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A B S T R A C T

With clean water availability raising a great technological and social challenge, saltwater desalination has be
come a key strategic solution. Herein, we report a nickel phthalocyanine tetrasulfonic acid tetrasodium salt 
(NiPcTATS)-based redox flow desalination cell (RFDC) that allows safe, efficient and continuous water-salt se
paration. With the new, water-soluble NiPcTATS/NiPcTATS+ redox couple as electrolyte, the RFDC effectively 
desalinates saltwater and achieves a high average salt removal rate of 3.11 gNaCl/(molNiPcTATS·h) and a low 
energy consumption of 15.0 kJ/molNaCl at 0.5 V cell voltage. The cell exhibits excellent reversibility and dur
ability for long-term operation, benefiting from the fast-redox kinetics and chemical stability of the redox couple. 
Efficient solar-driven RFDC for water desalination is demonstrated by powering the cell with a solar panel. This 
RFDC method provides a low-cost, efficient and safe strategy to purify saltwater, and the findings with 
NiPcTATS-based redox couple offer new opportunities of utilizing metal phthalocyanines and derivatives in 
water desalination research.   

1. Introduction

Freshwater scarcity has become a critical issue in the past decades
due to the increasing world population and expansion of industries and 
irrigated agriculture, which would greatly threaten over two-thirds of 

the people worldwide by the year 2025 [1]. According to the Global 
Risks 2015 report by the World Economic Forum, one in three people 
lacks sources of water sanitation nowadays, causing over 3.5 million 
deaths every year. A reliable clean water supply is now one of the most 
important and challenging issues for the human society [2]. Despite the 
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fact that around 70% of the earth is covered by water, however, 98% of 
the water on earth is saltwater, with 1.6% of the water being con
strained in the polar caps and glaciers and only a very tiny amount 
(0.4%) of the water being readily drinkable [3]. 

Over the years, the desalination of saltwater (brackish or seawater) 
was developed and has become a key strategic solution to satisfy the 
increasing global water demand. To date, different technologies such as 
thermal distillation, including multi-stage flash (MSF) [4] and multi- 
effect distillation (MED) [5], reverse osmosis membrane desalination 
(RO) [6], electrodialysis (ED) [7,8] and capacitive desalination (CDI) 
[9] have been developed for clean water production, among which the 
seawater RO is state-of-the-art technology and has been widely applied 
in the industries [10]. In a typical seawater RO plant, the clean water 
production capacity can reach 395,000 m3/day [11] and the energy 
consumption can be lowered to the order of 3.5 kWh/m3 (corresponds 
to 25 kJ/mol salt) [12] benefiting from the development of novel high 
flux selective membranes and system optimizations, which is both ef
fective and energy-efficient. However, the shortcomings such as high 
operation cost and large capital cost of the RO method result in a re
latively high clean water production cost, limiting its long-term appli
cations. Other techniques such as MSF and MED require at least one 
order of magnitude larger energy input than RO [13]. ED and CDI could 
be more energy-efficient than RO, with the best performance being in 
the order of 10 kJ/mol salt [14,15]. However, the typical CDI method is 
primarily based on the mechanism that salt ions in the treated water 
would be adsorbed to surface of electrode materials, typically carbon- 
based electrodes, via capacitive adsorption with an applied voltage, 
resulting in a very limited salt removal capacity of ~1 mg/g to 
~40 mg/g salt [16,17]. Battery Electrode Deionization (BDI) that uti
lizes redox-active electrode materials and associates the desalination 
process with energy storage, wherein salt ions can be selectively in
tercalated into lattice of electrode materials along with Faradaic reac
tions, has attracted an increasing interest in recent years. Diverse sys
tems with different materials or thermodynamic model have been 
reported so far, such as the Na0.44MnO2-based Na-Ion Desalination 
(NID) battery [18], the two flow-channel device with porous electrodes 
containing redox-active nickel hexacyanoferrate (NiHCF) nanoparticles 
[19], ion-exchange-membrane-free asymmetric CDI by pairing a metal 
organic framework (MOF) [20], the desalination battery that uses 
Cu3[Fe (CN)6]2 as a Na-storage electrode and Bi as a Cl-storage elec
trode [21], and the thermodynamic cycle analysis of ICDI (intercalation 
CDI) to describe the chemical equilibrium between the intercalation 
electrode and its contacting solution [22]. The BDI mechanism allows a 
high salt removal capacity, with ~170 mg/g salt removal capacity 
being reported using a NaTi2 (PO4)3-based electrode [23]. However, the 
research in this field has just begun and has mainly achieved progress in 
electrode materials for sodium ion removal, with only a few successes 
on electrode materials for chloride ion removal, including sliver [24], 
bismuth [25], and polypyrrole [26]. Nevertheless, the BDI method 
would still require big amounts of electrode materials for large scale 
application [27]. Consequently, cost-intensive techniques such as RO 
and thermal distillation remain the dominating methods in industrial 
water desalination. 

Very recently, Rivest et al. proposed a new electrochemical desali
nation mechanism named SUPER (ShUttle-Promoted Electrolyte 
Removal) [28], in which water-soluble redox couples circulating be
tween anode and cathode are continuously oxidized and reduced to 
their higher and lower valence states. This would create an imbalance 
in the charges, which force salt ion migration out of a desalination 
chamber through ion exchange membrane for charge rebalancing. 
Compared with BDI, the SUPER method requires a much less amount of 
redox chemicals, allows continuous operation, and can achieve low 
operation voltage and energy consumption [28]. In their work, they 
have reported the selection and study of BTMAP-Fc (1,1′-bis[3-(tri
methylammonio)-propyl]ferrocene dichloride) as redox shuttles, with 
drinkable water production and decent specific energy consumption 

being demonstrated. This type of redox flow system allows continuous 
and efficient removal of salt from brine water with low energy con
sumptions, and thus receives extensive interests in the past few years. 
For instance, Lee et al. confined the redox reactions of iodide in carbon 
nanopores in a Faradaic deionization cell that achieved a high water 
production rate (25 L m−2 h−1) and low energy consumption 
(1.63 Wh L−1) [29]. Kim et al. realized an enhanced salt adsorption 
capacity (67.8 mg/g) via the redox couple reaction of ferricyanide and 
ferrocyanide in a multichannel capacitive deionization cell [30]. Nam 
et al. developed a tandem electrodialysis desalination system using the 
redox couples of TEMPOL/TEMPOL+ (4-hydroxy-2,2,6,6-tetra
methylpiperidine 1-oxyl/oxidized 4-hydroxy-2,2,6,6-tetra
methylpiperidine 1-oxyl) that could convert the feedwater (0.6 M NaCl) 
to 0 and 1.2 M NaCl solutions in the desalination cell and salination 
cell, respectively [31]. Chen and his collaborators have proposed quite 
a few redox mediators that can be used in the redox flow desalination 
systems, such as TEMPOL [32], riboflavin-5′-phosphate sodium salt 
(FMN-Na) [33], and methyl viologen dichloride (MVCl2) [34], which 
all achieved good desalination performance and low energy consump
tion. Although multiple redox couples have been proposed by previous 
studies, finding more redox couples is still noteworthy but challenging, 
since the redox couples need to meet some criteria listed in the litera
ture [28]. In other words, the redox couples that are robust, cost-ef
fective and environmentally benign are always desired to achieve en
ergy-efficient and safe clean water production. 

Herein we report the use of nickel phthalocyanine tetrasulfonic acid 
tetrasodium salt (NiPcTATS, chemical structure shown in Fig. S1 in the 
Supplementary data) based redox flow desalination cell (RFDC) for 
safe, effective and efficient water-salt separation. Sulfonated metal 
phthalocyanines represent a family of water-soluble, planar organic 
molecules, with known characteristics of variable valence states, low 
toxicity, low cost (although not as low as other materials such as so
dium ferrocyanide), excellent thermal and chemical stability, and in
teresting electronic property [35,36]. The NiPcTATS-based redox 
couple was prepared by mixing an aqueous solution of NiPcTATS in the 
pristine form and in an oxidized form (NiPcTATS+) that was produced 
with an electrochemical method (see Section 2 Materials and methods 
for details). The fabricated RFDC exhibited a high desalination rate 
even with a low voltage and as low as about 15.0 kJ/mol salt in energy 
consumption. Benefiting from no consumption of the redox couple and 
energy recovery during the salination process, it provides a continuous 
desalination capability with unlimited salt removal capacity. We also 
demonstrated the use of simple solar panel for effectively driving the 
RFDC, proving it a promising and practical technology for clean water 
production in remote places like islands and ships. These findings prove 
the effectiveness of NiPcTATS-based redox couples in the redox flow 
desalination system, which further indicate new opportunities in uti
lizing the large family of metal phthalocyanine (MPc) and its deriva
tives for water desalination research. 

2. Materials and methods 

2.1. Materials 

Nickel (II) phthalocyanine-tetrasulfonic acid tetrasodium salt 
(NiPcTATS) was purchased from Aldrich. Sodium chloride (NaCl) was 
purchased from Merck kGaA. Anion exchange membrane (AEM, 
Fumasep FAS-PET-130), cation exchange membrane (CEM, Fumasep 
FKS-PET-130), and carbon cloth (ELAT, hydrophilic) were from Fuel 
Cell Store. 

2.2. Preparation of the oxidized form of NiPcTATS (NiPcTATS+) 

NiPcTATS+ was prepared by one simple electrochemical method 
utilizing a self-designed redox generation battery cell (Fig. S2 in the 
Supplementary data). The cell comprises an anode and a cathode, 
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which comprise a current collector (graphite plate and carbon cloth) 
and a liquid electrolyte comprising deionized water, 35 mM NiPcTATS 
(saturated) and 50 mM NaCl. The anode and cathode are separated by 
two membranes, forming three chambers, which follow the sequence of 
the anode, Chamber A, anion exchange membrane (AEM), Chamber B, 
cation exchange membrane (CEM), Chamber C and the cathode. 
Chamber A and C were filled with the liquid electrolyte, with the 
peristaltic pumps inducing the electrolyte to circulate from the chamber 
to its respective electrolyte reservoir. NaCl solution (50 mM) was cir
culated between Chamber B and the NaCl solution reservoir. With an 
applied voltage (1.0 V), the electrolyte that contacts the anode (elec
trolyte in Chamber C) was keeping oxidized, generating the oxidized 
form of NiPcTATS (NiPcTATS+), while the electrolyte that contacts the 
cathode (electrolyte in Chamber A) was keeping reduced, generating 
the reduced form of NiPcTATS. The reactions were kept for 2 h, fol
lowed by the collection of the electrolyte in Chamber C that contains 
mostly NiPcTATS+. 

2.3. Preparation of NiPcTATS/NiPcTATS+ redox couple electrolyte 

NiPcTATS/NiPcTATS+ (35 mM) redox couple electrolyte was pre
pared by fully mixing 20 mL of NiPcTATS (35 mM) with 20 mL of the 
electrolyte in Chamber C that was collected from the above procedure, 
with a certain amount of NaCl (50 mM) being added to improve the 
electrical conductivity. 

2.4. Electrochemical measurement 

The electrochemical measurements were conducted using CHI 760D 
electrochemical workstation (CH Instruments, Inc.) with a three-elec
trode system which included a glassy carbon (Ø = 5 mm) as the 
working electrode, a platinum wire as the counter electrode, and an Ag/ 
AgCl electrode as the reference electrode. The cyclic voltammogram 
(CV) was conducted in both NiPcTATS (35 mM) solution that contains 
50 mM NaCl and the NiPcTATS/NiPcTATS+ (35 mM) redox couple 
electrolyte at room temperature with a potential sweeping range of 
−1.2–1.5 V and −0.8–1.5 V, respectively, and a scan rate of 50 mV/s. 
The CV for the RFDC cell was conducted with the same electrochemical 
workstation using a two-electrode system and a potential sweeping 
range of −1.2–1.5 V at a scan rate of 50 mV/s. 

2.5. Mechanism of the RFGC 

The schematic and mechanism of the RFDC are illustrated in Fig. 1a, 
with cell structure and photograph of the whole desalination system 
used in this work being shown in Figs. 1b and S3 in the Supplementary 
data. The RFDC comprises carbon cloths on graphite plate as cell anode 
and cathode, and an aqueous electrolyte containing 35 mM NiPcTATS/ 
NiPcTATS+ redox couple and 0.1 M NaCl. The carbon cloth has a 
thickness of 406 μm, a volumetric density of 0.346 g/cm3, a porosity of 
80% and a carbon content of 99.5%. The anode and cathode are se
parated by three membranes that form four divided chambers, fol
lowing a sequence of the cathode, Chamber 1, CEM (cation exchange 
membrane), Chamber 2, AEM (anion exchange membrane), Chamber 3, 
CEM, Chamber 4 and the anode (Fig. 1b). The volume of Chamber 1 and 
Chamber 4 is around 1.0 mL, while the volume of Chamber 2 and 
Chamber 3 is around 2.7 mL. Due to the typical ion pairing requirement 
between redox chemicals and neighboring membranes, we utilized a 
CEM|AEM|CEM configuration to avoid possible permeation of NiPc
TATS/NiPcTATS+ through the membranes. The NiPcTATS/NiPcTATS+ 

electrolyte circulates between the two electrodes (in Chamber 1 and 
Chamber 4) during operation. With a positive cell voltage, NiPcTATS+ 

is keeping reduced to NiPcTATS at the cathode and NiPcTATS is 
keeping oxidized to NiPcTATS+ at the anode. The two electrochemical 
reactions can be described as: 

++Anode Chamber NiPcTATS NiPcTATS e( 4): (1)  

++NiPcTATS e NiPcTATSCathode (Chamber 1): (2)  

This generates extra negative charges and positive charges in elec
trolyte in Chamber 1 and Chamber 4, respectively. Correspondingly, 
Na+ ions are forced to transport through the CEMs from Chamber 2 to 
Chamber 1 and from Chamber 4 to Chamber 3, and Cl− ions are forced 
to transport from Chamber 2 through the AEM to Chamber 3 to restore 
the charge balance. As a result, both Cl− and Na+ ions in Chamber 2 
would be continuously removed that leads to clean water production, 
whereas saltwater in Chamber 3 becomes more concentrated. Because 
the redox electrolyte circulates between the two electrodes and the 
NiPcTATS/NiPcTATS+ couple are keeping oxidized and reduced at a 
same rate, the electrolyte in overall would not be consumed and remain 
unchanged during operation, which allows a continuous desalination 
process. The redox reactions at the two electrodes and the ion transport 
directions would be reversed when a negative cell voltage is applied, 
which leads to desalination in Chamber 3 stream and salination in 
Chamber 2 stream. We mainly monitored the conductivity change of 
Chamber 2 to study the salt removal and recovery in this work since the 
changes of salt concentrations in Chamber 2 and Chamber 3 are always 
opposite based on the above discussions. However, we monitored both 
the conductivities in Chamber 2 and Chamber 3 in some of the desa
lination experiments for validation of the above discussions. In this 
regard, all discussions on desalination and salination process in this 
work refer to the stream in Chamber 2 unless specified otherwise. 

2.6. Evaluation of the desalination performance 

The desalination test was performed using 40 mL NiPcTATS/ 
NiPcTATS+ (35 mM) electrolyte that was circulated between the 
electrodes of the RFDC cell in Chamber 1 and Chamber 4 with a flow 
rate of 25 mL/min. Various concentrations and flow rates of the elec
trolyte were also used to study their effects on the desalination per
formance. 50 mM NaCl solution was used as the feed stream and was 
circulated separately by two peristaltic pumps in Chamber 2 and 
Chamber 3, with the total volume for each stream being 20 mL and the 
flow rate being 25 mL/min. The geometric active area of the mem
branes is 10 cm2. The voltage was applied and recorded by the CHI 
760D electrochemical workstation. The conductivity of the stream in 
Chamber 2 and Chamber 3 were recorded using a conductivity meter 
(Mettler Toledo S230 conductivity meter and Inlab 741-ISM con
ductivity probe). A pH meter (Apera Instruments PC60) was used to 
monitor the pH change before and after the desalination tests. Some 
parameters that were used to evaluate the desalination performance 
were calculated as follows. 

The capacity (mAh) was calculated by multiplying the current and 
time, which can be obtained directly from the electrochemical work
station. 

The average salt removal rate ASRR (gNaCl/(molNiPcTATS·h)) was 
calculated as follows: 

= × ×
× ×

ASRR C C V M
C V t

( ) NaCl NaCl

electrolyte electrolyte

0

(3)  

The salt removal capacity SRC (gNaCl/(molNiPcTATS)) was calculated 
as follows: 

= × ×
×

C C V M
C V

SRC ( ) NaCl NaCl

electrolyte electrolyte

0

(4)  

The energy consumption (kJ/mol) was calculated as follows: 

= × ×
×

E I V t
C C V( ) NaCl0 (5) 

where C and C0 is the final and initial concentrations (mol/L) of the 
stream in Chamber 2, respectively, which could be obtained from the 
conductivity value and the calibration curve, VNaCl is the total volume 
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of the stream in Chamber 2 (20 mL), MNaCl is the molar mass of NaCl, 
Celectrolyte and Velectrolyte is the molar concentration (mol/L) and total 
volume of the flow electrolyte, t is the time, I and V is the current and 
voltage which can be obtained directly from the electrochemical 
workstation, I × V × t is the total energy consumed during the period 
of interests. When operating at constant cell voltage, I × V × t can be 
obtained by multiplying V and the integrated area of the corresponding 
I-t plot. When operating at constant current density, I × V × t can be 
obtained by multiplying I and the integrated area of the corresponding 
V-t plot. 

3. Results and discussions 

We firstly examined the electrochemical property of pristine 
NiPcTATS and electrochemically oxidized NiPcTATS using cyclic vol
tammetry (CV) in a three-electrode system that consisted of a glassy 
carbon as the working electrode, a platinum wire as the counter elec
trode and an Ag/AgCl reference electrode. Within the scan range, the 
pristine NiPcTATS exhibited two oxidation peaks at 0.19 V and 0.92 V 
and two reduction peaks at −0.01 V and −0.5 V, respectively (Fig. S4 
in the Supplementary data). In comparison, the electrochemically oxi
dized NiPcTATS showed significantly different CV features, with the 
two oxidation peaks shifting to 0.24 V and 0.81 V and the two reduction 
peaks shifting to −0.25 V and 0.3 V (Fig. S5). This confirmed elec
trochemically oxidized NiPcTATS was in a higher valence, which we 
denoted as NiPcTATS+. Fourier-transform infrared (FTIR) and ultra
violet-visible (UV–vis) spectroscopy characterizations also provided 
additional evidences for the generated NiPcTATS+. Compared to the 
pristine NiPcTATS, the NiPcTATS+ possessed new absorbance bands at 

1370 cm−1 and 1600 cm−1 and a much stronger band at 1774 cm−1 

that were attributed to influences of a higher oxidation state in the 
molecules to the vibrational spectrum (Fig. S6 in the Supplementary 
data) [37]. Besides, the NiPcTATS+ exhibited significantly stronger 
UV–vis absorption than the pristine NiPcTATS in the lower wavelength 
range (Fig. S7 in the Supplementary data). 

By mixing the pristine NiPcTATS and the NiPcTATS+ as electrolyte, 
multiple redox peaks appeared in pairs on the CV curve that were stable 
and reversible and suggested a good potential for use in the RFDC 
(Fig. 2a). We fabricated a RFDC using the NiPcTATS/NiPcTATS+ redox 
couple mixture electrolyte, with the cell structure illustrated in Fig. 1. 
50 mM NaCl solution was used as streams flowing through Chamber 2 
and Chamber 3. Fig. 2b shows the CV curve of the whole cell, which 
was symmetric and tilted in shape and was stable and reversible in 
electrochemical property [38]. With 0.5 V cell voltage applied for a 
desalination process in Chamber 2, the current density was initially 
1.3 mA/cm2 and experienced a dramatic decrease to 0.20 mA/cm2 

within the first 150 s, which was attributed to the double layer capa
citance effect (Fig. 2c). Upon applying the voltage, the surface of the 
electrode is charged, attracting the oppositely charged ions to the sur
face to form an electrical double layer, which generates a large initial 
current [39]. As this process continues, the surface charge of the elec
trode is gradually balanced in a very short time, leading to the dramatic 
decrease of the current. After the current density decrease in Fig. 2c, the 
value kept almost constant throughout the remaining test, implying a 
steady-state desalination process. The desalination capacity, which was 
defined as accumulative charge transfers during the desalination pro
cess, showed a nearly linear correlation with time, suggesting a good 
capability of the RFDC for continuous desalination. Similar 

Fig. 1. (a) Schematic and (b) cell structure of the NiPcTATS/NiPcTATS+ redox flow desalination cell (RFDC).  
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observations were found when −0.5 V cell voltage was applied for a 
salination process. It was noticed that the obtained salination capacity- 
time plot was slightly steeper than that for desalination, which could be 
due to a higher current density in the first few seconds of the salination 
process as a result of a larger salt concentration gradient between dif
ferent chambers after the desalination process [40]. With the desali
nation and salination experiments being repeated for 50 times, the 
achieved desalination and salination capacities showed very small 
variations (Fig. 2d), which suggests an excellent stability of the NiPc
TATS/NiPcTATS+ RFDC. 

We evaluated the salt removal performance of the RFGC by mon
itoring the conductivity change in the saltwater stream going through 

Chamber 2 during the desalination (0.5 V) and salination (−0.5 V) 
processes (Fig. 3a). With 0.5 V cell voltage, the conductivity decreased 
continuously with time, from an initial 5470 μs/cm to 5350 μs/cm at 
900 s, representing effective desalination. During the reverse voltage at 
−0.5 V, the conductivity recovered gradually to about the initial value 
within a same length of time. Moreover, the changes in conductivity 
appeared to be close in repeated desalination and salination experi
ments for 50 cycles, suggesting a good cyclability and stability of this 
cell in salt removal and recovering. To translate the conductivity 
change to the amount of salt removed or recovered, we conducted ca
libration experiments that built a linear correlation between the con
centration of NaCl solution (CNaCl) and the conductivity (Fig. S8). As 

Fig. 2. (a) CV curve of the NiPcTATS/NiPcTATS+ 

(35 mM) redox couple with a scan rate of 50 mV/s, 
(b) CV curve of the NiPcTATS/NiPcTATS+ based 
RFDC with a scan rate of 50 mV/s, (c) measured cell 
current density and desalination/salination capacity 
as function of time, and (d) changes in desalination 
and salination capacity with repeating cycles. 

Fig. 3. Desalination performance of the RFDC. (a) The conductivity change with time during cell desalination (0.5 V) and salination (−0.5 V) for 50 cycles, (b) the 
determined average salt removal rate (ASRR) in different cycles with the inlet showing removed salt amount-time plot for the 1st cycle, (c) the conductivity change in 
both Chamber 2 and Chamber 3 in the long-term test under 0.5 V, (d) the voltage-time and conductivity-time profiles at different current density, and (e) the 
influences of current density on ASRR and salt removal capacity (SRC). 
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shown in Fig. 3b inlet, the removed salt amount was proportional to the 
desalination time. We calculated the average salt removal rate (ASRR) 
in the first desalination process to be 3.11 gNaCl/(molNiPcTATS·h), which 
was significantly higher than previous studies and confirmed effec
tiveness of the cell for desalination [41]. The ASRR ranged from 2.93 to 
3.11 gNaCl/(molNiPcTATS·h) within 50 cycles, reflective of excellent cell 
stability. To further study the desalination performance and the ion 
balance in Chamber 2 and Chamber 3 of our RFGC, we conducted a 
long-term desalination test for about 800 min by monitoring the con
ductivity in both Chamber 2 and Chamber 3 with a cell voltage of 0.5 V 
(Fig. 3c). The conductivity in Chamber 2 decreased continuously with 
time, and reached below the value of drinkable water to around 500 μs/ 
cm within 800 min. As a comparison, the conductivity in Chamber 3 
increased almost linearly to a very high level (around 10,000 μs/cm) 
after the test, indicating that the salt was transferred from Chamber 2 to 
Chamber 3. The amount of salt removed from Chamber 2 was found to 
be very close to the amount of salt transferred into Chamber 3 along the 
time (Fig. S9), suggesting an excellent ion balance in different cham
bers. These results further validate the working mechanism of our RFDC 
system. The ASRR for this long-term test was calculated to be 2.80 
gNaCl/(molNiPcTATS·h), which is lower than the cycling tests (3.11 gNaCl/ 
(molNiPcTATS·h)). This can be attributed to the increased systematic re
sistance during the desalination process in the later stage of the long- 
term test. It needs mentioned that the redox couple reservoir was left in 
the air without any inert gas protection during all the long-term and 
cycling tests, validating the stability of the NiPcTATS/NiPcTATS+ 

redox couple. We measured the NiPcTATS/NiPcTATS+ content in the 
water stream in Chamber 2 after the experiments, which contained 
barely any Ni-containing species with inductively coupled plasma-op
tical emission spectrometry (ICP-OES) analyses, which indicated no 
crossover of the NiPcTATS/NiPcTATS+ redox couple into the water 
stream and confirmed a safe operation for water purification applica
tion. The pH value was maintained in the range of 6.5–6.8 in the water 
stream in Chamber 2 and Chamber 3 during the long-term test, sug
gesting no presence of any side reactions. We also varied the con
centrations and flow rates of the NiPcTATS/NiPcTATS+ redox couple 
and calculated their corresponding ASRR to study the potential effects 
of the concentrations and flow rates (Figs. S10 and S11). The ASRR 
increased proportionally with the concentrations of the redox couple 
(Fig. S10), from 1.68 gNaCl/(molNiPcTATS·h) at 15 mM to 3.11 gNaCl/ 
(molNiPcTATS·h) at 35 mM, benefiting from the faster reaction kinetics of 

the redox couple at higher concentrations. Dissimilarly, the ASRR firstly 
increased with flow rate, and then remained almost unchanged (with 
only a very slight increase) when the flow rate was larger than 25 mL/ 
min. This can be explained by the working mechanism of our RFDC 
system. When the flow rate of the redox couple is fast enough, the 
consumed NiPcTATS in Chamber 4 and NiPcTATS+ in Chamber 1 could 
be complemented by the NiPcTATS/NiPcTATS+ redox couple reservoir 
in a quick and timely manner, resulting in an almost constant con
centration of the redox couple in the cell. In contrast, the concentra
tions of NiPcTATS in Chamber 4 and NiPcTATS+ in Chamber 1 will be 
lower than the initial concentrations with slow flow rate, leading to 
slower reaction kinetics and thus a decreased ASRR. From this per
spective, a flow rate of 25 mL/min is fast enough to operate the RFGC 
effectively. 

The influences of current density on the ASRR and salt removal 
capacity (SRC) were examined by adjusting the current density values 
during desalination and salination between 0.5 V and −0.5 V, re
spectively (Fig. 3d). A higher current density resulted in a faster charge 
(desalination)/discharge (salination) rate but a less charge (desalina
tion)/discharge (salination) capacity, which agrees with previous stu
dies [10]. Correspondingly, this led to an increase in ASRR but a de
crease in SRC (Fig. 3d). For instance, at 0.20 mA/cm2 current density, 
the ASRR and SRC were determined to 2.87 gNaCl/(molNiPcTATS·h) and 
0.67 gNaCl/molNiPcTATS at completion of the charge experiment. With a 
higher 0.28 mA/cm2, the ASRR increased to 3.33 gNaCl/(molNiPcTATS·h) 
whereas the SRC dropped to 0.24 gNaCl/molNiPcTATS. We also adjusted 
the cell voltage from 0.25 V to 1.0 V and examined the corresponding 
ASRR, which was found to be proportional with the cell voltage (Fig. 
S12), benefiting from the larger current density under larger voltage. 
This indicates the desalination performance of our RFGC could be 
further improved by applying large cell voltage. 

As a critical parameter to evaluate the performance of a desalination 
cell, the energy consumption was evaluated based on the desalination 
and salination data. The energy consumption was calculated to be 
around 15 kJ/mol with small variations in all 50 cycles (Fig. 4a), which 
is among the best in performance in comparison with most ED, CDI, and 
other flow battery desalination systems [10,15]. For instance, Kim et al. 
reported a low energy desalination method using battery electrode 
deionization that could reach a reduced energy consumption to only 
0.02 kWh/kg-NaCl (around 2.0 kJ/mol) [42]. Dai et al. introduced a 
continuous desalination process based on the redox reaction of a dual 

Fig. 4. (a) Energy consumption and Faradaic efficiency in different cycles, (b) schematic of a RFDC system driven by a 1.5 V solar cell, and (c) changes in 
conductivity and salt removal amount with time in the solar cell-driven RFDC system. 
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zinc electrode that has an energy consumption of 35.3 kJ/mol [43]. For 
the SUPER desalination system reported by Beh et al. that has a similar 
cell architecture with this work, the specific energy consumption can be 
as low as 0.046 kWh/kg NaCl (around 9.2 kJ/mol) [28]. The energy 
consumption was found to be proportional to the current density (Table 
S1 in the Supplementary data), suggesting an even less energy con
sumption being achievable by further decreasing the current. The Far
adaic efficiency (Fig. 4a), also known as the charge efficiency, was in
troduced to evaluate what percentage of charges have been utilized to 
remove Na+ and Cl− ions in the desalination system. The Faradaic 
efficiency in this work was calculated as the ratio between the amount 
of salt being experimentally removed during desalination and the the
oretical salt removal amount supposing all charges are utilized for de
salination. The obtained Faradaic efficiency remained a high level at 
around 90% in all 50 cycles (Fig. 4a), suggesting that a vast majority of 
the charges going through the cell were used to remove salinity. It 
needs mentioned that a Faradaic efficiency of 90% is among the highest 
for the redox flow desalination systems, which normally ranges from 
around 70% to 97% [29,30,33,34]. These results validated the low 
energy consumption and outstanding Faradaic efficiency of the RFDC. 

Given the fact that the NiPcTATS/NiPcTATS+ RFDC can be oper
ated at a low voltage with a low energy consumption, we demonstrated 
the utilization of a solar panel to directly power it for effective desali
nation. We connected our RFDC system with a commercially available 
solar cell panel (AMX3d Mini Solar Cell, 1.5 V, 400 mA) to provide the 
power supply (Figs. 4b and S13 in the Supplementary data). A solar 
simulator (PerfectLight PLS-SXE300C) was used for generating light 
with a comparable intensity with sunlight (137 mW/cm2). The con
ductivity decreased nearly linearly with time in this solar-driven RFDC 
and reached about 3500 μs/cm within about 3.5 h, with the ASRR being 
determined to be 4.43 gNaCl/(molNiPcTATS·h) (Fig. 4c). This finding 
suggests a good potential of integrating the researched NiPcTATS/ 
NiPcTATS+ RFDC with solar cell or other renewable energy sources for 
practical and sustainable clean water production. Moreover, our RFDC 
system could be scaled up by simply using electrodes and membranes 
with larger surface areas, followed by the arrangement of multiple such 
devices in parallel or in series. It needs noted that this may raise issues 
such as high operating voltage and large energy consumption due to the 
large systematic resistance caused by the multi-channel cell structure 
and connections between different devices [44]. 

4. Conclusions 

To conclude, we developed a novel redox flow desalination cell 
(RFDC) system using NiPcTATS/NiPcTATS+ redox flow electrolyte that 
circulates between cell electrodes and is simultaneously oxidized and 
reduced at the electrodes, which forces salt ions to migrate through ion 
exchange membranes and drives desalination of saltwater. Benefitting 
from an excellent redox reversibility of the NiPcTATS/NiPcTATS+ 

couple, efficient and durable desalination was realized using the fab
ricated RFDC with cell voltage as low as 0.5 V, with high average salt 
removal rate (ASRR) of 3.11 gNaCl/(molNiPcTATS·h) and salt removal rate 
(SRC) of 0.67 gNaCl/molNiPcTATS being achieved. The excellent stability 
of the RFDC was evidenced by small performance variations in the 
desalination/salination cycle experiments under both constant voltage 
and constant current density conditions. The energy consumption of the 
RFDC was determined to be around 15.0 kJ/mol, which was among the 
lowest compared to the best performed ED, CDI and other redox flow 
battery in previous studies. Besides, there was no crossover of 
NiPcTATS and NiPcTATS+ species to the desalinated water stream, 
proving its safe use for water purification. An integration of the RFDC 
and a solar cell was demonstrated for effective water desalination 
driving by solar power, suggesting a good potential in practical cir
cumstances. This work provides a strategy that utilizes cost-effective 
and environment-friendly NiPcTATS-based redox couples for efficient 
and safe water desalination. The finding also offers a large family of 

metal phthalocyanine-based redox couples as new promising candi
dates to be researched for the water purification application. 
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