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Abstract

Carbon monoxide separation from industrial waste gases could contribute largely to carbon circularity.
Traditional separation technologies are unable to separate CO from N, selectively. Instead,
electroactive carriers show promise in selective separation of CO from N,, where CO binds a complex
in one oxidation state and releases in another oxidation state. We study Cu(l)/Cu(ll)-chloride
complexes as potential carrier materials with high binding affinity to CO, good solubility and low
energy consumption of the process. We show that the electrolyte composition of a copper chloride
system affects the binding affinity and stability of the copper carrier (Cu*). Cyclic voltammetry
measurements reveal that the CO binding constant increase from the previously reported 1600 M
for 1 M KCl to 5500 M for 0.5 M CaCl,. However, this increase in binding constant is not reflected to
the same extent in the CO capture capacity, showing a smaller increase in CO capture. In general, the
binding constant decreased with chloride concentration, while the Cu* stability window increased.
This highlights a trade-off that needs to be considered for electrolyte selection in electrochemical CO

separation with copper chlorides.
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Separation of carbon monoxide (CO) could be an important part of carbon circularity within the
chemical industry, as CO is both an essential feedstock and a common by-product in chemical
processes, such as steel manufacturing.’* However, the CO in waste gases (ranging in concentrations
from 5 to 80 vol%)* is burned for energy generation and emitted as CO; into the environment. Instead,
recycling of the CO in industrial waste gases could provide a valuable resource of CO while also
reducing CO, emissions. It is estimated that recycling of CO from the steel industry would reduce the
total anthropogenic CO, emissions by about 1-2%.%°> However, currently this potential feedstock is lost
due to the absence of suitable separation methods to recycle CO from waste gases. Especially the
separation from nitrogen (N;) has remained a challenge due to similar physical properties in molecular

mass, boiling point and size.*

Instead, affinity-based separation could provide options for CO/N; separation. CO is known to have a
strong affinity to transition metals, such as the Fe* in hemoglobin (220 times greater than 0,).6 CO can
bind to transition metals through a combination of o-donation of electrons from the CO ligand to the
metal and n-backbonding from the metal to the nt*-antibonding orbital of the CO. Especially, the m-
backbonding contributes to the high affinity of CO to transition metals and generally increases for
electron-rich metals.”!! As a result, the lower oxidation state is expected to have a stronger affinity to

CO than the higher oxidation state, which can be leveraged in an electrochemical separation process.

Recent previous work showed a proof-of-concept for CO capture from mixed gases with Ni-based
redox couples!? and Terry et al. have demonstrated electrochemical separation of CO from N, with a
copper chloride absorbent.’3 The latter process uses two electrochemical cells and two contacting
units to capture and release CO. Here, copper is reduced to its high-affinity state (Cu*) to then absorb
CO from a feed reservoir and is subsequently oxidised back to the low-affinity state (Cu?*) to release
CO in a receiving reservoir. Their carrier solution (0.025 M copper chlorides, 1.0 M KCl and 0.1 M HClI)

has a CO binding constant of 1600 M and successfully separates and concentrates CO from N,.
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While this previous work shows the potential of copper chloride carriers for electroghemical GO 250 ¢
separation, it also exhibits low energy efficiencies due to slow kinetics and low carrier utilisation. For
this technology to become a potential separation method to recover CO from industrial waste gases,
high CO recovery and product purity at a low energy consumption are required. The carrier material
is determining for the performance of this separation process through its solubility, stability, and CO
binding affinity. While we know that the carrier’s binding constant is pivotal to make this technology
more competitive in selectivity and energy efficiency, we currently lack insight into how the binding
constant is controlled for Cu*/Cu?* electro-swing absorption. Previous work demonstrated that
transition metal complexes are capable of having high CO binding affinities up to 10> M-1.241 We aim
to find opportunities to improve the binding constant of aqueous copper chloride solutions from the

reported 1600 M1.23 This requires understanding of the binding between CO and the electro-active

carrier and the effect of its solution environment to optimise for high binding affinity.

Therefore, this work aims to understand the effect of the electrolyte composition on the binding
affinity and carrier stability of an aqueous copper chloride carrier. We use DFT and Visual Minteq to

predict CO affinity of copper chloride solutions and perform cyclic voltammetry measurements to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

estimate the binding constant and Cu* stability of the different carrier solutions. We demonstrate

electrochemical separation of CO through capture and release in an H-cell for different mixed CO/N,
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gas feeds.

Background

The importance of Kco

The binding constant is a measure of affinity and is described by the equilibrium between a carrier
and a ligand. The material’s affinity to the different gas components will determine the performance
of the separation process, for example in terms of selectivity and capacity utilisation. A higher binding
constant means more of the dissolved gas species is bound to the carrier material, following Equation

1 for CO and Cu*.
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~ [Cu*][cO]

Here Kco represents the binding constant between the carrier Cu* and the ligand CO, assuming the
binding of one CO. The binding constant can provide theoretical upper limits for selectivity and

capacity utilisation at equilibrium, as described in Equation 2 and 3 for CO/N, separation (derived in

SI-1).
_ [COlgot/Pco _ Hco Kco'[Cut ot
a= =14 —Co— lwot 2
[Nz]tot;PNZ HNz( 1+KCO'HC0'PC0) (2)

_ [Cu*cO] _ _Kco'HcoPco (3)

Capacity utilisation
p Y [Cu*Ttor 1+Kco'HcoPco

Here, [COltwt and [N]iot are the total concentration of dissolved CO and N,, including dissolution of the
gases in the solvent and CO bound to the carrier, [Cu*]iot is the total carrier concentration, P; is the
partial pressure and H; is the Henry constant of gas component i in the solvent. The first term on the
right-hand side of Equation 2 reflects the solubility of gases in the solvent, while the latter term reflects

the CO bound to the Cu* carrier.

Figure 1 shows the theoretical selectivity and capacity utilisation as function of the binding constant
for different CO partial pressures. A total carrier concentration of 0.1 M is assumed for the selectivity

calculations, but higher carrier concentrations will increase the selectivity even further.
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Figure 1: How the binding constant (Kco) translates to a) selectivity and b) capacity utilisation at equilibrium for different
partial pressures of CO, following the equilibrium equations. The total pressure is set at 1 bar with N, balancing the total
pressure and the total carrier concentration is set at 0.1 M for the selectivity estimation.
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Both the selectivity and capacity utilisation show an increase with binding constant, Kco. TE‘S\;%'.%@%S@%S
and capacity utilisation increases linearly with Ko at lower CO partial pressures (Kco - Heo * Pco << 1),
while at higher partial pressures of CO the carrier material will go to saturation resulting in a

diminished increase in selectivity and capacity utilisation with Kco. Selectivity of commercial

adsorbents for CO/N; separation range between 20-25,* highlighting the potential of Ko > 100 M1,

Capacity utilisation in electrochemical separation is directly related to the energy consumption as the
energy required to activate the carrier (Cu?* — Cu*) will only result in this fraction of the carrier
capturing a CO. Thus, the lower capacity utilisation at lower Kco will result in lower energy efficiencies.
Therefore, finding a carrier material with high binding affinity for the target gas will increase both

selectivity and energy consumption of the separation process.

Determination of the CO binding constant from the cyclic voltammetry shift

The binding constant of ligands can be obtained from electrochemical techniques through the shift of
the half-wave potential (E;/) of the redox couple.%%18 The potential of a redox couple is described
through the Nernst equation and depends on the formal standard potential (E%) and the

concentrations of the oxidized and reduced species of the redox couple (Equation 4).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Here, E is the equilibrium potential (V vs ref), R is the gas constant (8.3145 J mol* K1), Tis temperature
(K), n is the number of electrons involved in the redox reaction, F is the Faraday constant (96485 C
mol?), and [X] is the concentration of the copper ions (M). In the presence of CO, the copper species

can coordinate with CO as described by the equilibrium binding constants (Equation 5 and 6).

I _ [Cu*CO]
Keco = [Cu*][CO] (5)

I _ [Cu?*CO]
Kco = [Cuz+][CO] (6)
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These binding constants between CO and Cu* (Kf,) and CO and Cu® (K¢,) will affect’théss 2ous

concentration ratio term in the Nernst equation (Figure 2), as described in SI-2. Therefore, the
expected shift with CO concentration as function of the CO binding constants can be expressed by

Equation 7.

AE = EC0 — EN2 = 8y (—”K'ff'[co]) (7)
nF o \1+ K%,-[CO]

Assuming the binding of CO to Cu?* is negligible (K¥,[CO] « 1), the equation can be reduced to
Equation 8.131416 This relation has been used for similar systems to determine the binding constant of

a gas molecule to a redox-active carrier from cyclic voltammetry measurements.1%-21
RT
AE = —In (1 + K{y +[CO]) (8)

From now we will assume the binding to Cu?* to be negligible and use Ko to describe the binding

between Cu* and CO.

Eguzt ot
CO + Cu* +e - = Cu* + CO
< |l Il
Eg‘“co/m’fco
Cu*-CO +e - — Cu*-CO

Figure 2: Binding of CO to Cu* and/or Cu?* will shift the Nernst equilibrium of the redox couple and depends on the binding
constants (KL, and KY,). Derivation of change in standard potential in SI-2.
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Materials

CuCl (99%), CuCl,.2H,0 (99%), K2S04 (99%), KCI (99%), MgCl, (99%) and HCI (37%) were purchased
from Thermo Fisher Scientific. CuS04.5H,0 (99%) was purchased from Alfa Aesar, CaCl,.2H,0 (99%)
was purchased from Sigma Aldrich and NaCl was purchased from Avantor. The electrolyte solutions
were prepared with demineralized water and the required salts. The copper salts were added as the
final preparation step to minimize exposure to air before the measurement. 50 vol% CO in N, was
purchased from Linde and used to create CO and N, mix gases at different CO concentrations through
dilution with N; gas. The electrode materials were a glassy carbon rod working electrode (WE) (2 = 2
mm, type 1, Thermo Scientific), a platinum wire counter electrode (CE) (¢ = 0.3 mm, 99.9%, Thermo
Scientific) and Ag/AgCl micro reference electrodes (RE) (LF-1-45, Alvatek) for cyclic voltammetry
measurements. A glassy carbon foam (d = 6.35 mm, porosity = 96.5, Goodfellow) was used as WE and

CE for capture and release experiments.

Cyclic Voltammetry

Cyclic voltammetry (CV) scans were performed at different scan rates (25, 50, 100, 200, 400 mV s?)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

using an lviumStat2.h. The measurements were performed in an airtight cell with a gas inlet and outlet

to allow for gas flow through the electrolyte (Figure 3a). The gas flow was controlled with mass flow

Open Access Article. Published on 10 April 2026. Downloaded on 4/10/2026 10:51:29 PM.

controllers (MFC, Bronckhorst) and ranged between 0 to 50 vol% CO in N, at flow rate of 2 mLn min.

(cc)

The solution was sparged with the gas at a certain CO concentration for 2.5 hours before starting the
CV measurements. The CV scans were compensated for ohmic drop, using the resistance obtained
from electrochemical impedance spectroscopy (EIS) measurements (frequency: 1000 — 1 Hz,
amplitude: 0.01 V, potential: solution’s open circuit potential). The experiments were performed at
room temperature (+ 20 °C) and a gas pressure of about 1.1 bar. The actual gas pressure was recorded

and used to calculate the CO partial pressure.
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a) RE b) WE CL___@‘__ DOI: 10.1039/D6TA01538G

WE CE RE
Gas in 4 Gas out CE 50 vol% CO N/ ¢
2 mL min-! Gas in 4 Gas out in N, gas feed
0-50 vol% CO in N, 10 mL min-!
5vol% CO in N, —
_______ Electrochemical
O O H cell
© N, gas feed
Cyclic Voltammetry Cell H-Cell: capture and release Setup process flow diagram

Figure 3: Schematic illustrations of a) the cell used for cyclic voltammetry measurements, b) the H-cell used for capture and
release experiments, and c) a process flow diagram of the setup.

Capture and release — H-Cell

Capture and release of CO were performed at room temperature (+ 20 °C) and a gas pressure of about
1.1 bar in an airtight H-cell (Figure 3b). The cell consists of a working and a counter compartment
separated by an anion exchange membrane (AEM, Selemion). Both compartments contain 30 mL of
the same electrolyte solution with carrier as specified per experiment. The working compartment has
a glassy carbon foam WE, an Ag/AgCl RE and a gas inlet and outlet. The electrolyte in the working
compartment was sparged with gas with a flow rate of 10 min min! and a composition of 5 vol% CO
in N2 using mass flow controllers. The flow rate of the gas leaving the compartment was measured
with a mass flow meter (MFM, bronkchorst) and the gas composition was quantified with a 990
MicroGC (Agilent, COX and Molsieve 5A Column, TCD detector) and a mass spectrometer (MS, Pfeiffer
Vacuum T100 gas analyser). The counter compartment only required a glassy carbon foam counter
electrode to allow the counter reaction. An lviumStat2.h was used to apply a constant potential to the
working electrode. A reductive potential was used to reduce the copper to Cu* and induce capture of
CO, while an oxidative potential is applied to oxidise the copper to Cu?* resulting in release of

previously captured CO.

The potentials for the reduction (capture) and oxidation (release) cycle were chosen using two
different methods. The first method used the same reduction and oxidation potentials vs the RE for
each electrolyte solution, 0V and 0.7 V vs Ag/AgCl, respectively. In the second method, the reduction

and oxidation potential were determined from the open circuit potential (OCP) at equimolar [Cu*] and
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[Cu®]. To achieve equimolar [Cu*] and [Cu®'], the solution was first oxidised for a long time to con¥eit, s o
all copper species to Cu?*. Then a reduction potential was applied until the amount of charge
transferred matches conversion of half of the Cu?* to Cu* (28.9 C), after which the OCP was measured.

The reduction potential for the capture half-cycles were then set to the initially measured OCP —0.35

V and the release was initiated by increasing the potential in steps of 5 hours.

Before starting the capture and release experiment, the working solution was oxidised to the low
affinity state (Cu?*) under N, environment. After 30 minutes, the CO containing gas is introduced to
flush the lines and solution for 60 minutes while still at the oxidative potential. After this, capture of
CO is initiated by reduction of the carrier to its high affinity state (Cu*). We allowed the system to
capture CO for 5+ hours, assuming it to be sufficient to reach capacity saturation. Then, the CO release

was achieved through oxidation for 5+ hours.

DFT calculations

All DFT calculations were performed using ORCA 6.0 with the PBEO hybrid-GGA functional and
Karlsruhe def2 basis sets.??2> Dispersion was taken into account using Grimme’s D3 correction with

Becke-Johnson damping.?%2” Implicit solvation with pure water was modelled using the Solvation

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Model based on Density (SMD).?8 Calculation times were shortened using the RIJ-COSX approximation

Open Access Article. Published on 10 April 2026. Downloaded on 4/10/2026 10:51:29 PM.

using the def2/J auxiliary basis set.?30

(cc)

Initial geometries for all complexes were made in Avogadro2.3! We considered Cu*with 0 to 4 ligands
of either CO, CI;, or a combination of both. Geometry optimizations were performed using the def2-
SVP basis set, while the single point calculations were performed using the def2-TZVPP basis set for
increased accuracy. Frequency calculations were performed on all optimized structures to obtain
thermochemistry data and to confirm the optimization to a (local) minimum. Binding enthalpies and
Gibbs free energy differences were calculated by comparing the energy of the complex with ligand,
with that of the complex without this ligand, and the non-bonded ligand at the conformations with

the lowest energies. To gain quantitative insight into the effect of CI- ligands and the geometry on o-
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donation and m-backdonation interactions, the orbital energy portion of the binding, gnergy. #as,; 25c
decomposed using Extended Transition State Natural Orbitals for Chemical Valence (ETS-NOCV)

analysis in Multiwfn 3.8.32-37

Minteq for copper chloride solution composition

To predict the copper chloride species distribution, we used Visual Minteq software. Due to high salt
concentrations in our simulated solution, we used the Specific ion Interaction Theory (SIT) model for
activity correction. Note that at very high concentrations (>1 M) this model can still be less accurate
than for example Pitzer-based models. The temperature was set at 25 °C and the pH was calculated

from mass and charge balance.

UV/Vis spectroscopy

UV/Vis spectroscopy was performed on CuCl (0.5 mM) or CuCl, (0.5 mM) solutions for different
electrolyte compositions. The solution’s absorbance was measured inside Quartz cuvettes and at a
wavelength range of 400 to 200 nm. To minimise the exposure to air, the solution was immediately

measured after preparation.
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Results & Discussion DOI: 10.1039/D6TA01538G

The expected effect of chloride ions on CO binding

Chloride ions (Cl') are essential to stabilise Cu* species and prevent dissociation in Cu® and Cu?* species.
Depending on the free chloride concentration, different copper chloride complexes will form. The
possible complexes for Cu?* include Cu?*, CuCl*, CuCl,, CuCls’, and CuCls* and for Cu* they include Cu*,
CuCl, CuCly, and CuCl;%.38 Besides stabilisation of the 1+ oxidation state, literature suggests that the
Cl- ions enforce m-backbonding from the Cu* to the m-acid CO ligand through electron donation.3%40
Therefore, we expected that the addition of Cl- ligands to the Cu* complex increases the CO binding
affinity. However, our DFT calculations show a different trend (Table 1). Cu?* species are expected to

have negligible CO affinity (K%, < 1) compared to Cu* species.!3

Table 1: Gibbs free energy change in ki mol* from coordination of 1%t to 4t CO ligands to different Cu* chloride complexes

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1stCO 2" CO 3 CO 4t CO
cu* -94 -83 -36 -21
CuCl -106 -11 -3
CuCly -7 8
CuCls* -2

All cuprous chloride complexes have a binding affinity for CO as illustrated by the negative change in

Open Access Article. Published on 10 April 2026. Downloaded on 4/10/2026 10:51:29 PM.

Gibbs free energy (except CuCl,-CO with a second CO). For the effect of chloride ligands, only CuCl

(cc)

shows a more negative AG for binding of a single CO compared to Cu*. In any other case, the addition

of a Cl- ligand lowers the affinity to bind CO.

Separating the different contributions to the AG through orbital analysis confirms that m-backbonding
does increase with increasing Cl- coordination, but other effects such as geometric and electrostatic
effects dominate the overall affinity (SI-4).1® The single chloride ligand in CuCl allows for the
coordination of a CO without reorganisation of the ligands and the maintained linear geometry
facilitates a linear path for the electron pushing of the chloride ligand to the m-accepting CO ligand

(Figure 4). This results in a more favourable CO binding for CuCl compared to Cu*. For higher chloride
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complexes such as CuCl,, the coordination of a CO requires reorganisation from a Iinear&;qmgg@é@ﬁi
a trigonal geometry, introducing an energy cost. Additionally, the electron donation from the two
chloride ligands is at an angle, which gives less of an energy gain compared to the linear single chloride

ligand. Thus, the DFT calculations show that cuprous chloride complexes bind CO, with CuCl having

Journal of Materials Chemistry A

the strongest binding to CO and any more chloride ligands resulting in weaker binding.

Cu* CuCl CuCl, CuCl,;*>
. Cl- /CI'
-8 :E + + + \Cu+
=5 o Cu Cl'—Cu Cl-—Cu*—CI- |
4
2 E | Cr-
Linear Linear Trigonal planar
( ) ) rligand reorganisation‘ [ cl-
c g e pushing CI-\\C /CI- |
2% . P u Cu*
= O Cu*—CO Cl-—Cu—CO N -~ Cl-
5 S + cl-—/
© g co Cco
| J Linear Linear Trigonal planar Tetrahedral

Figure 4: Geometries of copper(l) chloride complexes with and without CO coordination. The blue arrows show electron
pushing for m-backbonding between Cu* and CO and the orange arrows show the reorganisation of ligand by introduction of

the CO ligand.

Electrolyte composition and copper chloride complexes

The DFT calculations have shown a difference in binding affinity of the various copper chloride species,
meaning that the actual binding affinity of a copper chloride solution will depend on the presence and
contribution of these different species. It is expected that the copper chloride species contribution
changes with total chloride concentration, which is also reflected in a visible colour change of the
solution from light blue to green upon increase of the Cl- concentration (Figure S6). We calculate the

expected composition of copper chloride solutions with Visual Minteq as function of the chloride

concentration and for different cations (Figure 5).
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Cu'Cu?*  Cu'Cu?  Cu'Cu  Cu'Cu¥  Cu'Cu® Cu'Cu?  Cu'Cu?  Cu'Cu?  Cu'Cu®  Cu'Cu®
HCI KCI NacCl CaCl, MgCl, HCI KCI NacCl CaCl, MgCl,

Figure 5: Copper chloride species contributions calculated by Visual Minteq. The effect of the total CI concentration on the
Cu* chloride species for a) KCl and b) CaCl, electrolytes with 0.1 M HCI. The total CI- concentration of the x-axis is the sum of
the CI ions from KCl/CaCl,, HCl and copper chlorides. The copper chloride species for different chloride salts at a CI
concentration of ¢) 1 M and d) 4 M, with additionally 0.1 M HCI, resulting in a total CI- concentration of 1.1 M and 4.1 M
respectively. For all simulations the copper concentration is 2.5 mM Cu* and 2.5 mM Cu?*.
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The species with the strongest CO binding (Cu* and CuCl) are only present in very low amounts (<0.05%

(cc)

and <4% respectively) at ClI- concentration > 0.1 M and, as expected, the contribution of the higher
coordinated cuprous chloride species increases with chloride concentration (Figure 5a and b).
Combined with the estimated binding affinity of the different cuprous chloride species from DFT, this
would mean that the binding affinity of a copper chloride solution will decrease with chloride
concentration. The cation type does affect the composition, especially at the higher chloride
concentrations (Figure 5c and d). This can largely be attributed to the different Cl- activity of the

electrolytes (SI-6) caused by the different solution environment and interactions with the
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counterion.*#2 The DFT calculations and expected compositions of the electrolyte suggest that

CO binding could be strongest when the lower coordinated CuCl species could be promoted.

Binding constant for different electrolyte compositions

With cyclic voltammetry measurements, we can measure the actual CO binding affinity of a solution
and estimate the effect of the electrolyte composition. Equation 8 describes how CO coordination to
Cu* will shift the redox couple’s potential as a function of the CO concentration. To determine the CO
binding constant for different copper chloride solutions, we measure this shift from the oxidation peak
at different CO partial pressures. Using this relation, worked out in SI-3 for CV processing, we fit the
data and estimate the CO binding constant of the carrier solution. An example of a CV measurement

and the fitting of the data is presented in Figure 6.

0.4
a) COin vol% 25mV s b) —@—data 25mVs’
o —0 8.09 — —fit (Kco = 4400 M )
£ —5
[&]
0.24{—10
<é —15 2.5
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c 50 %
3 3
' 1.5+
0 -0.2
5
o 1.0
_04 T T T T T T T
0.2 0.4 0.6 0.8 1.0 0 200 400 600
Potential in V vs NHE CO partial pressure in mbar

Figure 6: a) Cyclic voltammetry measurement of 2.5 mM CuCl and 2.5 mM CuCl; in 1.25 M CaCl, 0.03 M HCl electrolyte at 25
mV s, The gas flow rate is 2 ml mint with different CO concentrations, and the remaining gas is N2. b) The exponent of the
potential shift in the CV measurement plotted against the partial pressure of CO and the fit with Equation S34 to estimate
the binding constant (here 4400 M) by minimising the mean average error.

Figure 6a shows an anodic shift of the redox couple with CO concentration, indicating a stronger
binding affinity to the carrier’s lower oxidation state (Cu*). This shift is more prominent in the oxidation
peak than the reduction peak, which could be caused by slow CO coordination kinetics. That is, the CO
coordination during reduction is too slow to shift the reaction equilibrium towards reduction of Cu?*
to Cu*CO, while the Cu* had more time to interact with CO when it gets oxidised as Cu*CO to Cu?* and
CO. Fitting the shift of the oxidation peak with the CO partial pressure gives an estimated CO binding

constant of 4400 M (Figure 6b). Additionally, the peak currents decrease with CO concentration

Page 14 of 27
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which could be caused by slower kinetics of the redox reaction with CO.%3 For example, the axidatigfi;5 250
of Cu*CO might be slow because it requires ligand reorganisation or CO adsorption on the electrode

surface might affect the reactions kinetics.'343

The estimated binding constant for the different copper chloride solutions are combined in Figure 7.
For comparison, literature reports a binding constant of 1600 M for a 1 M KCl and 0.1M HCI
electrolyte, which compares well to our experimentally obtained value of 1800 + 600 M.'3 We also

observe that the binding constant for most other compositions is substantially higher, even up to 6000
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Figure 7: CO binding constant obtained from CV measurements (at 25 mV s*) for different electrolyte compositions plotted
against a) the Cl concentration and b) the CI- activity (obtained from Minteq). The faint CaCl; with Ca(NOs), data points
represent a control where the ionic strength is kept constant at 6 M by the additions of Ca(NOs); salt. The KCl and CaCl, data
points with an error bar are the average of 3 measurement series and the CaCl, with Ca(NO3s), with error bar is the average
of 2 measurement series. Other compositions without an error bar are based on a single measurement.
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Most electrolytes show a decrease in binding constant with ClI- concentration or activity, except for
KCI. The decrease in binding affinity with ClI- concentration was indeed predicted from our DFT
calculations. Of all electrolytes, KCl is the only electrolyte that breaks this trend, and even shows a
slight increase in binding constant when increasing its concentration from 1 M to 2.5 or 4 M. KCl also
shows the smallest change in copper species distribution between 1 and 4 M ClI- concentration (Figure
5): the CuCl; decreases from 67% to 49%, while for CaCl, it decreases from 56% to 15%. This might
contribute to the different trend of KCl with Cl- concentration, but it does not explain the slight

increase in binding constant with Cl- concentration. Still, the binding constant of the carrier solution
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with KCl electrolyte at higher chloride concentration remains lower than that of the CaClz electrolytg, 5 25 0¢

making the CaCl, the better electrolyte for electrochemical CO separation.

With increasing Cl- concentration, the overall ionic strength also increases. This can introduce salting-
out effects,***> which might affect the CO solubility and thus the estimated binding constant. Control
experiments with different Cl- concentration at the same ionic strength confirm the decrease in

binding constant with CI- concentration (SI-9).

To understand the difference between electrolytes we correlated the binding constants with the
different copper chloride species distributions, however, they do not seem to explain the observed
differences (SI-10). The copper species distribution generally follows the ClI- activity, and the binding
constant plotted against the CI- activity or copper species still shows differences between electrolyte
types (Figure S17). The total Cl- concentration, or the Cl- activity (Figure 7b), seems a better predictor

for the binding constant than the cuprous chloride complex speciation.

We further explored the influence of the cations on the Cu*-CO interaction from a theoretical
framework. Depending on the CI- concentration, we roughly see an increase in CO binding from KCl,
NaCl < HCI < MgCl;, < CaCl,. For a (non-electrochemical) CO absorption system using copper chloride
salts, an increase in CO uptake was observed from KCl < HCI < MgCl, and Johnsen et al. showed that
the addition of Lewis acids increases the CO coordination to a dinuclear Cu* complex.*¢%7 It is
suggested that Lewis acids stabilise the coordinated CO through interaction with the oxygen atom.*
With m-backbonding strengthening the coordination between CO and Cu*, an increasingly good n-
acceptor will complex stronger with Cu*.1° Interaction between the oxygen of CO and the Lewis acid
could increase the CO’s m-acidity by withdrawing electron density from the carbon. The Lewis acidity
and/or charge density of the cation increase with charge and decrease with volume of the cation (K*
< Na* < Ca?* < Mg?* < H*).%8 It seems that the Lewis acidity of the cations can partly explain the
differences in binding constant. However, a quantitative relation between charge density, Cl- activity

and/or cation activity has not been found.
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The CI- concentrations plotted in Figure 7 (1 to 4 M) allowed for Kco determination throygh the $hift, s %0
of the oxidation peak potential with CO concentration. We also attempted to measure the binding
constant at even lower Cl- concentrations, as it is expected to have stronger CO binding, but the
seemingly appearing of a second peak complicates the system (SI-11). This could imply that perhaps
at all CI- concentrations the change of the CV with CO is not necessarily a shift of the peak, but perhaps
the splitting of the Cu* oxidation into two nearby peaks (SI-12). Each copper chloride complex is

expected to have a unique redox potential, depending on CI-and CO coordination. The overall Cu*/Cu?*

redox potential should be a weighted average in the case of equilibration between the species.3?

Stability window for different electrolyte solutions

The chloride concentration will not only affect the CO binding affinity but also plays a role for the
stability of the activated carrier (Cu*). For practical application, the carrier concentration and its
stability will be important to maintain a high CO capacity of the electrochemical separation process.
Figure 8 presents the effect of Cl- concentration and electrolyte on the Cu®/Cu* and Cu*/Cu?* redox

potentials.
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Figure 8: The effect of CI ions on the electrochemical Cu* potential window (under N, atmosphere). a) Cyclic voltammetry
curves at a scan rate of 50 mV s for the different CaCl, solution compositions used for the Kco determination. b) Half-wave
potential of the Cu®/Cu* and Cu*/Cu?* reactions obtained from the CV curves at the different CI- concentrations for KCl, CaCl,
and HCl electrolytes. The solutions for a) and b) consist of 10 mM copper ions, 0.03 M HCl, and the electrolyte at the different
CI- concentrations (0, 0.1, 1.0, 2.5 and 4 M). c) Peak potentials of the copper oxidation and reduction reactions as a function
of the Cl'/Cu ratio (left y-axis) and in the background, CV curves for 1:1 and 80:1 Cl-/Cu ratio (right y-axis). d) Copper oxidation
state diagram as a function of potential and CI concentration at log scale. The solutions for c) and d) consist of 10 mM CuSO4
and different concentrations of KCl and K>SO, to vary the CI- concentration while keeping the conductivity similar (SI-13).

Figure 8a and b show the CVs and half-wave potentials (E;/.) of the electrolyte solution compositions
used to determine Kco (for CaCl,, KCl and HCI). The peaks at more negative potentials represent the
Cu®/Cu* redox couple and the peaks at more positive potentials represent the Cu*/Cu?* redox couple.
Clearly, increased Cl- concentration results in a larger separation of the Cu®/Cu* and Cu*/Cu?* redox
potentials. This increased separation of the two redox reactions allows for the formation of Cu* and
ensures a larger potential window for stabilised Cu* species, which are the active species for CO
capture. There is no large difference between different cations, except for a slightly more negative
Cu®/Cut* potential for HCI (Figure 8b). This confirms that the Cu* stability window is determined by the

Cl- concentration and hardly affected by the cation type.
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To rule out the effect of ionic strength and electrical conductivity, we performed the same exeteise s o
with supporting electrolyte (K,SO,) to vary the Cl-/Cu ratio while maintaining the ionic strength and
conductivity (Figure 8c and d). If no Cl-is present, only one oxidation and reduction peak is observed,
corresponding to the two-electron Cu®/Cu? redox reaction (Figure 8c). With increasing CI
concentration, these peaks separate into two one-electron redox couples (Cu®/Cu* and Cu*/Cu?*) and

allow for a stable Cu* potential window. This is translated into a copper oxidations state diagram in

Figure 8d.

The shift of the redox couples with Cl- concentration can be explained by the different copper chloride
species at those concentrations (CuCl,;, CuCls, Cu?*, CuCl* etc.). Each of the copper species will have
a different redox potential for Cu®/Cu* and Cu*/Cu?* redox reactions and the observed redox potential

will be a weighted average of the redox couples.384°

As stability of Cut at higher copper concentrations is important for application, we need to distinguish
whether absolute ClI- concentration or Cl-/Cu ratio is determining for the stability. At high CI-
concentrations, the species distributions obtained from Visual Minteq show minimal effect of total

copper concentration (Figure S11). CV measurements with a 10 times higher copper concentration

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

show a small shift for the Cu®/Cu* peak towards more positive potentials (Figure S21), which would
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decrease the Cu* stability window. However, compared to the dilute copper solutions in Figure 8b, the

(cc)

Cu* stability window is more similar for the same CI- concentration than the same Cl-/Cu ratio. Thus, it
is expected to have a slight decrease in Cu* stability window at higher copper concentrations, but the
absolute CI- concentration seems to be decisive rather than the Cl-/Cu ratio.*® This would allow the

increase of carrier concentration at high Cl- concentration.

Capture and release of CO

To verify the effect of the binding constant in a cyclic process, capture and release experiments were
performed for three of the different binding constants (1M KCI with 1800 M-, 1M HCI with 5300 M-%,

and 0.5M CaCl, with 5500 M-%). The CO concentration profiles are presented in Figure 9.
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Figure 9: CO concentration profiles during a) capture and b) release of CO for three electrolyte solutions: 1 M KCl, 1 M HCl,
0.5 M CaCl, with 0.03 M HCI, 10 mM CuCl and 10 mM CuCl,. The grey dotted lines represent the estimated baselines from GC
values before and after the experiment. The t = 0 represents the start of reduction in a) and the start of oxidation in b). These
are the results for experiments using Method 1.

Upon reduction of the carrier material, the CO profile clearly shows a decrease in CO concentration
due to binding of CO to the Cu* carrier (Figure 9a). Subsequently, an increase in CO concentration
upon oxidation to Cu?* indicates release of the previously captured CO (Figure 9b). In both cases, the
CO concentration slowly returns to the baseline as the carrier solution reaches saturation. A higher
binding constant should naturally result in more capture of CO through a higher CO capacity. The CV
determined and experimental values are presented in Table 2. Method 1 represents an experiment
with the same constant potential relative to the reference electrode for all carrier solutions. Similar
results are obtained when the potential is dependent on the open circuit potential (Method 2, see SI-
16).

Table 2: Theoretical and experimental values for CO capacity and carrier utilisation of a 20 mM copper chloride solution.
Method 1 uses the same reduction and oxidation potentials for each carrier solution (0 and 0.7 V respectively) and Method 2
uses the same change in potential from the measured OCP (OCP — 0.35 V for reduction).

1.0 M KCI 1.0 M HCI 0.5 M CaCl;
E Keo (M) 1850 5350 5500
€
E CO capacity (mL) 1.2 2.9 3.0
3
3 Cu utilisation (%) 9 22 22
Rel CO capacity (mL) 1.23 1.52 1.43
2 .
(]
= Cu utilisation (%) 9.2 11.3 10.6
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Here we observe that the expected increase in CO capture efficiency for electrolytes with higher
binding constants does not materialize. Only the captured amount of CO for 1 M KCl agrees well with
the estimated binding constant for both methods (Table 2). Although HCl and CaCl, have a higher CO
capacity than KCI, the difference is substantially smaller than what the estimated Kco predicts. With
all CO capacities being similar, it seems something else is determining the measured CO capacity in

these experiments or counteract the benefit of a higher binding constant.

Although we are not sure why the CO separation in cyclic mode is only mildly dependent on the
binding constant, we should consider that the nature of the electrolyte can affect other gas interaction
properties.**>152 However, salting-out effects, although stronger for divalent cations than for
monovalent cations,*3** cannot explain the deviation of the capture capacity from the estimated Kco.
If anything, salting-out effects during the CV measurements could underestimate the CO binding

constant.

The different copper concentrations for the CV and absorption measurements or the possible

formation of other Cu*-CO complexes do not seem to explain the discrepancy between the estimated

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Kco and measured CO capacity either (SI-16). Refitting for (Cu*),CO or Cu*(CO), would give a too high
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or too low CO capacity compared to our results, respectively. Furthermore, our CV measurements do

(cc)

not support the formation of (Cu*),CO or Cu*(CO); but suggest the binding of a single terminal CO

(Cu*CO) (SI-3).

Something that does play a role in the discrepancy between the expected and measured Cu utilization
and CO capacity is the inaccuracy in baseline determination. The slow capture (over 5+ hours) and
thus small CO concentration change measured in the GC, makes that the set baseline strongly affects
the calculated accumulated amount. The baseline is set to the best of our estimation from the GC

values before and after the experiment when feeding the CO containing gas without capture or
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release. However, we note a high sensitivity to the set baseline with a change of 0.01 vo|% for the COF S 27 n

baseline giving an increase in captured CO of 30-40%.

Furthermore, the slow capture and release are partly due to poor mass transport inside the H-cell.
Moving to an electrochemical flow cell and separate absorption units (e.g. membrane contactors) can
improve the CO sorption and desorption rates through increased carrier activation (current density)
and gas-liquid contact. The high binding constants of the electro-active carrier could offer competitive

selectivity to commercial CO/N; adsorbents* and high capacity when fully utilised.

Conclusion

Finding an electro-active carrier with a high binding constant to CO could offer a selective and energy-
efficient solution to separate CO from N,. Copper chlorides have demonstrated high binding affinity
to CO, but further exploration and understanding of the binding interaction could lead to
improvements in separation performance. We have investigated the effect of electrolyte
compositions on the CO binding affinity of an electro-active copper chloride carrier. Cyclic
voltammetry measurements estimate the binding constant from the potential shift induced by CO
coordination. A comparison of different electrolyte types (KCl, NaCl, HCI, CaCl,, and MgCl,) and CI-
concentrations (1, 2.5, and 4 M), resulted in different binding constants ranging from 1800 to 6000 M-
1, Generally, the binding constant decreases with increasing Cl- concentration. This is also supported
by computational data as the higher-coordinated chloride complexes have weaker binding with CO
due to geometrical effects. We observe a difference in binding constant among electrolyte types,
which partly follows the Lewis acidity of the cations. We propose that interactions between the cation
and the O of the CO ligand can strengthen the m-backbonding between Cu* and CO. The CO capture
capacity of KCl agrees with the estimated binding constant, but the other two electrolytes with higher
binding constant (HCI, CaCl,) do not show the expected increase in CO capture. Besides binding
constant, carrier concentration and stability are determining for the CO separation performance, such

as selectivity. High CI- concentrations will be necessary to stabilise Cu* and allow high carrier
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concentrations to increase the CO capacity and selectivity of the system. This reveals a trade:off; 5 250c
between the CO binding constant and stability of the copper chloride carrier with the CI-
concentration. Further research into the carrier material could explore other ligands to stabilise Cu*
while maintaining its CO binding affinity (e.g acetonitrile, ammonia or cyclam). All in all, to develop an

efficient electrochemical separation method for CO/N,, the carrier and electrolyte selection requires

considerations of the binding constant, stability and carrier solubility.
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