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The conversion of carbon dioxide (CO3) into formate by the intermittent generation of renewable energy
is of great interest for many applications. Most studies have so far focused on how to improve the
faradaic efficiency but ignored the importance of energy efficiency. In this study, the electrochemical
reduction of CO; (ERC) was carried out in a divided H-type electrolyzer. The improvement of energy
efficiency was studied in the context of three aspects: (1) contrasting the cathodic catalysts, i.e.,
traditional Sn foil with highly active nano-Bi (produced in situ by reduction from nano-Bi>03), (2)
comparing anodic catalysts, i.e., traditional Pt plate and the as-prepared Ir/C, and (3) contrasting anodic
electrolytes, i.e., aqueous solutions of KHCO3 and KOH. The energy efficiency of the ERC to formate
can reach 38.2% with the r-Bi>Os cathodic catalyst, and Ir/C anodic catalyst were used in 1.0 M KOH
anolyte, at a low cell potential (2.06 V). This work concluded that KOH anolyte is more suitable for the
ERC to formate. Furthermore, the method of calculating the energy efficiency for the ERC to formate
was also systematically reviewed.
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1. INTRODUCTION

Electrochemical reduction of CO (ERC) is a potential solution to reduce CO2 emissions and
alleviate power fluctuation of renewable energy sources [1]. It is becoming an increasingly important
method due to its ease of operation combined with the advantages of using renewable energy and
diversity of add-valued organic products [2]. Numerous studies suggest high faradaic efficiency for the
ERC to formate [3, 4]. However, to use ERC as an energy storage strategy, the energy efficiency of the
reaction process should also be optimized [5].

At present, energy efficiency can be enhanced by improving the performance of both cathodic
and anodic catalysts to decrease the overpotentials of the corresponding electrode. Many materials have
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been reported as the cathodic catalysts for the ERC to formate with high faradaic efficiency [6-11].
Among them, the Bi-based cathodic catalyst is promising because of its low overpotential and high
stability [12-15]. Pt is usually used as the anodic catalyst for ERC [16-18], but it possesses high
overpotential and low activity for the oxygen evolution reaction (OER) [5]. By comparison, Ir-based
catalysts are stable and have good catalytic performances towards OER [19, 20]. Yu et al. prepared a
nano-sized IrOx/Nafion composite catalyst for OER with good activity and high stability under
electrolysis for about 4500 h [21].

To industrialize the process of the ERC to formate, typically, a double-compartment electrolytic
cell is used to prevent the resulting formate from being oxidized at the anode [22]. Zhao et al. reported
that the energy efficiency of the ERC to formate, using Pt anode, was only 27% in a double-compartment
electrolytic cell, in which the anolyte and catholyte were both aqueous KHCO3 solutions [23]. The
aqueous KHCO:z solution is generally employed as both the anolyte and catholyte for ERC [12, 24, 25].
Using a KHCO3 solution as catholyte can provide high faradaic efficiency [26]. While, KOH solutions
also can be used as the anolyte [14, 27, 28], the advantages or reason for the choice of either anolyte has
not been clearly stated in literature.

At present, there are few reports of systematic investigations on the energy efficiency of the ERC
to formate. In this work, the ERC to formate was performed in a divided H-type electrolytic cell. We
employed Bi-based cathodic and Ir-based anodic high activity catalysts in order to increase energy
efficiency. The effects of the KOH and KHCO3 anolytes on energy efficiency, and their differences,
have been studied and discussed. The method for estimating the energy efficiency for the ERC to formate
was also systematically reviewed.

2. EXPERIMENTAL

2.1 Preparation of cathodic catalyst modified GCE

2 mmol Bi(NO3)35H20 and 1.5 mmol citric acid were dissolved into 10 mL of 1 M HNO3
solution. With NaOH, the pH was adjusted to 4, the mixed solution was transferred into a Teflon-lined
autoclave and kept at 180 °C for 24 h. The as-prepared white precursor was retrieved by centrifugation,
washed several times with deionized water and absolute ethanol, and then vacuum-dried at 60 °C for 5
h. Finally, the dried sample was calcined under air atmosphere at 500 °C for 3 h to obtain the light-
yellow Bi2O:s.

40 mg of the as-prepared Bi>Os was first dissolved in 1 mL of ethanol, to which 0.1 mL of a 5 wt%
Nafion solution was added, and was subsequently sonicated for 20 min. Afterwards, 10 uL of the solution
prepared above was pipetted onto a freshly polished L-style glass carbon electrode (GCE, diameter 5
mm) and dried in air. The Bi>Oz deposited on the GCE was reduced at —1.5 V vs. Ag/AgClina 0.1 M
KHCO3 aqueous solution for 10 min. The reduced Bi>O3z modified GCE, denoted as r-Bi>O3/GCE, was
prepared and then dried in air for 10 min before further experiments.
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2.2 Preparation of anodic catalyst modified GCE

N-doped carbon nanotubes (CNxNTSs) were synthesized from an n-propylamine precursor with
C00.1Mgo.9sM004 catalyst by chemical vapor deposition. 30 mg of CNxNTs powder was dispersed in an
ethanol/water mixture (volume ratio: 9:1) and sonicated for 1 h. The above solution was mixed with
HzIrCle under stirring at 25 °C for 2 h and then stirred at 80 °C for 6 h. Then, the mixture was placed in
an autoclave and held at 150 °C for 4 h. Finally, the product was centrifuged, washed with ethanol/water
solution, and vacuum-dried at 80 °C for 10 h. The catalyst with 20 wt% of Ir was obtained and named
as Ir/C in the following.

Briefly, 3 mg of the Ir/C catalyst was ultrasonically dispersed in 200 pL of ethanol and 6 pL of
Nafion solution (5 wt%) for 30 min. Afterwards, 10 pL of the catalyst ink was deposited on the freshly
polished L-style GCE (diameter 5 mm) and dried in air.

2.3 Electrochemical experiments

The electrochemical experiments were carried out on a CHIG60E electrochemical workstation
(Shanghai Chenhua Instruments Co., Ltd., China) in a divided H-type two-compartment glass cell with
50 mL electrolyte per chamber. The two chambers were separated by a proton exchange membrane
(Nafion 117) to allow ionic conductivity and minimize the anodic oxidation of formic acid. The cathodic
electrolyte was CO»-saturated 0.1 M KHCO3z aqueous solution (pH=7). The anodic electrolytes used in
this study are either 0.1 M KHCOs3, 0.1 M KOH, or 1.0 M KOH aqueous solutions.

Linear sweep voltammetry (LSV) was performed in a three-electrode system, where an Ag/AgCI
electrode (saturated KCI) was acted as the reference electrode. The cathode was either an Sn foil (0.2
cm?) or the synthesized r-Bi,O3s/GCE, while the anode was a Pt plate (0.2 cm?) or the Ir/C modified
GCE. The cathodic and anodic potential scan rates were all set at 5mV s,

The cell potential between the cathode and anode was measured by a digital multimeter
(VICTOR VC9808*). The constant cell potential electrolysis was performed for 2 h at the cell potential
in the two-electrode system (cathode || anode system) without a reference electrode. The cathodic
electrolyte was continuously sparged with CO> during the electrolysis process.

2.4 Analysis and calculations

The morphology and structure of the Bi.Os sample were examined with a scanning electron
microscope (SEM, Hitachi S-4800) and X-ray diffraction (XRD, Bruker D8). The morphology and
surface element content of the Ir/C catalyst were examined with transmission electron microscopy
(TEM, JEOL-2100) and X-ray photoelectron spectroscopy (XPS, VG ESCALAB 250). The formate
species in the electrolyte were directly analyzed by ion chromatography (Dionex ICS-5000%).

The faradaic efficiency (FE) and energy efficiency (EE) of the ERC to formate can be calculated
by the following equations:

FE=2nF/Q (1)
EE=|E°|xFE/Cell potential )
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where n is the number of moles of the generated formate which can be calculated from the data
of ion chromatography; F is 96485 C mol™; Q is the electrical charge passed through the system during
the electrolysis; and |E°| is the absolute value of the equilibrium cell potential for the formate product.

3. RESULTS AND DISCUSSION

3.1 Effect of cathodic catalyst

The SEM image of the synthesized Bi,Oz is presented in Figure 1A. It can be seen that the sample
is composed of nanoparticles with an average diameter of around 500 nm. The XRD pattern in Figure
1B shows that all the peaks for the sample could be readily indexed to the monoclinic a-Bi>2Oz, which
agrees well with the standard XRD patterns of Bi.Os (JCPDS card No. 71-2274).

JCPDS No. 71-2274
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Figure 1. A, SEM image of Bi»Os3 (the insert image shows the magnified SEM image of Bi»Oz3). B, XRD
pattern of Bi2O:s.

The electrochemical reduction of Bi»Os to r-Bi.Os was achieved at —1.5 V vs. Ag/AgCl within
10 min. As shown in Figure 2, the current stabilized after 6 min of electrolysis. In the inset of Figure 2,
the color of Bi»Os is shown to be light yellow, while that of r-Bi2Os is black. Therefore, the reduction of
oxidized Bi to metal Bi can be detected through the change in color and the current-time curve.
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Figure 2. Current versus time during the reduction of Bi2Os to r-Bi2O3z at —1.5 V vs. Ag/AgCl. The insert
images show the photographs of Bi.O3/GCE and r-Bi>Os/GCE.

Figure 3 depicts the LSV curves obtained from r-Bi>O3/GCE and the Sn foil in CO»-saturated 0.1
M KHCOs catholyte and 0.1 M KHCO3 anolyte. Compared to the Sn foil, an obvious increase of the
current density can be seen on the cathodic end for r-Bi2Os/GCE. In addition, the initial potential of r-
Bi2Os/GCE is lower than that of the Sn foil. These results indicated the strong catalytic activity of r-
Bi>O3 towards ERC when compared to Sn.
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Figure 3. LSV curves recorded on r-BioO3/GCE and Sn electrode in CO2-saturated 0.1 M KHCO3
catholyte and 0.1 M KHCOs3 anolyte at 5 mV s (the counter electrode is the Pt electrode). Inset
picture shows the curves of current density versus time during ERC using r-Bi.Os|| Pt system at
3.30 V and Sn || Pt system at 3.85 V in 0.1 M KHCOs catholyte and 0.1 M KHCOj3 anolyte.

According to our previous studies, the optimal cathode electrolysis potentials for the ERC to
formate were identified as —1.8 V vs. Ag/AgCl using an Sn-based catalyst and —1.6 V vs. Ag/AgCl using
a Bi-based catalyst [8, 29]. In this work, when the electrolysis potentials were set at —1.6 V vs. Ag/AgCl
for the r-Bi2Os-Pt system and —1.8 V vs. Ag/AgCl for the Sn-Pt system, the corresponding cell potentials
were 3.30 and 3.85 V, respectively. The overpotentials (i) of the CO- reduction reaction were calculated
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as 0.97 V for the r-Bi,Os-Pt system and 1.17 V for the Sn-Pt system, according to #=Ei°-E(vs.
Ag/AgC1)—0.20 V, where E1° is the standard electrode potential for the following CO> reduction reaction
[30]:
CO; + H,0 + 26" =HCOO + OH™ (E1°=-0.43 V vs. SHE at pH 7.0) (3)

Compared to the Sn catalyst, r-Bi-Oz can reduce the cathodic overpotential, leading to decreased
cell potential. The constant cell potential electrolysis experiments were performed at the corresponding
cell potentials of the two-electrode systems (3.30 V for the r-BizOs || Pt system and 3.85 V for the Sn || Pt
system), and the corresponding results are shown in the inset of Figure 3. The current densities of both
systems are constant at around 4 mA cm2. The faradaic efficiencies of the ERC to formate in the r-
Bi203 || Pt and Sn|| Pt systems were calculated as 95.1% and 73.0%, respectively, by Equation 1. The
faradaic efficiencies of the Sn-based catalysts in most literature were around 80% [5, 22, 26, 28], and
those of the Bi-based catalysts, were up to 90% [7, 8], which is close to the faradaic efficiency of r-Bi.O3
obtained in this work. These studies show that Bi-based catalysts have better application prospects than
Sn-based catalysts.

Then, the energy efficiencies of the r-Bi-Os|| Pt and Sn | Pt systems were calculated as 33.3%
and 21.9%, respectively, by Equation 2. It can be concluded that the r-Bi»O3 cathodic catalyst, with a
lower cell potential and higher energy efficiency, could lower the electrical energy required to convert
CO:. to formate when compared to the Sn catalyst.

3.2 Effect of anodic catalyst

The total cell potential required for the ERC includes the potentials of both anodic and cathodic
processes (Ecen=Eanode—Ecathode). Here, the cell potential was reduced by lowering the overpotential of the
cathodic reaction; and it can be further decreased if the overpotential of the anodic reaction is lowered.
Here, the Ir/C catalyst was prepared and employed as the anodic catalyst in order to decrease the anodic
overpotential of OER.
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Figure 4. A, TEM image of Ir/C. B, XPS survey spectrum of Ir/C (insert picture is the XPS spectrum of
Ir/C in the Ir 4f region).
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The morphology of the as-prepared Ir/C catalyst is shown in Figure 4A. The CNxNTSs are around
25 nm in diameter whose surfaces are loaded with IrO> particles of 1 nm diameter. In the XPS survey
spectrum of the Ir/C catalyst in Figure 4B, the elements C, N, O, and Ir are all present, showing their
incorporation into the Ir/C catalyst. The illustration in Figure 4B displays the XPS spectrum of the Ir/C
in the Ir 4f region. The binding energies of Ir 4f for Ir°, Ir**, and Ir** were recorded as 60.7, 61.5, and
62.2 eV, respectively [31]. From the illustration of Figure 4B, the Ir 4f7,> energy level presents a wide
range of binding energies, covering Ir°, Ir**, and Ir**, indicating that the oxidation states of Ir may consist
of 0, +3, and +4.
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Figure 5. A, LSV curves of OER recorded on Ir/C modified GCE and Pt electrode in CO2-saturated 0.1
M KHCOs catholyte and 0.1 M KHCOs3 anolyte at 5 mV st (the counter electrode is r-
Bi2Os/GCE). B, Current density versus time during ERC using r-Bi>O3 || Ir/C system at 2.83 V
and r-Biz0s || Pt system at 3.30 V in 0.1 M KHCOs catholyte and 0.1 M KHCOs anolyte.

The OER performances of the Ir/C modified GCE and Pt electrode were evaluated by LSV
measurements. As shown in Figure 5A, Ir/C exhibits better OER activity than Pt. When the electrolysis
potential was set at —1.6 V vs. Ag/AgCl for the r-Bi,O3 || Ir/C system, the corresponding cell potential
was recorded as 2.83 V, which was lower than that of the r-BizOs || Pt system, indicating that the use of
the Ir/C anodic catalyst can indeed reduce the cell potential of the ERC to formate. The constant cell
potential electrolysis experiment for the r-Bi>O3 || Ir/C system was performed at the cell potential of 2.83
V, and the corresponding result is compared with that of the r-Bi>Os || Pt system in Figure 5B. The
faradaic efficiency and energy efficiency of the ERC to formate in the r-Bi203|| Ir/C system were
calculated as 95.3% and 39%, respectively. The energy efficiency of the r-Bi>O3 || Ir/C system was higher
than that of the r-Bi203|| Pt system (33.3%), indicating that the Ir/C anodic catalyst can improve the
energy efficiency compared to the Pt anodic catalyst.

3.3 Effect of anodic electrolytes

So far, the KHCO3 aqueous solution has often been used as the anolyte in the double-chamber
electrolytic cell for the ERC to formate; however, many OER studies have also been carried out in an
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alkaline solution [32, 33]. Here, we studied the impact of the anolytes (KOH and KHCO3 solutions) on
the ERC to formate. Figure 6A shows the LSV curves of the r-Bi.Os|| Ir/C system in three different
anolytes. It can be seen that the highest OER current density is obtained using 1.0 M KOH anolyte.
When the electrolysis potential was set at —1.6 V vs. Ag/AgCl for r-Bi.O3 || Ir/C system, the
corresponding cell potentials were recorded as 2.31 V for 0.1 M KOH anolyte and 2.06 V for 1.0 M
KOH anolyte, respectively, which were lower than that for 0.1 M KHCOs anolyte (2.83 V). Hence, when
the KOH solution is used as the anolyte, the cell potential of ERC can be reduced. It also can be
concluded that the concentration of the KOH anolyte can affect the cell potential. Electrolysis of the r-
BizOs||Ir/C system, at constant cell potential, in three different anolytes, was performed at the
corresponding cell potentials for 2 h. As shown in Figure 6B, the curves of the current densities are
nearly identical. The faradaic efficiencies of 0.1 M KHCOg, 0.1 M KOH, and 1.0 M KOH anolytes for
the ERC to formate were calculated as 95.3%, 94.8%, and 95.0%, respectively; and the resulting energy
efficiencies were 39.0%, 36.5%, and 38.2%, respectively.
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Figure 6. A, LSV curves of OER recorded on Ir/C modified GCE in COz-saturated 0.1 M KHCO3
catholyte and three different anolytes (0.1 M KHCOs3, 0.1 M KOH or 1.0 M KOH) at 5 mV s
(the counter electrode is r-BiOs/GCE). B, current density versus time during ERC using r-
Bi20s || Ir/C system in 0.1 M KHCOs catholyte and three different anolytes (0.1 M KHCOs, 0.1
M KOH or 1.0 M KOH).

The differences between the KOH and KHCO3 anolytes were studied for a system where the
OER takes place at the anode, the following alkaline and acidic mediums, respectively:
Alkaline electrolyte: 20H™ = %20, + H20 + 2e~ 4)
Acidic or neutral electrolyte: H,O = %0, + 2H" + 2e~ (5)
For the KHCO3 anolyte, HCOs™ may react with the H™ generated in the OER (see Equation 5)
following Equation 6:
HCOs;™ + H" = H.0 + CO> (6)
The abovementioned suggestions were verified by quantitatively analyzing the concentration of
the HCO3™ solution in the anodic chamber before and after electrolysis. When the electrolytic charge
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reached 50, 100, 150 or 200 C after a period potentiostatic electrolysis for the r-Bi-Os|| Ir/C system at a
cell potential of 2.83 V by using KHCOs3 solution as the anolyte. The concentration of HCO3™ in the
anode chamber was obtained by titration with HCI solution and then, compared with the initial
concentration before electrolysis. As shown in Figure 7, the residual concentration of HCO3™ decreased
gradually with the increase of electrolytic charge. When all the H* reacted with HCO3", the residual
HCOs™ concentration in the anodic chamber, at the end of electrolysis, could be estimated. The
abovementioned theoretical calculation results looked very close to the experimental data. Therefore,
both KOH and KHCO3 anolytes for ERC consumed anions, while excess K* entered the cathodic
chamber through the Nafion 117 membrane.

0.101 —=— Theoretical value
—e— Measured value

0.094

0.08+

Concentration of HCO, (M)

0.074
0.064
0.054
0 50 100 150 200
Q(C)

Figure 7. The theoretical and measured concentration of HCOz™ in the anode compartment when the
total passed charge is range from 0 to 200 C.

In contrast to the KHCOs anolyte, the KOH anolyte showed a similar functionality and a
relatively lower energy efficiency. The KOH anolyte can be considered more suitable for the ECR to
formate for the following three reasons, (i) in terms of actual energy consumption, the energy input for
KOH anolyte is significantly lower than that of KHCO3 anolyte because of the lower cell potential of
the KOH anolyte; (ii) from the perspective of cost, using KOH is more economical than KHCO3; and
(iii) HCO3™ in the KHCO3 anolyte releases CO- (see Equation 6), which is an undesirable side reaction.

3.4 Mini review on the calculation of the energy efficiency

Estimates of energy efficiencies have not been consistent across literature [12, 18, 34]. Some
consider 1.43 V as |E°| [5, 23, 35], in which E° has been obtained by subtracting the standard anode
potential (0.813 V) from the standard cathode potential (—0.613 V) for neutral pH values of both the
anolyte and catholyte. However, this may not be a practical assumption since the electrode potential
tends to change as the pH value in the electrolyte changes. When the anolyte is 0.1 M KHCO3 (pH=8.5),
the main anode reaction shown in Equation 5 occurs, and the standard anode potential should be 0.727
V according to the Nernst equation. When the anolyte is 0.1 M KOH (pH=13) or 1 M KOH (pH=14),
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the main anode reaction shown in Equation 4 occurs, and the standard anode potential should be 0.46 or
0.42 V, based on the Nernst equation.

The standard cathode potential has also not been calculated in a consistent way in studies
reporting the ERC to formate. In most literature, the cathode reaction was taken to occur in neutral pH,
as follows [34]:

CO2 + 2H" + 2e" = HCOOH (E2° = —0.613 V vs. SHE at pH 7.0) (7)

At the neutral pH, the product from the ERC is formate (HCOQO") instead of HCOOH. A more
accurate cathode reaction could be that shown in Equation 3, thus, the value of |E°| would not be 1.43 V.
The values of the actual |E° and the corresponding energy efficiency (EE) in this work are given in Table
1, together with the energy efficiency (EE*) calculated with |E%=1.43 V. We can see that the EE* for the
ERC to formate can reach 65.9% using the r-Bi»Os || Ir/C system in 1.0 M KOH anolyte. It is evident that
the values of EE and EE* can be significantly different. The value of EE* is higher than that of EE,
especially as the anolyte is changed from KHCOs3 solution to KOH solution. Therefore, energy efficiency
must be carefully calculated to obtain useful data.

Table 1. Comparison of the traditional and actual values of the energy efficiency for the ERC to formate

Two-electrode Anolyte Cell potential FE EE* |EY EE

system V) ) () (M) (%)
Sn || Pt 0.1 M KHCO3 3.85 73.0 271 1157 219
r-Bi2Os||Pt 0.1 M KHCOs3 3.30 95.1 412 1.157 333
I-Bi-Os||I/C 0.1 M KHCO3 2.83 953 48.1 1.157 39.0
0.1 M KOH 2.31 948 587 089 365

1M KOH 2.06 950 659 083 382

4. CONCLUSIONS

A reduced Bi203 (r-Bi203) catalyst was prepared by the electrochemical reduction of the pre-
synthesized Bi>O3 nanoparticles and used as a cathodic catalyst for the ERC to formate in a divided H-
type electrolytic cell. When using Pt plate as the anode, the r-Bi>Oz cathodic catalyst with excellent ERC
activity had a lower cell potential (3.30 V) and a higher energy efficiency (33.3%), compared to the Sn
foil. The energy efficiency was further increased to 39% by using Ir/C, with excellent OER activity, as
the anodic catalyst, with a low cell potential of 2.83 V. When the KHCO3 anolyte was replaced by the
KOH anolyte, the cell potential reduced and further declined as the KOH concentration increased. The
cell potential and energy efficiency of the ERC to formate in the r-Bi>O3 || Ir/C system reached 2.06 V
and 38.2% in 0.1 M KHCOg catholyte and 1.0 M KOH anolyte. In contrast to the KHCOs3 anolyte, the
KOH anolyte was found to be more suitable for the ECR to formate.
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