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Abstract: The electrochemical reduction of CO2 is a promising way to recycle it to produce value-added
chemicals and fuels. However, the requirement of high overpotential and the low solubility of CO2

in water severely limit their efficient conversion. To overcome these problems, in this work, a new
type of electrolyte solution constituted by ionic liquids and propylene carbonate was used as the
cathodic solution, to study the conversion of CO2 on an Ag electrode. The linear sweep voltammetry
(LSV), Tafel characterization and electrochemical impedance spectroscopy (EIS) were used to study
the catalytic effect and the mechanism of ionic liquids in electrochemical reduction of CO2. The LSV
and Tafel characterization indicated that the chain length of 1-alkyl-3-methyl imidazolium cation had
strong influences on the catalytic performance for CO2 conversion. The EIS analysis showed that
the imidazolium cation that absorbed on the Ag electrode surface could stabilize the anion radical
(CO2

•−), leading to the enhanced efficiency of CO2 conversion. At last, the catalytic performance was
also evaluated, and the results showed that Faradaic efficiency for CO as high as 98.5% and current
density of 8.2 mA/cm2 could be achieved at −1.9 V (vs. Fc/Fc+).
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1. Introduction

The unprecedented increase of CO2 concentration in the atmosphere has led to many concerns
about global warming, and even predictable environmental disasters, which make us feel urged to
limit the CO2 emission and effectively utilize them [1–4]. The catalytic transformation of CO2 into
value-added chemicals and fuels has been regarded as one of the most promising ways to realize the
valorization of CO2 [5]. In this context, several strategic options, including electrochemical [6–12],
thermochemical [13–15], photocatalytic [16–18] and photoelectrochemical [19–22] approaches,
have been developed to undertake the CO2 conversion. Among them, the electrochemical reduction of
CO2 is regarded as the most prospective way, because it allows one to combine with carbon capture
and storage technology, and to utilize renewable energy (such as solar energy and wind energy),
as inputting energy and water as a reductant to reduce CO2 into various carbon-based fuels and
chemicals (e.g., CO, HCOOH, CH4, C2H4, and CH3OH) in a modular electrochemical reactor under
ambient temperature and pressure [7–11]. However, the linear CO2 molecule is thermodynamically
stable and kinetically inert to be reduced, due to its low electron affinity and large energy gap between
its highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) [23].
It has been reported that the main hurdle in CO2 electroreduction lay in the first-step one-electron
reduction of CO2 to form an anion radical (CO2

•−), because this activation step requires a much high
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reduction potential of −1.9 V (vs. NHE) [24,25]. Therefore, to accelerate this process, considerable
efforts have been devoted to study the electrocatalysts, because the structure of electrocatalysts provides
active sites to activate the reactant of CO2, and great progress has been witnessed in recent years [26].

While the electrocatalysts are important in research efforts, the electrolyte on the other side
plays an equally pivotal role in catalysis, by interacting with the reactant and intermediate species,
ultimately influencing the overall reduction reaction [8,27]. In this aspect, ionic liquids (ILs), which are
composed of relatively large organic cations and small inorganic anions, have shown their advantages
in the reduction of CO2, and have been extensively studied in recent years [6,7,28–34]. The first
consideration is that ILs have a high capacity for CO2 capture [35,36] and unique electrochemical
properties [37–40], such as wide electrochemical windows, high conductivity, and high stability.
More importantly, ILs could interact with CO2 or the reaction intermediate species, and eventually
improve the catalytic activity and influence the product selectivity [7,34,41–47]. For example, by using
the 18 mol% 1-ethyl-3-methylimidazolium tetrafluoroborate [Emim][BF4] aqueous solution as the
cathode electrolyte, Rosen et al. [45] reported that Faradaic efficiency (FE) greater than 96% for CO
from CO2 could be achieved at very low overpotential. In the subsequent work [48], they proposed
that the formation of an adsorbed CO2–[Emim]+ complex provided a low-energy pathway for CO2

conversion to CO, accounting for the enhanced performance at the presence of ILs. In another ILs
assistant CO2 conversion work, Sun et al. [49] reported that the cation of 1-ethyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide [Emim][NTf2] played the role of stabilizing effect to prevent the
close approach and dimerization between two CO2

•− to form oxalate, and thus switched the C-derived
product to CO. Furthermore, they proposed that the formation of an imidazolium carboxylate through
the coordination of [Emim]+ with CO2

•− appeared as a feasible pathway for the CO2 conversion to
CO [49]. However, due to the vast number of ILs through different combinations of various cations and
anions, an understanding of the interactions between ILs electrolyte and CO2 molecule or intermediate
species, as well as the behind decisive role of ILs is necessary for properly selecting the ILs to enhance
the efficiency for CO2 electroreduction.

Because of the high cost and high viscosity, ILs are often mixed with different molecular solvents of
water or organic solvent, and then used as supporting electrolytes, as well as active co-catalysts [50–54].
For water solution, the hurdles for efficient electrochemical conversion of CO2 stem from the low
solubility of CO2 in aqueous solution, the complicated CO2 species in water, and the competitive H2

evolution from H2O reduction [55]. Compared with water, organic solvents have high solubility of CO2

and have been alternatively investigated as solvents of ILs for the conversion of CO2 [10,50,51]. However,
these widely investigated organic solvents, such as acetonitrile (AN), N,N-dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO), have some severe shortages in practical use. AN is unsuitable for
practical use because of its high toxicity and volatility. DMF is also not an appropriate candidate, since it
is prone to hydrolysis in water. As for DMSO, owing to its low melting point (18.4 ◦C), its utilization is
highly restricted at ambient conditions. Therefore, the seeking of suitable liquid solvents that can be
utilized in CO2 conversion is still a challenging and urgent task. In recent years, propylene carbonate
(PC), as a polar aprotic liquid, has attracted much attention and has been regarded as a promising
and “green” sustainable alternative solvent in various chemical and electrochemical transformations
fields [56–58]. This is mainly due to its wide electrochemical window and unique physicochemical
properties, such as the low toxicity and vapor pressure, as well as the non-corrosive and biodegradable
nature of PC. More importantly, PC also has a high capacity of CO2, which makes PC a promising
alternative solvent to overcome the afore-mentioned problem faced in CO2 conversion. Despite these
advantages, PC has only been seldom used as a solvent in the electrocatalytic conversion of CO2 [59,60].

Inspired by these signs of progress, in this study, the electrocatalytic conversion of CO2 was
performed in imidazolium-based ILs/PC solution, in which the ILs act as active component and
electrolyte, and PC as the solvent. First, the onset potential and the main kinetic parameters of
CO2 reduction in PC solution of 1-alkyl-3-methyl imidazolium tetrafluoroborate with different chain
length were measured using linear voltammetry (LSV) and Tafel characterization, respectively. Then,
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the electrochemical impedance spectroscopy (EIS) and equivalent circuit analysis were carried out to
investigate the catalytic role of ILs in the course of CO2 reduction. At last, the catalytic performance in
the presence of ILs and tetrabutylammonium tetrafluoroborate salt was evaluated and compared.

2. Results and Discussion

2.1. Reference Electrode Calibration in Non-Aqueous Solution

In this work, we used Pt/(I−/I3
−) as the reference electrode. For a facile comparison of

electrochemical potentials measured in the different non-aqueous electrolyte solution, the electrode
potentials versus I−/I3

− were first calibrated using ferrocene/ferrocenium (Fc/Fc+) redox couple as
an internal standard [61], as recommended by International Union of Pure and Applied Chemistry.
This calibration method based on the measurement of cyclic voltammograms (CV) at the presence of
Fc/Fc+ redox couple in the corresponding catholyte (0.1 M ILs in PC in this work). The obtained CV
curves are shown in Figure 1.
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Figure 1. Cyclic voltammetry measured in [Emim]BF4/PC (a), [Bmim]BF4/PC (b) [Hmim]BF4/PC
(c), [Omim]BF4/PC (d), [Dmim]BF4/PC (e), [Bu4N]BF4/PC (f); α: blank, β: 10 mM ferrocene;
[Emim]BF4: 1-ethyl-3-methylimidazolium tetrafluoroborate; [Bmim]BF4: 1-butyl-3-methylimidazolium
tetrafluoroborate; [Hmim]BF4: 1-hexyl-3-methylimidazolium tetrafluoroborate; [Omim]BF4: 1-octyl-3-
methylimidazolium tetrafluoroborate; [Dmim]BF4: 1-decyl-3-methylimidazolium tetrafluoroborate;
and [Bu4N]BF4: tetrabutylammonium tetrafluoroborate.
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For comparison, the CV curve in the commonly used tetrabutylammonium salt [Bu4N]BF4

catholyte solution is also included. As shown in Figure 1, in all cases, the redox peaks are not observed
across the CV curves (the red ones) in the absence of ferrocene. Otherwise, typical redox peaks
(the black curves) are observed at the presence of 10 mM ferrocene. The obtained half-wave potentials
(E1/2 = (EPc + EPa)/2) are 0.242 V, 0.231 V, 0.223V, 0.222 V, 0.241 V and 0.242 V in 0.1 M [Emim]BF4/PC,
[Bmim]BF4/PC, [Hmim]BF4/PC, [Omim]BF4/PC, [Dmim]BF4/PC and [Bu4N]BF4/PC, respectively. Then,
all the potentials in different catholyte solutions are calibrated versus the internal standard if Fc/Fc+

according to the equation: E (vs. Fc/Fc+) = E (vs. I−/I3
−) − E1/2 [62].

2.2. Linear Sweep Voltammetry Measurements

Linear sweep voltammograms (LSV) curves are recorded to study the effect of the alkyl chain
length of the imidazolium cations on the electroreduction of CO2, and the results are shown in Figure 2.
For comparison, the LSV curve of [Bu4N]BF4 with the same anion BF4

− as catholyte is also recorded.
In agreement with previous reports [49], the onset potential for CO2 reduction was defined as the
potential that results in a current density of 0.6 mA/cm2. As shown in Figure 2, though all CV
curves show similar profiles, the onset potentials shift anodically when ILs replace [Bu4N]BF4 as
supporting electrolytes, indicating that ILs play a promoting role in the process of CO2 electrochemical
reduction. Furthermore, it can be observed that the onset potentials change with the alkyl chain
length of imidazolium cations. Among these five studied ILs, the [Bmim]BF4 gives the most positive
onset potential of −1.702 V (vs. Fc/Fc+), which shifted positively by 133 mV compared with that in
[Bu4N]BF4/PC solution (−1.835 V (vs. Fc/Fc+)).
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Figure 2. Linear sweep voltammograms (LSV) curves in CO2-saturated propylene carbonate (PC)
solution of ionic liquids (ILs) and [Bu4N]BF4.

2.3. Tafel Analysis

Tafel plots of CO2 reduction in PC solution with different ILs and [Bu4N]BF4 as electrolytes
are further conducted, and the results are shown in Figure 3. It can be determined from Figure 3
that the equilibrium potential of CO2 reduction in [Emim]BF4/PC, [Bmim]BF4/PC, [Hmim]BF4/PC,
[Omim]BF4/PC, [Dmim]BF4/PC and [Bu4N]BF4/PC solution is −1.512 V, −1.275 V, −1.561 V, −1.633 V,
−1.672 V, −1.751 V (vs. Fc/Fc+), respectively. In consistency with the results of LSV characterization,
the [Bmim]BF4 IL has the higher catalytic promotion effect than other ILs and the [Bu4N]BF4 salt.
The equilibrium potential of CO2 in [Bmim]BF4/PC solution shifted positively 476 mV by comparison
with that in [Bu4N]BF4/PC solution. The kinetic parameters of CO2 reduction in different electrolytes
were further calculated according to Equations (1) and (2) [63], and the results are listed in Table 1.

η = a+blog|i|, (1)
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a = −2.303RTlogi0/(nγF), b = 2.303RT/(nγF), (2)

where η is the overpotential, a is the Tafel constant, b is the Tafel slope, γ is the charge transfer coefficient
to indicate the symmetry of the energy barrier, i0 is the exchange current density, n is the number of
electrons transferred, F is the Faradaic constant, T is the absolute temperature, and R is the gas constant.
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Figure 3. Tafel plots of CO2 reduction in CO2-saturated PC solution of ILs and [Bu4N]BF4.

Table 1. Electrochemical kinetic parameters of CO2 reduction in [Emim]BF4/PC, [Bmim]BF4/PC,
[Hmim]BF4/PC, [Omim]BF4/PC, [Dmim]BF4/PC, and [Bu4N]BF4/PC electrolyte solution.

Catholyte a/(V) b/(V) γ i0/(A/cm2)

[Emim]BF4/PC 0.899 0.167 0.177 4.168 × 10−6

[Bmim]BF4/PC 0.791 0.160 0.185 1.14 × 10−5

[Hmim]BF4/PC 0.872 0.165 0.179 5.19 × 10−6

[Omim]BF4/PC 0.941 0.176 0.168 4.49 × 10−6

[Dmim]BF4/PC 0.976 0.181 0.163 4.06 × 10−6

[Bu4N]BF4/PC 1.01 0.186 0.159 3.175 × 10−6

It can be seen from Table 1 that, for Tafel constant a and Tafel slope b, these two parameters in all
ILs/PC solution are smaller than that in [Bu4N]BF4/PC solution. From Equation (2), the smaller value
of a and b means that the activation over potential η will also be lower at the same current density.
Moreover, the charge transfer coefficient γ and the exchange current density i0 in all ILs/PC solution
are higher than that in [Bu4N]BF4/PC solution. Therefore, these kinetic parameters derived from
Tafel characterization confirm that the electrolytes of imidazolium-based ILs can lower the activation
energy, and then is expected to enhance the electrochemical conversion efficiency of CO2. Furthermore,
[Bmim]BF4 electrolyte gives the smallest value of a (0.791 V) and b (0.160 V/dec), and on the other side,
has the largest value of γ (0.185) and i0 (1.14 × 10−5 A/cm2), which means that [Bmim]BF4 would have
the highest catalytic activity among all the studied ILs.

2.4. Electrochemical Impedance Analysis

Based on LSV and Tafel characterization, it has been confirmed that ILs, especially [Bmim]BF4,
showed an enhanced ability for activating CO2 in the electrochemical conversion process. To further
study the underlying role of ILs in CO2 reduction on the Ag electrode, we further performed
electrochemical impedance spectroscopy (EIS) analysis. The EIS results in different ILs/PC and
[Bu4N]BF4/PC solutions are shown in Figure 4. As shown in Figure 4a, Nyquist plot in [Bu4N]BF4/PC
electrolyte shows a semicircle in the region of high frequency, which can be ascribed to the Faradaic
electron transfer process, and a nearly straight line can be observed in the low-frequency region, which
resulted from the diffusion-control process. The deviation of the line from the typical 45◦ may be due
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to the rough surface of the Ag electrode. However, different from that in the [Bu4N]BF4/PC electrolyte,
the Nyquist plots in all ILs/PC electrolytes (Figure 4b) show an additional big semicircle. The apparent
differences of the Nyquist plot between ILs/PC systems and [Bu4N]BF4/PC electrolyte mean that the
reduction mechanism of CO2 is changed when IL is used as the electrolyte.
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Figure 4. Nyquist plots of electrochemical impedance spectroscopy (EIS) in 0.1 M CO2-saturated
[Bu4N]BF4/PC (a) and different ILs/PC (b) electrolyte solutions.

The equivalent circuits of EIS results were further derived and were shown in Figure 5. Figure 5a is a
typical Randles circuit that can well feature the Nyquist plot in [Bu4N]BF4/PC electrolyte (see Figure 4a),
in which Rs is the solution resistance, Rct is the charge transfer resistance, C is the double-layer
capacitance, and W is the Warburg impedance. The diagram in Figure 5b represented the equivalent
circuit of the Nyquist plot in ILs/PC solution. The presence of two semicircles in the Nyquist plot
(see Figure 4b) means that there exist two different time constants. Since each time constant is related
to an RC component [64], an additional RC component should be added in the equivalent circuit.
When ILs/PC are used as the electrolyte in CO2 reduction, CO2 molecules have to pass through the
absorbed ILs film layer to reach electrode surface, and then anticipate into an electroreduction reaction.
Therefore, the additional RC circuit should be connected in parallel with another RC circuit [64]. So,
in the equivalent circuit diagram of Figure 5b, the R1 represents the migration resistance of CO2,
through the adsorbed layer of IL. In addition, the second semicircle in Figure 4b is an arc and deviated
obviously from the semicircular trajectory. This deviation is due to a dispersion behavior of the real
capacitive component. Therefore, a constant phase element (CPE) has been commonly introduced and
defined as in Equation (3) [65,66]:

Z(CPE) = (jω)−n/Y0 (3)

where Y0 is the constant phase coefficient, n is the dispersion coefficient (if n = 0, it is equivalent to a
resistance; if n = 1, it is equivalent to a capacitance), j is the imaginary unit, and ω is angular frequency.
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Figure 5. The equivalent circuit diagram of CO2 in [Bu4N]BF4/PC (a), [Bmim]BF4/PC (b) electrolyte.
Rs is the solution resistance, Rct is the charge transfer resistance, C is the double layer capacitance, W is
the Warburg impedance, R1 is the migration resistance of CO2 through the ionic liquid adsorption layer,
and constant phase element (CPE) is the constant phase element.
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According to the equivalent circuit shown in Figure 5, the impedance parameters are further
obtained, and the results are shown in Table 2. For example, in [Bmim]BF4/PC solution, the value of
the dispersion coefficient n of the CPE is 0.8325. This means its deviation from a pure capacitance,
indicating that [Bmim]BF4 formed a film layer on the surface of the Ag electrode and then caused a
dispersion behavior [67].

Table 2. Parameter values of equivalent circuit components.

Catholyte Rs/(Ω) Rct/(Ω) n R1/(Ω)

[Bu4N]BF4/PC 10.02 59.13 - -
[Emim]BF4/PC 7.839 49.71 0.8130 58.87
[Bmim]BF4/PC 6.069 43.07 0.8325 49.46
[Hmim]BF4/PC 7.950 47.32 0.8362 57.62
[Omim]BF4/PC 8.323 53.38 0.7635 89.50
[Dmim]BF4/PC 8.905 55.09 0.7825 94.26

It can be seen from Table 2 that the Rct values of all studied ILs/PC systems are also smaller than that
of [Bu4N]BF4/PC solution, confirming the promotion effect of ILs on the electrochemical reduction of
CO2. This promotion effect of ILs/PC system is expected because of the catalytic role of the absorbed IL
for the activation of CO2 through the complexation and stabilization of the CO2

•− radical anion [7,31,47].
In addition, the Rct values of ILs/PC systems have the following trend: [Bmim]BF4/PC (43.07 Ω) <

[Hmim]BF4/PC (47.32 Ω) < [Emim]BF4/PC (49.07 Ω) < [Omim]BF4/PC (53.38 Ω) < [Dmim]BF4/PC
(55.09 Ω). Among all the studied ILs with different chain lengths, [Bmim]BF4 has the smallest Rct

value, indicating its highest catalytic effect for CO2 reduction. This result of EIS characterization is
consistent with that obtained by LSV and Tafel analyses.

Furthermore, from the above electrochemical characterizations, it was found that, although the
exact promotion effect of ILs on the electrochemical reduction of CO2 is not very clear, previous reports
have generally indicated that the ILs adsorbed on the electrode can complex with CO2

•−reactive
intermediate [45,46,54,68–71], resulting in the reduction of the overpotential and the ultimate facilitation
of the CO2 conversion. From this point of view, the adsorption behavior of ILs on the electrode
can influence the interaction between the imidazolium cation and CO2

•−, and plays a decisive
role in the course of CO2 electrochemical conversion [7,29,47]. However, the adsorption behavior
(i.e., the adsorption strength, the spatial structure, and the density) is influenced by many factors, such
as the material and the potential of electrode, the solvent, the concentration of ILs, and the type of
anion. In our study, when decreasing the chain length at N1-position of imidazolium cation from octyl
to butyl, the catalytic activities of ILs increase, which can be ascribed to the higher adsorbed quantity
with a lower steric hindrance of shorter chain length. However, further deceasing the chain length
from butyl to ethyl, the adsorbed [Emim]+ may further increase, and cause the film layer too dense to
let CO2 molecules diffuse across, which, on the contrary, is detrimental to CO2 conversion.

2.5. The Catalytic Performance and the Catalytic Mechanism

After the electrochemical characterizations, we then evaluated the CO2 conversion performances
in [Bu4N]BF4/PC and [Bmim]BF4/PC electrolyte solution, and the results of Faradaic efficiency (FE) and
current density are shown in Figure 6. It can be seen from Figure 6a that the current density in both
[Bmim]BF4/PC and [Bu4N]BF4/PC electrolytes increase as the applied potential decrease, and at each
potential, the current density enhanced when ILs of [Bmim]BF4 replace [Bu4N]BF4 as the electrolyte.
For example, at −1.90 V (vs. Fc/Fc+), the current density in [Bmim]BF4/PC (8.2 mA/cm2) was about
three times that in the traditional [Bu4N]BF4/PC (2.7 mA/cm2). The FE results in Figure 6b show that
the FE of CO in [Bmim]BF4/PC is much higher than that in [Bu4N]BF4/PC at each applied potential.
Correspondingly, the FE of byproduct H2 is reduced when the [Bmim]BF4/PC is alternatively used as
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the electrolyte solution. More importantly, it can be seen that the FE as high as 98.5% can be obtained
in [Bmim]BF4/PC solution when the applied potential is at −1.90 V (vs. Fc/Fc+).
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conversion in [Bu4N]BF4/PC and [Bmim]BF4/PC electrolyte solution.

Based on the above electrochemical characterization, the performance results and previous reports,
the reduction mechanism of CO2 at the presence of [Bmim]BF4 is proposed, and the corresponding
schematic diagram is shown in Figure 7. Firstly, the imidazolium cation [Bmim]+ adsorbs on the surface
of the Ag electrode and forms a film layer of ILs [43]. Subsequently, the CO2 molecules diffuse through
the film layer of ILs and reach the Ag electrode. Then, the CO2 molecule obtains one single electron,
resulting in the formation of radical CO2

•−, and the generated CO2
•− interacts with [Bmim]+ and

forms a [Bmim-CO2]ad complex intermediate [45,46,68–70], in which the cation of [Bmim]+ plays the
role of stabilizing the radical CO2

•−, and in consequence, reduces the required activation energy for the
overall reduction of CO2 [7,31,47]. The formed [Bmim-CO2]ad intermediate is further combined with
another electron and two protons H+ to ultimately produce CO. It should be noted here that the H+ was
supplied from the anodic electrolyte (sulfuric acid) and passed through the Nafion N-117 membrane to
reach the cathode cell, to participate into the CO2 reduction reaction. At last, the generated CO diffuses
into the solution and overflows the liquid surface.
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working electrode.

3. Materials and Methods

3.1. Materials

Notably, 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim]BF4, ≥98%), 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim]BF4,≥99%), 1-hexyl-3-methylimidazolium tetrafluoroborate
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([Hmim]BF4, ≥98%), 1-octyl-3-methylimidazolium tetrafluoroborate ([Omim]BF4, ≥98%), 1-decyl-3-
methylimidazolium tetrafluoroborate ([Dmim]BF4, ≥98%), and tetrabutylammonium tetrafluoroborate
([Bu4N]BF4,≥99%) were all supplied by Chengjie Chem. Co., Ltd. (Shanghai, China). Propylene carbonate
(PC, ≥99.9%), iodine (I2, ≥99.5%), and tetrabutylammonium iodide (TBAI, ≥99.9%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Ferrocene (Fc, ≥99.9%) was
purchased from Tianjin Deen Chemical Reagent Co., Ltd. (Tianjin, China). Nafion N-117 membrane
(0.180 mm thick, ≥0.90 meg/g exchange capacity) was purchased from Alfa Aesar China Co., Ltd. (Tianjin,
China). Ag electrodes (10mm × 10mm, 1mm in thickness, >99.99%) and graphite rod (5 mm diameter,
length 15 cm, ≥99.99%) were acquired from Tianjin Aida Hengsheng Technology Development Co., Ltd.
(Tianjin, China).

3.2. The Construction of Pt/(I−/I3–) Reference Electrode

In this work, Pt/(I–/I3
–) was used as the reference electrode in the ILs/PC non-aqueous system.

The Pt/(I–/I3
–) reference electrode was prepared by inserting Pt wire into a mixture solution of I2

(0.05 M) and TBAI (0.1 M). In addition, in order to avoid the junction potential and the pollution of
the cathodic electrolyte solution from the electrolyte in Pt/(I–/I3

–) reference electrode, a salt bridge
filled with the same cathodic electrolyte solution is also used. Both bottoms of the Pt/(I–/I3

–) reference
electrode and the salt bridge were sealed with porous polytetrafluoroethylene.

3.3. Electrochemical Characterization

All electrochemical experiments were carried out on the CHI 660E electrochemical workstation
(Shanghai Chenhua, Shanghai, China). The scan rate of linear sweeping voltammetry (LSV) is 20 mV/s
and sweeping region from −0.5~−3.0 V (vs. Fc/Fc+). The Tafel scan rate is 10 mV/s. The electrochemical
impedance (ESI) is tested at a constant potential, with an amplitude of 10 mV and frequency ranging
from 10 kHz to 1 Hz.

3.4. The CO2 Conversion Performance Test

The electrochemical reduction of CO2 was performed in an H-type dual-chamber reactor.
The Nafion N-117 ion-exchange membrane was used to separate the cathode chamber and the
anode chamber. A silver plate (1cm × 1cm × 0.3mm) and a graphite rod were used as the working
electrode and counter electrode, respectively. ILs/PC mixture solution (0.1 M) and H2SO4 aqueous
solution (0.1 M) were used as the cathodic and anodic electrolytes, respectively.

In a typical procedure, the reactor was connected to a gas circulation and online sampling system
(Labsolar-III AG, Beijing Perfectlight Technology Co., Ltd. (Beijing, China), and the details are stated in
our previous work [46,72]). Subsequently, the air solubilized in the electrolyte solution, and the air
in the circulation channel was evacuated for 30 min. Then, CO2 was introduced into the electrolyte
solution from the bottom of the cathodic cell for one hour to reach the solubility equilibrium of CO2.
Then two hours of the reaction was carried out to make sure that the concentration of products was
high enough to exceed the detection limit of the detectors for reducing the analytic errors.

3.5. The Products Analysis and Calculation of Faradaic Efficiency

The products of H2 and CO were online sampled and in-situ quantified by gas chromatography
(GC 9790II, Zhejiang Fu Li Analytical Instrument Co. Ltd., Zhejiang, China). The separation of H2, CO,
and CO2 feed gas was realized by a TDX-01 column and the separated gas was subsequently brought
into two paths. In one path, the products of H2 and CO were guided into a Molsieve5 A column,
and the H2 was then measured using a thermal conductivity detector (TCD), while the gas CO was
passed through a mechanizer to be transformed into methane by the nickel catalyst at 380 ◦C, and was
ultimately detected by a flame ionization detector (FID). In another path, CO2 and other possible
hydrocarbons that have longer retention time than H2 and CO in the TDX-01 column were introduced
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into a Porapak N column. Finally, the CO2 gas was vented out, and the gas of hydrocarbons were
measured by FID.

The FE is calculated from the product analysis by the equation:

FE =
nizi
ne

where ni is the mole number of a specific product (mol), zi is the number of electrons transferred for
this product i (zi = 2 for CO and H2), and ne is the total mole number of electrons passed through the
circuit (mol). Furthermore, the ne (mol) can be determined by the equation:

ne =
Q
F

where Q is the passed charge (C) that can be obtained from the integration of the recorded
chronoamperometric (i-t) curve, and F is the Faradaic constant (96500 C/mol).

4. Conclusions

In summary, the ILs/PC mixture solution was constructed and investigated as the electrolyte for
electrochemical reduction of CO2 on the Ag plate electrode. The investigation on the alkyl length
of imidazole-based ILs indicates that the IL of [Bmim]BF4 gives the lower onset potential and Tafel
slope, as well as higher exchange current density, compared to other studied ILs and the traditional
[Bu4N]BF4 salt. The EIS characterization further indicated that the imidazolium cation could absorb
on the electrode surface and reduce the overpotential through complexing with anion radical (CO2

•−)
and stabilizing them. The [Bmim]BF4 IL gives the highest performance for the conversion of CO2.
The performance tests show that in [Bmim]BF4/PC electrolyte solution, FE for CO as high as 98.5% and
current density of 8.2 mA/cm2 can be achieved at −1.9 V (vs. Fc/Fc+).
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