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Abstract: Herein, we propose a stable and efficient photo-driven electrochemical 

desalination technique without any electrical. The whole desalination process is driven 

by CdS quantum dots (QDs) sensitized BiVO4 photoanode, where I-/I- 3 redox couples 

are recirculated as the electrolyte. Two salt streams are sandwiched between the 

photoanode and cathode. The salt ions in desalted stream are continuously extracted by 

the redox reaction of I-/I- 3 electrolyte at their respective electrode chambers. The initial 

photocurrent of 2.58 mA/cm2 can be obtained in the present photoanode-assisted 

desalination device, which is much greater than the previous reported results. Besides, 
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the electrical current of the photo-electricity conversion system is extremely stable in 

the current system. Within the four batch cycles, the variation of salt removal rate is as 

low as 2.3 μg/(cm2 • min) without significant decay. The photoanode-electrolyte 

interface, charge separation and transportation are further investigated by 

photoluminescence, electrochemical impedance spectroscopy and Mott-Schottky 

analysis. The promising desalination performance can be attributed to the synergistic 

effect of CdS QDs and BiVO4 heterojunction which is applied in the field of solar-

driven desalination for the first time. This work is significant for the design of high 

light-absorbing heterojunction photocatalysts for the dual functions of energy 

production and water desalination.

Keywords: Photo-electrochemical desalination, CdS QDs/BiVO4, photoanode, energy 

consumption.

1. Introduction

The water scarcity has become a global problem since the 21st century[1-4]. One-

third of the world's population still survives at the area with the insufficient drinking 

water[5-7]. However, 71% of Earth's surface is covered by water and 97 % of water 

amount is located at ocean. Seawater desalination is the unique route to solve the 

problem of water shortage[8-10]. Typically, there are several desalination technologies 

such as multi-effect distillation (MED), multi-stage flash (MSF), reverse osmosis (RO), 

capacitive deionization (CDI) etc[11-20]. However, the operating costs of these 

techniques are relatively high, of which approximate 50% is attributed to the energy 
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consumption[21-23]. In this case, it will be important to utilize the renewable energy 

sources as the desalination operation[21, 24, 25]. The solar energy is considered to be 

an inexhaustible and renewable resource that has been widely studied[26, 27]. For 

example, the solar-powered reverse osmosis (S-RO) is a mature commercial technology, 

where the RO system is operated by the power obtained from solar panels which are 

externally interconnected [28-31]. In nature, the solar power supplies the electrical 

energy via the photo-electricity conversion to drive the RO process. The cost in S-RO 

systems is highly site-dependent[29]. In the other way, the thermal distillation 

desalination is operated by the heat from solar energy[32]. Whereas this system is not 

applied for the large-scale desalination.

In recent times, a new era of photo-electrochemical desalination technology has 

been emerging, where the photoelectric conversion electrode is integrated into the 

electrochemical desalination device[33-36]. For instance, Liang et al. proposed a photo-

microbial desalination method based on bio-photocatalyst anode[37]. However, the 

bacteria anode is very sensitive to the environment, which limits its practical application. 

More recently, Kim et al. proposed a ternary hybrid solar desalination process[38], 

which possesses the three-in-one functions of desalination, photo-electrocatalytic water 

treatment and hydrogen production within a single device. The desalination of brackish 

water is triggered by the photo-induced charge carriers generated by TiO2 nanoarray 

photoanodes, and the desalted ions in the saline water are transferred into electrolytes 

with the hydrogen evolution at the cathode. However, the system is still suffered from 

chloride ion oxidation and the declined efficiency. In our previous work, we reported a 
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similar two-electrode continuous desalination device where LEG4/TiO2 (LEG4, a kind 

of 2-Propenoic acid dye) was used as photoanode, Pt-coated graphite as cathode, 

TEMPO+/TEMPO (TEMPO, 4-hydroxy-2,2,6,6-tetramethyl-piperidinooxy) 

recirculation as electrolyte between photoanode and cathode[33]. Whereas a very low 

initial photocurrent of 0.31 mA/cm2 results in a limited desalination performance owing 

to the weak interface reaction between photoanode and electrolyte. As known, bismuth 

vanadate (BiVO4) is a promising visible absorber semiconductor with the advantages 

of low production cost, high photostability, photocorrosion resistance, narrow band gap 

(~2.4 eV), and good response to visible light excitation[39-42]. Unfortunately, the fast 

recombination of photo-generated carriers and weak light absorption capacity limit its 

potential applications[43]. Various approaches have been extensively studied to 

improve the photoelectricity conversion, including element doping, grain boundary 

edge modification, QDs sensitized semiconductor etc[44-48]. In particular, QDs-

sensitized semiconductors can effectively improve solar energy utilization and charge 

separation owing to the attractive photosensitizer and tunable band gap[49-51]. Though, 

polysulfide redox couples have been utilized as conventional redox electrolytes for 

QDs-sensitized solar cells, the BiVO4 based photoelectrodes immediately become dark 

when immersed in solution with polysulfide redox[52]. Moreover, the triiodide/iodide 

redox couple has larger energy difference with the conduction band edge of BiVO4 than 

polysulfide electrolytes, which will lead higher open circuit voltage[53].

In this work, we utilize the combination of CdS/BiVO4 as photoanode to drive the 

redox flow electrochemical desalination device with the I-3/I- electrolyte. The high 
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initial photocurrent density of 2.58 mA/cm2 is obtained at zero-bias condition. Under 

light illumination, CdS/BiVO4 shows the excellent desalination performance compared 

to the pristine BiVO4, which may be attributed to the heterostructure effect of CdS QDs 

and BiVO4. The coupling of CdS QDs and BiVO4 not only promotes the quick 

transportation of carriers, but also facilitates the energy transfer between electrolyte and 

CdS/BiVO4 photoanode, which have been proved by photoluminescence, 

electrochemical impedance spectroscopy, cyclic voltammetry, as well as Mott-Schottky 

analyses. This highly stable and efficient photoanode-based desalination device plays 

the dual functions of energy production and water desalination, which is significant for 

the development of semiconductor materials in the field of solar-driven electrochemical 

desalination.

2. Experimental section

2.1 Material and the preparation of BiVO4 film

All chemicals used in this work were of analytical grade and used without any 

further purification. BiVO4 film was prepared according to a modified metal-organic 

decomposition (MOD) method reported in the literature[54, 55]. Firstly, 0.2 M 

Bi(NO3)·5H2O (Aladdin, 99.0%) was dissolved in acetic acid (Damao, ≥99.5%). Then 

0.03 M VO(acac)2 (Aldrich, 98%) and 0.03 M MoO2(acac)2 (Aldrich) were dissolved 

in acetylacetone(Aladdin, 99%). The above solutions were mixed in stoichiometric 

ratio to form the precursor solution. For Mo doping, Bi:(V+Mo) = 1:1 atomic ratio was 

applied for 1% Mo: BiVO4 film. To prepare BiVO4 film, 70 μL of precursor solution 
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was dropped on a fluorine doped tin oxide (FTO) glass (2.5 cm×2.5 cm) and dried in 

Ar atmosphere for 15 min. The dried green transparent precursor film was calcined at 

550°C for 30 min to form a yellow BiVO4 film. The FTO glass used in the experiments 

was sonically treated by using KOH (0.1 M) in ethanol with ratio of 1:5 for 15 min, 

then washed with plenty of deionized water and finally stored in acetone for use.

2.2 Hydrogen reduction treatment of BiVO4 film

The hydrogen reduction treatment of BiVO4 film by the pyrolysis of NaBH4 

(Aladdin, 98%)[55, 56]. Firstly, 605.28 mg of NaBH4 was placed into a 15 mL alumina 

crucible. Then the alumina crucible was covered with the side of FTO coated with 

BiVO4 film facing downward. The reaction device was then placed in a 200 mL alumina 

crucible and covered with an alumina lid. The experimental setup is displayed in Fig. 

S1. Finally, the device was sintered at 500 ℃ for 30 min. After cooling, the final BiVO4 

film was obtained after the treatment of hydrogen reduction.

2.3 Growth of CdS layer on the BiVO4 film

In order to enhance the absorption of CdS on the BiVO4, the hydrogen-treated 

BiVO4 was immersed in 0.3 M MPA (solvent is ethanol) and kept at 50 °C for 12 h. 

Then, CdS quantum dots were deposited on the BiVO4 film by the successive ionic 

layer adsorption reaction (SILAR) method[57, 58]. The obtained BiVO4 film was 

immersed into 0.5 M CdNO3·4H2O (Aladdin, 99%) in ethanol, pure ethanol, 0.5 M 

Na2S (Aladdin, 95%) in methanol, and pure methanol for 5 min, 30 s, 5 min, and 30 s, 

respectively. After cycling the above process for three times, the desired samples were 

calcined at 300 °C for 2 h.
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2.4 Fabrication of the photoanode-assisted electrochemical desalination (PA-ED) 

device

The PA-ED cell comprised two redox streams (RS), two salt streams (SS), a 

photoanode and a cathode. The order of these components in this device was as follows:

Photoanode | RS || SS || SS || RS | Cathode

where “|” indicates the separation between the constituent parts, and “||” represents 

cation exchange membrane (CEM) or anion exchange membrane (AEM).

The two salt streams are separated by an AEM and two CEM membranes are put 

between the redox stream and salt stream, respectively. The redox electrolyte was a 

mixture of 0.03 M I2 (Aladdin, 99%), 1 M NaI (Aladdin, 99.99%) and Guanidine 

thiocyanate (Aladdin, ≥99%). The total volume of the electrolyte was 5 mL. The redox 

streams were recirculated by a peristaltic pump. The concentration and volume of NaCl 

in the two salt chambers were around 7.4 mS/cm and 1.5 mL, respectively. In this 

apparatus, the thickness of each plate was 3 mm. Each plate has a square of 1 cm² as 

the active center area. In the experiment, the soft tube with the 1 mm inner diameter 

was used, and the flow rate was controlled at 2 mL/min.

2.5 Characterization

X-ray diffraction (XRD, BRUKER D8 ADVANCE) was used for structure 

characterization. The microstructure of the samples was observed by field emission 

scanning electron microscopy (SEM, ZEISS ULTAR 55) and high-resolution 

transmission electron microscopy (HR-TEM, JEM-2100HR 200KV). Raman analysis 

were collected on the Invia Raman microscope under excitation by 532 nm argon ion 
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laser. The X-ray photoelectron spectroscopy (XPS, Thermo Scientific™ K-Alpha™) 

were performed to investigate the chemical states of photo-electrodes. The UV-visible 

diffuse reflectance spectra (DRS, UV-2600i) was conducted to evaluate the light 

absorption capacities of photo-electrodes. The photoluminescence (PL, F-4500) spectra 

was performed to reveal the transfer ability of carriers.

2.6 Electrochemical testing

The measurements of cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), Mott-Schottky, linear scanning voltammetry (LSV) and J-V were 

performed on an electrochemical workstation (CHI760E). The J-V curves were tested 

by assembling the photo-desalination cells. In CV tests, a conventional three-electrode 

system was used with the glass carbon as working electrode, platinum sheet counter 

and Ag/AgCl reference. The I-3/I- redox electrolyte is composed of 5 mM LiI (Aladdin, 

99%), 0.5 mM I2 (Aladdin, 99%) and 0.1 M LiClO4 (Aladdin, 99.99%) in acetonitrile. 

The EIS and LSV were measured by using a two-electrode configuration under light 

irradiation as follows:

Photoanode | RS | Cathode

where “|” indicates the separation of the constituent parts. FTO coated with photo-

sensitive material was served as photoanode, graphite paper coated with Pt was served 

as cathode. The electrolyte is flowable between the photoanode and cathode. The test 

of Mott-Schottky was conducted using the same configuration as EIS and LSV under 

dark condition. The composition of redox electrolyte was in consistent with the 

desalination test.
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2.7 Characterization of the photo-driven desalination performance

Desalination tests were conducted with a CHI760E electrochemical workstation 

and the battery analyzer (Neware) at room temperature and a GDM-9061 Multimeter 

was used to record the photocurrent during the photo-desalination experiments without 

any external bias. The Xe lamp (LanPu LP-350) was used as the light source to drive 

the photo-desalination and the TM-207 solar radiation meter was used to evaluate the 

light intensity. The desalination performance under short-circuit mode and constant 

current mode was recorded by the electrochemical workstation with the i-t program and 

a battery analyzer with the v-t program. The peristaltic pumps (Kamoer, LLS PLUS) 

were used to control the flow rate of the salt chamber and the redox chamber. The 

conductivity of salt feed was monitored online by the conductivity meters (eDAQ, 

EPU357).

The salt removal rate (SRR, μg/(cm2•min)) presents the desalination ability of PA-

ED device per unit of time and active area, which can be calculated through the below 

equation:

𝑆𝑅𝑅 =
(
∆𝑐
∆𝑡 × 𝑉)

𝐴𝑐𝑒𝑙𝑙

Where  represents the salt concentration change per minute (mg/(L•min)), V is 
∆𝑐
∆𝑡

the total volume of one salt chamber (mL), and  represents the active area of the 𝐴𝑐𝑒𝑙𝑙

PA-ED device (cm2).

The light energy consumption (Ec, μmol/J) is calculated as follows:
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𝐸𝑐 =
(
∆𝑐
∆𝑡 × 𝑉)

𝑀𝑀 × 𝑃 × 𝐴𝑐𝑒𝑙𝑙

Where MM represents the molar mass of NaCl (58.44 g/mol), P is the specific 

power of the light (W/cm2).

3. Results and discussion

The fabrication process of CdS/BiVO4 photoanode is schematically demonstrated 

in Fig. 1a. Initially, the BiVO4 thin film was deposited on a fluorine doped tin oxide 

(FTO) conductive glass by the MOD method, followed by H2 treatment in the presence 

of NaBH4, and then CdS QDs were deposited by the SILAR method and dried in Argon 

atmosphere. The detailed experiment is described in the experimental section. The 

measurements of XRD, SEM and HRTEM were performed to investigate the crystal 

structure, morphology and microstructure of the prepared photoelectrodes. Fig. 1b 

shows the XRD patterns of FTO, BiVO4 and CdS/BiVO4. The diffraction peaks of 

BiVO4 at 2θ values of 18.7,28.9, 30.5, 34.5, 35.2, 42.5, 46.7, 47.3 and 53.3° are well 

indexed to the (101), (112), (004), (200), (020), (015), (204), (024) and (116) planes of 

the monoclinic phase (JCPDS#83-1699) and the other peaks are indexed to be SnO2 

(JCPDS#88-0287) from the FTO substrate. After depositing CdS QDs, the diffraction 

peaks are similar with the BiVO4 because of the low diffraction intensity and small size 

of CdS QDs. Fig. 1c shows the SEM images of olive-like BiVO4 with an average 

diameter of ~200 nm, which agrees with the previous reported in literatures[54, 55]. In 

order to confirm the CdS quantum dots, the sample was subjected to HR-TEM analysis 
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in Fig. 1d-f. It can be clearly seen in Fig. 1d that the edges of the olive-like BiVO4 are 

wrapped with nanoparticles of CdS QDs. The growth of CdS QDs on the surface of 

BiVO4 is clearly visualized with an average diameter between 10-20 nm (Fig. 1e). 

Further, HRTEM lattice of CdS/BiVO4 displays two d-spacing values of 0.336 nm and 

0.311 nm in Fig. 1f, which can be well assigned to (111) plane of CdS QDs (JCPDS#75-

1546) and (200) plane of BiVO4 (JCPDS#83-1699), respectively. Therefore, the result 

of HRTEM demonstrates that CdS QDs are well anchored on the surface of BiVO4 by 

the SILAR method.

Figure 1: (a) Schematic illustration of the fabrication of CdS/BiVO4 photoanodes; (b) 

XRD patterns of FTO, BiVO4 and CdS/BiVO4; (c) SEM of BiVO4 and (d-f) TEM of 
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CdS/BiVO4 photoanode.

As shown in Fig. S2, the Raman spectra of all samples show the characteristic 

vibrational bands of monoclinic BiVO4. Specifically, the peaks at ~830 and 712 cm-1 

correspond to the symmetric (Ag) and asymmetric (Bg) stretching mode of V-O 

bond[59]. Whereas, the peaks of 327 and 368 cm-1 belong to the Ag and Bg stretching 

modes of VO4
3-, and the other peak at around 212 cm-1 can be attributed to the external 

mode (rotation/translation)[60]. As seen from the enlarged view of the dominant peak 

at 830 cm-1 in Fig. S2b, after doping with Mo, the Ag mode of V-O bond shifts to lower 

frequency which is interpreted as an increase of V-O bond lengths by a substitution of 

Mo for V into the lattice of BiVO4 [61, 62]. Moreover, the Bg stretching mode of V-O 

at 712 cm-1 is related to the oxygen vacancies. The peak of H, Mo:BiVO4 shifts to 718 

cm-1 is probably due to the formation of defect states and strain in BiVO4 after hydrogen 

treatment[63]. Besides, there occur a peak at around 289 cm-1 in CdS/H, Mo:BiVO4 

which can be assigned to the longitudinal optical phonon (LO) of CdS[64].

To further study the inner influence of H2 and Mo, XPS characterization is 

conducted. Fig. S3a-d shows the core levels of Bi 4f, V 2p, O 1s and Mo 3d XPS spectra 

of the samples. The Bi 4f (Fig. S3a) and V 2p (Fig. S3b) XPS spectra of BiVO4 exhibit 

Bi 4f5/2 peak at 163.9 eV, Bi 4f7/2 peak at 158.6 eV, and V 2p1/2 peak at 524.0 eV, V 

2p3/2 peak at 516.2 eV respectively. After doping with Mo, the binding energy values 

of Bi 4f and V 2p shift to a higher energy owing to the higher electron negativity of 

Mo6+ than V5+, whereas a lower energy shift is observed by hydrogen treatment owing 
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to the reduced metal state of Bi3+ and V5+[54, 63]. For the fitted O 1s spectra in Fig. 

S3c, two peaks at 529.5 and 531.3 eV can be assigned to the oxygen atoms bound to 

metals and absorbed oxygen[65, 66]. The hydrogen treatment sample exhibits a 

relatively higher shift and area for second peak at 531.7 eV (in comparison with the 

lower intensity peak at 531.3 eV), indicating the presence of more adsorbed oxygen. 

Since both reduced metal state (Bi3+ and V5+) and absorbed oxygen are associated with 

oxygen vacancies, it indicates the existence of oxygen vacancies in the hydrogenated 

samples[59, 63, 67, 68]. The successful doping of Mo can be observed in Fig. S3d, the 

binging energy of Mo 3d5/2 and 3d3/2 at 231.9 and 235.1 eV are assigned to the Mo6+, 

indicating that Mo cations are mainly in the form of Mo6+ into the lattice of the V places 

in BiVO4[69, 70]. In conclusion, the Raman and XPS characterizations confirm that the 

Mo doping and hydrogen treatment are beneficial to the enhancement of 

photoelectrochemical performance.

In prior to perform the desalination test, we also have optimized the optical and 

electrochemical properties of the photoanodes. The J-V curves of the obtained 

photoanodes without/with the modification of BiVO4 were shown in Fig. 2a. There is 

basically no photocurrent can be observed under the dark condition and low 

photocurrent of ~1.8 mA/cm2 for the pristine BiVO4. Mo doping or Mo doping followed 

by H2 treatment could effectively improve the photocurrents to ~2.4 mA/cm2 and ~2.5 

mA/cm2, respectively. Significantly, the maximum photocurrent was achievable up to 

~3.0 mA/cm2 in CdS/H, Mo: BiVO4, which might be attributed to the enhanced light 

absorption capacity and the charge transfer kinetics between the interface of 
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photoelectrode and electrolyte. The Mott-Schottky plots were demonstrated to estimate 

flat-band potentials (Efb) and the donor densities (Nd) of the prepared samples in Fig. 

2b. All samples exhibit a positive slope, indicating a n-type semiconductor with 

electrons as the majority carrier. And the Efb are extracted from the intercept at y=0, 

which varies from 0.049, 0.044, 0.030 to -0.006 V vs Ag/AgCl for BiVO4, Mo:BoVO4, 

H, Mo:BiVO4 and CdS/H, Mo:BiVO4, respectively. It is obvious that the Efb of the 

modified materials shift to a negative potential, which indicates the difference between 

the Fermi level (Ef) of materials and the redox potential increases, resulting in a higher 

Voc[71]. Besides, the donor densities are calculated using the following equation[56, 

72]:

𝑁𝑑 = (2/𝑒0𝜀𝜀0)[d(1/𝐶2)/d𝑉] ―1 (1)

where  is the electron charge (1.602×10-19 C),  is the dielectric constant of 𝑒0 𝜀

BiVO4 (68)[73],  is the vacuum permittivity (8.854×10-14 F cm-1), C is the space 𝜀0

charge region capacitance, and V is the applied potential. As expected, the calculated 

carrier densities follow the order CdS/H, Mo:BiVO4 (5.27×1022 cm-3) > H, Mo:BiVO4 

(1.20×1022 cm-3) > Mo:BiVO4 (5.15×1021 cm-3) > BiVO4 (2.59×1021 cm-3), further 

confirming more efficient carrier separation and transfer in the modified 

photoanode[74].

To determine the light absorption capacity of the bulk-modified film, UV-vis 

spectra was performed in Fig. 2c. All the photoanodes show obvious optical absorption 

in the range of 300-500 nm. The sample of CdS/H, Mo:BiVO4 possesses the best optical 

absorption range of 300-800 nm. The results of the optical absorption of all samples are 
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consistent with the trend of Mott-Schottky. As shown in Fig. 2d, the band gaps of 

samples can be calculated from the UV-vis absorption spectra according to the below 

Tauc equation:

(𝛼ℎ𝑣)1/𝑛 = 𝐴(ℎ𝑣 ― 𝐸𝑔) (2)

Where α, hv, A, Eg and n represent the absorption coefficient, photon energy, a 

proportionality constant, band gap and characteristic of the transition (n = 1/2 for direct 

transition and n = 2 for indirect transition) in a semiconductor, respectively. Therefore, 

the linearity of the Tauc plots of  vs  allows determination of the optical (𝛼ℎ𝑣)2 ℎ𝑣

band gap by the extrapolation of the linear region to the x-axis intercept. Specifically, 

the band gaps of BiVO4, Mo: BiVO4, H, Mo: BiVO4 and CdS/H, Mo: BiVO4 are 2.53, 

2.51, 2.47 and 2.29 eV, respectively, indicating a reduced band gap and a broaden 

spectral absorption range.
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Figure 2: (a) The J-V curves; (b) Mott-Schottky plots; (c) UV-vis spectra and (d) Tauc 

plots for band gap calculation of the obtained photoanodes.

CdS/H,Mo:BiVO4 demonstrate the excellent behavior in the optical and 

electrochemical properties. Thus, it is employed as photoanode for photo-desalination 

test. The photographs of the PA-ED device components and the setting-up are detailed 

in Fig. S4 and Fig. S5, respectively. Fig. 3a schematically shows the design and 

architecture of a two-electrode PA-ED device where the I-/I-3 redox electrolyte is 

recirculated between the photoanode and cathode. Two salt streams (stream A and 

stream B) are flowable between the redox streams. Under illumination, the photo-

excited electrons from CdS/BiVO4 photoanode are transferred to cathode via the 
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external circuit. The sodium ions are extracted from salt stream B via CEM to the 

cathode chamber because of the reduction reaction from I-3 to I-. The sodium ions in 

cathode chamber are recirculated to the anode. Meanwhile, the excited state of 

CdS/BiVO4 photoanode is regenerated by the oxidation reaction of I- to I-3 specie, 

while the sodium ions are released to the salt stream A through CEM. Hence, the salt 

stream A becomes condensed. As a result, the chloride ions in salt stream B are 

transported to salt stream A through AEM to compensate the static balance. Therefore, 

the salt in the stream B is removed with the help of ion exchange membranes by the 

photo-electrochemical process. To further investigate the enhanced 

photoelectrochemical performance of CdS QDs/BiVO4 heterojunction, the band 

structure and charge transfer mechanism of BiVO4 and CdS have been carefully 

analysed. As shown in Fig. S6a and Fig. S6b, the x-intercepts of CdS and BiVO4 in 

Mott-Schottky plots are -0.97 and 0.049 V (vs Ag/AgCl) corresponding to their Efb, 

which can be converted to be -0.773 and 0.246 V (vs NHE). Theoretically, the 

conduction band (CB) of n-type semiconductors is 0.2 V more negative than the Efb 

potential[75] and thus the CB positions of CdS and BiVO4 are -0.97 and 0.05 V (vs 

NHE) respectively. Moreover, the band gaps of CdS and BiVO4 are found to be 2.34 

and 2.53 V (vs NHE) according to the Tauc plots in Fig. S6c and Fig. S6d. Thereafter, 

the valence band (VB) positions of CdS and BiVO4 are calculated to be 1.37 and 2.48 

V (vs NHE) by using the following equation (3)[76-78]:

𝐸𝑉𝐵 = 𝐸𝐶𝐵 ― 𝐸𝑔 (3)

Where ,  and  are VB potential, CB potential and energy band gap of 𝐸𝑉𝐵 𝐸𝐶𝐵 𝐸𝑔
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semiconductors, respectively. Combining the results of Tauc plots and Mott-Schottky 

plots, the relative position of the VB and the CB of CdS and BiVO4 are presented in 

Fig. S7. Based on the above experimental results and analysis, the inner transfer 

mechanism of CdS/BiVO4 photoanode can be displayed in Fig. 3b. Both BiVO4 and 

CdS can absorb the sunlight to generate the electron-hole pairs because of their narrow 

bandgap. Then, the excited electrons are transferred from CB of CdS to CB of BiVO4 

owing to the matched energy level. Consequently, the FTO conducting substrate 

accepts the electrons to cathode via the outside circuit. Simultaneously, the holes on the 

VB of BiVO4 are migrated to the CdS side and regenerated by the oxidation of iodide 

specie from electrolyte stream, and hence the CdS/BiVO4 photoanode is reusable.

Figure 3: (a) Schematic configuration diagram of desalination mechanism; (b) the inner 

mechanism of photoanode; (c) photocurrent curve at zero bias (short circuit) under 232 

mW/cm2 illumination and its corresponding conductivity variation; (d) photo-discharge 
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curve at 1.0 mA constant current under 232 mW/cm2 illumination and its corresponding 

conductivity variation.

The mechanism of the CdS/BiVO4 photoanode-based electrochemical 

desalination is given as follows:

ℎ𝑣 + 𝐶𝑑𝑆/𝐵𝑖𝑉𝑂4→𝑒 ―
(𝐶𝑑𝑆/𝐵𝑖𝑉𝑂4) + ℎ +

(𝐶𝑑𝑆/𝐵𝑖𝑉𝑂4) (4)

𝑒 ―
(𝐶𝑑𝑆/𝐵𝑖𝑉𝑂4)

𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
𝑒 ―

(𝐶𝑎𝑡ℎ𝑜𝑑𝑒) +
1
2𝐼 ―

3
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛3

2𝐼 ― (5)

𝑁𝑎 +
𝑆𝑎𝑙𝑡 𝑠𝑡𝑟𝑒𝑎𝑚 𝐵

𝐶𝐸𝑀
𝑁𝑎 +

𝑐𝑎𝑡ℎ𝑜𝑑𝑒⟶𝑁𝑎 +
𝑎𝑛𝑜𝑑𝑒 (6)

3
2𝐼 ― 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛1

2𝐼 ―
3 + 𝑒 ―

𝑎𝑛𝑜𝑑𝑒 (7)

𝑒 ―
𝑎𝑛𝑜𝑑𝑒 + ℎ +

(𝐶𝑑𝑆/𝐵𝑖𝑉𝑂4)→ℎ𝑣 ∗ (8)

𝑁𝑎 +
𝑎𝑛𝑜𝑑𝑒

𝐶𝐸𝑀
𝑁𝑎 +

𝑆𝑎𝑙𝑡 𝑠𝑡𝑟𝑒𝑎𝑚 𝐴 (9)

𝐶𝑙 ―
𝑆𝑎𝑙𝑡 𝑠𝑡𝑟𝑒𝑎𝑚 𝐵

𝐴𝐸𝑀
𝐶𝑙 ―

𝑆𝑎𝑙𝑡 𝑠𝑡𝑟𝑒𝑎𝑚 𝐴 (10)

To reveal the electrocatalytic behavior of I-/I- 3 redox couple, the CV technique 

was carried out using the electrochemical workstation. As shown in Fig. S8, the redox 

potential of I-/I- 3 appears at 0.196 V vs. Ag/AgCl. The redox potential and the Fermi 

level of redox satisfy the transformation of the below equation (9): 

𝐸𝐹,  𝑟𝑒𝑑𝑜𝑥 = ―4.5 𝑒𝑉 ― 𝑒𝑜𝐸𝑟𝑒𝑑𝑜𝑥 (11)

Where  and  is the redox potential and the Fermi level of redox 𝐸𝑟𝑒𝑑𝑜𝑥 𝐸𝐹,  𝑟𝑒𝑑𝑜𝑥

species, . Thus, the calculated  is －4.696 eV, which lies 𝑒𝑜 = 1 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛) 𝐸𝐹,  𝑟𝑒𝑑𝑜𝑥

near the VB of CdS QDs (Fig. S7), indicating the feasible energy transfer from 

electrolyte to the photo-excited electrode material.
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In order to explore the importance of CdS/BiVO4 heterostructure, we compared 

its photoelectrochemical desalination performance with the bare BiVO4. Both BiVO4 

and CdS/BiVO4 can desalinate the brine feed to the freshwater standard (1.0 mS/cm), 

as shown in Fig. S9. The desalination time of CdS/BiVO4 is much less than that of 

BiVO4 photoanode owing to the more efficient photocurrent. The salt removal rate of 

58.4 μg/(cm2•min) in CdS/BiVO4 is higher than 41.9 μg/(cm2•min) in pure BiVO4. The 

improvement of the desalination performance may be attributed to the synergetic effect 

of CdS QDs and olive-like BiVO4, which not only widens the light response range, but 

also improves the charge efficiency.

Fig. 3(c-d) demonstrates the desalination performance in the condition of zero bias 

(short circuit) and constant current. Under the dark condition, the photocurrent is close 

to zero. Once illuminated, the photocurrent jumps to 3.07 mA/cm2 in Fig. 3c and then 

decreases gradually from the initial photocurrent at 2.58 mA/cm2 during the continuous 

desalination. The conductivity in salt stream A increases from the initial 7.36 mS/cm to 

15.38 mS/cm while the conductivity in salt stream B decreases to 0.93 mS/cm after 90 

minutes. The desalted water can reach the standard of freshwater and the salt removal 

rate of 57.30 μg/(cm2•min) can be obtained, which is much higher than the previously 

reports using the two-electrode systems driven by photoanode or photocathode[33, 34]. 

To measure the short-circuit photocurrent density under a standardized irradiation 

condition, we adjusted the light source to a sunlight (100 mW/cm2) to test the photo-

desalination. Fig. S10 shows the photocurrent density at zero bias (short circuit) under 

100 mW/cm2 illumination and its corresponding conductivity variation. Once 
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illuminated, the initial short-circuit photocurrent density can still reach up to 1.98 

mA/cm2 and then decreases gradually during the continuous desalination.

Besides, the result under the constant photo-discharge current density (1.0 mA/cm2) 

was shown in Fig. 3d. Under the dark mode, the open-circuit voltage (OCV) is about 

0.19 V and increases to 0.59 V once illuminated. Due to the shift of Fermi level, the 

voltage in CdS/BiVO4 remains same at open-circuit condition. Once the photo-

discharge current applied, the photovoltage immediately drops to 0.38 V and gradually 

decreases. Simultaneously, the conductivity in salt stream A increases to 17.89 mS/cm 

from 7.14 mS/cm. At the same time, the conductivity in salt stream B decreases to 1.94 

mS/cm after 200 min. The constant salt removal rate is 20.87 μg/(cm2•min) owing to 

the linearly reduced conductivity. The desalination system is not stable at the initial 

stage, especially under a short period of time. In the case of long-term photo-driven 

desalination at zero bias (short circuit) in Fig. 4c, the desalination time reaches 46 hours, 

and thus the variation of conductivity is minor for stream A and stream B. Actually, in 

the initial stage of short-circuit desalination in Fig. 4c, the variation of salt concertation 

is also unstable. However, with the long desalination process, the change of salt 

concertation tends to be stable. This discrepancy of variation may be more serious in 

the small current density. These results are consistent with the previous reported 

literatures [33, 34]. When doing the light-driven desalination experiment, we measured 

the pH value of the electrolyte and salt feed for several time periods. The results showed 

that the pH value of the electrolyte was basically about 5.5, and the pH of the two salt 

streams was well maintained at neutrality. In order to further confirm that clean fresh 
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water was obtained, Cd2+ in two salt streams were also measured by the inductively 

coupled plasma optical emission spectroscopy (ICP-OES), and the results showed that 

Cd was not detected in both salt chambers owing the membrane blocking. Besides, the 

electrolyte additive about guanidine thiocyanate in streams was tested by the UV-vis 

spectra with UV absorption at 300 nm. The results showed that the content in the salt 

stream B was 0.8 ppm and 1.2 ppm in the salt stream A, which are well below than the 

limit of 5 ppm in drinking water stated by World Health Organization. Even lower 

amount of guanidine thiocyanate in salt streams is expected when using improved ion-

exchange membranes that exhibit better permselectivity. And guanidine thiocyanate 

has little influence in this work, thus clean fresh water can also be obtained without 

adding electrolyte additives (Fig. S11).

To investigate the controllable dual functions of desalination and energy output in 

the PA-ED device, the various photo-discharge current densities under 232 mW/cm2 

irradiation was applied, as shown in Fig. S12a-b. The photovoltages gradually decrease 

from the initial 0.45, 0.38 and 0.24 V once the constant currents of 0.5, 1.0 and 1.5 mA 

are applied, respectively. The rapid salt removal process can be obtained at the high 

constant current applied. The salt removal rates are calculated to be 6.8, 20.9 and 33.4 

μg/(cm2•min) at the 0.5, 1.0 and 1.5 mA, respectively, as shown in Fig. S12c. Besides, 

the light energy consumptions are 0.0084, 0.0257 and 0.0410 μmol/J at the 0.5, 1.0 and 

1.5 mA in Fig. S12d, respectively. These results demonstrate that the desalination 

performance and energy output can be controllable in the PA-ED device. 

To demonstrate the influence from light intensity, we adjust the light intensity 
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from 124 to 305 mW/cm2. Fig. S13a displays the photocurrent curve and the variation 

of the salt concentration at zero bias. The high light intensity will result in a rise of 

photocurrent, indicating a fast salt removal. However, the variation of conductivity 

curve is not such obvious. The salt removal rates slightly rise with the increased light 

intensity in Fig. S13b. The salt removal rates at 124, 167, 232 and 305 mW/cm2 are 

estimated to be 48.4, 48.8, 49.2 and 49.6 μg/(cm2•min), respectively. Furthermore, we 

have also investigated the influence of light intensity on desalination under same 

conditions and the results are shown in Fig. S13c-d. The photocurrent slightly rises 

with the increase of light intensity from 124 to 232 mW/cm2. Under the light intensity 

of 232 mW/cm2, it takes 94.2 min to reach the level of freshwater in the diluted stream 

(~1 mS/cm). However, 118 min and 130 min in the light intensity of 167 mW/cm2 and 

124 mW/cm2. The photocurrents still remain 0.87 mA, 0.64 mA and 0.62 mA for 232 

mW/cm2, 167 mW/cm2 and 124 mW/cm2, respectively, indicating a faster salt feed 

removal under high light intensity.

The EIS and PL were also carried out to study the charge transfer kinetics and 

carrier lifetime. Fig. S14a shows the Nyquist plots of pristine BiVO4 and CdS/BiVO4 

under light irradiation at open-circuit voltage. It is clear to see that CdS/BiVO4 

composite exhibits a smaller semi-arc (Rct), implying a lower surface resistance owing 

to the less charge recombination[79]. The lower PL intensity in Fig. S14b of 

CdS/BiVO4 also indicates the less recombination of photo-generated electron-hole 

pairs[80, 81]. These results demonstrate that CdS QDs sensitized BiVO4 is beneficial 

to the charge transfer behavior between the interface of photoanode and electrolyte[58].
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The stability is a key factor to evaluate the practical feasibility. To explore the long-

term stability, the batch cycles of desalination are conducted in Fig. 4a. Only the salt 

streams are replaced without any other change. It can be observed in Fig. 4a-b that the 

photocurrent curves and the concentration variations can be well maintained during the 

four cycles tests. The salt removal rates shown in Fig. S15a are estimated as 57.3, 55.1, 

55.0, 56.8 μg/(cm2•min), and a small variation is controlled within 2.3 μg/(cm2•min). 

Moreover, the light energy consumptions display little difference in Fig. S15b. These 

results reveal the excellent stability of the current device. The XRD characterization of 

CdS/BiVO4 photoanode is displayed in Fig. S16 before/after the photo desalination. No 

significant change after the desalination is observed after the cycling desalination, 

indicating the excellent stability of the electrode material. Further, the long-term 

stability is demonstrated by increasing the volume of salt streams to 30 mL. As shown 

in Fig. 4c, the salt declines from 7.42 mS/cm to 1.28 mS/cm after the 46-hour irradiation. 

The photocurrent decreases to 0.26 mA/cm2 which can still proceed desalination. The 

long-term stability test demonstrates that this PA-ED device is also suitable to 

desalinate the large amount of salt feed for the long time.
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Figure 4: (a) The photocurrent curves at zero bias (short circuit) under 232 mW/cm2 

irradiation for all the cycles (b) the corresponding conductivity variations, and (c) the 

long-term stability test for PA-ED device under 232 mW/cm2 irradiation at 30 mL high 

salt volume.

4. Conclusion

An electrical energy consumption-free photoanode-assisted redox flow 

electrochemical desalination method was proposed based on CdS QDs/BiVO4 

photoanode. During the photo-desalination process, the I- 3/I- redox couples are 

recirculated between the photoanode and cathode to extract the ions from the desalted 

stream by the redox reaction at their respective electrode channels. Two salt streams 
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are sandwiched between the photoanode and cathode. The present PA-ED device 

greatly improves the continuous desalination performance with the initial photocurrent 

of 2.58 mA/cm2 under zero-bias condition when compared to the previously reports 

where the initial photocurrent is as low as 0.31 mA/cm2. Moreover, the CdS/BiVO4 

heterostructure exhibits highly improved desalination performance compared to pure 

BiVO4, which can be ascribed to the lower recombination rate of charge carriers and 

the wider solar light absorption range. Besides, the current photo-electricity conversion 

system possesses excellent stability. Within the four batch cycles of the continuous 

desalination process, the variation of salt removal rate can be controlled well within 2.3 

μg/(cm2 • min). Through further measurements of PL, EIS and Mott-Schottky, the 

separation rate and transfer capability of photo-generated carriers are also evaluated. 

This is the first time that CdS QDs sensitized BiVO4 photoanode is introduced in the 

photo-driven electrochemical desalination device, which provides a new idea for the 

subsequent development of higher-efficiency zero-energy consumption solar-driven 

desalination.
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The table of contents entry: A highly stable and efficient self-sustained 

photoelectrochemical desalination technique was proposed based on CdS quantum dots 

sensitized BiVO4 photoanode. The present technology greatly improves the continuous 

desalination performance with the initial photocurrent of 2.58 mA/cm2 under zero bias.
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