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A B S T R A C T   

Solar redox flow batteries are a relatively new type of redox flow battery technology that uses solar energy to 
directly store chemical energy. Here we present a solar redox flow battery that uses a MoS2@TiO2 thin film with 
a Nafion protection layer supported on FTO glass substrate as photoanode, employing VO2+/VO2

+ and AQDS/ 
AQDS2− as redox active species. When the solar radiation strikes the photoelectrode, the photogenerated holes 
oxidize VO2+ to VO2

+, while the photogenerated electrons reduce AQDS to AQDS2− at the counter electrode. The 
oxidized form of V5+ and reduced form of AQDS2− thus retain the chemical energy and can release the stored 
charged via the reverse electrochemical reaction. The addition of NH4Cl to the electrolyte was found to have a 
positive impact on the electrochemical performance of the redox flow cell. This effect was more evident for the 
VOSO4 electrolyte, leading to an enhancement of the voltaic and energy efficiencies of more than 17.5%. The 
results suggest that NH4Cl promotes both mass transport of the vanadium redox species and charge transfer of the 
AQDS in the electrolyte. The solar-to-output energy conversion efficiency (SOEE) of the solar redox flow battery 
using 1.6 g L− 1 NH4Cl in both anolyte and catholyte reached 9.73%, and an energy density of 87.45% after 10 
consecutive one-hour photocharging cycles. Additionally, the use of Nafion to protect the MoS2@TiO2 photo
anode from photocorrosion was explored. The Nafion layer ensured an increased stability of MoS2@TiO2 against 
the strong acidic environment while maintaining effective light response, which translated into enhanced photon 
and mass transport. An energy storage capacity of ~60 mAh L− 1 after 1-hour photocharging was observed.   

1. Introduction 

The demand for renewable clean energy in the global market has 
grown rapidly due to the imminent energy crisis. Taking the 2020 report 
released by the US Energy Information Administration (EIA) as refer
ence, solar and wind energy technologies account for more than half of 
the entire renewable energy harvesting market. According to this report, 
the total renewable energy reached 792 billion kWh, 19.8% of the total 
power generation in the United States, of which wind power accounted 
for 8.4% and hydropower for 7.3%, while solar energy accounted for 
2.3%. 

Due to the discontinuous nature of solar and wind resources, the 
harvested energy cannot be directly integrated into the grid as electrical 
energy. Therefore, the utilization of this type of renewable energy places 
high demands on large-scale energy storage and grid balancing systems. 

Redox flow batteries have made significant progress in recent years as 
contender for grid-scale electrochemical energy storage and have 
attracted considerable attention [1–5], due to their potential low cost, 
relative simplicity in operation and materials, and scalability in energy 
capacity. Most commercialized redox flow batteries use vanadium as the 
redox species, but due to the high cost of vanadium and its harmfulness 
to the environment, alternative chemistries have been investigated [6, 
7]. Among them, organic redox couples have been widely developed in 
the last few years, due to their design flexibility [8–10]. For example, 
quinones possess favourable chemical and electrochemical properties 
that enable a wide range of reduction potentials and solubility, by 
adding specific functional groups [11–13]. Of these, AQDS (9, 
10-anthraquinone-2,7-disulphonic acid) has an extremely rapid and 
reversible two-electron, two-proton electrochemical process on a glassy 
carbon electrode in acid [14]. In addition, anthraquinone species can be 
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synthesized from inexpensive commodity chemicals [15]. 
The use of electrolyte additives has been demonstrated to be suc

cessful in enhancing the ionic conductivity of the electrolyte [16–18]. 
The increase in ion mobility in the electrolyte can enhance the redox 
kinetics, thereby reducing the overpotential in practical cycling, 
enabling the battery to achieve higher capacity [19]. One example is 
ammonium chloride (NH4Cl) which has been studied as additive for 
vanadium electrolyte and shows double the capacity compared to 
additive-free electrolytes after 100 cycles, and an absolute capacity of 
0.45 Ah [20]. An outstanding enhancement of 25% of battery capacity 
was achieved in a zinc-iodine redox flow battery after addition of NH4Cl, 
which enhanced solubility of iodine [21] and AQDS [22]. In addition, by 
promoting the vanadium dispersion capability, NH4Cl also prevents 
precipitation issues [20]. The hydrolysis reaction of NH4

+ boosts the 
conductivity of the electrolyte [23], but also acts as buffer, avoiding 
unwanted pH change of the electrolyte that could decrease the activity 
of the pH-sensitive reaction during the functioning of the battery [24]. 
The redox potential of many organic redox species, such as phenazi
ne/alloxazine and quinones are affected by the pH of the electrolyte and 
thus the cell potential [25,26]. Solar redox flow batteries (SRFB), able to 
directly collect and store solar energy, are attracting increasing interest 
[27–29]. However, the technology is still in its infancy and many aspects 
need to be optimized to become competitive. One of the components 
that requires attention is the photoelectrode. The main strategies to 
increase stability and efficiency of the photoelectrode involve the use of 
heterojunctions or surface functionalization [30–33]. Here we have 
developed a photoelectrode based on TiO2, a semiconductor widely 
employed in photoelectrochemical cells [34–36] and more recently in 
SRFBs [37–39], decorated with molybdenum disulfide (MoS2), compo
nent that extends the photoelectrode light absorption into the visible 
[40,41] and recently demonstrated as photoelectrode in a SRFB [42]. To 
overcome stability problems previously detected [42], the MoS2@TiO2 
photoelectrode was protected with a layer of Nafion® which success
fully increased the stability under acidic conditions. The redox system 
studied was VO2+/VO2

+ as anolyte and AQDS/AQDS2− as catholyte and 
the effect of NH4Cl electrolyte additive for both redox couples was 
investigated. Fig. 1 shows the schematic view of the SRFB using 
Nafion-protected MoS2@TiO2 as the photoelectrode with NH4Cl as ad
ditive. In the anolyte, the VO2+ will oxidize to VO2

+ in the solar redox cell 
in the photocharging process and reduce from VO2

+ back to VO2+ in the 
redox cell. The opposite process will happen to AQDS in the catholyte. 
Nafion-protected MoS2@TiO2 exhibited a photocurrent density of 0.5 
mA cm− 2, 20% higher than bare MoS2@TiO2. The energy efficiency of 
the redox flow battery increased by 22.5% after the addition of NH4Cl. 
Nafion-protected photocharging energy density reached a value of 
48.63 Wh L− 1 after 1-hour photocharging, with a remaining energy 
density after 10 photocharge / discharge cycles of 87.45%. 

2. Experimental 

2.1. Electrochemical characterization 

A three-electrode electrochemical cell was employed to study the 
electrochemical behavior of the carbon felt electrode against the vana
dium and the AQDS redox species, separately. The carbon felts (3.18 mm 
thick, 99.0%, Alfa Aesar) were pre-treated in a tubular furnace 
(TS1–1200, CARBOLITE GERO) at 800 ◦C for 2 h, using a heating rate of 
3.0 ◦C min− 1 and a nitrogen flow rate of 0.5 L min− 1 [43]. A 1.0 cm2 

(0.318 cm3) carbon felt electrode, held by a PTFE supported platinum 
film, acted as the working electrode, and KCl saturated calomel Hg2Cl2 
electrode (SCE) and Pt foil were employed as the reference and counter 
electrodes, respectively. Cyclic voltammetry (CV) experiments were 
conducted between -0.5 V to 0.5 V and 0.1 V to 1.4 V versus SCE, at a 
scan rate of 10, 20, 30, 40, and 50 mV s− 1, and electrolyte with a con
centration of 0.1 M VOSO4 (vanadium IV oxide sulfate hydrate, 
Sigma-Aldrich, 97%) and 0.05 M AQDS (2,7-disulfonic acid disodium 

salt, Santa Cruz) with 3.0 M H2SO4 (Sigma, 98%) and NH4Cl (Ammo
nium chloride, Sigma-Aldrich). Electrochemical impedance spectros
copy (EIS) experiments were conducted using a frequency range of 0.1 
MHz to 0.1 Hz and a perturbation of 10.0 mV. 

RFB testing was performed in a cell consisting of two graphite plates 
with a 5.0 cm2 interdigitated flow field. The channel width, depth and 
length were 0.2, 0.2 and 2.2 mm, respectively. Two pre-treated carbon 
felts (not pressed) were placed on each graphite plate, sealed by two 
Teflon gaskets with 40 mm diameter “O” Rings (nitrile 70) facing the 
Nafion® membrane. Two gold-plated copper plates serve as current 
collectors. The flow cell was assembled using two stainless-steel end
plates tightened with eight bolts and compression by torque wrench 
(1.2 N m). 

Nafion membranes were treated before use as follows: first, soaked in 
50 mL of 5 wt.% H2O2 80 ◦C for 1 h, then in 80 ◦C distilled water for 1 h, 
and then in 80 ◦C for an additional 1 h in 3.0 M H2SO4. The membrane 
was finally treated at 80 ◦C for 1 h in distilled water. A volume of 20 mL 
was employed as initial catholyte and anolyte, respectively. The elec
trolyte was pumped using a peristaltic pump with double head, and flow 
rate on both anolyte and catholyte of 2.5 mL min− 1. The size of carbon 
felt as working electrode for redox flow battery testing was 5.0 cm2 

(1.59 cm3). 
Charge-discharge experiments were conducted in the voltage range 

0.2 to 1.6 V at current densities of 4.0 mA cm− 2, 10.0 mA cm− 2, and 
20.0 mA cm− 2, and 0 to 1.2 V at a current density of 10.0 mA cm− 2 with 
0.1 M VOSO4 as anolyte and 0.05 M AQDS as catholyte, and different 
concentration of NH4Cl. The electrolyte was pre-discharged to 0 V at a 
current density of 0.1 mA cm− 2. Pre-treated carbon felts separated by a 
Nafion® membrane (115, 0.0127 cm. thick, DuPont de Nemours & Co) 
were used as positive and negative electrodes. The discharge current 
density after photocharging was 0.4 mA cm− 2. 

Fig. 1. Schematic view of the SRFB studied in this work: C (s)| VO2+, VO2
+|| 

AQDS, AQDS2− |C (s) redox flow battery, and Nafion-protected MoS2(s)/TiO2| 
VO2+, VO2

+||AQDS, AQDS2− |C (s). 
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2.2. Photoelectrode synthesis and photoelectrochemical characterization 

TiO2 nanorod arrays (NRs) on FTO were prepared using a hydro
thermal method [44]. Briefly, 60 mL of deionized water was mixed with 
30 mL of concentrated hydrochloric acid (36.5% by weight) and the 
solution was sonicated for 15 min. Then, 0.5 mL of titanium (IV) but
oxide (purity, ≥97%, gravimetric, Sigma) was added to the solution and 
sonicated for an additional 15 min. The FTO substrate was placed into a 
Teflon liner (200 mL) whereupon the hydrothermal synthesis was car
ried out at 180 ◦C for 12 h. The resulting samples were rinsed thoroughly 
with deionized water, then dried at 80 ◦C for 1 hour and heat treated in 
air at 500 ◦C for 1 h. 

MoS2 nanoflowers were grown onto the TiO2 NRs by a facile hy
drothermal reaction [27]. Firstly, 242 mg (0.001 mol) Na2MoO4⋅2H2O 
powder (99%, Sigma) and 242 mg (0.002 mol) L-Cysteine (99.99%, 
Sigma) were mixed in 90 mL deionized water with magnetic stirring for 
10 min, then transferred to a liner (Teflon). Subsequently, the TiO2 NRs 
were placed into the liner containing the MoS2 precursors and put the 
liner into the autoclave. The hydrothermal synthesis and deposition of 
MoS2 onto the TiO2 NRs were conducted at 200 ◦C for 12 h, followed by 
rinsing with deionized water and drying at 80 ◦C for 1 h. The resultant 
samples were labelled as MoS2@TiO2. A drop of Nafion (5%, 0.1 mL 
cm− 2) was drop-cast on the surface of MoS2@TiO2 and labelled as 
Nafion-protected MoS2@TiO2. 

The SRFB consisted of a modified redox flow cell, with a window in 
the anolyte side to enable the irradiation from the light source to reach 
to the photoanode. The solar cell connected with the redox flow cell, two 
electrolyte tanks and a double-head peristaltic pump (Watson-Marlow 
030.3134.3DU) by PTFE tubing. The solar flow cell assembly included 
the photoelectrode and carbon felt, separated by a Nafion® 115 mem
brane. Both carbon felts and Nafion® membranes were pre-treated as 
described in the previous section. Photocharging of the SRFB was con
ducted without any external bias through irradiation of the photoanode 
using simulated solar light (450 W Xe lamp) using an AM 1.5 G filter. 5.0 
cm2 is the illuminated area of the photoelectrode in the solar flow cell. 
All the electrochemical experiments were carried out using a potentio
stat (Gamry IFC5000–05,520). 

3. Result and discussion 

3.1. Three-electrode system 

To understand the electrochemical performance of the VOSO4 and 
AQDS redox pairs independently with NH4Cl additive, cyclic voltam
metry experiments were conducted. AQDS exhibited stable electro
chemical performance at different NH4Cl concentrations, while VOSO4 
showed enhanced side reactions: oxygen evolution reaction (OER) and 
chlorine evolution reaction (CER) in the voltage range above 1.36 V vs 
SHE (Fig. 2). VOSO4 presents oxidation and reduction peaks around 
1.23 V and 0.53 V (vs SCE), respectively while AQDS shows oxidation 
and reduction peaks around 0.22 V and − 0.22 V (vs SCE), respectively. 
The average redox center of 5 different NH4Cl concentration in VOSO4 
and AQDS is 0.88 V and − 0.018 V vs SCE, separately. The redox reaction 
of VOSO4 and AQDS can be presented as follows (the structural formula 
of the AQDS during reaction can be seen in the supporting information, 
Equation S1): 

AQDS + 2e− + 2H+⇌AQDSH2 (1)  

VO2+⇌VO+
2 + e− (2) 

With increasing scan rate, VOSO4 (Fig. 3a) and AQDS (Fig. 3b) 
oxidation and reduction peak widths and separation increase. Figs. 3c 
and 3d show the dependence of the position of the redox peaks with the 
scan rate for VOSO4 and AQDS, respectively. The increase of the 
oxidation and reduction peak currents density versus square root of 
scanning rates fits a linear relationship and can be used to estimate the 

diffusion coefficient of the redox ion. 
The electrochemical activity of NH4Cl in VOSO4 and AQDS 

(Figure S1) was studied using CV at different scan rates in four NH4Cl 
concentrations (0.5, 1.0, 1.5 and 2.0 M). The oxidization peak corre
sponding to AQDS could be detected at low scan rate. The increase in 
NH4Cl concentration promoted the chlorine evolution reaction. How
ever, at higher scan rate, the effect of NH4Cl becomes less obvious. In the 
case of the VO2+ / VO2

+, on the contrary, the current density peak de
creases with increasing NH4Cl concentration. In the meantime, the po
tential gap between oxidation and reduction processes increases, 
suggesting that only a specific concentration of NH4Cl can effectively 
promote redox activity. 

Because both VOSO4 and AQDS behave differently versus NH4Cl, a 
comparison between different NH4Cl concentration should be conduct
ed. EIS experiments were carried out to study further the effect of NH4Cl 
(Fig. 4a and b) The equivalent circuit to simulate and fit the EIS data is 
shown in Fig. 4(c) for the VOSO4 and Fig. 4(d) for the AQDS. R1 rep
resents the system resistance, which includes the resistance of the 
electrolyte and ion transport through the membrane, as well as the 
electrical resistance of the cable connection. In this case, R2 and CPE1 
represent the electrode-electrolyte interface double layer between car
bon felt and electrolyte, showing the electron-transfer of VOSO4 or the 
first electron-transfer of AQDS. R3 and CPE2 represent the second 
electrode-electrolyte double layer between carbon felt and electrolyte, 
indicating the second electron-transfer of AQDS. These two double 
layers describe the charge transfer process of AQDS. The Warburg 
element (W) series after illustrates the diffusion process (mass transfer 
process). The relevant parameters can be extracted by the fitting model 
shown in Table S1 and S2, Support Information. The EIS simulation 
results are consistent with the diffusion coefficients estimated using CV. 
Even though the highest diffusion coefficient of VOSO4 is reached at 1.0 
M NH4Cl, calculated from the CV, the NH4Cl influence in the increase of 
side reactions (especially hydrogen evolution reaction) causes the de
viation of the oxidation peak position, and therefore the EIS analysis 
represents a more accurate method to study the diffusion of VOSO4 at 
different NH4Cl concentrations. 

Fig. 3(a) shows that the fastest mass transport and charge transfer at 
the electrolyte / electrode interface for VOSO4 are obtained at 1.5 M 
NH4Cl. The fitting results (Table S1) show that the addition of increasing 
amounts of NH4Cl to the electrolyte leads to an expected decrease of the 
solution resistance (R1), reaching its lowest point at 1.5 M NH4Cl. 
Moreover, both charge transfer resistance (R2) reach minimum values at 
1.5 M NH4Cl. Meanwhile the mass transfer resistance (W) keeps 
increasing as NH4Cl concentration increasing. CPE1-T and CPE1-P 
fitting results show that as NH4Cl concentration increases, the double 
layer exhibits more a capacitor-like with higher capacitance. 

Fig. 2. CV of four different NH4Cl concentration (0.5, 1.0, 1.5 and 2.0 M) in 
0.1 M AQDS or VOSO4 with 3.0 M H2SO4 at scan rate of 10 mv s − 1. 
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The addition of NH4Cl did not have an obvious impact on the resis
tance of the electrolyte (R1) for the AQDS (Table S2). As the concen
tration of NH4Cl increased, R2 decreased while R3 increased, but the 
total changes were not significant. A contrary trend is observed with the 
CPE1-P and CPE2-P of AQDS, which exhibit a more capacitor-like 
behavior and lower capacitance accumulation (CPE1-T+ CPE2-T) 
when increasing NH4Cl concentration. The formation of a NH4

+ - 
AQDS bond may allow electrons to move more easily, thereby 
decreasing the interface transfer resistance. Even though the change is 
small, the fitting results of AQDS indicate that increasing the NH4Cl 
concentration will cause the W-R to decrease, which is consistent with 

the diffusion coefficient estimated by CVs. 
To study the solution resistance in isolation from the redox behav

iour of the active materials, three-electrode EIS tests were conducted, 
and the result is presented in Figure S2(a). It is obvious NH4Cl does not 
have much effect on the solution resistance, but there is a clear trend 
that shows the higher the NH4Cl concentration, the faster the mass 
transfer rate. 

3.2. Redox flow battery 

Fig. 5 shows the charge-discharge curves for a redox flow battery 

Fig. 3. CVs of (a)0.1 M VOSO4 and (b)0.05 M AQDS at different scan rates.  

Fig. 4. EIS data of (a)0.1 M VOSO4 and (b)0.05 M AQDS and their (c, d) equivalent circuit for the EIS simulation in 0 M, 0.5 M, 1.0 M, 1.5 M, and 2.0 M NH4Cl with 
3.0 M H2SO4. 

Fig. 5. Cyclic charge-discharge (0.2 V-1.6 V) of 0.1 M VOSO4 and 0.05 M AQDS with 3.0 M H2SO4 under (a) 10.0 mA cm− 2, and (b) 20.0 mA cm− 2.  
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using VOSO4 as anolyte and AQDS as catholyte, without addition of 
NH4Cl, at different current densities. The current applied to the RFB in 
this work is very low compared to a typical RFB. This is because the 
charging photocurrent in a SRFB is lower than in a RFB, so for a better 
comparison, it is investigated how the RFB can charge and discharge 
current values of the same order of magnitude than a SRFB [29,45]. A 
smaller current density (Fig. 5a, 10.0 mA cm− 2) results in lower elec
trochemical polarization. On the contrary, a higher current density (20 
mA cm− 2) will reduce the reversibility of the redox reaction. To make 

the system energy utilization more efficient, the current density of 10.0 
mA cm− 2 was selected for both charge and discharge experiments. 

To investigate to what extent NH4Cl can mitigate some of the side 
reactions at deep state of charge, the charge-discharge test potential 
range was changed from 0.2–1.6 V to 0–1.2 V to ensure the battery was 
fully discharged and reduce the side reactions caused by overcharging. 

The addition of NH4Cl enhances the performance of the battery, not 
only in terms of capacity loss per cycle, but also voltage efficiency (Fig. 6 
and Table 1). The addition of NH4Cl is expected to also increase the 

Fig. 6. Cyclic Charge-Discharge of (a) 0 M, (b) 0.5 M, (c) 1.0 M, (d) 1.5 M, and (e) 2.0 M NH4Cl under 10.0 mA cm− 2 in 0.1 M VOSO4 and 0.05 M AQDS with 3.0 M 
H2SO4. (f) Coulombic efficiency (CE), (g) Voltaic efficiency (VE) and (h) Energy efficiency (EE) of the series cyclic charge-discharge. 
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thermal stability based on previous observations VRFB [46]. Due to 
steric hindrance and coulomb repulsion, VO2

+ ions exhibit poor thermal 
stability and are prone to V2O5 precipitation above 40 ◦C, which seri
ously affects the working life of VRFBs. After adding NH4Cl, the pre
cipitation problem of VO2

+ ions can be relieved, because the ammonium 
group is easily adsorbed on the VO2

+ ions, which enhances the dispersion 
ability of the VO2

+ ions, hinders its crystal growth, and improves its 
thermal stability in the high-temperature range. In addition, chloride 
ions contained in NH4Cl can enhance its thermal stability by forming a 
mixture with sulfate ions in VOSO4 [47]. Additionally, it has been re
ported that the differences in VE and EE are caused by the fact that 
NH4Cl prevents the precipitation or hydrolysis of VO2

+ ions and reduces 
the overpotential of the RFB [20]. 

The average practical charging and discharging capacity of 1.5 M 
NH4Cl in RFB was 2.34 Ah L− 1 and 1.90 Ah L− 1, respectively. During the 
1st cycle in 1.5 M NH4Cl, the charge capacity reaches 2.52 Ah L− 1 and 
remains 2.30 Ah L− 1 after 20 cycles. The discharge capacity remains 
1.89 Ah L− 1 at the 20th cycle with 1.91 Ah L− 1 discharge capacity at the 
1st cycle. When the NH4Cl concentration is 1.0 M, the average charged 
capacity reached highest value of 2.36 Ah L− 1, but the discharge ca
pacity is relatively low compared to 1.5 M NH4Cl. Indeed, the minimum 
value of capacity loss for RFB took place at 1.5 M NH4Cl. With respect to 
the diffusion coefficient, while vanadium exhibited the fastest diffusion 
rate in 1.0 M NH4Cl, which resulted in the highest charging capacity 
measured, the diffusion rate of ADQS in 1.0 M NH4Cl was much lower. A 
concentration of 1.5 M NH4Cl was found to be a good compromise for 
both redox species. 

A possible reason for the capacity loss is the crossover effect typically 
observed in VRFBs [48]. The crossover process is a combination of os
motic and electroosmotic processes that cause battery self-discharge 
[49]. This process is complicated; not only the transfer coefficient of 
the ion-exchange membrane in the electrolyte, but also the concentra
tion and diffusion speed of ions in the electrolyte under different bias 
voltages need to be considered [24]. 

NH4
+ and H+ are the main charge carriers passing through the Nafion 

membrane. Since the ionic strengths on both sides are similar, the os
motic pressure is relatively small. The volume between the two sides did 
not change significantly during the long-term experiments. 

Coulombic efficiency (CE), voltaic efficiency (VE) and energy effi
ciency (EE) can be determined according to the following equations 
[50], respectively, and they were calculated and plotted as Fig. 6(f)–(h). 

CE =

∫
Iddt

∫
Icdt

× 100% =

∑m− 1
0

1
2

(
Ij + Ij+1

)(
tj+1 − tj

)

∑n− 1
0

1
2 (Ik + Ik+1)(tk+1 − tk)

× 100%  

VE =

∑m− 1
0

1
2

(
Vj + Vj+1

)(
tj+1 − tj

)

∑n− 1
0

1
2 (Vk + Vk+1)(tk+1 − tk)

× 100%  

EE = CE × VE =

∫
VdIddt

∫
VCICdt

× 100%  

where Ic, Vc, Ik, Vk, tk denote current, voltage and reaction time during 
the charge, while Id, Vd, Ij, Vj, tj denote current, voltage and reaction time 
during the discharge, respectively. 

The average coulombic efficiency before and after the addition of 

NH4Cl does not vary significantly. However, NH4Cl can significantly 
enhance the performance, resulting in improved energy efficiency. The 
reason behind this phenomenon may be that NH4

+ can not only effec
tively improve the conductivity of the electrolyte, prevents the precip
itation or hydrolysis of VO2

+ ions and reduces the overpotential of RFB, 
but also help the electrodes achieve faster charge balance through the 
membrane [24,45]. Though the improvement of VE and EE is obvious, 
the value of them is comparably low due to the crossover of vanadium 
ions and AQDS. Additionally, the low redox species concentration also 
contributed to the low efficiency. This is not only because the resistance 
of charge transfer increases as the concentration of redox species de
creases, but also because of a concentration overpotential - there is not 
enough reactant species available when in low concentration or towards 
the end of charge or discharge [51]. The relatively low flow rates also 
have an effect on VE and EE: the concentration overpotential decreases 
as the flow rate decreases [52]. 

3.3. Solar redox flow battery 

For the testing in a SRFB set up, the negative electrode carbon felt 
was replaced by a photoelectrode (MoS2@TiO2). The photoelectrode 
developed in this work is a modification of a previously reported one 
[42]. In this case, a protective layer of Nafion has been added to the top 
of the MoS2@TiO2. Since Nafion possesses negatively charged hydro
philic sulfonate groups [53,54], it can repel negatively charged ions like 
SO4

2− , preventing MoS2 from reacting with it, but also attracts positively 
charged ions, accelerating the transfer process of VO2+ to VO2

+, making 
the photoelectrode more efficient. The SEM images of TiO2, MoS2@
TiO2, and Nafion-protected MoS2@TiO2 are shown in Fig. 7. The 
thickness of the TiO2 nanoarrays, MoS2 nanoflowers, and Nafion pro
tective layers are 2.83, 0.75, 2.25 μm, respectively (Fig. 7(e)). 

UV–Vis results (Figure S2(b)) show that with the help of MoS2, the 
photoanode can absorb more light energy than when only TiO2 is used, 
and, after being covered by Nafion, the photoanode can collect more 
light energy. However, the absorbance intensity does not change much 
compared to before the coverage. The photoanode contacts the anolyte 
directly, so stability is a vital parameter for the photoanode to endure 
the corrosion due to the strong acidic conditions. The stability of the 
MoS2@TiO2 photoelectrode published in our last paper is not good and 
the photocurrent density has an obvious loss in 5 cyclic photocharge. In 
this work, this problem has been fully solved by covering Nafion on the 
top of the MoS2@TiO2 photoanode. The photoelectrode can work stably 
in 10 h under light without obvious photocurrent density loss. 

FTIR results are shown in Figure S2(c). For the Nafion- protected 
MoS2@TiO2, the spectral envelope around 1212 cm− 1 is mainly 
composed of -CF2 symmetric and asymmetric stretch bands, -CF3 
asymmetric stretch bands, and -SO3- asymmetric stretch bands [55]. A 
typical absorption band at 1558 cm− 1 was assigned to H–O-H bending 
vibration [56]. After Nafion coverage, the signal strength of 
Nafion-protected MoS2@TiO2 dropped significantly. The characteristic 
peaks are identical to those of Nafion-protected MoS2@TiO2 [57]. In 
addition, XPS results in Figure S2(d) confirmed the presence of the 
Nafion layer covering the surface of MoS2@TiO2. 

In the case of the SRFB, 1.5 M NH4Cl was also added to both cath
olyte and anolyte. Although the photocurrent density increased slightly 
when the NH4Cl concentrations were at 1.5 M in the first 10 min, the rest 
of the illumination time (50 min) showed that the NH4Cl concentration 
did not have a significant effect on the photoelectrode performance. This 
phenomenon suggests that with a more efficient photoelectrode, the 
photocurrent enhancement due to NH4Cl should be more pronounced. 
Compared to the bare MoS2@TiO2, the photocurrent density of the 
Nafion-protected MoS2@TiO2 was increased by near 20% (Fig. 8a). The 
system exhibited good resistance to photocorrosion after 10 h of 1h-pho
tocharging cycles [42]. This demonstrated that the Nafion layer is 
capable of effectively protecting the MoS2@TiO2, while also contrib
uting to charge carrier separation and transport, as suggested by the 

Table 1 
Average charge-discharge capacity and capacity loss.  

NH4Cl 
concentration 

Average charge 
capacity (Ah L− 1) 

Average discharge 
capacity (Ah L− 1) 

Storage capacity 
loss per cycle 

0 M 1.85 1.44 0.67% 
0.5 M 2.05 1.62 0.6% 
1.0 M 2.36 1.78 0.35% 
1.5 M 2.34 1.90 0.1% 
2.0 M 2.20 1.69 0.17%  
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higher photocurrent density values obtained compared to bare 
MoS2@TiO2. This is due to the hydrophilic sulfonate groups found in 
Nafion [58], which enable proton conductivity. After 10 photocharging 
cycles using an electrolyte containing 1.5 M concentration of NH4Cl 
(Fig. 8(b)), the discharge experiments performed after each photo
charging are shown in Fig. 8(c). Energy densities in the range of 
42.22–48.63 mW h L− 1 were obtained after 10 cycles (Table 2). The 
energy density remains 87.45% after 10 cycles. The state-of-charge 

reached 3.54% after 1h-photocharging. 
Figs. 9(a) and 9(b) show the EIS results for bare and Nafion-protected 

MoS2@TiO2. At a concentration of 1.5 M NH4Cl, the mass transfer rate is 
highest regardless of the presence of Nafion. However, Nafion-protected 
MoS2@TiO2 displays a clearer semi-circle in the Nyquist plot than bare 
MoS2@TiO2. This is because Nafion will form a smoother surface, 
behaving more like a capacitor at the interface electrolyte/photo
electrode. This difference can be modelled in the equivalent circuit as 
shown in Fig. 9(c) and (d). The equivalent circuit for SRFB can be 
divided into five parts: photoelectrode, anolyte, membrane, catholyte 
and carbon electrode, so there will be at least 4 interfaces. The interface 
of photoelectrode/anolyte can be simplified and represented by R1 and 
C1/CPE1, while R2 is the resistance of the anolyte, R3 and C2 is the 
interface anolyte/membrane, R4 is the resistance of the membrane, R5 
and C3 is the interface membrane/catholyte, R6 is the resistance of 
catholyte, and R7 and CPE1 is the interface catholyte/carbon electrode 
[59,60]. W1 and W2 are used to describe the diffusion of the redox 
species in the anolyte and catholyte, respectively. 

The solar-to-output energy conversion efficiency (SOEE) of the SRFB 
can be calculated by the following equation: 

SOEE(%) =

(∫

Idis × dt×ΔE0

)/

(Pin × S× t) × 100 (7) 

Fig. 7. SEM of (a)TiO2, (b)MoS2@TiO2, and (c)Nafion-protected MoS2@TiO2 under 30000X under 30 KV, and (d, e, f) cross-section of Nafion-protected MoS2@TiO2.  

Fig. 8. (a) Comparison of bare MoS2@TiO2 and Nafion-protected MoS2@TiO2 photoanode in different NH4Cl concentration, (b)cyclic photocharging with Nafion- 
protected MoS2@TiO2 in 1.5 M NH4Cl and 3.0 M H2SO4, and (c) discharge experiment in RFB in with 2.5 mL min− 1 flow rate and light source 100 mW cm− 2 (AG1.5). 

Table 2 
Energy density and SOEE in each cycle.  

Cycle 
number 

Energy density (mWh 
L− 1) 

Solar-to-output energy conversion 
efficiency (SOEE) 

1 48.63 9.726% 
2 48.28 9.656% 
3 48.27 9.654% 
4 47.47 9.494% 
5 46.25 9.25% 
6 45.96 9.192% 
7 45.41 9.082% 
8 43.97 8.794% 
9 43.10 8.62% 
10 42.22 8.444%  
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Where Idis is the discharge current density, ΔE0 is the potential differ
ence, t is the illumination time (1 h), Pin is the incident solar power (100 
mW cm− 2), and S is the area of the solar flow cell window (5.0 cm2). 

In summary, though the positive effect of NH4Cl in SRFB is not as 
obvious as in the RFB, here we have introduced an effective 
photoelectrode-protection method to overcome the photocorrosion of 
the MoS2@TiO2 photoelectrode during the photocharging in the SRFB 
[42], thus enhancing the stability and performance of the MoS2@TiO2 
electrode. The SOEE of the SRFB can reach 9.726%. This relatively high 
SOEE benefits from the suitable redox potential of the redox couples and 
the relative low concentration of the redox species that provide a higher 
state-of-charge, and therefore exhibits a higher discharge voltage. 

4. Conclusions 

This work shows that the addition of NH4Cl has a positive effect on a 
redox flow battery and a solar redox flow battery with VOSO4 and AQDS 
as redox active species. In the cyclic RFB charge-discharge test, the 
addition of NH4Cl not only enhanced the thermal stability of vanadium 
ions in the electrolyte, but also improved the charge-discharge capacity 
of the RFB and significantly improved the voltage and energy effi
ciencies (17.6% higher). The average discharge capacity loss was the 
smallest (0.1%) when the NH4Cl concentration was 1.5 M with the 
discharge capacity of 2.34 Ah L− 1 just second to the highest one, 2.36 Ah 
L− 1. This result are due to the positive effect of the diffusion coefficient 
of NH4Cl on AQDS and vanadium, which reaches a maximum when the 
NH4Cl concentration increases to 1.5 M, leading to the best perfor
mance. The presence of NH4Cl can not only reduce the energy loss by 
reducing the resistance of the electrolyte, but also make the ion ex
change of the Nafion membrane more efficient, thereby improving the 
battery performance. However, though NH4Cl can make vanadium ion 
more dispersive in the electrolyte, the oxygen absorption reaction is also 
significantly enhanced, which is not conducive to the application in 
redox batteries that require high charging voltage. In the AQDS elec
trolyte, AQDS(NH4)2 is produced after charging, with more hydrogen 
bond in NH4

+ so it will effectively increase charge transfer rate. The 

energy density of the SRFB without any bias charging other than solar 
energy was 48.63 mWh L− 1, and SOEE efficiency of 9.73%, almost 
double that of previous work using bare MoS2@TiO2 [42]. The results 
demonstrated that the Nafion-protected MoS2@TiO2 photoelectrode 
exhibits good stability in strongly acidic electrolyte compared to the 
unprotected MoS2@TiO2, successfully confirming the benefits of adding 
a Nafion layer onto the surface of photoelectrodes, and that can be 
extended to other semiconductor systems working under light radiation 
and harsh electrolyte conditions. 

CRediT authorship contribution statement 

Gengyu Tian: Methodology, Formal analysis, Validation, Data 
curation, Writing – original draft. Rhodri Jervis: Formal analysis, 
Writing – review & editing. Ana Jorge Sobrido: Conceptualization, 
Methodology, Formal analysis, Writing – review & editing, Supervision, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The author Gengyu Tian acknowledges Wangchao Yuan from School 
of Physical and Chemical Sciences, Queen Mary University of London, 
for his help with the FTIR experiments. GT acknowledges his PhD 
scholarship funded by the Chinese Scholarship Council, AJS thanks her 
UKRI Future Leaders Fellowship (MR/T041412/1) for funding support. 
AJS and RJ acknowledge The Faraday Institution (EP/S003053/1) for 
funding under the SEED grant FIRG047). 

Fig. 9. EIS of (a) no Nafion-protective and (b) Nafion-protective MoS2@TiO2 in the SRFB, and (c, d) their equivalent circuit.  

G. Tian et al.                                                                                                                                                                                                                                    



Electrochimica Acta 461 (2023) 142671

9

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.electacta.2023.142671. 

References 

[1] C.S. Lai, G. Locatelli, Economic and financial appraisal of novel large-scale energy 
storage technologies, Energy 214 (2021), 118954. 

[2] E. Sánchez-Díez, E. Ventosa, M. Guarnieri, A. Trovò, C. Flox, R. Marcilla, F. Soavi, 
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