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SI-1 Binding constant to selectivity and capacity utilisation

The binding constant can be used to find a theoretical upper limit to the selectivity and capacity
utilisation. For a system where Cu® is the carrier and CO is the ligand Equation S1, S2 and S3
describe the relation for the binding constant (Kco), the dissolved CO concentration and the total
Cu’ concentration. Binding of a single CO to Cu® is assumed.

__ [cutco]
Keo = fcumiicol (51)
[COT = Heo  Peo (S2)
[Cut]ior = [Cut] + [CutCO] (S3)

Here, Heo is the Henry constant for CO in water (0.00095 M bar™), Pco is the partial pressure of CO
(bar) and [X] represents the concentration of X (M). Combining the three equations gives an
expression for the Cu*CO concentration (Equation S4).

. + . .
[Cu*CO] = Kco'[CuTltotHeco Pco (S4)
1+Kco'HcoPco

The capacity utilisation is expressed as the fraction of carrier that actually carries a CO (Equation
S5).

. .. [cutcol _ Kco'HcoPco
Capacity utilisation = Calo: = TrKeoHeo Peg (S5)
The sorbent solution with activated carrier has the following solubility of CO and Na:
_ ) Kco'[Cutltor'Hco Pco
[COltor = Heo * Peo + 1+Keo-Heg P (S6)
[N2]tor = HN2 'PN2 (S7)

The N, concentration is from N, dissolution in the solvent following Henry’s law, while the CO
concentration is both the dissolution and the chemical absorption to the carrier. The uptake ratio
is the ratio of the total CO concentration over the total N, concentration (Equation S8) and is
presented as a function of Keo in Figure S1 at different CO partial pressures.

. Teut
Uptake ratio = [COltor _ Hco'Pco ( Kco'[CuTleot ) (S8)

[N2ltor  Hn,'Ph, 1+Kco'Hco'Pco

The solution’s affinity or selectivity (a) can be expressed as the normalized ratio of the effective

solubilities:’
[CO]tot/Pco _ Hco Kco'[Cutlior
— — Heo _fco'ltU ltor S9
[N2leoc/PN,  Hn, ( 1+Kco'Hco'Pco) (59)

The solution’s selectivity is the ratio of the Henry’s constants with an additional term from the
added CO solubility introduced by the carrier. This term includes the binding constant, total
carrier concentration and the partial pressure of CO. With increasing partial pressure of CO this
term becomes less important for the selectivity due to saturation of the carrier. Thus the
selectivity will decrease to ratio of the Henry constants while the uptake ratio increases due to
higher dissolution of CO compared to N,.
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Figure S1: Uptake ratio defined as the total amount of CO dissolved divided by the total amount of N dissolved inside
the activated carrier solution with a carrier concentration of 0.17M and an assumed total pressure of 1 bar.

SI-2 Derivation of effect of CO equilibrium on Nernst equation

Starting from the Nernst equation for Cu* and Cu?* and the CO-carrier equilibrium constant (Equation
S$10,S11 and S12).

— 7 0r E [Cu2+]

E=E"+%n () (510)
1 _ lcutco]

KCO - [cu*][co] (81 1)
n _ [cu?*co]

KCO - [cu2+][co] (812)

Here, E is the equilibrium potential (V vs ref), R is the gas constant (8.3145 J mol™ K"), T is
temperature (K), n is the number of electrons, F is the Faraday constant (96485 C mol”), [X] is the
concentration of X, and K/, and KL, are the binding constants between CO and Cu* or Cu*

respectively (M").

These binding constants between CO and Cu* (K.,) and CO and Cu? (KZL) will affect the
concentration ratio term in the Nernst equation, as the total concentration of Cu® species and
Cu* species in solution is described by:

[Cut]sor = [Cut] + [CutCO] = [Cut] + K}, - [CO] - [Cut] (S13)
[Cu?*]sor = [Cu?t] + [Cu?tCO] = [Cu?*] + K& - [CO] - [Cu?™] (S14)

Rewriting Equation S13 and S14 to expressions of [Cu*] and [Cu*] and substituting them in the
Nernst equation gives an expression for the Nernst equation of the Cu*/Cu? redox couple in the

presence of CO.



co — por 4 BTy (1+kegleol) o kT (100"
E™=E"+ nF In (1+ Ké{,-[co]) + nF In ([Cu+]m (S15)
Subtracting the equilibrium potential under N, (Equation S10) from the equilibrium potential
under CO (Equation S15) shows the expected shift of potential with CO concentration as a
function of the CO binding constants (Equation S16).

I .
AE = ECO _ gN2 — BT (M) (S16)
nF 1+ Kgg'[CO]

Derivation from Gibbs free energy

When a system is at equilibrium (KG = 0), the standard Gibbs free energy change (AG°) describes the
equilibrium constant (K).

AG = AG® + RTIn(Q) (517)
AG® = —RTIn(K) (S18)

Here, Q is the reaction quotient of a chemical equilibrium reaction. These equations are also the basis
for the Nernst equation as the Gibbs free energy is related to the potential (E).

AG = —nFE (S19)
Combining Equation S17 with S19 gives the Nernst equation:

_ por 4 RT
E=E"+ = In (Q) (S20)

When we look at the redox reaction of Cu?'/Cu* and the equilibrium reactions between CO and
Cu?* and Cu* we can express the effect of CO binding on the equilibrium potential.

Cu*t+e” & Cu* rxn1
2 Kto .,
Cu®*t + CO < Cu?*Co rxn2
Kéo
Cut +CO—Cu*tCco rxn3
Cu?*C0+ e~ & Cutco rxnd

Reaction 1 and 4 are the electrochemical equilibrium reactions between Cu* and Cu?* with and
without CO coordination. Reaction 2 and 3 describe the equilibrium between CO and Cu* and
Cu’, respectively. If the binding of CO is favoured for one of the oxidation states, it will pull the
equilibrium towards that side of the reaction, which will be represented in the equilibrium
potential (Figure S2). Reaction 4 can be obtained by combining reaction 1, 2 and 3:

AGY = AGY — AGY + AGY (S21)

Substituting Equation S18 into S21 for the CO equilibria gives:

11
AGY = AG{ + RTIn(Kly) — RTIn(Klo) = AGY + RTln (%) (S22)

co



Now using Equation S19 to describe the standard Gibbs free energy changes as standard
reduction potentials gives:

0 _ g0 4 RT ) (Kio
E; =E; + F In (Ké’o) (S23)
This expresses the change in the standard redox potential of the Cu®*/Cu* redox by the binding of

CO. This can also be obtained by starting from the Nernst equations and the expression of the

binding constant.

Ecuor et = Bl e + ot (125]) (S24)
Ecyz+co/cutco = ESIILZJ'CO/CuJ'CO + %ln (%) (S25)
Kéo = % (S26)
Ko = % (S27)

Rewriting S26 and S27 to get an expression for [Cu?*] and [Cu*] and substituting this in Equation
S24 gives a Nernst equation for the CO-bound Cu?*CO/Cu*CO:

[cu?*tco]
_ 0 RT Kgolcol \ _ Lo RT, (Kio\ , RT [cu?*co]
Ecu+coscurco = Ecuz+jcur +7p 0| Tl | = Ecuzeycut T3 M \RT ) + 2r 10 Ucarcar ) (528)
kL, lcol

If the Nernst Equation of the CO-bound Cu?*CO/Cu*CO is described by Equation S25, then this
gives the same relation between the standard potentials as described in S23:

or 07 RT KL
Ecuz+coscutco = Ecurtjcut T <KTZIZ) (S29)

Both expression S24 and S28 can be rewritten to obtain an expression of the shift in potential as
a function of CO concentration as shown in the main text by introducing the total concentration
of Cu* and Cu?".

or
” Ecyzt jou+ . o RT [(Cu?**
CO + Cu + e o m— Cu + CO Ecuztjcur = Ecyze o+ + ﬁln Cut
T
11 I 0 _ 0 RT  (K¢o
KCO Il Il KCO Ec:;“/Cu+ = ECl’L“CO/Cu*‘CO + ﬁ]n Ké’o
or
Ecuztcoscutco RT (Cu®**CO
- — or
Cu?-CO + e _— Cu*-CO Ecuz+coseutco = Ecuztcoscurco t pIn ( Cutco )

Figure S2: 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 KLL).



SI-3 Data processing CV measurements

The relation between the shift in potential and the CO concentration can be used to estimate the
binding constant between the carrier and CO. 2°

AE = %m (1+ Ko - [CO) (S30)
Here AE is the shift in potential (V), R is the gas constant (8.3145 ) mol™ K'), Tis the temperature
(K), n is the number of electrons, F is the Faraday constant (94658 C mol”) and Kco is the binding
constant between CO and Cu® in our case, assuming a single terminal CO ligand. The equation
can be expressed in a form that allows us to obtain the binding constant from the slope of a linear

curve.
F
Keo Heo - Peo = exp (5 AE) — 1 (S31)

Plotting the exp(nfAE)-1 against the partial pressure (Pco) should result in a linear line with slope
being the product of the binding constant and Henry constant (Hco). Equation S31 describes the
shift in potential compared to the potential in the absence of CO. However, the first CO step (5
vol%) would typically show a disproportionate shift compared to the other points. This could
potentially be caused by shifting of the reference electrode in the presence of CO. Therefore,
Equation S31 was rewritten to omit the 0 CO data point for the estimation of Kco.

F
Kco " Heo " Peoi +1 =exp (:_T (Eco,i — ENZ)) (S32)

F
KCO ) HCO ) PCO,j + 1= exp (:_T (Eco‘j - ENZ)) (833)

Equation S32 and S33 is relation S31 at two different partial pressures of CO, Pco; and Pco),
resulting in different shifts, Eco; and Ecoj, respectively. The two equations can be divided by each
other to get an equation that describes the shift between two CO partial pressures.

Kco'Hco'Pcoitl nF
000 — = exp(—(Eco,i — Eco,j) (S34)
KCO'HCO'PCO,]'+1 RT ’ ,

We used the scan at the first CO concentration (5 vol%) as the new base point (Pco; and Ecoj) and
calculated the shift against this concentration for the other concentrations (10-50 vol%). Plotting
the exponent term (right term Equation S34) as a function of the partial pressure of CO gives a
linear curve. This can then be fit by a line representing the binding constant term (left term
Equation S34). Using data solver in excel, this line can be fit by minimising the mean absolute
error between the data points and the Ko fit, resulting in a value for K¢o (Figure 3b).
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Figure 3: a) Cyclic voltammetry measurement of 2.5 mM CuCland 2.5mM CuClzin 1.25 M CaCl2 0.03 M HCl electrolyte
at 25 mV s, The gas flow rate is 2 ml min™ with different CO concentrations and the remaining gas is Nz. b) The shift of
the CV measurement plotted against the partial pressure of CO and a fit to minimize the mean average error resulting
in a binding constant of 4400 M. This figure is Figure 6 in the main text.

Our CV scans shift anodically (to more positive potentials) with CO concentration. However, the
shape of the CV scans differ between the electrolyte solutions and some electrolyte solutions
have no clear reduction peak (e.g. HCl) (SI-8). As a result, it is impractical to use the half-wave
potential to calculate the potential shift. Instead, we used the oxidation peak shift to estimate the
binding constant.

The scan rate of the CV measurement needs to be considered with this method. Figure S4 shows
the fit of the potential shift in the exponent term with CO concentration at different scan rates.
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Figure S4: Fit of the potential shift with CO concentration for different CV scan rates for a solution with 2.5 mM CuCl,
2.5mM CuCl,, 1.25 M CaClz, and 0.03 M HCL.

With increasing scan rate the shift becomes larger, which cause a steeper slope and this would
translate into a larger binding constant. As the CV measurements become less reversible with
higher scan rate, we consider the lower scan rates to be more representative. The lower scan rate
also provides the system more time to find its equilibrium, both for the redox reaction and the CO
coordination. Another consideration with scan rate, is that a slow scan rate will result in more



conversion of Cu to Cu* or Cu? near the electrode and this will consume more CO. Therefore, the
actual CO concentration experienced near the electrode might be lower than expected. An
excess of CO is beneficial to this method to maintain a controlled CO concentration. However,
due to the low Henry constant for CO in water, this might not be the case in our system, especially
at low CO partial pressures.

The coordination of one terminal CO ligand was assumed in the previous derivation and shows a
good fit. Other complexes that could be formed are (Cu*),CO and Cu*(CO),. This would result in
a different relation between the shift, CO concentration and binding constant. Figure S5 shows
the fit for each of the possible complexes and shows that Cu*CO is indeed the best fit.
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Figure S5: Fit of the potential shift with CO concentration assuming the formation of a) (Cu*)-CO, b) Cu*CO, and c)
Cu*(CO)2. The solution consists of 2.5 mM CuCl, 2.5 mM CuClz, 1.25 M CaClz, and 0.03 M HCL.

(Cu™)2,CO and Cu*(CO), require fitting with Equation S35 and S36, respectively.

2
Kco'(Hco'Pco,i) +1 —
Kco'(Hco'Pco,j)z"'l

F
exp (:_T (Eco,i — ECO,j)) (S35)

1+8Kco'Hco'P [cut -1
PCO,i_\} co*Hco'Pco,j'[Cut]ior

nF
= exp (_ Eco,i = Eco,j ) (S36)
Feos \/1+8KCO'HCO'PCO,i'[Cu+]tot_1 RT ( ' ])
Both do not fit the straight line of the data and require very high K¢o to be close to the data values

(Kco = 7.10° M7). It is not visible in the data if the formation of different carrier-CO complexes
happens at slower timescales than the CV measurements.

SI-4 DFT calculations

Orbital analysis (ETS-NOCV) was used to obtain the different orbital energies and distinguish
different contributions to the overall binding affinity. Table S1 shows an overview of the Gibbs free
energy, enthalpy, orbital energies and CO wavenumber (free CO =2191.36 cm™).



Table S1: Changes in energy upon binding of CO obtained from DFT calculation with orbital analysis (ETS-NOCV). The
table includes changes in Gibbs free energy (AG), enthalpy (AH), the complex’total orbital energy (Eomwitais), Sigma-orbital
energy (Esigma), pi-orbital energy (Epi) and remaining orbitals energy (Erest) in k) mol” and CO wavenumber (vco) in cm’

CuCl-CO CuCl, - CO CuCl,* - CO
AG (k) mol™) 106 7 2
AH (k) mol™) 149 -40 46
Eorbitats (k) Mol 181 -230 244
Eqigma (k) mol™) -69 78 -53
E,: (k) mol™) -81 104 154
Erest (k) mol™) -31 -49 -37
Veo (cm™) 2201 2108 1998

Although the CO binding becomes less strong with increasing chloride coordination (change in
Gibbs free energy becomes less negative), the energy of the complex’ orbitals becomes more
negative with chloride coordination. Especially the mt-orbital’s energy shows a decreasing trend
with chloride coordination, suggesting that chloride ligands enhance m-backbonding. The
stronger t-backbonding with chloride ligands is also reflected in a decreasing CO wavenumber,
as pi-backdonation to the antibonding m-orbital should weaken the C-O bond.® The decrease in
overall binding affinity (Gibbs free energy) is then explained by other factors such as geometrical
and electrostatic effects as explained in the main text.

SI-5 Copper chloride solutions

Figure S6 shows pictures of the copper chloride solutions at different chloride concentration for
KCl, CaCl, and HCL. At the lowest chloride concentrations (0.03M HCL), the CuCl and CuCl,
mixture has a light blue colour. With increasing chloride concentration, the solution becomes
more green.’” For KCL, the solution was turbid at 4.0 M and slightly at 2.5 M.

a) KClI b) CaCl,

w_

0.00M 0.05M 050M 1.25M 2.00M

c) HCI d) 4M CI- ions

KCI

Figure S6: Pictures of copper chloride solutions at different chloride concentrations for a) KCl, b) CaClz, and c) HCl
electrolytes. All solutions contain 0.05 M CuCl, 0.05 M CuClz and 0.03 M HCl next to the added electrolytes (KCl, CaClz
and HCl at the mentioned concentration. d) The solutions at the highest chloride concentration 4 M Cl for the different
chloride salts.



At the lower chloride concentrations (0, 0.1 and 1.0M) solid deposits were visible at the bottom,
most likely due to supersaturation of CuCl at these Cu* and Cl concentrations (Figure S7).

CaCl,

0.00 M 0.05 M 0.50 M

Figure S7: Pictures of the white deposits formed at the lower chloride concentrations. The solutions consist of 0.05 M
CuCl, 0.05 M CuCl3, 0.03 M HCI, and the indicated concentration of CaCl.

SI-6 Composition of copper chloride solutions — Visual Minteq

The composition of different copper chloride solutions was calculated by Visual Minteq. Figure
S8 shows the free chloride concentration and chloride activity as a function of total chloride
concentration.
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Figure S8: a) Free Cl concentration and b) Cl” activity as a function of Cl concentration for different electrolytes.

MgCl, shows a lower free Cl' concentration compared to the other chloride salts, due to the
presence of MgCl* besides Mg*. On the other hand, all chloride salts show different Cl activities,
especially at higher chloride concentrations. The Cl ions will experience a different environment
and have different interactions with the counterions for the different electrolytes, which becomes
more impactful at higher concentrations.®® Figure S9 shows the contribution of cupric chloride
species at different chloride concentrations for KCl and CaCl, electrolytes.
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Figure S9: Copper chloride species contributions calculated by Visual Minteq. The effect of the Cl concentration on
the Cu?* chloride species for a) KCl and b) CaClz electrolytes with 0.1 M HCL.

Similar to the cuprous chloride species contributions, Cu?* will coordinate more Cl ligands at
higher chloride concentration. In Figure S10, the same simulated solutions are presented, but
this time as a function of Cl" activity. The trends remain the same.
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Figure S10: Copper chloride species contributions calculated by Visual Minteq as function of Cl" activity. a) Cu* and b)
Cu?* chloride species in KCl electrolyte, and c) Cu* and d) Cu?* chloride species in CaClz. For all the simulations, the
solution consisted of 2.5 mM CuCl, 2.5 mM CuClz, 0.1M HCl and the varied electrolyte concentration.



At high chloride concentrations, the copper concentration does not affect the copper species

distribution as much as the chloride concentration (Figure S11).
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Figure S11: Copper chloride species contributions calculated by Visual Minteq as function of copper concentration for
a) Cu* chloride species and b) Cu?* chloride species. The simulated solutions consist of 2 M KCl, 0.2 M HCl and equal
amounts of CuCl and CuClz to make up the total copper concentration.

SI-7 UV/Vis copper chlorides in KCl

UV/vis spectroscopy was performed on CuCl and CuCl; in KCl electrolytes. With increasing KCl
concentration, a peak in the absorbance spectra starts to appear, for CuCl around 275 nm and
for CuCl, around 250 and at 4M a broad one at 300 nm (Figure S12).

For Cu® species, absorbance below 225 nm can be assigned to Cu?*, absorbance in the 240-275
nm region to CuCl’, absorbance in the 250-300 nm region is attributed to CuCl,, and absorbance
in the 340-420 nm to a combination of CuCls + CuCl,*.'° The spectra show an increase in highly
coordinated Cu® species with KCl concentration. The spectrum in water only shows absorbance
inthe Cu* region. For the KCl electrolytes, the blank shows absorbance at the lowest wavelength,
making it impossible to identify the Cu®>" absorbance. The spectra for 0.1 M and 1.0 M KCl suggest
the presence of CuCl* and 4.0 M KCl seems to be a combination of CuCl*, CuCl,, CuCl; and
CuCl,*. This is in accordance with the computational data (Figure S9).

Cu® has a poor stability in air which can complicate this measurement (Figure S13). Therefore, it
was important to immediately measure the sample after dissolution of CuCl (sample 1). Our
spectra of CuCl, shows the appearance of a peak at 230 and 275 nm with increasing KCl
concentration. These are associated with the CuCl,” and CuCls* species, respectively.” This is
again in agreement with our computational calculations as well as literature.” To look at the
stability of copper(l) chloride species, Figure S13 shows the spectra of CuCl over time (x10min
between 1 and 3). The spectra slightly change with time, with the peak intensity of the CuCl, and
CuCl;* decreasing in 1.0 M KCl and a peak at 325 nm appearingin 4.0 M KCL.



CuCl CuCl,
a) 15 b) 15
—™H 0 —-H 0
—0.1 M KCI —0.1 M KCI
< 1.0 M KCI < 1.0 M KCI
<10l 40MKCl | 2] 4.0 MKCI
(] ()]
(&) (&)
[ [
(v ®
0 o]
50.5- 50.5-
n n \
< <
0.0 - 0.0 N
200 250 300 350 400 200 250 300 350 400
Wavelength in nm Wavelength in nm
1.0 M KCI 4.0 M KCI
c) 15 d) 15
—aBlank ——Blank
——CuCl ——CuCl
< CuCl,| / cucl,
£ 10/ 101
(] ()]
(&) [&]
C C
® [v]
£ £
50.5- 50.5-
n n
0 o]
< <
0.0 . 001
200 250 300 350 400 200 250 300 350 400

Figure S12: UV/vis spectra fora) 0.5 mM CuClorb) 0.5 mM CuClz in water and KCl electrolytes (0.1, 1.0, and 4.0 M). The
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Wavelength in nm

Wavelength in nm

4.0 M KCI - CuCl
b) 1.5
blank

f ——sample 1
< \\ sample 2
c \ sample 3
.= 1.0 \
g \
c / ‘
@©
e /
50.5- \/
[0}
o]
<

0.0+

solution, meaning sample 3 has been exposed to air for longer.

200

250 300 350 400

Wavelength in nm




SI-8 Cyclic voltammetry copper chlorides

Figure S14 shows a couple of examples of the CV measurements for the different electrolyte
solutions (1.0 M HCL, 0.5 M MgCl,, 1.25 M CaCl, and 4.0 M KCLl). The shapes can be very different
for the different electrolytes. Notably in 1.0 M HCL, there is no clear reduction peak. Additionally,
for 0.5 M MgCl, the reduction peak becomes less defined with high CO concentration. In both
cases it would be difficult to read a reduction peak potential. Therefore, instead of half-wave
potential shift, which requires a reduction peak potential, the oxidation peak potential shift is
used for the Ko determination.
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Figure S14: Examples of CV measurements for different electrolyte solutions at a scan rate of 25 mV s™. The electrolyte
solutions consisted of 2.5 mM CuCl, 2.5 mM CuClz, 0.03 M HCland a) 1.0 M HCL, b) 0.5 M MgClz, c) 1.25 M CaClz, or d)
4.0 M KCL. The gas flow rate was 2 mL min™ with different CO concentrations and the remaining gas is N2. The dotted
line is the CV curve under Nz environment after the CO curves.

Figure S14 also shows a CV curve under N, after the system has experienced all the CO
concentrations (black dotted line). In all cases, the N, curve will shift back to more negative
potentials, but not always completely restores to its original shape. The oxidation peak might
completely return (0.5 M MgCL,) or stay a bit more positive and lower in current density (1.25 M
CaCl,). This could be anindication of reversibility of the CO binding to the carrier. In all cases, the
reduction peak seems unchanged from the last CO concentration. The decrease in reduction



current density with CO concentration and it not restoring after returning to N, could be because
of CO adsorption on the electrode surface inhibiting the redox reaction.

SI-9 lonic strength control experiment

To confirm the effect of Cl' concentration independent of the total ionic strength, control
experiments were performed with CaCl, and Ca(NQOs), (Figure S15). Ideally, the saltto add has the
same cation and a non-coordinating anion, to prevent other interactions of affecting the CO
binding constant. Unfortunately, Ca(ClO,), did not seem to be compatible with our reference
electrodes, leaving Ca(NOs), as the best option.'>"
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Figure S15: CO binding constant obtained from CV measurements (25 mV s) for CaCl: electrolyte solutions plotted
against a) the Cl concentration and b) the Cl activity. The faint CaCl; with Ca(NQOs3)2 data points represent a control
where the ionic strength is kept constant at 6 M by the additions of Ca(NQOz3); salt.

Figure S15 shows a decrease in binding constant with Cl' concentration for the two data points
with the same ionic strength. Thus, the Cl' concentration does affect the binding affinity of the
copper carrier. However, the addition of Ca(NO3), to increase the ionic strength has also affected
the binding constant as the binding constant is lower than the same CaCl, concentration without
Ca(NOs), (Figure S15a). The binding constant at 1 M Cl' seems to fallin line with the activity trend,
but the value at 2.5 M Cl is a lot lower also on the activity scale (Figure S15b). Although, the NO3’
should be weakly coordinated to copper ions, it might still affect the interactions with the copper
ions."™



SI-10 CO binding constant with copper chloride species

To explain the differences in CO binding constant between the different electrolyte solutions we

looked at the solution compositions as predicted by Visual Minteq (Figure S16).
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For the different copper(ll) species (Figure S16a, c, e, and g), most show a linear trend with Cl
activity, meaning that we do not expect a different trend when plotting the Ko against these
species compared to the Cl activity. That leaves only CuCl" as a potential copper species that
could explain differences between electrolytes. For the copper(l) species (Figure S16b, d and f),
CuCl(aq) was shown to be the species with the strongest CO affinity making it an interesting
species to search for a trend. Atthe same time CuCl(aq) has such a low contribution (< 0.5%) that
the remaining two species together (CuCl, and CuCl;*) make up the 100% and thus we can plot
one of them to see on the x-axis to see a possible trend. We chose CuCl;".

Figure S17 shows the Kco plotted against the three species — Cu'Cl, Cu'Cl, and Cu"Cl'. However,
they do not show a clear trend that explains the differences between the different electrolyte
types.
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Figure S17: CO binding constant for different electrolyte solutions plotted against a) the contribution of CuCl(aq) of the
Cu* species, b) the contribution of CuClz of the Cu?* species, and c) the contribution of CuClz of the Cu* species for
those solutions as calculated from Visual Minteq.



SI-11 CO binding at lower Cl concentrations

In the main text, the Kco has been determined for electrolyte solutions with Cl" concentrations of
1 M or higher. At these concentrations the copper(l) chloride species will be a mixture of CuCly
and CuCl*. Meng et al. show a transition of the Cu®/Cu* half-wave potential at different Cl
concentration, assigning CuCl at Cl concentration below 0.05 M, CuCl, between 0.05M and 0.5
M and CuCl;* above 0.5 M.* Our experiments in the main text are all at Cl- concentration above
0.5 M. We have also performed the same experiments at 0.1 M Cl, which falls in the CuCl; region
and could still have some CuCl present according to the computational calculations (Figure 5
main text). The cyclic voltammetry measurements at different CO concentrations are presented
in Figure S18.

0.1 M KCI 0.1 M HCI 0.1 M NaCl
a) , b) 21— c) ,
o COin vol% 25mV s o COin vol% 25mV s o~ COin vol% 25 mV s
§ 91, A § _?o § 0'27_(1)0
R \ - \ N
< 30 '\ < 20 < 30 / S
< 50 A ) c 00 50 / c 00750
z 00 - z / > ,
g g / 2 -02q
° 7 T -0.24 ° /
0.2 4 € <
g 7 g g -04
3 S 3 3
-0.4 T T T T T -0.4 T T T T T -0.6 T T T T
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Potential in V vs NHE Potential in V vs NHE Potential in V vs NHE
d 0.05 M CaCl, 0.05 M MgCl,
) o COin vol% 25mV s’ e) o~ COin vol% 25mV s’

€ 021—0 € 02{—0

) —10 A S —10

b 30 N g 30

c 00l 50 B c 50 N~ .

> / > 00 /"

‘@ 7]

) 5]

8-02 s,

3704 3

T T T T -0.4 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
Potential in V vs NHE Potential in V vs NHE

Figure S18: CV measurements for different electrolyte solutions at a scan rate of 25 mV s™. The electrolyte solutions
consisted of 2.5 mM CuCl, 2.5 mM CuClz, 0.03 M HCland a) 0.1 M KC(, b) 0.1 M HCL, c) 0.1 M NaCl, d) 0.05 M CaCl,
and e) 0.05 M MgCl. The gas flow rate was 2 mL min™ with different CO concentrations and the remaining gas is N.

Compared to the CV measurements at Cl' concentration of 1 M or higher, the curves show a
different behaviour with CO concentration. At first glance the peaks might seem to shift even
stronger, which was expected with lower Cl' concentrations. However, when trying to fit the shift
with the CO partial pressure to estimate the Kco, it does not give a linear line but what seems like
more of an exponential increase (Figure S19).
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Figure S19: Fit of the potential shift with CO concentration assuming the formation of Cu*(CQO)2 for a solution with 2.5
mM CuCl, 2.5 mM CuClz, 0.13 M HCL. The exponent of the shift is plotted against a) the CO partial pressure and b) the
dissolved CO concentration to the power of 2.

As discussed in SI-3, binding of two CO ligands gives a stronger shift with partial pressure and
fitting the data with the relation for Cu*(CO), gives a better fit than fitting for Cu*CO. This would
indicate the binding of two CO ligands with an overall Kco of 1.9E7 M7,

However, instead of a strong shift of the redox potential, it seems that a second peakis appearing
while the original peak decreases. This results in a broadening effect of the peak at high CO
concentrations. Especially for 0.1 M KCl, different peaks are clearly observed when introducing
CO with an additional reduction peak around 0.3 Vvs NHE and an indication of an oxidation peak
around 0.5V vs NHE. The appearance of new peaks could mean the formation of strongly bound
CO copper chloride complexes with their unique redox potential. Now, the shift in potential is
large enough to observe the decrease in the original peak current and the appearance of a second
peak, instead of it seeming like the original redox couple shifts to more positive potentials.

SI-12 CV peak shape with CO

The CV curves at low Cl concentrations seem to suggest the appearance of a second peak. This
could mean that also at higher Cl' concentrations a second peak appears in the presence of CO,
instead of a shift of the half-wave potential. A smaller difference in standard potential with and
without CO could make it appear as if the oxidation peak shifts, instead of the decrease of the
original peak and increase of the new peak. Therefore, we compare the shape of the CV under N,
and under 50 vol% CO by overlaying the two curves together with the theoretical peak shape from
Bard et al.”* To achieve this, the potentials are shifted to have the curves overlap and the currents
are scaled to match peak heigh of the oxidation peak (Figure S20).
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Figure S20: Overlaying of the CV curves under N2 and 50 vol% CO environments with the Bard'* peak shape curve for
a) 0.5 M CaClzand b) 0.05 M CaClz. The total copper concentration is 5 mM (CuCl/CuClz) and the scan rate is 25 mV's
. The curves are shifted on the potential scale and the current is scaled to overlay the curves for shape
comparison.

In both cases, the CV curve under N, shows better agreement with the theoretical peak shape
from Bard, compared to the CV curve under CO. Figure S20a shows a broadening of the oxidation
peak under 50vol% CO for 0.5 M CaCl,, which supports that this could be two peaks overlapping,
instead. This is similar to the clear peak broadening effect that we saw for the low chloride
concentrations (Figure S20b, 0.05 M CaCl,). This could have implications for the method to
determine the Kco from the potential shift. Previously, we determined the binding constant from
the contributions of two peaks to the total curve.'® However, this requires a larger separation
between the unbound and CO-bound carrier peaks to be able to identify and fit the CO-carrier
peak. For this work, where the two peaks overlay and are not distinguishable, we believe the
potential shift with CO concentration still offers a good approximation of the binding constant as
a stronger binding will result in a seemingly bigger shift of the overlayed peaks. Similarly to the
different redox potentials of the different copper chloride species, the observed redox peak will
be a weighted average of the different redox species.'® Thus, a higher binding constant will result
in a larger contribution of the CO-bound curve and appear as a stronger shift of the curve to more
positive potentials.

SI-13 Electrolyte solution Figure 8c and d

Table S2 presents the composition, pH and conductivity of the electrolyte solutions measured for
the Cu” stability at different Cu:Cl ratios as presented in Figure 8c and d.



Table S2: Composition, pH and conductivity for the solutions tested in Figure 8c and d.

. . . Conductivity
Cu:Cl K.SO4in M KClin M CuSO4inmM pH .
inmScm”’
1:0 0.5 0 10 5.49 87.5
5:1 0.4988 0.002 10 5.37 97.2
1:1 0.4938 0.01 10 5.16 97.6
1:2 0.4875 0.02 10 4.32 97.9
1:5 0.4688 0.05 10 5.05 96.9
1:10 0.4375 0.1 10 5.41 98.0
1:50 0.1875 0.5 10 5.07 100.5
1:80 0 0.8 10 5.05 92.4

SI-14 Cu” stability as a function of Cl" concentration and Cl/Cu ratio

The half-wave potentials of the Cu®%Cu* and Cu*/Cu® redox couples at different Cl
concentrations and Cl/Cu ratios are presented in Figure S21. The data points connected by line
all have the same total copper concentration of 10 mM, while the separate data points at around
4 M have a total copper concentration of 100 mM, resulting in a ten times lower Cl/Cu ratio. The
increase in copper concentration does not affect the Cu*/Cu? redox potential, but the Cu®/Cu*
shifts to slightly more positive potentials. Thus, the smaller Cl/Cu ratio (42) decreases the
stability window of Cu® but is larger than the stability window of higher Cl/Cu ratios (105) at lower
absolute Cl concentrations. Therefore, the absolute Cl concentration seems to be determining
over the Cl/Cu ratio.
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Figure S21: Half-wave potential of the Cu®/Cu* and Cu*/Cu?* reactions at the different Cl concentrations for KCl, CaCl>
and HCl electrolytes. The numbers indicate the ratio of Cl over Cu, with the separate data points at 4.2 M Cl- having
increased copper concentration to have a smaller Cl/Cu ratio at a high absolute Cl" concentration. The solutions
consist of 5 mM CuCl, 5 mM CuClz, 0.03M HCI, and the electrolyte at the different Cl" concentrations (0, 0.1, 1.0, 2.5

and 4M). The separate data points are from a solution of 50 mM CuCl, 50 mM CuClz, 0.03M HCl, and 2 M CaClzor4 M
HCL.



SI-15 Effect of HCL concentration on reversibility of CV

With HCl concentration from 0.001 M to 1.0 M the Cu*/Cu?* reversibility decreases, resulting in
the disappearance of the reduction peak (Figure S22a). In this case the total Cl is kept the same
by having a mixture of KCland HCL (Table S3). Interestingly, increasing the HClconcentration from
1.0 M tot 4.0 M, the reversibility of the Cu*/Cu? redox couple returns (Figure S22b). Here, the total
Cl concentration varies as no KCl is added to compensate.
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Figure S22: Effect of HCl concentration on the Cu'/Cu?®" redox couple. a) Constant chloride concentration (1 M) with
variable HCl concentration through mixtures of HCland KCl electrolyte and 10 mM CuClz. b) Electrolyte solutions from
Kco measurements with 5 mM CuCl/CuClz.

The non-reversible character of the Cu*/Cu?" complex at 1 M HCl solutions, make it less suitable
as electro-active carrier, where switchability between Cu* and Cu? is important for the capture
and release of CO.

Table S3: Composition, pH and conductivity for the solutions tested in Figure S22a.

. . ) . Conductivity
Solution HClinM KClinM CuCl;in mM pH .
inmScm”’
1 0 1 10 4.05 124.2
2 0.001 0.999 10 3.39 124.7
3 0.01 0.99 10 2.30 124.8
4 0.05 0.95 10 1.73 125.8
5 0.1 0.9 10 1.43 127.9
6 0.2 0.8 10 1.10 130.5
7 0.5 0.5 10 0.77 139.5
8 1 0 10 0.51 159.9



SI-16 CO capture and release experiments

Table S4 shows the capture results of Method 2, where the applied potentialis relative to the open
circuit potential of the carrier solutions at equimolar amounts of Cu* and Cu?*.

Table S4: CV determined and experimental values for CO capacity and carrier utilisation of a 20 mM copper chloride
solution. Method 2 uses the same change in potential from the measured OCP (OCP - 0.35 V for reduction).

1.0 M KCL 1.0 M HCL 0.5 M CaCl,
5 Ko (M) 1850 5350 5500
C
3 ‘€ COcapacity (mL) 1.2 2.9 3.0
(]
S Cu utilisation (%) 9 22 22
k CO capacity (mL) 1.30 1.44 1.49
£ «
> Cu utilisation (%) 9.7 10.7 11.1

The effect of copper concentration on the copper species

The CV measurements to determine the Kco are performed in the electrolyte solution with 5 mM
of copper ions, while the absorption experiments are performed in the same electrolyte solution
but with 20 mM of copper ions. If the copper concentration affects the copper species
contributions, it could also affect the binding constant of the carrier solution. Table S5 presents
the copper species distribution in the electrolyte solutions for the CV measurement and the
absorption measurements, calculated by Visual Minteq.

Table S5: Copper species distribution in % for the electrolyte solutions at the different copper ion concentrations (5
and 20 mM) used for the CV measurement and absorption measurement, respectively. The values are calculated by

Visual Minteq
Copper(l) species in % Copper(ll) species in %
CuinmM Cu’ CuCl(agq) CuCly CuClL?* Cu? CuCl* CuCly(aq)
5 0.00 0.33 67.3 32.3 75.0 21.4 3.6
o 9
- 20 0.00 0.33 67.1 52.6 75.0 21.3 3.6
5 0.00 0.24 50.4 49.3 74.2 21.7 4.1
S -
S g
= 20 0.00 0.24 50.2 49.5 74.2 21.7 4.1
~ D 0.00 0.3 59.9 39.8 68.0 25.9 6.0
=5
0 ©
© O 20 0.00 0.31 60.3 39.4 68.5 25.7 5.8




The estimated copper species distribution shows no significant difference between the solutions
with 5 mM copper ions or 20 mM copper ions. Therefore, it is not expected to have different
binding constants for the carrier solution used for the CV measurements than the carrier solution
used for the absorption measurements.

Number of CO ligands per carrier

The deviation from the predicted capture capacity based on the Kso, could be caused by a
different number of CO ligand per carrier than one. Although, our CV experiments showed the
best fit for one CO ligand (Figure S5). If we look at the different complexes, (Cu*),CO, Cu*CO, and
Cu*(CO),, the estimated binding constant would predict the CO/carrier ratio presented in Figure
S23.

0.5
—@—K =1800 M
O—K =5300 M
0.4 1 o O K=5500M"
© K=10°M""
O K=10'M""

0.3 1

0.1+
0.0+

(Cu*),CO  cu*co Cu*(CO),

COlcarrier ratio
o
N

Figure S23: Theoretical CO/carrier ratio based on the estimated Kco for 1 M KC( (1800 M), 1 M HCL (5300 M"), and 0.5
M CaCl; (5500 M) for the different number of CO ligands per copper. For a bridging ligand (Cu*).CO or 2 terminal CO
ligands Cu*(CO)z, the Kco would be estimated to be 10° M7 for 1 M KCl and 107 for 0.5 M CaClz and are represented in
the single datapoints.

(Cu*),CO with the adjusted Kco for this carrier-CO interaction (10° or 10’ M, SI-3) does not explain
the deviation in our experimental results. Although the relative effect of the binding constant for
(Cu*)2CO0 should be smaller compared to Cu*CO (COcaci2/COxkci =1.6 vs COcaci2/ COkcl =2.5), the
expected CO capacity is higher than for Cu"CO and higher than our experimental results.
Cu*(CO), shows the opposite trend — the expected CO capacity is lower (but too low), and the
relative effect of the binding constant is larger (COcaci/COkcl = 9.8). Together with the CV
experiments, Cu*CO still seems the most likely complex during CO capture.
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