benefit of mitigating product
crossover as a result of the electro-osmotic drag of protons
emerging from the membrane, opposing the direction of
product migration from the cathode to anode.”'’ Anolytes
from the Cu catalyst experiments were analyzed, and no liquid
products were detected on the anode side. With this system
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design, carbon loss mechanisms in a typical flow cell are
circumvented: CO, reaction with electrolyte to form carbonate;
low single-pass CO, utilization; and product crossover in the
AEM system.

We examined the compatibility of the carbonate electrolysis
cell in different CO, capture solutions directly. CO, gas was
bubbled into 0.1-2 M KOH solutions, simulating an industrial
CO, capture process, and the CO,-purged electrolyte was tested
for carbonate electrolysis, shown in Figure 2d. The pH of the
capture solution following CO, purging remained between 10
and 11 (Tables S2 and S3), which indicates that carbonate is the
primary carbon species after CO, capture. During reaction,
unreacted CO, exiting the membrane:catalyst interface will form
carbonate again due to chemical equilibrium at this pH, and the
carbonate ion will then be recycled for subsequent reaction.
With a Ag catalyst, the CO FE performance was observed to
increase in linear proportion with the concentration of the KOH
electrolyte. This is ascribed to the increase of the capture-
generated K,COj; concentration. The best performance of the
KOH—-CO, capture electrolyte shows a few-percentage
improvement compared to that of the pure K,CO; electrolyte
(Figure 2b). This is likely due to the small amount of
bicarbonate salt present in the solution, which may generate a
small amount of CO, via chemical equilibrium and also a small
amount of dissolved CO,, each giving additional sources of
reactant.”””!

In the full system chemical balance provided in Figure Ic,
carbonate is consumed as the source of carbon in the cathodic
reaction, and hydroxide is generated from the reduction
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Figure 2. Performance of the carbonate electrolysis cell. (a) Full cell j—V curve with Ag and Cu catalyst. (b) Product distribution for the Ag
catalyst. H, and CO are the major products, summing up to ~100% of the total FE. (c) Product distribution for the Cu catalyst. Propanol,
formate, and acetate are detected as well in a small amount. (a—c) Conducted in 1 M K,CO; catholyte with nitrogen purging as controls to
demonstrate the concept of in situ CO, generations; 1 M KOH and Ni foam were used at the anode. (d) Product distribution of a Ag catalyst
under different applied current density (first x-axis, mA/cm?) in different concentrations of KOH electrolyte (second x-axis) purged with CO,

prior to reaction, simulating the product of a CO, capture solution.

22725 this has the effect of

reaction, as shown in previous studies;
regenerating the CO, capture solution.

The capture-and-electrolysis system is therefore capable of
operating continuously: the KOH capture solution removes
CO, from the air or flue gas, forming carbonate; the carbonate
electrolyte is then reduced to form value-added products via
electrolysis with high carbon utilization; and the capture
solution is thereby regenerated to restart the cycle.

We demonstrate a capture—electrolysis system in continuous
operation for 145 h with a Ag catalyst (in Figure 3). Two
electrolyte bottles were used—one for capturing CO, gas
directly with KOH electrolyte and a second one for electrolysis,
where no gas purging is performed. The carbonate capture
solution and the electrolysis electrolyte are exchanged using a
peristaltic pump (Figure S6). The electrolyte in the electrolysis
bottle is pumped to the carbonate cell with no gas purging. The
pH values of the electrolysis bottle and the capture bottle are
measured to monitor the KOH regeneration and system stability
(Table S3). Syngas generated from the reaction exits the bottle
to a mass flow meter. The flow rate of gas products was recorded
to calculate the total gas produced. During the 145 h of
electrolysis, the current density was stable at ca. 180 mA/ cm? a
reflection of the pH balance and crossover-prevention benefits
offered by the BPM. The H,:CO ratio also remained stable at
between 2 and 3; small fluctuation of the ratio could be
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Figure 3. Stability evaluation of the carbonate electrolysis cell. CO,
gas was first captured with KOH solution and transferred to an
electrolysis bottle with no gas purging. The amount of gas produced
from the electrolysis was measured with a mass flow meter, and the
ratio of H, and CO was monitored with GC injection; 1 M KOH and
Ni foam were used at the anode. The cell was held at a constant
potential of 3.8 V.

accounted for by the contamination metal deposition over-
time.”® Approximately 13 L of syngas was collected.

To assess the economics of the carbonate reduction, we
calculated the energy cost per product molecule, considering the
process from CO, capture and electrolysis to separation
processes, based on typical reported results from the literature
at similar current densities. We evaluated:
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- the alkaline flow cell?” ™%’

- the MEA cell”*° with gas-fed CO,

- the carbonate cell explored herein.
Table 1 summarizes the results (detailed calculations are
available in the SI). The total energy required to generate 1

Table 1. Energy Cost for the Alkaline Flow Cell, CO, Gas-Fed
MEA Cell and Carbonate Cell”

energy capital flow cell MEA CO>
CO, utilization 10 20 100
carbonate formation (%) 38 0 0
crossover (%) 2 30 0
exit CO, (%) 50 50 0
CO, capture (kJ/mol product) 1783 892 0
CO, required (mol) 10 S 1
CO,RR (kJ/mol product) 367 643 733
EE (%) 70 40 35
separation(kJ/mol) 2500 1250 0
energy/product (kJ/mol product) 4650 2785 733

“The cost of CO, capture was taken to be 178 kJ/mol,1 and the
energy cost of separation is 500 kJ/mol.***

mol of products is 4 times higher in the MEA cell with gas-fed
CO, and 6 times higher for the alkaline flow cell. The cost of
capture and separation can vary depending on applications, and
Figure 4 shows the energy capital per product molecule as a

Energy/Product (kJ/mol)

= <1500.00
£ < 183333
>~

= <2166.67
3 B < 2500.00
g

2] B . 283333
c B . 3166.67
2 N < 3500.00
©

° N - 3500.00
Q

Y

1%}

100 150
CO, capture energy (kJ/mol)
Figure 4. Technoeconomic analysis of the MEA cell with gas-fed

CO, with different energy costs for CO, capture and different energy
costs for product separation.

function of the CO, capture cost and the separation cost.”' >

Even in the scenario of low capture cost and low separation cost,
the energy cost for CO,RR in today’s gas-fed CO, MEA cells is
about 2 times higher than that in the carbonate cell.
Regeneration costs associated with removing carbonate from
the electrolyte and from the anodic side add further to the
expense of producing fuels and feedstocks in the gas-fed CO,
MEA cell.

A number of topics require further study and progress in the
carbonate cell. The thermodynamic onset potential for CO,
reduction to syngas is approximately 1.34 V, and the
experimental onset potential is ca. 2.2 V. The overpotential is
large compared to that of a water electrolyzer, which obtains 1
A/cm? using less than 1 V of full cell overpotential.”*
Optimization of each cell component will be required, increasing
the full cell EE further and thereby lowering the energy
consumption associated with CO,RR. A possible outcome is to
generate substantially pure CO from carbonate and combine it
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with an industrial hydrogen source to further improve the overall
efficiency. While the gas products generated in the carbonate
electrolysis cell do not contain CO,, moisture is present in the
exit stream, and this will require separation before the syngas is
utilized. There are also several competing reactions on the
cathodic side. When a proton is generated from the BPM, it can
be reduced directly on the cathode, leading to HER; when CO,
is generated from carbonate, it can react with KOH, forming
carbonate again, instead of being reduced in CO,RR; and the
proton from the BPM can also simply react with KOH in the
electrolyte to form water. The penalties for these side reactions
are reflected in less-than-100% total Faradaic efficiencies seen
herein.

Another challenge for the carbonate cell is the acidic local
environment at the membrane:catalyst interface due to proton
generation from the BPM. The successful development of an
acidic CO,RR catalyst will further improve the FE and lead to
better utilization of in situ-generated CO,. The syngas reported
herein provides H,:CO in a 3:1 ratio, which is of industry
interest,”> but future studies of carbonate-to-products will
benefit from further insights, progress, and innovation to a wider
range of syngas ratios and, more beneficially still, to higher-value
products in better conversion efficiency.

The system design herein achieves carbonate conversion via
the acid/base reaction of the proton and carbonate, which
generates an in situ source of CO,, enabled by the use of a BPM.
The device operated continuously for 145 h and generated
syngas in a suitable ratio for subsequent FT reaction. A FE of
17% of the total carbonate-to-hydrocarbon products was also
achieved with a Cu catalyst. This study demonstrates the direct
implementation of carbonate to CO,RR products from a CO,
capture solution as the input and a gas product suitable for the
FT reaction as the output. It enables the utilization of captured
CO, to hydrocarbon products.
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