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H I G H L I G H T S    

• Environmental concerns about increased chloride levels in freshwater resources.  

• Electrochemical methods to selectively remove chloride.  

• Chloride removal coupled with electricity generation.  

• Chloride removal coupled with hydrogen production.  

• Electrochemical and photoelectrochemical methods to recover and valorize chloride.  
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A B S T R A C T   

Anthropogenic activities such as the use of water softeners and road deicers have artificially increased the Cl− 

concentration in freshwater resources, threatening sustainable water ecosystems worldwide. Currently, there is 
no energy-efficient and sustainable method to selectively remove Cl− from water to regulate the Cl− con
centration in water treatment processes. In this study, we report new electrochemical and photoelectrochemical 
strategies that can not only selectively remove Cl− but also recover and valorize Cl− to Cl2, HOCl, and ClO−. 
These methods are based on the use of Bi as a Cl-storage/release electrode for the construction of Cl-removal and 
Cl-recovery cells. We demonstrate the operation of proof-of-concept electrochemical and photoelectrochemical 
cells where the Cl− storage/release reactions are coupled with various reactions to generate electricity, fuels, 
and chemicals.   

1. Introduction 

In the past few decades, increased salinity of freshwater resources 
has become a serious global issue. Anthropogenic activities such as the 
use of water softeners and road deicers [1–5], disposal of wastewater 
treatment plant effluents [5,6], and agricultural practices have artifi
cially elevated ionic concentrations in water well above their natural 
levels, threatening sustainable water ecosystems and resources world
wide [7–10]. The increase in the concentration of Cl− in freshwater 
resources is particularly problematic as a high level of Cl− is known to 
be harmful to aquatic life [11–13]. In addition, elevated Cl− levels in 
freshwater resources and wastewater promote severe corrosion of pi
pelines and contribute to leaching of heavy metals such as Pb, Fe, and 
Cu from aging water infrastructure [14–16], which can adversely affect 
plants, animals and humans [17]. 

Currently, wastewater treatment plants are not equipped to regulate 
Cl− levels, meaning that Cl− is discharged into freshwater streams  

[13], even when its concentration exceeds the limit recommended by 
the U.S. Environmental Protection Agency (EPA) (i.e. 860 mg/L for one- 
hour average and 230 mg/L for 96-hour average) [12]. All technologies 
that are currently available for Cl− removal (e.g. reverse osmosis, 
electrodialysis) are cost-prohibitive for use in wastewater treatment 
applications because they cannot selectively remove Cl−; in order to 
decrease the Cl− concentration, these technologies will also have to 
remove all other ions, which is unnecessary, and results in excessive 
energy consumption. Therefore, developing a cost-effective and energy- 
efficient method to enable the selective removal of Cl− is imperative to 
alleviate the harmful environmental impacts of Cl−. 

In the present study, we report new electrochemical strategies to 
selectively remove, recover, and valorize Cl−. Our strategies involve 
the construction of a Cl-removal cell and a Cl-recovery cell by ex
ploiting the ability of Bi to electrochemically store and release Cl− 

through the following reversible reaction (Eq. (1)) [18]:  
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Bi(s) + Cl−(aq) + H2O(l) ⇌ BiOCl(s) + 2H+(aq)  
+ 3e−(E° = 0.160 V vs SHE)                                                  (1)  

In the Cl-removal cell (Fig. 1a), Cl− storage by Bi (oxidation of Bi to 
BiOCl) is paired with O2 reduction to water (O2(g) + 4H+(aq) + 4e− 

⇌ 2H2O(l), E° = 1.23 V vs SHE). O2 reduction is an easily accessible 
reaction as water resources under ambient conditions typically contain 
dissolved O2. If necessary, the amount of O2 in the solution can be easily 
increased by purging with air or O2 gas. As the reduction potential of 
O2 (cathode reaction) is more positive than the oxidation potential of Bi 
to BiOCl (anode reaction), the cell voltage (Ecell = Ecathode – Eanode) is 
positive, meaning that ΔG for the overall reaction is negative (ΔG  <  
0). Thus, the Cl-removal cell operates spontaneously; while Cl− is re

moved from the feedwater, the cell also generates an electrical energy 
output, which is unprecedented in the field of Cl− removal. Once Bi is 
fully converted to BiOCl, Cl− can be released from BiOCl in a Cl-re
covery cell (Fig. 1b) to regenerate Bi. In the Cl-recovery cell, the release 
of Cl− from BiOCl (reduction of BiOCl to Bi) is paired with Cl− oxi
dation. The overall reaction occurring in the Cl-recovery cell is non- 
spontaneous (ΔG  >  0), and, therefore, the operation of the Cl-recovery 
cell will require an energy input. However, the Cl-recovery cell also 
generates industrially valuable Cl2 gas or HOCl/ClO− that is commonly 
used as a disinfectant. Thus, our new electrochemical approach pro
vides an integrated strategy to selectively remove, recover, and valorize 
Cl− that can be used for various municipal and industrial water treat
ment processes. Here, we demonstrate the construction and operation 
of proof-of-concept Cl-removal and Cl-recovery cells. We also show the 
possibility of using a semiconductor anode (photoanode) to construct a 
photoelectrochemical Cl-recovery cell that utilizes solar energy to re
duce the electrical energy input required for the operation of the cell. 
Our approach will stimulate further development of electrochemical 
and photoelectrochemical processes for efficient and practical Cl− re
moval and utilization. 

2. Materials and methods 

2.1. Materials 

NaCl (99%, Sigma-Aldrich), BiCl3 (≥98%, Sigma-Aldrich), 
Polyethylene glycol (PEG) (Molecular weight of 6000, USB 
Corporation), HCl (37%, Sigma-Aldrich), RuCl3·xH2O (35–40%, Acros), 
NH4Cl ( 99.5%, Sigma-Aldrich), Bi(NO3)3·5H2O (98%, Sigma-Aldrich), 
KI (99%, Sigma-Aldrich), lactic acid (85–90%, Alfa Aesar), HNO3 (98%, 
Sigma-Aldrich), p-benzoquinone (98%, Sigma-Aldrich), dimethyl 

sulfoxide (99.9%, BDH), VO(acac)2 (98%, Sigma-Aldrich), NaOH (97%, 
Sigma-Aldrich), (NH4)2[TiO(C2O4)2]·H2O (99.998%, Sigma-Aldrich), 
NH4OH (28.0–30.0%, Sigma-Aldrich), graphite (< 20 µm, Sigma- 
Aldrich), KNO3 (99.0%, Alfa Aesar), and ethanol (Pharmco, 200 proof) 
were used without further purification. Deionized (DI) water (Barnstead 
E-pure water purification system, resistivity  >  18 MΩ cm) was used to 
prepare all solutions. 

2.2. Preparation of Bi foam electrodes 

Bi electrodes used in this study were prepared by electrodeposition 
following the procedure reported in a previous study [18]. An un
divided three-electrode cell consisting of a Ti sheet working electrode, a 
Pt foil counter electrode, and an Ag/AgCl reference electrode (4 M KCl) 
was used. The Ti sheet was masked to expose an area of 1 cm2. An 
aqueous solution containing 14 mM BiCl3, 1.4 M HCl, and 2.5 g/L PEG 
6000 was used as the plating solution. A potentiostatic deposition was 
performed by applying a constant potential of −2.6 V vs Ag/AgCl for 
1 min 50 s to deposit Bi (Bi3+ + 3e− → Bi, Eo = 0.286 V vs SHE). 
During the deposition the solution was stirred at 300 rpm. After de
position, the Bi electrodes were rinsed with water and dried in air. The 
average mass of Bi in the electrodes was approximately 1.25 mg/cm2, 
which was determined by weighing the Ti substrate before and after the 
electrodeposition of Bi. A VMP2 multichannel potentiostat (Princeton 
Applied Research) was used for all electrodeposition and electro
chemical studies. 

2.3. Preparation of RuOx electrodes 

Electrodeposition of RuOx electrodes was performed in a solution 
containing a mixture of 30 mL DI water and 10 mL ethanol with 5 mM 
RuCl3·xH2O, 25 mM p-benzoquinone, and 0.1 M NH4Cl. The pH of the 
as-prepared solution was 2.44 and was not adjusted further. An un
divided three-electrode cell was used for the deposition and consisted of 
a fluorine-doped tin oxide (FTO) (Hartford Glass) working electrode, a 
Pt counter electrode, and an Ag/AgCl (4 M KCl) reference electrode. 
The Pt counter electrode was prepared by sputter coating 100 nm of Pt 
on top of a 20 nm Ti adhesion layer on a clean glass slide (LGA Thin 
Films). The lateral dimensions of the FTO electrode used in this study 
were 1 cm × 1.2 cm. A galvanostatic deposition was performed at −2 
mA/cm2 to pass a total charge of 60 mC/cm2. Under electrical bias, the 
reduction of p-benzoquinone elevates the local pH in the vicinity of the 
working electrode, resulting in the precipitation of RuOx on the surface 
of the working electrode. As-deposited electrodes were rinsed with 

Fig. 1. Schemes showing the operation of (a) a Cl-removal cell where the oxidation of Bi to BiOCl is coupled with O2 reduction and (b) a Cl-recovery cell where the 
reduction of BiOCl to Bi is coupled with Cl− oxidation. The Cl-removal cell generates electricity while the Cl-recovery cell consumes electricity. 
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ethanol and dried in air. The resulting electrodes were annealed by 
hybrid microwave annealing (HMA) [35] for 2 min in a microwave 
oven (AmazonBasics, 700 W) to enhance the stability of RuOx. A Pyrex 
beaker filled with graphite powder was used as the susceptor during the 
microwave treatment. 

2.4. Preparation of BiVO4 electrodes 

First, BiOI electrodes were electrodeposited to serve as precursor 
films to form nanoporous BiVO4 electrodes. The deposition mechanism 
and conditions for the deposition of BiOI have been reported previously  
[28,29]. The plating solution used for the deposition was a 50 mL 
aqueous solution containing 15 mM Bi(NO3)3·5H2O, 400 mM KI, and 
30 mM lactic acid. Prior to the deposition, 20 mL of ethanol containing 
46 mM p-benzoquinone was slowly added. The mixed aqueous/ethanol 
solution was stirred for several min until its pH stabilized. The final pH 
was adjusted to 3.70  ±  0.1 by adding fresh HNO3. A typical three- 
electrode cell was used for electrodeposition. An FTO working elec
trode, a Pt counter electrode, and an Ag/AgCl (4 M KCl) reference 
electrode were used. The potentiostatic deposition was performed in 
two steps. First, a potential of −0.35 V vs Ag/AgCl was applied for 20 s 
as the nucleation step and then, a constant potential of −0.10 V vs Ag/ 
AgCl was applied to pass 0.35 C/cm2. As-deposited electrodes were 
rinsed with water and dried in air. The BiOI electrodes were converted 
to BiVO4 by annealing in air at 450 °C for 2 h (ramp rate = 2 °C/min) 
after covering the film surface (lateral dimensions of the 
film = 1.0 cm × 1.2 cm) with 65 μL/cm2 of a dimethyl sulfoxide so
lution containing 200 mM VO(acac)2. After the conversion, excess V2O5 

present in the BiVO4 electrode was removed by soaking the film in a 
1 M NaOH solution for 30 min while stirring at 400 rpm. The electrode 
was rinsed with water and dried with an air stream. 

2.5. Electrodeposition of TiO2 on BiVO4 electrodes 

TiO2 was electrochemically deposited on the BiVO4 electrodes based 
on the method reported in the recent study [29]. A plating solution was 
prepared by adding 10 mL of ethanol containing 0.16 M p-benzoqui
none to 30 mL of an aqueous solution containing 0.107 M (NH4)2[TiO 
(C2O4)2]·H2O. Then, the pH was adjusted to 4.5 by adding a few drops 
of NH4OH solution with vigorous stirring to minimize the precipitation 
of Ti hydroxides that can occur upon a sudden pH increase. An un
divided three-electrode cell with a BiVO4 working electrode, a Pt 
counter electrode, and an Ag/AgCl (4 M KCl) reference electrode was 
used for the electrodeposition of TiO2. A constant current of −3 mA/ 
cm2 was applied to pass 50 mC/cm2, and then the as-prepared BiVO4/ 
TiO2 electrodes were rinsed with ethanol and dried with a gentle stream 
of air. The resulting electrodes were HMA treated for 2 min in a mi
crowave oven using a Pyrex beaker filled with graphite powder as the 
susceptor. The resulting TiO2 layer was amorphous. The thickness of the 
TiO2 layer (~10 nm thick) and the ability of the conformally coated 
TiO2 layer to chemically protect BiVO4 were reported in a previous 
study [29]. 

2.6. Characterization 

The morphology of the electrodes was examined using a LEO 
Supra55 VP Scanning Electron Microscope (SEM) at an accelerating 
voltage of 2 kV. The crystallinity and purity of the electrodes were 
examined by X-ray diffraction (XRD) using a Bruker D8 Advanced X-ray 
diffractometer (Ni-filtered Cu Kα-radiation, λ = 1.5418 Å). The pre
sence of the TiO2 layer on the BiVO4 electrode was investigated by X- 
ray photoelectron spectroscopy (XPS) using a K-Alpha X-ray photo
electron spectrometer (Thermo Scientific) with a monochromatized Al 
Kα X-ray source (1486.68 eV). 

2.7. Electrochemical testing 

The Cl-removal cell was a custom built two-compartment Teflon 
cell. The anode compartment and cathode compartment were divided 
by a cation exchange membrane (Nafion 117, FuelCellStore). The area 
of the cation exchange membrane exposed to the electrolyte was 
5.7 cm2. Both compartments contained 10 mL of 0.6 M NaCl as the 
electrolyte. The electrolytes were not circulated or stirred during cell 
operation. When necessary, the solution in the cathode compartment 
was purged with high-purity O2 gas during cell operation. A Bi foam 
electrode (geometric area of 1 cm2) was used as the anode and Pt foil 
(geometric area of 7.5 cm2) was used as the cathode. The distance 
between the Bi and Pt electrodes was 1.5 cm. The Cl-removal cell was 
operated galvanostatically at 1 mA/cm2 (based on the geometric area of 
Bi). An Ag/AgCl (4 M KCl) reference electrode was immersed in the 
anode compartment near the Bi electrode to monitor changes in the 
individual potentials of the Bi and Pt electrodes during cell operation. 
To verify that the Cl-removal cell generated electrical energy during 
operation, an additional experiment was performed where a light- 
emitting diode (LED) bulb was connected to the Bi and Pt electrodes. In 
this experiment, since the voltage generated by the single cell is not 
high enough to illuminate an LED bulb, the bulb was connected through 
a pulse frequency modulation control DC/DC boost controller chip 
(SenMod) that steps up the voltage (while stepping down the current) 
output to 5 V. The Cl-recovery cell was an undivided cell composed of a 
BiOCl electrode (geometric area of 1 cm2) as the cathode and an RuOx 

electrode (geometric area of 1 cm2) as the anode. Two-types of elec
trolytes, 0.6 M NaCl and 70 mM HCl, were used to examine the effects 
of pH on the BiOCl reduction kinetics. The cell was operated galva
nostatically at 1 mA/cm2. The individual potentials of the cathode and 
the anode were monitored against an Ag/AgCl (4 M KCl) reference 
electrode during cell operation. 

2.8. Determination of Cl− removal efficiency 

The actual concentrations of Cl− in the solution were measured by a 
chloride ion meter (Horiba 6560-10C). An undivided three-electrode 
cell consisting of a Bi working electrode, a Pt foil counter electrode, and 
an Ag/AgCl reference electrode (4 M KCl) was used. Potentiostatic 
oxidation of Bi to BiOCl was performed by applying a constant potential 
of 0.6 V vs Ag/AgCl and the Cl− concentration in the solution was 
analyzed after passing a charge of 0, 10, 20, 30, 40, and 50 C. Since the 
size and, therefore, the Cl− removal capacity of the Bi electrode used in 
this study was limited, a 60 mM NaCl solution rather than a 0.6 M NaCl 
solution was used for this experiment. Lowering the initial Cl− con
centration has the effect of increasing the percentage of Cl− removed 
for a given charge passed and results in more reliable measurements by 
the chloride ion meter. Before the measurement, 0.1 M KNO3 was dis
solved in the solutions as a supporting electrolyte to provide optimum 
solution conductivity for the operation of the Cl-selective electrode in 
the chloride ion meter. 

2.9. Photoelectrochemical measurements 

The photoelectrochemical Cl-recovery cell was constructed using a 
BiOCl cathode and a BiVO4/TiO2 photoanode (geometric area of 1 cm2) 
with all other components the same as those of the electrochemical Cl- 
recovery cell. The light was generated from an Oriel LCS-100 solar si
mulator (150 W Xe arc lamp) equipped with an air mass 1.5 global (AM 
1.5G) filter, and passed through an infrared (water) filter (Newport) 
and neutral density filters. Illumination was through the FTO side of the 
BiVO4 electrode (back-side illumination). The intensity of the light was 
calibrated to be one sun (100 mW/cm2) at the surface of the FTO 
substrate (before the light passes through the FTO) using a NREL cer
tified GaAs reference cell (PV Measurement). The illuminated area of 
BiVO4 was 1 cm2. The cell was operated galvanostatically at 1 mA/cm2. 
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The individual potentials of the photoanode and the cathode were 
monitored against an Ag/AgCl (4 M KCl) reference electrode during cell 
operation. Additionally, J-V plots of a BiVO4/TiO2 photoanode were 
obtained in 0.6 M NaCl and 70 mM HCl using a three-electrode cell to 
demonstrate the general photoelectrochemical performance. A Pt 
counter electrode and an Ag/AgCl (4 M KCl) electrode were used in an 
undivided cell with the same aforementioned illumination conditions. 

3. Results and discussion 

3.1. Electrochemical Cl-removal cell 

The Cl-removal cell is composed of a Bi anode performing the Cl− 

storage reaction and a Pt cathode performing O2 reduction. The Bi 
electrode was prepared as a nanocrystalline foam electrode using a 
previously reported electrodeposition method [18,19]. The SEM images 
and XRD pattern of the Bi electrode can be found in Fig. S1. The Pt 
electrode used in this study was commercially available Pt foil. As the 
goal of this study is not to achieve efficient and inexpensive O2 re
duction but rather to demonstrate the operation of a proof-of-concept 
Cl-removal cell, we chose Pt as the simplest possible cathode that can 
perform O2 reduction. When the Cl-removal cell is developed further, 
the Pt electrode can be replaced with a more practical and efficient 
electrode that has been identified from the field of O2 reduction  
[20,21]. 

The anode and the cathode compartments of the Cl-removal cell 
both contained 0.6 M NaCl and were divided by a cation exchange 
membrane. The catholyte was purged with O2 before and during the 
cell operation. Fig. 2a shows the potential-time (V-t) plot of the Cl- 
removal cell when the cell was operated galvanostatically at 1 mA/cm2. 
During operation, the potentials of the Bi anode and the Pt cathode 
were measured individually against an Ag/AgCl reference electrode 
that was located in the anode compartment near the Bi electrode. This 
allowed both the cell voltage (Ecell = EPt cathode - EBi anode) and the 
individual electrode potentials to be monitored over time. 

During cell operation, the average potential applied to the Bi anode 
to oxidize Bi to BiOCl was −0.08 V vs Ag/AgCl [18,22]. The sharp 
increase in the potential observed at t = 14 min (equivalent to passing 
a charge of 0.84 C) indicates that the conversion of Bi to BiOCl was 
complete. (When the conversion of Bi to BiOCl is complete, the po
tential becomes more positive to induce a new oxidation reaction to 
maintain the applied current of 1 mA/cm2.) Considering the theoretical 

Cl− removal capacity of 1 g of Bi (169.6 mg/gBi) and the amount of Bi 
contained in the Bi electrode (1.25 mg), passing a charge of 0.84 C to 
complete the reaction (equivalent to storing 0.103 mg of Cl−) indicates 
that 49% of the Bi electrode is electrochemically active. The formation 
of BiOCl was also confirmed by XRD (Fig. S2). Additionally, we mon
itored the change in Cl− concentration of the electrolyte as a function 
of charge passed to confirm ~100% Faradaic efficiency for Cl− removal 
by the Bi electrode (Fig. S3). 

The average potential applied to the Pt cathode during O2 reduction 
was 0.23 V vs Ag/AgCl. As expected, the cathode potential was more 
positive than the anode potential applied to the Bi electrode. This 
means that the overall reaction is spontaneous, and the Cl-removal cell 
can generate an electrical energy output. (The average output voltage 
of the cell reported here is 0.31 V at 1 mA/cm2.) In order to visualize 
the electrical energy generation, we connected a small LED bulb to the 
Cl-removal cell and the bulb was indeed illuminated when the Cl-re
moval cell was operated without any external electrical energy input 
(Fig. 2b). This confirms that our Cl-recovery cell can generate elec
tricity concurrently with Cl− removal. 

Another possible cathode reaction that can be coupled with Cl− 

storage by Bi is water reduction to H2 (2H+(aq) + 2e− → H2(g), E° = 
0.00 V vs SHE). In this case, the water reduction potential is more 
negative than the oxidation potential of Bi and so the overall reaction is 
non-spontaneous and requires an energy input. However, this cell 
generates H2 as a valuable product while simultaneously removing Cl−. 
Therefore, for some applications, a Cl-removal cell that couples Cl− 

removal with H2 production may be preferred. One possible advantage 
of producing H2 in the Cl-removal cell rather than in a typical water 
splitting electrolyzer where H2 production is coupled with O2 produc
tion is that the former requires a smaller thermodynamic cell voltage 
(E°cell = −0.16 V for the Cl-removal cell and E°cell = −1.23 V for a 
water splitting electrolyzer). This means that the Cl-removal cell can 
produce H2 with a lower voltage than that required for a typical elec
trolyzer. Additionally, H2 is the only gas produced in the Cl-removal 
cell (i.e. no O2 evolution) and may simplify the collection of H2. 

The V-t plot of the Cl-removal cell operated galvanostatically at 
1 mA/cm2 using water reduction as the cathode reaction is shown in  
Fig. 2a. The average potential applied to the Pt cathode performing 
water reduction was −0.85 V vs Ag/AgCl, resulting in an average cell 
voltage of −0.77 V. 

3.2. Electrochemical Cl-recovery cell 

The BiOCl obtained when Cl− is stored by Bi in the Cl-removal cell 
can be converted back to Bi in the Cl-recovery cell through the release 
of Cl− from BiOCl (reverse reaction of Eq. (1)). In this cell, the re
duction of BiOCl is coupled with Cl− oxidation (2Cl−(aq) ⇌ 
Cl2(g) + 2e−, E° = 1.36 V vs SHE) by an RuOx electrode. This enables 
direct valorization of Cl− released from the cathode into valuable 
products (Fig. 1b). We used an RuOx electrode to demonstrate the op
eration of a proof-of-concept cell because it is the simplest catalytic 
electrode for Cl− oxidation [23,24]. When this cell is developed further, 
RuOx can be replaced with an electrode that has been optimized for Cl− 

oxidation [24]. The RuOx electrode used in this study was prepared by 
electrodeposition as an amorphous, thin film-type electrode (Fig. S4). 
The current density-potential (J-V) plots of the RuOx electrode for Cl− 

oxidation can be found in Fig. S5. 
The major product of Cl− oxidation varies depending on the pH of 

the solution. For example, at pH < ~3, Cl2 gas is the major product. At 
pH > ~3, Cl2 reacts with water to produce HOCl (Eq. (2)). When the 
solution pH is higher, HOCl can be further deprotonated to form ClO− 

(pKa = 7.53) (Eq. (3)) [25].  

Cl2(g) + H2O(l) ⇌ H+(aq) + HOCl(aq) + Cl−(aq)                      (2)  

HOCl(aq) + H2O(l) ⇌ ClO−(aq) + H3O+(aq)                            (3)  

Fig. 2. (a) V-t plots for the Bi anode (black) and Pt cathode for O2 reduction 
(red) and water reduction (orange) when the Cl-removal cell was operated at 
1 mA/cm2. (b) A photograph showing an LED bulb illuminated during the cell 
operation confirming that electrical energy was generated by the Cl-removal 
cell when O2 reduction was used as the cathode reaction. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Water oxidation that is thermodynamically more favorable than Cl− 

oxidation [26] can also occur at the anode as a competing reaction. 
However, the kinetics for Cl− oxidation are reported to be faster and 
Cl− oxidation can dominate on RuOx [25,27]. 

Fig. 3a shows the V-t plot when the Cl-recovery cell was operated in 
0.6 M NaCl at 1 mA/cm2. The average potential applied to the BiOCl 
cathode was −1.12 V vs Ag/AgCl. The negative shift of the potential at 
t = 15 min indicates that the reduction of BiOCl to Bi was complete. 
The complete conversion of BiOCl to Bi was verified by XRD (Fig. S6a); 
the XRD pattern shows the disappearance of BiOCl peaks and restora
tion of Bi peaks. 

The average potential applied at the RuOx anode during Cl− oxi
dation was 1.25 V vs Ag/AgCl, resulting in an average cell voltage 
of ~ −2.39 V. We note that the observed cell voltage is significantly 
higher than the equilibrium cell voltage calculated for the given solu
tion composition and pH (Ee

anode = 1.37 V vs SHE, Ee
cathode = −0.076 V 

vs SHE, and Ee
cell = −1.446 V). The equilibrium potentials for the 

anode and the cathode reactions are indicated as dashed lines in Fig. 3a. 
The difference between the experimentally observed potential and the 
equilibrium potential is the overpotential that is required to achieve a 
current of 1 mA/cm2. Fig. 3a clearly shows that the overpotential re
quired for the oxidation of Cl− to Cl2 (ηa) was not significant and it is 
the high overpotential required for the reduction of BiOCl to Bi (ηc) that 
is responsible for the large experimentally measured cell voltage. Pre
viously, it was reported that the kinetics for the reduction of BiOCl to Bi 
are very slow in neutral conditions but improve considerably in acidic 
conditions. This is because the reduction of BiOCl to Bi involves the 
release of O2− as well as Cl− from the BiOCl lattice and the kinetics for 
O2− release may be faster when H+ rather than H2O can serve as an 
O2− acceptor [18]. Indeed, when the same Cl-recovery cell was oper
ated at 1 mA/cm2 in 70 mM HCl, the potential applied to the BiOCl 
cathode shifted to the positive direction by 0.9 V and the average cell 
voltage was reduced to ~ −1.59 V (Fig. 3b). The equilibrium potential 
of the Bi/BiOCl reaction in the acidic solution is also indicated in  

Fig. 3. V-t plots for the BiOCl cathode and the RuOx anode when the Cl-recovery cell was operated at 1 mA/cm2 in (a) 0.6 M NaCl and (b) 70 mM HCl. The 
equilibrium oxidation potential of Cl− to Cl2 and equilibrium reduction potential of BiOCl to Bi are displayed by the dashed pink lines and dashed black lines, 
respectively (ηa: anodic overpotential, ηc: cathodic overpotential). For simplicity, the equilibrium potentials for Cl− oxidation were calculated assuming that the 
partial pressure of Cl2 is 1 atm and ignoring the pH-dependent chemical reactions that Cl2 undergoes in aqueous solutions. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Energetics of (a) the electrochemical cell composed of a RuOx anode and BiOCl cathode and (b) the photoelectrochemical cell composed of a BiVO4 

photoanode and BiOCl cathode under illumination (CB: conduction band, VB: valence band, CBM: conduction band minimum, VBM: valence band maximum, EF: 
Fermi level, ηa: anodic overpotential, ηc: cathodic overpotential, Ecell: cell voltage). 
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Fig. 3b as a dashed black line so that the decrease in ηc can be easily 
recognized. The XRD pattern of the BiOCl electrode after the comple
tion of the Cl− release reaction in the acidic solution also confirmed the 
disappearance of BiOCl peaks and reappearance of Bi peaks (Fig. S6b). 

3.3. Photoelectrochemical Cl-recovery cell. 

An effective strategy that can be used to drastically decrease the 
energy required to operate the Cl-recovery cell is to replace the anode 
with a photoanode that can utilize solar energy to operate the cell 
(Fig. 4). Under illumination, electrons from the valence band (VB) of 
the photoanode are excited to the conduction band (CB). The holes that 
are generated in the VB can oxidize Cl− if the valence band maximum 
(VBM) is more positive than the potential required to oxidize Cl−. The 
electrons in the CB of the photoanode are transferred to the cathode and 
are used to reduce BiOCl to Bi. If the Fermi level of the photoanode 
under illumination is more negative than the potential required to re
duce BiOCl, no additional energy input is required to operate the cell. 
However, if the Fermi level of the photoanode is more positive than the 
potential required to reduce BiOCl, an additional energy input will be 
necessary. The voltage required to operate the cell in this case is not the 
difference between the potential needed to reduce BiOCl and the po
tential needed to oxidize Cl− (Ecell in Fig. 4a) but the difference be
tween the potential needed to reduce BiOCl and the Fermi level of the 
photoanode under illumination (Ecell in Fig. 4b). Therefore, the use of a 
photoanode results in a significant decrease in Ecell. 

In this study, n-type nanoporous BiVO4 was chosen as the photo
anode to construct a proof-of-concept photoelectrochemical Cl-recovery 
cell. The VBM of BiVO4 is 2.4 V vs RHE, and, therefore, photogenerated 
holes in the VB of BiVO4 have sufficient overpotential to perform Cl− 

oxidation. The flatband potential (the maximum Fermi level that can be 
achieved under illumination) of BiVO4 used in this study is ~0.2 V vs 
RHE [28–31]. This potential is slightly more positive than the potential 
required to reduce BiOCl to Bi. Thus, operation of the photoelec
trochemical Cl-recovery cell will still require an additional energy input 
to enable the desired electrochemical reactions and provide necessary 
kinetic overpotentials. However, BiVO4 was chosen for this study be
cause it is one of the most efficient photoanodes that can utilize visible 
light while having a flatband potential near the reduction potential of 
BiOCl [30,31]. Additionally, BiVO4 has been previously utilized for 

photoelectrochemical Cl− oxidation [32–34]. Therefore, BiVO4 is a 
good candidate for the construction of a proof-of-concept photoelec
trochemical Cl-recovery cell. 

The BiVO4 electrode used in this study was prepared using a method 
reported previously [28]. SEM images and XRD patterns of the BiVO4 

photoanode used in this study can be found in Fig. S7 and 8. Before 
being used in the Cl-recovery cell, a thin (~10 nm) TiO2 coating layer 
was conformally electrodeposited on the surface of the BiVO4 electrode 
for two reasons. First, we wanted to compare the performance of the 
photoelectrochemical Cl-recovery cell in neutral and acidic solutions 
and the TiO2 protection layer increases the chemical stability of BiVO4 

in acidic solution. Second, we found that the surface of BiVO4 forms 
BiOCl when BiVO4 is immersed in a Cl-containing solution under illu
mination. The TiO2 coating layer prevents direct contact of Cl− and 
BiVO4 and can effectively suppress this undesired reaction. Detailed 
characterization of the conformal TiO2 coating layer on the surface of 
BiVO4 can be found in a previous study where the deposition method of 
TiO2 was first reported [29]. Additionally, XPS results confirm the 
presence of the TiO2 layer on the BiVO4 surface (Fig. S9). 

The previous study showed that the thin amorphous TiO2 layer can 
effectively suppress the chemical dissolution of BiVO4 in basic solutions 
while having a negligible effect on the photoelectrochemical properties  
[29]. We also note that the fact that the surfaces of BiVO4 and TiO2 are 
not catalytic for water oxidation is advantageous for utilizing photo
generated holes in the BiVO4/TiO2 photoanode for Cl− oxidation [29]. 

Fig. 5a shows the V-t plot of the photoelectrochemical Cl-recovery 
cell composed of a BiOCl cathode and a BiVO4/TiO2 photoanode op
erated at 1 mA/cm2 in 0.6 M NaCl under AM 1.5G, 100 mW/cm2 il
lumination. The potential of the BiVO4/TiO2 electrode performing Cl− 

oxidation (~0.39 V vs Ag/AgCl) represents the Fermi level of the 
BiVO4/TiO2 electrode during the reaction under illumination. Since this 
potential is significantly more negative than the potential applied to the 
RuOx anode in the electrochemical Cl-recovery cell, the voltage re
quired to operate the cell was reduced from ~ −2.39 V to ~ −1.48 V. 
This clearly illustrates the advantage of utilizing solar energy harnessed 
by the BiVO4 photoanode to operate the cell. When the same photo
electrochemical Cl-recovery cell was operated in 70 mM HCl, resulting 
in a decrease in the kinetic overpotential required by the BiOCl elec
trode, the cell voltage requirement was only ~ −0.72 V. Compared 
with the electrochemical cell operating in the same solution (Fig. 3b), 

Fig. 5. V-t plots for the BiOCl cathode and the BiVO4/TiO2 photoanode when the photoelectrochemical Cl-recovery cell was operated at 1 mA/cm2 in (a) 0.6 M NaCl 
and (b) 70 mM HCl. The equilibrium oxidation potential of Cl− to Cl2 and equilibrium reduction potential of BiOCl to Bi are displayed by the dashed red lines and 
dashed black lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the use of the BiVO4 photoanode resulted in a reduction of the cell 
voltage by 0.87 V. The V-t plots of the BiVO4/TiO2 electrode used for 
repeated cycles in the acidic solution are shown in Fig. S10 and confirm 
the stability of the BiVO4/TiO2 photoanode for use in the photoelec
trochemical Cl-recovery cell. Additional photoelectrochemical proper
ties of the BiVO4/TiO2 photoanode can be found in Fig. S11, showing 
the J-V plots of the BiVO4/TiO2 photoanode obtained in 0.6 M NaCl and 
70 mM HCl using a three-electrode cell. 

4. Conclusions 

In summary, we have demonstrated the successful operation of 
various types of Cl-removal and Cl-recovery cells. In the Cl-removal 
cell, the Cl− storage reaction by Bi was coupled with either O2 reduc
tion or H2 evolution. When coupled with O2 reduction, the Cl-removal 
cell generated electricity concurrently with Cl− removal. When coupled 
with H2 evolution, the Cl-removal cell generated H2 with a reduced 
thermodynamic energy requirement compared with that required by 
water splitting electrolysis cells. In the Cl-recovery cell, the Cl− release 
reaction of BiOCl was coupled with Cl− oxidation to generate Cl2 

(acidic condition) or HOCl/ClO− (neutral condition). We also demon
strated the operation of a proof-of-concept photoelectrochemical Cl- 
recovery cell where the RuOx anode was replaced with a BiVO4/TiO2 

photoanode that utilizes solar energy to reduce the energy required to 
operate the cell. The electrochemical and photoelectrochemical ap
proaches reported in this study provide new energy-efficient strategies 
to selectively remove, recover, and valorize Cl− while generating 
electricity or H2. 
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