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ABSTRACT: Deep eutectic solvents (DESs) are efficient media for CO2 capture,
and an electroreduction process using the deterministic surface of single-atom
electrocatalysts is a facile way to screen gas absorption capacities of novel DESs.
Using newly prepared transition-metal-based DESs indexed as TDESs, the
interfacial mechanism, detection, quantification, and coordination modes of CO2
were determined for the first time. The CO2 has a minimum detection time of 300
s, whereas 500 s of continous ambient CO2 saturation provided ZnCl2/
ethanolamine (EA) (1:4) and CoCl2/EA (1:4) TDESs with a maximum CO2
absorption capacity of 0.2259 and 0.1440 mmol/L, respectively. The results
indicated that CO2 coordination modes of η1 (C) and η2 (O, O) with Zn in
ZnCl2/EA (1:4) TDESs are conceivable. We found that the transition metals in
TDESs form an interface at the compact layer of the electrocatalyst, while CO2

•−/
CO2 reside in the diffuse layer. These findings are important because they provide
reliable inferences about interfacial phenomena for facile screening of CO2 capture
capacity of DESs or other green solvents.

1.0. INTRODUCTION
Global carbon dioxide (CO2) concentrations have reached
∼420 ppm,1 the highest level since precise measurements
began 63 years ago.1,2 As evidence of the link between high
CO2 emissions and global warming grows, it becomes
important to develop simple and sustainable CO2 sequestra-
tion strategies.3−8 The need for long-term CO2 sequestration
cannot be overstated because it can provide CO2 as a cheap C-
1 feedstock for the production of low molecular weight
hydrocarbons,9 platform chemicals,10−14 sustainable energy
through electroreduction,15,16 and energy storage.17,18 There-
fore, the facile measurement of CO2 concentration in green
solvents is essential to support the mitigation of anthropogenic
CO2 emissions and industrial CO2 utilization.
Deep eutectic solvents (DESs) have shown promise in

dissolving larger amounts of CO2 than the conventional
solvents used for CO2 sequestration.

19−26 DESs are prepared
from a suitable ratio of at least one hydrogen bond donor
(HBD) and one hydrogen bond acceptor (HBA) component
without generating byproducts that would require additional
purification.27 Although conventional DESs are prepared and
used for high-pressure CO2 sequestration, CO2 electro-
reduction in DESs is a promising strategy to assess CO2
from a point source. Several properties common to DESs
(e.g., low current density, high viscosity, and high water) are
known to contribute to side reactions, such as hydrogen
evolution, during the CO2 electroreduction. These are the
challenges that likely hinder a scalable development of an
effective DES medium for CO2 sequestration. Also, the low

CO2 absorption of some DESs and the puzzling coordination
mechanism by which these DESs could facilitate CO2

sequestration are still unclear. The low CO2 sorption of
some DESs necessitates the use of transition-metal-based
DESs, as they have ambient CO2 sorption capacity. However,
these challenges compel the tuning of common DESs to
exhibit multifunctional properties such as high gas absorption
capacity, low degradation rate, easy regeneration, low toxicity,
and high physicochemical stability for task-specific applica-
tions.21,28 Since countless combinations of HBDs and HBAs
are possible, there are numerous opportunities to develop
novel DESs with effective CO2 sequestration capacity.
The common DESs explored for CO2 sequestration by

volumetric or pressure-drop techniques that exhibited
appreciable CO2 solubility were prepared using choline
(ChCl) precursors.29,30 To illustrate, Leron et al.31 found a
CO2 solubility of 2.5 mol/kg in (ChCl)−glycerol (1:2) at 25
°C and 6 MPa (59.22 atm). Others observed a CO2 solubility
of 5.16 mol/kg in ChCl−urea (1:2) (123.37 atm) at 40 °C and
12.5 MPa.32 The relative CO2 capture performance of ChCl-
based DESs was due to additive CO2 sorption via weak van der
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Waals forces between CO2 and nitrogen, including the
propensity of HBD to absorb CO2.

33,34 These pneumatic
measurements of CO2 solubility in DESs are limited by
buoyancy forces that restrict precise measurements of gas
solubility, the inability to detect low gas concentrations,
especially at low pressure, and the need for a large volume of
solvent. Therefore, it is highly non-facile to screen different
promising DESs for CO2 sorption using only the pneumatic
effects.
In this study, a simple electrochemical cell was built as an

instrument to measure CO2 solubility in DESs under ambient
conditions. Another experimental setup was created to
estimate the electrochemical double layer in the CO2-saturated
DESs. The setup includes a custom-made vacuum-capable
three-electrode electrochemical cell with three electrodes
inserted into a closed environment where saturation with
inert gas can be ensured to eliminate moisture that could
saturate DESs. The CO2 gas line was equipped with a pressure
gauge strategically placed outside the cell but routed through a
gas line to the electrochemical cell. This device eliminates
moisture by saturating the cell environment with ultrapure
inert gas. Therefore, for the first time, the detection of CO2 at
an interface between a single-atom Ag electrocatalyst and
various newly prepared transition-metal-based deep eutectic
solvents indexed as TDESs was investigated. First, eight
TDESs were synthesized from transition-metal-based HBAs
and corresponding HBDs such as ethanolamine (EA) and
ethylene glycol (EG). The glass transition temperature,
thermal transition, and ionic conductivity properties of the
TDESs were determined. The TDESs were designed and
prepared based on their ability to form interactions with π-
orbitals of CO2 through the transition metal sites.

35−37 The
interaction between CO2 and different transition metal surfaces
is already known.38−41 Since TDESs have hydrophobic and
hydrophilic sites, they are likely to attract water. To address
this issue, they were thoroughly dried and stored in a saturated
inert environment to eliminate any tendency toward moisture
during the electroreduction process. The elimination of
moisture is necessary to prevent any possible CO2 and H2O
coelectrolysis or the hydrogen evolution reaction. Therefore,
the electroreduction technique involves simultaneous CO2
electroreduction, with limiting currents approaching a steady
state or stationary current. Accordingly, CO2 concentrations
are determined from the current responses, while the
electrochemical double-layer capacitance at the CO2-TDESs/
Ag electrode interface was estimated using potentiostatic
electrochemical impedance spectroscopy (PEIS) for the first
time. These analyses in conjunction with the frontier molecular
orbital (FMO) for CO2-TDESs provided insights into the
interaction mechanisms of CO2 with the transition metal sites
in TDESs. Moreover, the COSMO-RS analysis was used to
understand the CO2 absorption capacity of the −NH2 and
−OH functional groups on the TDESs. The study combined a
portfolio of analyses to provide inferential information about
interfacial CO2 circumstances and a facile electrochemical
approach of screening the gas absorption capacity of green
solvents. It also elucidates CO2 coordination modes and
provides insights into CO2 electrocatalysis driven by a single-
atom electrocatalyst.

2.0. MATERIALS AND METHODS
2.1. Materials. Table 1 shows the chemicals used in this

study together with their purities and sources. The chemical

precursors were used without further purification. The fixtures
such as electrodes for the CO2 solubility measurement include:
Pt wire (5.7 cm, BASi Inc.) as a counter electrode, silver (Ag)
(OD: 6 mm, ID: 3 mm) electrode as a working electrode, and
Ag/AgCl (6 mm) as a reference electrode.

2.2. Preparation of TDESs. The TDESs were prepared by
constant mixing of HBA (ZnCl2, NiCl2·6H2O, CuCl2·2H2O,
and CoCl2·6H2O) and HBD (ethanolamine and ethylene
glycol) components in a molar ratio of 1:4 at 70 °C for 8 h,
similar to the DES synthesis procedure reported by Abbott et
al.27 This temperature level was verified as not sufficient to
trigger any chemical reaction between the HBA and HBD but
to promote solubilization of HBA in HBD during the process
of forming a eutectic mixture. In addition, the indexed TDESs
were confirmed to be eutectic mixtures and not a normal
mixture of the HBD and HBA precursors. After synthesis, the
TDESs were subjected to a one-month aging process, and they
maintained their fluidity without any recrystallization.

2.3. Thermal Gravimetric Analysis (TGA). Experiments
were carried out using a PerkinElmer model TGA-7
thermogravimetry system to determine the degradation
temperature of the TDESs (Td). The system contains a
microprocessor driven by a temperature control unit and a data
acquisition station. The tests were carried out in a nitrogen
atmosphere, with TDES samples weighing 5−6 mg packed in
aluminum pans. The TDES mass in the sample pan was
continuously recorded as a function of temperature to account
for any possible degradation. The TDES samples were heated
from 27 to 700 °C at a constant rate of 10 °C/min. The
presented TGA results are the mean of at least two
measurements.

2.4. Differential Scanning Calorimetry Analysis (DSC).
Calorimetric experiments were carried out with a PerkinElmer
DSC-8000 operating in the heat flow option to evaluate the
thermal behavior of the TDES samples. The measurements
were carried out in dry high-purity nitrogen at a flow rate of 20
mL/min. In Tzero aluminum pans, less than 5 mg of each
sample was encapsulated. The set was not hermetically sealed,
allowing for free evaporation of water. At least two scans were
performed at cooling and heating rates of 10 °C min−1,
covering the temperature range of −70 to 100 °C. At the end
of the scan, each sample was kept at 100 °C for an additional
minute to ensure water removal. In addition, each sample was
kept at −70 °C for 10 min to obtain a better signal of the glass
transition temperature, if present.

2.5. Ionic and Flow Properties of TDESs. Initially, the
water content of the TDESs was determined after drying under

Table 1. Description of the Materials Used in This Study

chemicals
purity

(% mass) company/source

CO2 99.999 Gas link SDN, Malaysia
N2 99.999 Gas link SDN, Malaysia
zinc chloride (ZnCl2) >99 Chemiz, Malaysia
nickel II chloride hexahydrate
(NiCl2·6H2O)

>98 Merck, Darmstadt,
Germany

cobalt II chloride hexahydrate
(CoCl2·6H2O)

>98 ACROS Organics, New
Jersey, USA

copper II chloride dihydrate
(CuCl2·2H2O)

>98 R&M chemicals, Essex,
U.K.

ethylene glycol >99 Darmstadt, Germany
ethanolamine >99 Sigma-Aldrich, Darmstadt,

Germany
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a vacuum for 6 h at 55 °C upon preparation. Therefore, an 831
Karl Fischer Coulometer including a titration cell with a
generator electrode without a diaphragm was used for H2O
content determination down to trace levels. Since the
technique for detecting gas solubility requires electricity, we
further determined and verified the conductivity of the TDESs.
Accordingly, the conductivity of differently dried TDESs was
measured using a multiparameter analyzer (CHEETAH model
DZ2-708). The pH of the dried TDESs was also measured
with a Benchtop pH meter (BP3001).
2.6. In Situ CO2 Concentration at the TDESs/Ag

Interface. The CO2 concentration absorbed by the TDESs
was determined using the chronoamperometry technique. A 10
mL membraneless electrochemical cell (Figure 1a) at 1 atm

pressure, sealed with a polytetrafluoroethylene (PTFE) cap,
tapped with a gas line, and a three-electrode system was
typically built and used to determine CO2 absorption by
TDESs. TDESs (ZnCl2/EA, NiCl2/EA, CuCl2/EA, CoCl2/EA,
ZnCl2/EG, NiCl2/EG, CuCl2/EG, and CoCl2/EG) were dried
prior to the experiments. The electrochemical cell was
eventually filled with 5 mL of the dried TDESs, a Pt wire
(5.7 cm, BASi Inc.) counter electrode, a silver (Ag) (OD: 6
mm, ID: 3 mm) working electrode, and a saturated Ag/AgCl
(6 mm) reference electrode clamped therein. The process data
were collected using an Autolab Potentiostat model
PGSTAT302N connected to the electrochemical cell. The
cell was placed in a jacketed glovebox saturated with N2 during
the measurement process to ensure a sterile environment in
which only CO2 sparged into the cell containing TDESs. As a
result, the electrochemical process in the cell was controlled
using the Nova 2.1 data acquisition software. A fixed CO2 flow
rate of 1 SCFH (0.47 L/min) into the electrochemical cell was
maintained for a maximum of 700 s to measure CO2 solubility
in the TDESs at 25 °C. The Cottrell-like chronoamperometry
profile was obtained by using a −1.5 V vs Ag/AgCl potential
slightly above the onset potential for CO2 electroreduction.
Furthermore, at the onset of limiting currents (llim ∼ Io) that
are momentarily transport controlled to approach a stationary
current value (I∞) where the rates of CO2 consumption
through chemical absorption and dissolution are equal, the
CO2 was simultaneously reduced. The current response given
by eq 142 can be used to express the change in CO2
concentration in the TDESs before reaching this stationary
state. The experimental data were used to calculate I = I(t), as
well as the values of I∞, Io, and A1. As a result, the equivalent
weight of CO2 was used in conjunction with eq 2 to calculate
CO2 concentration (Co) values in the TDESs. Futhermore, the
equilibrium rate constant (Keq) for a typical CO2 absorption by

TDESs was determined using eq 3.43 This enables estimation
of the CO2 absorption enthalpy in the TDESs using the Van’t
Hoff eq 4.44 This is the enthalpy change that occurs when CO2
is dissolved in TDESs following the reaction scheme: TDES +
2CO2 ⇋ TDES-2CO2.

I I I I A t( )exp( )o 1= + − −∞ ∞ (1)

C I zFA v I I/ ( )o o
2

1 o= [ − ]∞ (2)

K capacity/(2 capacity) PCOeq 2
2= [ − · ] (3)

K H R T Cln( ) ( / ) (1/ )eq abs= −Δ × + (4)

where PCO2 = 1 since all experiments were carried out at
atmospheric conditions; capacity = CO2 absorption capacity by
TDESs (mol L−1); Keq = reaction equilibrium constant (mol
L−1 atm−1); I∞ = Stationary state current (mA/cm2); Ilim =
limiting current (mA/cm2); C = concentration (M) [equiv/
cm3]; z = equivalent weight (g/equiv); F = Faraday constant
(96485.3 C mol−1); and v = volume of electrolyte (mL).

2.7. Electrochemical Double-Layer Capacitance at
the CO2-TDES/Ag Interface. The electrochemical double-
layer capacitance (ECDL) is significant to show the presence
of CO2 at the TDES/Ag electrode interface. This indirectly
supports the chronoamperometry estimation of CO2 concen-
tration at 1.5 V vs Ag/AgCl. Accordingly, the ECDL was
measured using electrochemical impedance spectroscopy
(EIS) on a biologic potentiostat (Sp-300) connected to the
cell shown in Figure 1b. Throughout the process, the 1 SCFH
(0.47 L/min) CO2 flow rate was maintained while fixing 1.5 V
vs Ag/AgCl potential, 10 mV amplitude, and 50 kHz to 50
mHz maximum frequency. Fresh CO2-saturated TDESs were
used throughout the ECDL measurement in an enclosed
aluminum-based Faraday cage. Before each experiment, the
single-atom Ag working electrode was polished using an
alumina solution (BASi) and sonicated in distilled water to
wade off other electroactive contaminants. The EC-Lab 11.31
software was used to fit the data acquired from the EIS
measurements.

2.8. COSMO-RS and Frontier Molecular Orbital
Analysis of CO2 Interaction with TDESs. The conductor-
like screening model for the realistic solvents (COSMO-RS)
method based on BP-TZVP-C30-1401-CTD parametrization
in COSMOthermX19 software45,46 was used to theoretically
validate the CO2 interaction with TDESs. The TDESs were
represented in the COSMO-RS analysis through an electro-
neutral approach to realistically represent the TDESs. The
transition metal halides HBAs used in preparing the TDESs
were represented in COSMO-RS without water of hydration as
a cutout plane. Therefore, the TDES compositions were
formulated, and the geometries of the cutout planes were built
and optimized based on individual HBAs and HBDs using the
Hartree−Fock level of theory and a def-SV(P) basis set. The
geometry optimization was achieved using the graphical user
interface of the Turbomole software package version 4.0.47

This was followed by a single-point calculation for each TDES
cutout plane to generate the .cosmo files using the density
functional theory (DFT)/Beck−Perdew-86 functional48 and
zeta valence potential (def-TZVP) basis set.49 Eventually, the
.cosmo files of TDES were generated further through the
solubility job function in COSMOTthermX19 to predict the
CO2 concentrations in TDESs.

Figure 1. Schematic of (a) voltammetry for detecting CO2 solubilities
in TDESs and (b) EIS measurement of the double-layer capacitance
at the interface between a single-atom Ag-electrocatalyst surface and
CO2-saturated TDESs.
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3.0. RESULTS AND DISCUSSION
3.1. Physicochemical Properties of TDESs. The TDESs

were subjected to one month of aging, and they all retained
their fluidity without recrystallization of the HBA precursors.
The conductivity of the eight different TDESs at 298 K were
shown in Table S1. In general, the EA-based TDESs exhibit
higher conductivity than the EG-based DESs. These differ-
ences in conductivity are due to the fact that EA-based TDESs
have much higher ion mobility than EG-based DESs. The ion
mobility is due to the individual HBD or HBA sources. To
demonstrate, the conductivity of the HBD sources such as EA
is 48.2 μS/cm, which is higher than that of EG with 0.618 μS/
cm. The conductivities of the ordinary transition-metal-based
HBAs such as ZnCl2, NiCl2·6H2O, CoCl2·6H2O, and CuCl2·
6H2O are 36 200 μS/cm, 28 700 μS/cm, 32 100 μS/cm, and
13 710 μS/cm, respectively. Therefore, the conductivities of
the formed TDESs are lower than those of the corresponding
transition-metal-based HBAs. Since the conductivity of the EA-
based TDESs is higher than that of the EG-based TDESs, the
suppression of ion mobility by EA is much lower than that for
EG. These observations confirm that HBDs suppress ion
mobility when combined with transition-metal-based HBAs to
form the TDESs. As shown in Table S1, the order of increase
in conductivity for EA-based TDESs is CuCl2/EA, ZnCl2/EA,
NiCl2/EA, and CoCl2/EA. Similarly, for EG-based TDESs, the
order of conductivity increase is CuCl2/EG, ZnCl2/EG,
CoCl2/EG, and NiCl2/EG. The ionic conductivity of NiCl2/
EA (20 400.2 μS/cm), CoCl2/EA (26 400.2 μS/cm), CoCl2/
EG (12 610.2 μS/cm), and NiCl2/EG (26600.2 μS/cm) is

greater than that of allytriphenylphosphonium bromide/
triethylene glycol (1:4, 670 μS/cm).50 Although allytriphenyl-
phosphonium bromide/triethylene glycol (1:4, 670 μS/cm) is
not a TDES but it is in the sense of ordinary DESs, it consists
of a 1:4 molar ratio of HBA/HBD which is the same ratio we
used to prepare the TDESs shown in Table S1 (Supporting
Information).
The thermal stability of TDESs was evaluated by TGA up to

550 °C, as shown in Figure S1. All the TDESs present a
degradation peak above 120 °C decomposition temperature
for coordinated water and another peak above 200−300 °C
decomposition temperature for ligands. Dynamic TGA spectra
usually show two basic onset decomposition temperatures
(Tonset). The first decomposition temperature indicates surface
water decomposition, while the second represents the
decomposition of −OH, −NH2, or chloride ligands. The Tonset
is significant since it determines the maximum temperature at
which DESs can retain their structure without breaking
down.51 Accordingly, Figure S1a and Figure S1b show the
TGA spectra that distinguish the eight different TDESs based
on whether they exhibit broad temperature to decomposition.
As shown in Figure S1a−d, the values of Tonset for the TDESs
are categorized as surface water or −OH or chloride ligands
decomposition. The Tonset accrued for the loss of surface water
in ZnCl2/EG (1:4), NiCl2/EG (1:4), CoCl2/EG (1:4), and
CuCl2/EG is 53.4, 37.3, 48.0, and 61.3 °C, respectively.
Similarly, the Tonset accrued for the decomposition of −OH or
chloride ligands in ZnCl2/EG (1:4), NiCl2/EG (1:4), CoCl2/
EG (1:4), and CuCl2/EG is 405.6, 460.5, 383.4, and 476.6 °C,

Figure 2. Dynamic current response of CO2-saturated TDESs: (a) ethylene glycol TDESs, (b) ethanolamine TDESs, (c) Cottrell diffusion of CO2
in ethylene glycol TDESs, and (d) Cottrell diffusion of CO2 in ethanol amine TDESs. The dotted line in the Cottrel profile indicates the maximum
value of the Cottrell parameter due to substantial ohmic and kinetic resistive contribution to the total current.
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respectively. There is a small exception for EA-based TDESs
with Tonset for the decomposition of surface water, −OH,
−NH2, or chloride ligands. Hence, Figure S1e−h shows the
values of the Tonset for the EA-based TDESs. The Tonset accrued
for loss of surface water in ZnCl2/EA (1:4), NiCl2/EA (1:4),
CoCl2/EA (1:4), and CuCl2/EA is 58.5, 58.5, 45.2, and 50.6
°C, respectively. Accordingly, the Tonset for the decomposition
of the −OH group in ZnCl2/EA (1:4), NiCl2/EA (1:4), CoCl/
EA (1:4), and CuCl2/EA is 189, 231.6, 242.4, and 218 °C,
respectively. The Tonset for the decomposition of the −NH2
group in ZnCl2/EA (1:4), NiCl2/EA (1:4), CoCl2/EA (1:4),
and CuCl2/EA is 300, 300.9, 311.4, and 340.7 °C, respectively.
The decomposition of the chloride ligands from the HBA site
in ZnCl2/EA (1:4), NiCl2/EA (1:4), CoCl2/EA (1:4), and
CuCl2/EA is 463.1, 535.1, 500, and 519.2 °C, respectively.
These TGA results are significant and indicate that the TDESs
can be dried at an average temperature of 52 °C. In general,
ZnCl2/EG (1:4), NiCl2/EG (1:4), CoCl2/EG (1:4), and
CuCl2/EG show two decomposition steps. Besides, ZnCl2/EA
(1:4), NiCl2/EA (1:4), CoCl2·6H2O/EA (1:4), and CuCl2/EA
show three steps of decomposition. However, the overall
depiction of decomposition in the TDESs comprised of −OH,
−NH2, or chloride ligands commences at a minimum
temperature of 200 °C. This implied the TDES usage is not
suitable at or beyond this temperature range. The temperature
is consistent with onset decomposition temperature for
chloride ligands and hydroxyl, which is reported to occur at
∼200−600 °C depending on the metal complex.52,53 In
summary, the TDESs present at least two degradation peaks at
temperatures above ca. 100 °C with the first peak representing
the loss of water molecules.
In addition, Figure S2 shows the DSC spectrum of EA and

EG-based TDESs, indicating their respective crystallization
temperature (Tc), glass transition temperature (Tg), and
melting temperature (Tm) in a temperature range from 75 to
350 °C. In Figure S2a, the EA-based TDESs have Tc ≈ 70 °C,
Tg ≈ 60 °C, and Tm ≈ 200−250 °C. The values of Tc and Tg
are close, while their Tm falls at a higher temperature range.
There are no apparent temperature effects at 25 °C. Contrarily
in Figure S2b, the EG-based TDESs have Tc ≈ 68 °C, Tg ≈ 52
°C for NiCl2EG (1:4), Tg ≈ 60 °C for CoCl2/EG (1:4), and
Tm ≈ 200−250 °C. The detection of a glass transition from
which a Tg value can be determined allows us to classify all the
TDESs tested as glass formers. It corresponds to a change in
the structure of the material from a glassy state to a rubbery

state, or vice versa, which is reflected in a jump in the heat
capacity.

3.2. Transient Current in CO2-Saturated TDESs. The
current responses of CO2 electroreduction in TDESs prepared
with EG and EA HBD are shown in Figure 2a. The current
response profiles show two striking patterns in which there is a
current plateau (Io) that subsequently decreased with time and
forming an asymptotic limits. This type of pattern is attributed
to the Cottrell-like profile, especially for a typical redox process
such as the electroreduction of CO2. The −1.5 V vs Ag/AgCl
potential assumed for CO2

•− free radical formation was
maintained during the process, similar to previous reports.
For instance, the reports do not use deep eutectic solvents
(DESs) but instead DES analogues such as 50 mol % of
[Emim][TFO]/10 mM KHCO3/H2O,

54 0.1 M n-Bu4NPF6/
2.0 mM [C10mim][BF4] + 1.0% H2O/acetonitrile,

55 and 8 mM
[POHmim]BF4/acetonitrile.

53 Accordingly, the corresponding
potentials recorded for CO2 electroreduction in these media in
chronological order are (−1.8 V vs Ag/AgCl), (−2.3 V vs Fc
+/Fc), and (−2.5 V vs Fc+/Fc), respectively. Therefore, at
−1.5 V vs Ag/AgCl potential, the current responses depend on
the CO2 diffusion rate to the surface of a single-atom Ag
electrode. In the practical sense of gas diffusion, the TDESs
increase the CO2 coverage around the single-atom Ag
electrode through absorption. This means that the current
response is diffusion-driven due to the formation of the CO2

•−

free radical and will be highest in the instantaneous period of
the process. These instantaneous periods, when CO2
consumption and conversion to CO2

•− by chemical absorption
and dissolution are not equal, are represented by the Io regime
in Figure 2a and 2b. The current in the Io regime is the onset of
limiting currents (llimIo) and approaches a stationary current
value in the I∞ regime. At the I∞ regime, the rates of CO2
consumption and conversion to CO2

•− by chemical absorption
and dissolution are equal. In particular, the limiting currents
(llimIo) for EG-based TDESs (Figure 2a) are lower than
those for EA-based TDESs (Figure 2b). Considering that
diffusion of CO2 is usually the limiting step of the CO2
electroreduction, the product I(t)t1/2 yields a characteristic
time-invariant but potential-dependent constant known as the
Cottrell parameter.42,56 The Cottrell parameter is shown in
Figure 2c and 2d, as I(t)t1/2 vs log t plots where the short-term
behavior of the CO2 electroreduction using the single-atom Ag
electrode is characterized by a sharp maximum peak.
Regardless of the TDES media, the Cottrell parameter shows

Figure 3. Screening effect of a hydrogen bond donor on the CO2 absorption capacity of TDESs. (a) Ethylene glycol as HBD and (b) ethanolamine
as HBD.
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different maximum values. These values can be used to
estimate τd = L2/D, which is the short term if substituted in
I(t)ΔQ(π/τd)−1/2, where ΔQ= ±nFΔcAL.
3.3. Measuring CO2 Concentration in TDESs. 3.3.1. Ef-

fect of TDES HBDs on CO2 Solubilities. The CO2

concentration in the TDESs was determined within the first
300 s of CO2 flow to measure the influence of the two different
HBDs, such as ethanolamine or ethylene glycol. In Figure 2,
300 s is a period characterized by unequal chemical absorption
and dissolution. This means that CO2 would always be present
at the electrode surface for electroreduction at −1.5 V vs Ag/
AgCl. Thus, the amount of CO2 can be affected by the gas
absorption tendency of TDESs with different HBD. Therefore,
Figure 3a and Figure 3b shows the CO2 concentration in
TDESs with ethanolamine and ethylene glycol HBDs,
respectively. The CO2 concentration of ethanolamine-based
TDESs is higher than that for ethylene glycol after 300 s of
operation. The main reason for the low CO2 concentration in

ethylene glycol TDESs is the strong suppression of ion
mobility by ethylene glycol. This leads to high ionic
conductivity in ethanolamine (48.2 ± 0.2 μS/cm) and low
ionic conductivity in ethylene glycol (0.618 ± 0.2 μS/cm). The
low conductivity of ethylene glycol contributes to the overall
low conductivity of the TDESs derived from it (see Table S1).
Low conductivity imposes resistance to the electroreduction of
CO2 to generate an appropriate current response. Contrarily,
the high CO2 concentration in ethanolamine-based TDESs is
due to four possibilities: −NH2, −OH, transition metal surface,
and high conductivity (see Table S1). However, ethylene-
glycol-based TDESs have three possibilities such as −OH,
transition metal surface, and low conductivity, so the CO2

absorption capacity is lower here. The CO2 concentrations in
ethanolamine TDESs decrease in the following order: 5.304 ×
10−5 mol/L (ZnCl2/EA), 3.306 × 10−5 mol/L, (CoCl2/EA),
2.180 × 10−5 mol/L (NiCl2/EA), and 1.742 × 10−6 mol/L
(CuCl2/EA). Similarly, CO2 concentration in ethylene-glycol-

Figure 4. (a) Nyquist plot of CO2-saturated TDESs: 1 = ZnCl2/EA and 2 = CoCl2/EA. (b) Nyquist plot of ordinary TDESs: 1 = ZnCl2/EA and 2
= CoCl2/EA. (c) Electrocatalysis depiction with an electron source. (d) Capacitance values of ordinary and CO2-saturated ZnCl2/EA and CoCl2/
EA. (e) Phase angle distortion values of ordinary and CO2-saturated ZnCl2/EA and CoCl2/EA.
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based TDESs decreases in the following order: 4.015 × 10−5

mol/L (ZnCl2/EG), 3.455 × 10−6 mol/L (CoCl2/EA), 2.739
× 10−7 mol/L (NiCl2/EA), and 1.253 × 10−6 mol/L (CuCl2/
EA). Although the CO2 concentration in the ethylene-based
TDESs is lower compared with ethanolamine, it is higher than
that previously reported using pressure drop or electrochemical
methods in a non-DESs medium. The comparison between the
data from this present study with other studies in the literature
is shown in Table S2. The table shows three possible categories
of solvents and two main types of test methods. Our study
highlights the first-time use of an electrochemical method to
measure CO2 concentration. This is an advance over the
existing pressure drop or pneumatic method which requires
high CO2 pressure to increase its solubility. Table S2 compares
the advances in different media and methods for CO2 capture.
It showed that the medium IL is suited for CO2 capture but is
limited by the high process conditions, especially when a
nonelectrochemical method is used. Due to the exorbitant cost
of ILs, the value for CO2 capture cannot compensate for their
cost. We envisage that DESs have the potential to complement
existing media and that their further improvement is promising
for high CO2 sorption.
3.4. Electrochemical Double-Layer Capacitance at

the CO2-TDESs/Ag Interface. The electrochemical double-
layer capacitance (ECDL) at the interface of CO2-TDESs and
the single-atom Ag was determined using potentiostatic-driven
electrochemical impedance spectroscopy (EIS) as depicted in
Figure 1a and Figure 1b. The EIS measurement was done at
−1.5 V vs Ag/AgCl and a fixed CO2 flow rate of 0.47 L/min
into the ZnCl2/EA and CoCl2/EA TDESs. In this case, the
CO2-TDESs are CO2-ZnCl2/EA and CO2-CoCl2/EA. The
CO2 electroreduction is possible at −1.5 V vs Ag/AgCl, as
indicated in Figure 1a and 1b. However, due to the low
electrochemical potential window of TDESs which is typical of
DESs, the double layer at the Ag electrode surface will contain

ionic species such as CO2
•− from CO2, C3H5O4

− (zwitterions)
from R-NH2 functionality, or −RCO3

2− (carbonate ion) from
R-OH functionality. This is particularly as the reduction
window of the TDESs is less than 1.5 V vs Ag/AgCl.
Moreover, by setting −1.5 V vs Ag/AgCl during the EIS
measurement, the CO2 undergoes electroreduction, while the
TDES medium remains electrochemically likely to produce
ions at the compact layer. We hypothesized that since the
TDESs form the continuous phase they are localized, and the
current response produced arises from the dispersed CO2
electroreduction to the CO2

•− free radical. The CO2
•− free

radical likely resides in the diffuse layer, i.e., the outer
Helmholtz plane, while Co2+ or Zn2+ ionic species reside in the
inner Helmholtz plane to facilitate electron transfer from the
Ag electrode. These ionic species, depending on their spatial
position on the electrode surface area, are capable of directly or
indirectly forming an electrochemical double layer (EDL) that
induces a distortion in phase angle. To validate the claim on
phase angle distortion, we measured the impedance of the
ordinary ZnCl2/EA and CoCl2/EA coupled with CO2-ZnCl2/
EA and CO2-CoCl2/EA systems at −1.5 V vs Ag/AgCl. The
Nyquist plot associated with the impedance measurement in
the system before and after CO2 absorption is shown in Figure
4a and 4b, respectively. The difference in Nyquist plot
response before and after sparging CO2 in ZnCl2/EA and
CoCl2/EA indicates changes in the intermolecular interaction
energy of the TDESs with CO2, particularly at −1.5 V
potentiostatic control. In Figure 4a, the Nyquist plot for the
CO2-ZnCl2/EA system has a semicircle lower in diameter than
the CO2-CoCl2/EA system. This result indicated faster charge
transfer processes in CO2-ZnCl2/EA compared with CO2-
CoCl2/EA. The semicircle is related to resistive-capacitive
(RC) circuits.54 Therefore, capacitance in association with the
RC circuit of the Nyquist plot for the CO2-ZnCl2/EA or CO2-
CoCl2/EA system was estimated by the equivalent circuit (EC)

Figure 5. COSMO-RS analysis showing σ-profiles of (a) EG-based TDESs, (b) EA-based TDESs, and σ-potential of (c) EG-based TDESs and (d)
EA-based TDESs.
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shown in the inset of Figure 4a and 4b. The EC was fitted
using two resistances, R1 and R2 coupled with a double-layer
capacitance inform of the constant phase element (CPE). R1 is
the resistance of the TDESs media, while R2 is the interfacial
charge transfer resistance required for CO2 electroreduction to
the free radical. The pictorial depiction of the electrochemical
transient states of CO2, CO2

•−, and TDESs is shown in Figure
4c. Therefore, it was found that the capacitance of the ZnCl2/
EA medium according to Figure 4d is 0.59 μF before sparging
CO2. This is accompanied by the Faradaic charge transfer
resistance of 348.6 Ohm (see Figure S3a). Moreover, after
sparging CO2, the capacitance of the ZnCl2/EA medium
increased to 4.149 F and was similarly accompanied by the
Faradaic charge transfer resistance of 809.3 Ohm (see Figure
S3a). Furthermore, the capacitance of the CoCl2/EA medium
is 0.287 F before sparging CO2 and is accompanied by the
Faradaic charge transfer resistance of 1418.1 Ohm (see Figure
S3a). The capacitance of the CoCl2/EA medium increased to
1.741 F when the medium was sparged and saturated with
CO2, the Faradaic charge transfer resistance is 2257.2 Ohm
(see Figure S3a). The capacitance at the Ag electrode
interphase does increase after sparging CO2. This increase in
interfacial capacitance upon CO2 saturation in CoCl2/EA or
ZnCl2/EA validates the intrinsic rationale behind the distortion
in phase angle of CO2-CoCl2/EA or CO2-ZnCl2/EA media.
For example, the phase angle detected in ZnCl2/EA-CO2 and
CoCl2·6H2O/EA-CO2 after CO2 saturation is higher than that
detected in ZnCl2/EA and CoCl2·6H2O/EA before CO2
saturation. In Figure 4e, the phase angles in CO2-ZnCl2/EA
and CO2-CoCl2/EA are 36.08 and 21.75°, respectively.
Moreover, the phase angles in ZnCl2/EA and CoCl2/EA are
24.16 and 16.86°, respectively. These results indicate that
distortions in phase angle are possible due to CO2 absorption
by the TDESs and subsequent diffusion to the Ag-electrode
surface, where it eventually undergo electroreduction to the
CO2

•− free radical. Our hypothesis for CO2 behavior in TDESs
using the single-atom Ag electrocatalyst is in congruence with
the previous report that used nonresonant measurement of C−
O adsorption on the Ag surface at 1.33 V vs Ag/AgCl.57

3.5. COSMO-RS Validation of the CO2−TDES Inter-
action. COSMO-RS analysis was performed to validate linear
CO2 absorption by the TDESs which drag it near the surface of
the single Ag-working electrode. It is only when linear CO2 is
substantially close to the surface of the single-atom Ag
electrode that the CO2

•− free radical will be generated.
Therefore, the TDESs could assist in ensuring that the linear
CO2 coverage is high at the Ag surface through noncovalent
interactions. The noncovalent interaction between linear CO2
and the TDESs was estimated from their screening charge
density and represented using σ-profiles. Accordingly, Figure
5a and 5b shows the σ-profile of linear CO2 interaction with
EG-TDESs and EA-TDESs, respectively. The σ-profile of
linear CO2 contains respite peaks at 0.7304 e/nm2 or 0.5103
e/nm2 screening charge density (see Figure 5a or 5b). These
linear CO2 screening charges fall within the nonpolar
contribution area where σ-values are between −1.0 e/nm2

and +1.0 e/nm2.58,59 As a result, we theorized that the
screening charge densities on the symmetric electron function
of linear CO2 can signify the nonpolar contribution of the
linear CO2 interaction with TDESs. Usually, without sufficient
energy supply, ordinary CO2 is linear, and the COSMO-RS
analysis is done to capture its interaction in this form, with the
TDESs. Evidently, after energy is supplied to CO2 it gains at

least an electron to form a CO2
•− free radical, and the

geometry transforms from linear to bent over a likely angle of
∼150°.60 The CO2

•− free radical is not the form of energized
CO2 we are discussing here but rather neutral and non-
energized CO2. This is because the CO2

•− free radical was
generated after we have supplied −1.5 V vs Ag/AgCl. So,
before supplying the −1.5 V vs Ag/AgCl, the TDES media
were saturated with neutral CO2 as illustrated by Figure 1a and
1b. We discovered that ethylene glycol (EG) HBD is
characterized by typical noncovalent contributor screening
charge densities of 0.480 e/nm2 and 0.048 e/nm2, respectively.
Therefore, the neutral CO2 with linear geometry can interact
with the EG-HBD end in TDESs at their noncovalent
contribution surfaces as shown in Figure 5a. Similarly, in
Figure 5b, the neutral CO2 can interact with ethanolamine
(EA) at its noncovalent interaction site with screening charge
densities of −0.388 e/nm2.
The neutral CO2 interact with noncovalent sites of ZnCl2,

CoCl2, and CuCl2 HBAs at −0.221, −0.401, or 0.269 and
−0.625 or 0.204 e/nm2 screening charge densities, respec-
tively. These σ-profiles indicate the potential of neutral CO2
interacting with the TDESs on the criterion of like dissolves
like. In essence, the COSMO-RS analysis confirmed that
similar nonpolar sites on the TDESs and CO2 contributed to
the physical CO2 solubilization. Moreover, the various shapes
of EA-HBD and EG-HBD σ-profiles provide further insight,
indicating that CO2 solubilization in these different TDESs is
enthalpy driven. This means that the more soluble CO2 is in
TDESs, the less endothermic the enthalpy of solution will be,
and vice versa. The σ-potential which is the plot of surface
chemical potentials as a function of screening charge density
was also determined for EG-based or EA-based TDESs, as
shown in Figure 5c and Figure 5d. The highly negative σ-
potential charge density greater than −0.955 e/nm2 or 1.245
e/nm2 is associated with negative polarity. This shows that EG
or EA has an electron donor property, causing hydrogen to
interact with the exposed oxygen atoms from the hydroxyl
ends. For charge densities greater than 0.414 e/nm2 or 0.302
e/nm2, CO2 has a positive σ-potential, showing that it has
electron-accepting properties. Exceptionally, the ZnCl2 HBA
shows dual chemical potentials: (1) greater than 0.931 e/nm2

which exhibits an electron-donating property and (2) greater
than −2.019 e/nm2, which possesses an rlectron-accepting
tendency. Other HBA sites such as NiCl2, CoCl2, and CuCl2
possess electron-donating tendency with negative chemical
potential. These results are significant to confirm that neutral
CO2 absorbed through the HBA site in TDESs is more
probable to generate the CO2

•− free radical in a potential
driven process. This is because in a potentiostatic process the
inner Helmholtz layer is likely to be occupied by Ni2+, Cu2+,
Co2+, or Zn2+ species, and close to this layer, which is the outer
Helmholtz layer, will be occupied by the CO2

•− free radicals.
3.6. Interaction of CO2 and Transition Metal Centers

in TDESs. Figure 6 shows the interaction of CO2 with the Zn
surface in CO2-ZnCl2:EA based on frontier molecular orbital
(FMO) analysis. Ordinary CO2 gas and CO2-ZnCl2:EA were
analyzed at DFT and semiempirical levels of theory,
respectively. The results show that CO2 interacts with the
Zn transition metal based on the η1(C) coordination mode
(Figure 6a). The interacting inference can be deduced from
the overlapping of the negative isosurface between 12Zn-5C.
Typically, this form of interaction involves strong charge
transfer between the dz

2 transition metal orbitals and the
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antibonding π* orbitals of CO2.
61 Moreover, it is facilitated by

an additional weak interaction between the two oxygen atoms
of CO2 and the Lewis acid center of the Zn metal’s
coordination sphere. Apart from the η1(O) coordination
mode, η2(O,O) is also highly likely, as shown in Figure 6c,
where the negative iso-surface around 12Zn-5C overlaps. The
d-orbital sites in Zn accept electron pairs from carbonyl oxygen
or π-orbitals as a case of typical Dewar−Chatt Duncanson
interaction.35−37,61,62 These interactions between CO2 and
TDESs are possible since as revealed from FMO analysis in
Figure 6a−d, the carbon atom (LUMO orbitals) in CO2 has a
Lewis acid character typical of an electrophilic center, whereas
the oxygens (HOMO orbitals) are weak Lewis bases
representative of nucleophilic centers. Usually, the LUMO
orbitals of CO2 are occupied through the electron transfer
from the Ag surface at −1.5 V to form the lowest energy state
corresponding to a bent geometry. This implies that the linear
form of CO2 transforms to the CO2

•− free radical with an
equilibrium angle of 134°. The Zn surface was selected as a
case study for illustration purpose. The same quantum
chemical calculation can be applied to other transiton metal
surfaces. Moreover, ZnCl2/EA recorded high CO2 concen-
tration justifying its use as a case study herewith. Also, only two
of the four [(η1(C), η2(C,O), η1(O), and η2(O,O)] possible
CO2 coordination modes were probable.

4.0. CONCLUSION
We employed theoretical and electrochemical experimental
analysis to provide inferential insight into the detection and
quantification of CO2 in deep eutectic solvents for the first
time. The study demonstrated electrochemical quantification
of CO2 solubilities in newly prepared transition-metal-based
deep eutectic solvents indexed as TDESs for improved CO2
sorption. The use of a transition metal precursor as a hydrogen
bond acceptor to prepare the TDESs can induce additive sites

for CO2 sorption. Therefore, the structural factors such as
incorporating a transition-metal-based HBA or HBD with an
affinity for CO2 and external factors such as the minimum gas
saturation time are essential to ensure the TDESs’ scalable
applicability. Despite the number of studies on DESs and some
conventional solvents, there is a scarcity of data for
nonconventional solvents such as transition-metal-based
DESs. Consequently, after screening different TDESs prepared
using ethylene-glycol-based HBD for CO2 capture capacity
based on the chronoamperometry technique, this approach
was successfully extended to different TDESs with ethanol-
amine-based HBD. The chronoamperometry technique used
in screening the CO2 capture has a facile detectable minimum
time of 300 s. It was found that the coordination mode of CO2
is dependent on the type of transition metal site in the TDESs.
Moreover, the theoretical result confirmed that the CO2-
transition metal interaction can be visualized using negative
iso-surfaces from the frontier molecular orbital analysis.
Moreover, the CO2 interacts with the proton in either NH2
or OH via the involvement of positive iso-surface in their
frontier molecular orbitals, typical of hydrogen bonding.
Further investigation of double-layer capacitance indicated
that a larger phase change of the CO2-saturated medium seems
most probable to confirm the free radical of CO2 at the outer
Helmholtz layer. On the contrary, the phase angle is low for
the ordinary TDES medium without CO2 saturation. The CO2
being dispersed in the TDESs will always form ionic species in
the outer Helmholtz layer, thereby increasing the capacitance
and phase angle. This supports the hypothesis that Zn2+, Ni2+,
Co2+, and Cu2+ transition metal centers in TDESs reside at the
inner Helmholtz layer. The results are significant in the facile
screening of electrolytes or solvents for electrochemical CO2
capture and utilization.
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