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In brief

Electrified reactive capture integrates
CO, capture and conversion into a single
process, offering an energy-efficient
alternative to sequential DAC, release,
and upgrade. We implement a pH-
downshifter to convert carbonate from
the post-DAC liquid to bicarbonate. By
functionalizing a CoPc catalyst with
support effects, we lower the bicarbonate
electrolysis cell voltage and improve
selectivity to CO. Our approach
contributes to a path toward more
efficient air-to-chemicals conversion.
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CONTEXT & SCALE Direct air capture (DAC) of CO; is a technology of interest for supplying a feedstock for
ensuing CO, utilization; yet systems demonstrated to date are energy intensive. One promising approach is
electrified reactive capture, where CO, absorbed in an alkali carbonate solution is electrochemically con-
verted to value-added intermediates such as CO, simultaneously regenerating the capture medium. Howev-
er, prior studies have typically required energy intensities exceeding 59 GJ/ton CO, linked to high cell poten-
tials (full-cell voltage > 3.7 V) and limited CO selectivity (<45%). In this work, we studied how to increase
activity in bicarbonate electrolysis toward CO; we found a molecular catalyst substitution strategy to be
effective, one in which tuning the electronic environment of a cobalt-based catalyst lowered the activation
energy on the path to CO, conversion. We grafted the catalyst covalently onto a conductive carbon nanotube
support with the aid of amide linkages, and we found this to improve charge transfer and reaction kinetics. In
the system, we introduced an electrified pH-downshifter in order to increase CO, availability in the reactive
capture phase. As a result, we report bicarbonate electrolysis to CO that requires a full-cell voltage of 2.7 V
(100 mA cm~2) and provides 70% faradaic efficiency, resulting in an energy intensity of 35 GJ/ton CO. This
energy budget is comparable to that needed in DAC followed by reverse water-gas shift (RWGS), which re-
quires high-temperature (~800°C) thermocatalysis. The present system, operating as it does at ambient con-
ditions, offers simplification and modularization of atmospheric-CO,-to-concentrated-CO production.

SUMMARY

Electrified reactive capture upgrades CO, from post-air-capture alkali carbonate liquid to value-added products
while regenerating the capture medium. Previous processes exhibited limited energy efficiency (<18%) due to
high full-cell voltage (>3.7 V) and modest CO selectivity (<45%). To address this, we developed a Co molecular
catalyst featuring an electron-deficient Co center, lowering the required reduction voltage. We then grafted the
catalyst onto a conductive support, enhancing charge transfer. An electrified pH-downshifter improved CO,
availability, increasing CO selectivity. The system achieved 70% CO selectivity at 2.7 V and 100 mA cm ™2, cor-
responding to an energy intensity of 35 GJ/ton CO. The energy cost is comparable to that of direct air capture
(DAC) followed by reverse water-gas shift (RWGS), but it offers ambient temperature operation.

INTRODUCTION Air-to-concentrated-CO conversion can be accomplished by

sequencing direct air capture (DAC) with gas-fed CO, electrol-
CO, capture from the atmosphere, paired with the renewable  ysis.””” One cost-effective and scalable DAC system uses alkali
electricity-powered synthesis of CO and subsequent processing  hydroxide (e.g., KOH) solution to turn CO, into carbonate, fol-
to hydrocarbons, has the potential to reduce the carbon intensity  lowed by a calcium loop to regenerate hydroxide and release
of fuels.”™ concentrated CO,.5'° The calcium loop involves a calcination
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process operating at ~900°C, consuming 6-10 GJ/ton CO,,
adding a minimum of 10-16 GJ/ton CO for the supply of the car-
bon feedstock (1.6 tons of CO, is needed per ton CO at best-
case 100% atom efficiency). In view of the 10.1 GJ/ton lower
heating value of CO, this is a significant upfront penalty.

Work on reactive capture posits that CO, regeneration and up-
grade (such as carbonate into CO on the cathode; plus hydrox-
ide for recycling into the capture unit) could potentially be inte-
grated for a beneficial effect.”'"'> Hydroxide can be isolated
from CO in a knockout drum and fed back to the contactor for
the capture of the next batch of atmospheric CO,. By avoiding
the thermal regeneration of the capture medium and by simpli-
fying aspects of CO, purification and compression, reactive cap-
ture can potentially reduce operating and capital expenditures
when one examines the complete chain from (dilute) atmo-
spheric CO, to substantially pure CO."®

For the kinetics and capital efficiency of the contactor to pro-
vide practical DAC, the KOH in contact with CO, can be progres-
sively loaded with carbon down to the pH of potassium carbon-
ate (K,COs), pH 12; after this pH, estimates indicate that the
kinetics of capture become so low that the contactor (fan) energy
and capital infrastructure become too costly.'* Yet, in the sec-
ond step—the electrolysis of the post-capture liquid to CO—
the use of carbonate as feedstock leads to faradaic efficiencies
(FEs) in the range of 25% ' to 40%, '® when silver nanoparticles
are employed, with typical cell voltages of 3.3-3.8 V at 100-200
mA cm~2 current density. In contrast to bicarbonate, FE has
reached the 80%-90% range when Co'’ and Ni-based'® sin-
gle-atom catalysts are employed.

We therefore explored the use of a fully electrified system (Fig-
ure 1A) comprising a first stage that downshifts pH to that of bi-
carbonate and then reduces CO, to CO from this liquid.

The full-cell voltage of the most energy-efficient prior bicar-
bonate electrolyzers has typically resided in the range of
3.2~3.8 V at a current density of 100 mA cm~2."*8 Thus, we
herein focus on reducing the cell voltage as a major priority.

RESULTS AND DISCUSSION

Functionalized molecular catalysts

The cathodic overpotential for CO, activation, a major contrib-
utor to cell voltage, can potentially be lowered by electronic tun-
ing; here, we focused on cobalt phthalocyanine (CoPc), known
for providing CO,-to-CO conversion'®2* and having a molecular
structure that allows the introduction of functional groups to
manipulate its electronic properties.

We studied functionalizing CoPc with electron-donating
(@amino-CoPc on carbon nanotube [CNT], denoted “amino-
CoPc/CNT”) and electron-withdrawing (carboxylate CoPc-on-
CNT, denoted “carboxylate”) groups, aiming to modulate the
electronic state of the cobalt center. We deposited these func-
tionalized molecules on CNTs and then also studied chemical
linkages between CoPc and the CNT support.

To gain an initial assessment of the impact of functional groups
on the Co center of CoPc, we used density functional theory
(DFT): the Bader charge on the Co sites in Figure 1B shows
that carboxylate induces electron depletion on the Co center,
whereas amine groups induce electron-rich conditions.
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We screened bicarbonate electrolysis performance in a two-
electrode membrane electrode assembly (MEA) electrolyzer
using a commercial bipolar membrane (BPM); an 85-um-thick
polytetrafluoroethylene (PTFE) porous interposer layer was
sandwiched between BPM and the cathode. We observed that
(Figure 2A) carboxylate lowers overpotential while amino-
CoPc/CNT has little effect on overpotential. Neither functionali-
zation enhances CO selectivity, compared with “control” that
does benefit from CoPc molecular functionalization (Figure 2B);
they all show a similar FEgo of 46%-51% at 100 mA cm™2.

We hypothesized that CO selectivity might be improved if we
could achieve efficient charge transfer between CNT support
and the cobalt center. A covalent bond, such as an amide link-
age, between functional groups on the CNT support and the
CoPc could potentially achieve this goal.

We sought therefore to graft the carboxylate-modified CoPc
onto amine-modified CNT substrates, where we anticipated
that carboxylate would anchor to amine via -7 interactions;
and a covalent bond form between carboxyl and amine func-
tional groups after heating.”® The formation of the amide bond
is evidenced in the N 1s X-ray photoelectron spectroscopy
(XPS) profile in Figure S3. Compared with the mixture (without
heating) of carboxylate-modified CoPc and amine-modified
CNT, heat treatment shifts the N signal to a lower binding
energy, indicating that the extent of electron deficiency of
phthalocyanine-N is diminished by the formation of the amide
bond. High-resolution transmission electron microscopy
(HRTEM) and associated energy-dispersive X-ray spectroscopy
(EDS) (Figure S4) indicate that carboxylate CoPc has been
loaded onto amine CNTs.

This class of samples we term “amide” (CoPc—-COOH bond on
CNT-NH,). They show a similarly low overpotential to that of
carboxylate (Figure 2A).

However, amide simultaneously shows an increased FEco
(Figure 2B) of ~70% at 100 mA cm~2; indeed, it maintains this
FE at 150 mA cm~2 and remains above 60% up to 300 mA
cm™2. We prepared a CoPc-COOH on CNT-NH, sample without
the formation of amide bonding (denoted “no-linkage”) and re-
corded an FEco < 40% (Figure 2B). Also, the CoPc-on-CNT-
NH, (denoted amine) shows an insignificant change in FEgo (Fig-
ure 2B). These results highlight the critical role of amide bonding.

Mechanistic studies

Cyclic voltammograms (CVs) were used to study the mecha-
nism. We compared CoPc with/without functional groups,
finding that in an Ar-saturated electrolyte, all samples showed
a reversible redox couple between 0.048 and 0.266 V, assigned
to the Co"/Co' redox.?® Co" needs to transform to Co' to be
active for CO, reduction.”® Among these samples, carboxylate
show a positive shift of its Co'"/Co' redox peaks (Figure 3A),
compared with control, implying that the -COOH groups on
the Pc ligand withdraw the electron from the cobalt center. In
contrast, the Co'"/Co' redox of amino-CoPc/CNT shows a nega-
tive shift, compared with control, as well as compared with
carboxylate. This result is consistent with their similar cell voltage
trend (Figure 2A), with the contention that the electron-with-
drawing characterization is linked to the overpotential reduction
in these materials. We compared CO,R activities through linear
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Figure 1. Electronic structure of CoPc modulated via the addition of different functional groups

(A) Reactive capture system integrating a pH-downshifter based on internal hydrogen looping.

(B) Calculated Bader charges of the Co sites in CoPc, CoPc-on-CNT (denoted control), amino-CoPc on CNT (denoted amino-CoPc/CNT), CoPc-on-CNT-NH,
(denoted amine), carboxylate CoPc-on-CNT (denoted carboxylate), CoPc-COOH on CNT-NH, without amide bond (denoted no-linkage), and CoPc—-COOH bond
on CNT-NH, (denoted amide). A higher value represents a great degree of electron deficiency. The corresponding atomic structure models are shown at the

bottom.

sweep voltammetry (LSV) potentials (Figures 3C and S6) under
CO, vs. N, atmosphere. These agree well with the trend of cell
voltage in MEA (Figure 2A). In CO,, amide displays a lower po-
tential at 10 mA cm~2. In the N, atmosphere, amide shows a
higher hydrogen evolution reaction (HER) potential, compared
with that in CO, atmosphere, indicating faster CO, reduction ki-

netics compared with those for HER. In contrast, carboxylate
shows similar potentials in CO, and N, atmospheres. These re-
sults are in accord with the observed higher FEco of amide.
We used operando Raman spectroscopy (Figures 3D-3G) to
probe the transformation from Co'" (Raman shift: 754 cm™") to
Co' (Raman shift: 747 cm™").2° For amide, carboxylate, and
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Figure 2. Bicarbonate electrolysis performance as a function of functional group selection on CoPc and CNTs

(A) Cell voltage comparison of different CoPc catalysts, where a commercial BPM + Ni foam anode were employed; (B) catalyst screening and performance
comparison for different CoPc catalysts; (C) FEco of CoPc-COOH bond on CNT-NH, (amide) at different current densities; (D) FEco and cell voltage using
synthetic BPM and NiFeOx anode; (E) stability test during bicarbonate electrolysis over the course of continuous operation at 100 mA cm~2. Experiments were
conducted in No-saturated 3 M KHCO3. An 85-um-thick PTFE porous interposer layer was sandwiched between BPM and cathode.

All the error bars represent the standard deviation of three measurements.

amine, Co" starts to transform to Co' at 0.16 VV vs. RHE but only at
—0.04 V vs. RHE for control. At 0.16 V vs. RHE, a higher Co':Co" ~
3.2 was observed for amide, while the value was 2.2 for carbox-
ylate and 0.5 for amine. At —0.04 V vs. RHE, the transformation
of Co''to Co'is more complete in amide than in the other catalysts,
as evidenced from the higher Co":Co'" ratio of 30, compared with
carboxylate (3.1) and amine (11.6). At a more negative potential of
—0.24 V vs. RHE, Co' was the dominant species with no observ-
able Co'" in all samples. The Raman results align with the CV data
(Figures 3A and 3B), indicating that the trend in the Co" to Co'
transformation follows an order of increasing difficulty: amide
(most facile) < carboxylate < amine < control (most difficult).
These results agreed with CV studies (Figures 3A and 3B) that
also indicated that amide enables the Co center to be more
easily reduced to Co'. We propose that an electron-deficient na-
ture contributes to CO, reduction at a lowered overpotential.

System demonstration

To build a full cell, we employed an NiFeOx electrode and a BPM
using TiO, as the water dissociation catalyst to pursue a lower
Ve, and we achieved 2.7 V at 100 mA cm~2 (Figure 2D). We
evaluate the contribution of each electrolyzer component to
the cell voltage in Figure S7. We also optimized the interposer
layer to maximize FEgo (Figure S8).

We studied the durability of this bicarbonate electrolyzer by
observing its continuous operation at a current density of 100
mA cm 2. We found that 70% FE is maintained over 30 h (Fig-
ure 2E).In a number of prior reports on electrochemical reactive
capture,'®'® carbonate-rich post-capture liquid is fed into a
BPM-based electrolyzer, where the carbonate is turned into

4 Joule 9, 101883, May 21, 2025

CO, and reduced to products. Here, we add at the front end a
subsystem (pH-downshifter) (Figure 1A) to vary the solution for
electrolysis between the pH of post-capture solution of ~12
and that of bicarbonate of ~9. The lower pH promotes i-CO,
availability but consumes more pH-downshifter electricity. We
therefore evaluated the electricity consumption of each step
with various pH-downshifter effluent pHs.

We used an electrochemical hydrogen looping device (Fig-
ure S10) in the downshifter: the anode oxidizes hydrogen and
generates protons, partially acidifying the solution flowing in
the slim flow chamber; potassium migrates through the cation
exchange membrane to the cathode, combining with the OH™
generated from the HER. It thus outputs KOH solution ready
for reuse as DAC sorbent in the contactor upstream. Hydrogen
produced from the cathode is fed to the anode for continuous
operation.

We fed the pH-downshifter using a simulated post-capture
liquid consisting of 1.5 M K,CO3 solution and monitored the ano-
lyte pH (and thus carbonate:bicarbonate relative composition) as
well as the cell voltage (Figure 4A). The device converted 93% of
carbonate to bicarbonate for the case of final pH ~ 9, and it con-
sumes 3.8 GJ/ton CO, (hence ~6 GJ/ton CO) of electricity in so
doing (details see Note S1). In parallel, KOH is regenerated in the
catholyte, closely approaching the stoichiometry of generated
bicarbonate.

We performed continuous bicarbonate electrolysis using the
pH ~ 9 post-pH-downshift solution as the feedstock. The
change of pH and the corresponding (bi)carbonate concentra-
tions are shown vs. elapsed time in Figure 4B. From these, we
conclude that dissolved inorganic carbon was converted to
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Figure 3. Electronic tuning of functionalized CoPc/CNT samples
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(A and B) Cyclic voltammograms (CVs) of different CoPc molecules and CNT support combinations, all in a3 M KHCOj3 solution saturated with Ar. The dotted lines

indicate the Co"/Co' redox reaction in CoPc.

(C) The potentials (at 10 mA cm~2) obtained from LSV of different CoPc molecules and CNT supports in a 3 M KHCOj5 solution saturated with CO, and Np. The LSV

profiles are shown in Figure S6.

(D-G) In situ Raman spectra of amide, carboxylate, amine, and control in 3 M KHCOs. In situ analysis was performed in a flow cell having three compartments.
Materials were coated on hydrophobic carbon paper as the cathode, with a Pt wire serving as anode. All potentials are referenced to reversible hydrogen

electrode (RHE).

CO, while carbonate was delivered at the liquid phase outlet of
the system. This post-electrolysis solution was again input into
the pH-downshifter to get back to pH ~ 9, and CO production
is again demonstrated; see Note S4 for details.

Looking at the full process, we found that since (bi)carbon-
ate electrolysis dominates overall energy consumption, and
since bicarbonate electrolysis is much more efficient than car-
bonate electrolysis, it makes sense to shift all the way to bi-
carbonate pH 8.8. In this case, the electrolysis energy is 25
GJ/ton CO, and the total—inclusive of pH downshift—is 35
GJ/ton CO. When one compares this (Figure 4D; details in
Note S1) with alternatives such as thermal release (calcium
looping) to produce concentrated gas-phase CO,, followed
by either gas-phase CO, coelectrolysis or reverse water-gas
shift (RWGS), we find the present experimental data to
approach closely those of the most-efficient contender, the
DAC + RWGS system.

We forecast additional ways to improve the energy efficiency
of the bicarbonate electrolyzer and the pH-downshifter. If the bi-
carbonate electrolyzer can reach FEgo of 93%, cell voltage of 2.3
V, and a pH-downshifter energy of 4.5 GJ/ton CO, then CO could
be delivered at as little as 25 GJ/ton CO. This will require further
work on catalysts, membranes, and electrolyzers. We provide a
life cycle assessment (LCA) and techno-economic analysis (TEA)
comparing CO production approaches (Note S2). The capital
expenditure for the pH-downshifter is the largest cost compo-
nent of the present production approach (~$200/ton CO, 25%
of the total CO production cost), a consequence of the low 25
mA cm~2 current density and the opportunity to improve further
the energy efficiency (6 GJ/ton CO) of this step. When further

progress enables 50 mA cm™2 and higher efficiency (4.5 GJ/
ton CO), the cost will be reduced to ~$75/ton CO.

In this work, we demonstrate that a pH-downshifter con-
verts pH 12 post-capture liquid to pH 9, in which electrolysis
to CO has an FE of ~70%. CO, capture is best done using a
pH 13-14 solution, but reactive capture is best done at pH 9.
For the kinetics and capital efficiency of the contactor to pro-
vide practical DAC, the capture liquid is in the range of pH 14
(at the start of capture) down to pH 13.5 (at the outlet of the
contactor) in the calcium loop.? Further contacting down to
pH 12 (carbonate) requires extra fan energy, while electro-
chemically down shifting pH 13.5 to pH 12 also requires extra
electricity. Additional work in reactive capture can investigate
further the amount of dissolved inorganic carbon in the post-
capture liquid, pursue further decrease in the pH-downshifter
electricity consumption, and seek to increase further the elec-
trolyzer energy efficiency.

Conclusions

In this work, we applied a pH-downshift strategy to enable high
CO production performance from atmosphere CO, via reactive
capture. We improved bicarbonate reduction efficiency at a low-
ered overpotential by jointly tuning the properties of CoPc cata-
lyst and support by COOH-functionalized CoPc and anchoring it
to a —NH,-modified CNT support. We converted a post-capture
liquid (pH ~ 12) to KHCO;3; (pH ~ 9) in an electrified pH-down-
shifter, and then we performed reactive capture with ~70%
FEco at 2.7 full-cell voltage at 100 mA cm~2. The bicarbonate
electrolysis subsystem showed stability for 30 h under contin-
uous operation at 100 mA cm™2.

Joule 9, 101883, May 21, 2025 5
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Figure 4. System demonstration and energy assessment

Current density (mA cm™)

Energy consumption (GJ/tonCO)

(A) Change of cell voltage, pH, and carbon species ratio, as a function of the duration of continuous operation of the pH-downshifter operating at a current density

of 25 mAcm™2.

(B) Change of pH and (bi)carbonate concentration as a function of the duration of continuous operation of the electrolyzer.
(C) The dependence of FEgg on the input solution composition, where each solution is saturated using No.
(D) Comparison among approaches to CO, to CO upgrade from dilute sources.

METHODS

Electrode preparation

was purchased from MilliporeSigma and cobalt(ll) 2,9,16,23-tet-
ra(carboxy)phthalocyanine was purchased from April Scientific.
The CNTs, carboxylated CNT and amino CNT, were purchased

All reagents used in this work were purchased from suppliers from XFNANO. Nafion D520CS was ordered from lon Power.
without further purification. Cobalt(ll) 2,3-naphthalocyanine  Briefly, 200 mg of the CNTs were dispersed in 100 mL of

6 Joule 9, 101883, May 21, 2025
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dimethylformamide (DMF) using sonication. Then, an appro-
priate amount (13 mg) of cobalt(ll) phthalocyanine dissolved in
20 mL of DMF was added into the solution drop by drop, and
the solution was stirred under 110°C for 12 h under reflux
condenser. Afterward, the sample was filtered and washed
with DMF several times to remove unreacted precursors. Then,
the samples were freeze-dried and used for further experiments.
This preparation procedure was applied to amide, carboxylate,
control, amine, and amino-CoPc/CNT. No-linkage sample was
prepared using the same methods without heating.

The catalyst ink was prepared by dispersing catalyst in meth-
anol with added Nafion ionomer by ultrasonication. The ink was
well sonicated for a good dispersion of catalyst. The mass ratio
of the catalysts and ionomer was 1:1. The ink was then air-
brushed onto the hydrophilic carbon substrate (Freudenberg
H23, Fuel Cell Store) to the final loading of ~1.2 mg cm™2.

NiFeO, electrode was prepared with the following procedures.
First, Ni foam was washed by 6 M HCI and deionized (DI) water
for 15 min under sonication. Then, a 40-mL solution with
4 mmol NH4F, 10 mmol urea, 2 mmol Ni(NO3),-6H,0O, and
2 mmol Fe(NO3);-9H,O was prepared and transferred to a
50-mL Teflon-lined stainless steel autoclave. The hydrothermal
growth of the hydroxides on Ni foam was performed at 120°C
for 6 h with a heating rate of 3°C min~", followed by sonication
in DI water and drying in the oven at 80°C.

Electrochemical measurements

A cathode was cutinto a 1.5 cm X 1.5 cm piece and placed onto
the MEA cathode plate with a flow window with a dimension of
1 cm x 1 cm. Onto the cathode, a porous interposer layer
(2 cm x 2 cm 85-um-thick PTFE) was carefully placed. When us-
ing the custom BPM, a TiO,-coated Nafion membrane was
placed onto the porous interposer layer with the TiO, layer facing
up, then covered by a PiperlON (2 cm x 2 cm) membrane. A
NiFeOx loaded Ni foam was placed onto the PiperlON mem-
brane as the anode. Two stainless steel flow-field plates with
serpentine channels were used to sandwich the electrodes.
The catholyte and anolyte were circulated by peristaltic pumps
(INTLLAB) at 75 ml min~". The applied current was controlled
by an Autolab potentiostat/galvanostat. The membrane used
to separate catholyte and anolyte was a commercial (Fumasep
FBM, Fuel Cell Store) or custom-designed BPM. The pore size
of the hydrophilic interposer layer was controlled at 0.1, 1, 5,
and 10 pm for PTFE membrane; 10, 20, and 41 um for nylon
membrane; and 10 um for polyphenylene ether membrane.
The catholyte was 3 M KHCOg, and the anolyte was 1 M KOH.
All experiments were performed at room temperature.

CV was conducted by a general three-electrode configuration
from —0.2 to 1.0 V (vs. RHE) at scan rate of 500 mV s~ in
N,-saturated 3.0 M KHCOj; electrolyte to observe the redox
behavior of cobalt sites. The catalyst loading amount is

0.1 mgcm™2.

Materials characterization

XPS was carried out on a Thermo Scientific NEXSA G2 XPS
spectrometer, equipped with an Al K alpha radiation source
and electron flood gun, at a pressure of 8 x 10~8 mbar with a
pass energy of 50 eV. All spectra were calibrated with the C 1s

¢ CellP’ress

peak at 284.8 eV. Scanning electron microscopy-EDS (SEM-
EDS) was conducted by JEOL JSM-7900FLV SEM at an acceler-
ating voltage of 10 kV with backscattered electron detection,
which is equipped with a light-element X-ray detector and an Ox-
ford Aztec energy-dispersive X-ray analysis system. Aberration-
corrected scanning transmission electron microscopy (STEM)
images and EDS mappings were taken from taken using JEOL
ARM200CF transmission electron microscopy (TEM) equipped
with dual SDD EDS detector. For TEM sample was dispersed
in ethanol followed by drop-casting on the grid.

In situ Raman analysis was conducted with a Renishaw inVia
Raman spectrometer using an in-house in situ cell and a x50 wa-
ter immersion lens. Materials were coated on hydrophobic car-
bon paper as the cathode in electrolytes of 3 M KHCO3, purged
with CO, from the back side. In situ analysis was performed in a
flow cell having three compartments, with a Pt wire serving as
anode. All potentials are referenced to Ag/AgCl.
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