
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

56
5.

 D
ow

nl
oa

de
d 

on
 8

/2
/2

56
9 

12
:2

2:
21

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Efficient harvesti
aSchool of Engineering and Materials Scien

4NS, UK. E-mail: a.sobrido@qmul.ac.uk
bElectrochemical Innovation Lab, Departm

College London, WC1E 7JE, UK
cDepartment of Chemical Engineering, Imp

Campus, SW7 2AZ, UK

† Electronic supplementary infor
https://doi.org/10.1039/d2ta00739h

Cite this: J. Mater. Chem. A, 2022, 10,
10484

Received 26th January 2022
Accepted 5th April 2022

DOI: 10.1039/d2ta00739h

rsc.li/materials-a

10484 | J. Mater. Chem. A, 2022, 10,
ng and storage of solar energy of
an all-vanadium solar redox flow battery with
a MoS2@TiO2 photoelectrode†

Gengyu Tian,a Rhodri Jervis, b Joe Briscoe, a Magdalena Titirici c and Ana Jorge
Sobrido *a

Solar redox flow batteries constitute an emerging technology that provides a smart alternative for the

capture and storage of discontinuous solar energy through the photo-generation of the discharged

redox species employed in traditional redox flow batteries. Here, we show that a MoS2-decorated TiO2

(MoS2@TiO2) photoelectrode can successfully harvest light to be stored in a solar redox flow battery

using vanadium ions as redox active species in both the catholyte and anolyte, and without the use of

any bias. The MoS2@TiO2 photoelectrode achieved an average photocurrent density of �0.4 mA cm�2

versus 0.08 mA cm�2 for bare TiO2, when tested for the oxidation of V4+ to V5+, attributed to a more

efficient light harvesting and charge separation for the MoS2@TiO2 relative to TiO2. The designed solar

redox flow cell exhibited an optimal overall solar-to-output energy conversion efficiency (SOEE) of

�4.78%, which outperforms previously reported solar redox flow batteries. This work demonstrates the

potential of the MoS2@TiO2 photoelectrode to efficiently convert solar energy into chemical energy in

a solar redox flow battery, and it also validates the great potential of this technology to increase reliability

in renewable energies.
Introduction

The direct storage of sunlight in the form of hydrogen via
overall water splitting using photoelectrochemical cells (PECs)
has been the subject of extensive research in the last few
decades.1–4 The main benet of this technology is the clean
production of hydrogen through the use of solar energy.5,6

However, the sluggish kinetics of water splitting, particularly
the oxygen evolution reaction, the low overall energy conversion
efficiency, and the high cost of transportation and storage of
hydrogen have somewhat slowed down the take-off of the
hydrogen economy.7,8 Because of this, researchers are increas-
ingly shiing their efforts towards the development of alterna-
tive technologies that can offer faster chemical reaction kinetics
to store solar energy. Among them, solar redox ow batteries
(SRFBs) have attracted recent attention. SRFBs are hybrids
between PECs and redox ow batteries (RFBs). They use
renewable light energy to charge redox substances and solar
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energy in the form of chemical energy.9–16 One example of recent
developments in this area is the SRFB designed by Yangen et al.
that used I3�/I� and Br�/Br3� as redox active pairs.17 The SRFB
was driven by aWO3-decorated BiVO4 photoanode and provided
1.25% solar-to-output energy conversion efficiency. Yan et al.
reported a SRFB consisting of a Li2WO4/LiI redox couple and
a dye-sensitised TiO2 photoelectrode, enabling a battery
capacity of 0.0195mA hmL�1 at a discharge density of 0.075 mA
cm�2.1 Recently, Amirreza et al. built a tandem with a bare
hematite photoanode and two dye-sensitised solar cells con-
nected in series;2 the conversion efficiency from solar to
chemical energy of the AQDS (anthraquinone-2,7-disulfonate)/
iodide SRFB using only hematite as the photoanode was
about 0.1%.

Due to their high reversibility and fast reaction kinetics, all-
vanadium redox ow batteries, including vanadium-based
SRFBs, have been widely investigated and developed around the
world.3–6 Hao et al. applied a nitrogen-doped TiO2 photoanode to
a microuidic all-vanadium photoelectrochemical cell with an
average photocurrent density of 0.1 mA cm�2.7 Zi et al. demon-
strated an AQDS/V4+ SRFB able to generate a relatively stable
photocurrent of 0.14 mA cm�2 using TiO2 nanoparticles sup-
ported on uorine-doped tin oxide (FTO) as a photoanode.8

Titanium dioxide (TiO2) has been extensively investigated as
a photocatalyst since the discovery of its unique properties in
1972, including remarkable stability against photocorrosion and
wide band gap, large enough to provide sufficient energy to drive
This journal is © The Royal Society of Chemistry 2022
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a variety of useful reactions.9–12 Although the stability of TiO2 is
excellent, the lack of visible light absorption along with the rapid
recombination of photogenerated electron–hole pairs produced
usually results in low quantum efficiency and poor photocatalytic
activity.13 Multiple strategies to improve the photocatalytic
performance of TiO2 have been explored, including doping with
different elements,7,14,15 decorating with noble metals,16,17 and
engineering heterojunctions with other semiconductors.18,19

Coupling TiO2 with other semiconductors to form hetero-
junctions is an effective way to boost the performance of TiO2 (ref.
20 and 21) via bending of the photoelectrode band structure,
which in turn provides an easier transfer path for the photo-
generated electrons and holes and enables a more efficient
process.22,23 In addition, the design of a heterojunction with
a semiconductor of smaller band gap provides a pathway to
utilise the visible region of the solar spectrum, increasing the
overall efficiency.24,25 Some reported examples of such systems
include Cu2O@TiO2,26 g-C3N4@TiO2 (ref. 27) andMoS2@TiO2.28,29

Here we present for the rst time a SRFB with exceptional
solar-to-output energy conversion efficiency (SOEE), consisting of
a MoS2@TiO2 photoelectrode (photoanode) and carbon felt as
the counter electrode (cathode). Specically, we have studied the
redox pairs V5+/V4+ and V4+/V3+, whose redox potentials match
the band gap of the photoelectrode heterojunction. We syn-
thesised MoS2@TiO2 thin lms supported on an FTO glass
substrate via a hydrothermal route. The deposition of MoS2
decorated TiO2 ensured an increased specic surface area and
effective light response, which translated into enhanced photon
capturing and charge transfer. When sunlight reaches the pho-
toelectrode, the photogenerated holes oxidize V4+ to V5+ at the
interface between the photoelectrode and anolyte, while the
photogenerated electrons reduce V4+ to V3+ at the interface
between the carbon felt and catholyte. Thus, the oxidized and
reduced forms of V4+, V5+ and V3+, respectively, retain the
chemical energy that can be converted to electricity via the
reverse reaction (Fig. 1). This SRFB can be written as TiO2/
MoS2(s)jV4+, V5+kV4+, V3+jcarbon. The developed system provides
a �0.4 mA cm�2 photocurrent which is higher than those of
similar TiO2-based all-vanadium systems with acidic
Fig. 1 Schematic representation of the SRFB system studied in this
work.

This journal is © The Royal Society of Chemistry 2022
electrolytes.7,8 This is the rst time that the MoS2@TiO2 photo-
electrode has shown good catalytic activity for vanadium redox
couples, with an overall SOEE of 4.78%, remarkably higher than
those of previously reported SRFB systems (Table S1, ESI†).30,31

Experimental
Material preparation

Preparation of TiO2 nanorod arrays. TiO2 nanorod arrays
(NRs) on FTO were prepared using a hydrothermal method re-
ported elsewhere.32 Briey, 60 mL deionised water was mixed
with 30 mL of concentrated hydrochloric acid (36.5% by
weight), and the solution was sonicated for 15 min. Then, 0.1,
0.3, or 0.5 mL of titanium(IV) butoxide (purum, $97%, gravi-
metric, Sigma) was added to the solution and sonicated for
a further 15 min. The FTO substrates were placed into a Teon
liner (200 mL). The hydrothermal synthesis was conducted at
180 �C for 12 h. The resultant sample was rinsed extensively
with deionised water, then dried at 80 �C for 1 h and thermally
treated at 500 �C in air for 1 h.

Fabrication of MoS2 nanoowers on TiO2 NRs (MoS2@TiO2).
MoS2 nanoowers were grown on the TiO2 NRs (0.1/0.3/0.5 mL)
by a facile hydrothermal reaction.28 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 deionised water
under magnetic stirring for 10min, then transferred to a Teon-
lined autoclave and stirred for an additional 5 min. Subse-
quently, the TiO2 NRs previously prepared were placed into the
autoclave containing the MoS2 precursors. 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 MoS2@TiO2-0.1, MoS2@TiO2-0.3 and MoS2@TiO2-0.5.

Characterisation

The morphology and microstructure of the prepared photo-
electrodes were characterised using a eld-emission scanning
electron microscope (FESEM, Philips FEI Quanta 200 FEG)
equipped with an energy dispersive X-ray spectrometer (EDS,
operating at an accelerating voltage of 30 kV). The crystal phases
of samples were determined by X-ray diffraction (XRD) with
a Panalytical Xpert Pro diffractometer using a Cu Ka radiation
source (1.5418 Å). The optical absorption properties were
determined using a UV-vis spectrophotometer (Lambda 950,
PerkinElmer) equipped with an integrating sphere (Perki-
nElmer) within a wavelength range of 350 to 800 nm and a step
of 1 nm. The surface chemical states of photocatalysts were
analysed by X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Nexsa X-ray spectrometer, Al Ka monochromatic X-ray
source). ICP-MS analysis was performed using a microwave
plasma atomic emission spectrometer (4210 MP-AES).

Electrochemical and photoelectrochemical characterisation

A three-electrode electrochemical cell was employed to study the
electrochemical behaviour of the carbon felt electrode against
vanadium ion species. The carbon felts (3.18 mm thick, 99.0%
J. Mater. Chem. A, 2022, 10, 10484–10492 | 10485
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Alfa Aesar) were pre-treated in an MTI 1200� tube furnace at
800 �C for 2 h, using a heating rate of 3 �C min�1 and a nitrogen
ow rate of 0.5 L min�1.33 The size of the carbon felt electrodes
was 1.0 cm2 (0.32 cm3). A KCl saturated calomel Hg2Cl2 electrode
(SCE) and Pt foil were employed as reference and counter elec-
trodes, respectively. Cyclic voltammetry (CV) experiments were
conducted between �1.0 and 1.6 V versus SCE, at a scan rate of
10 mV s�1, and in an electrolyte with a concentration of 0.1 M or
1.0 M V4+ (vanadium(IV) oxide sulfate hydrate, Sigma-Aldrich,
97%) and 1.0, 2.0 or 3.0 M H2SO4 (Sigma, 98%). Electro-
chemical impedance spectroscopy (EIS) experiments were con-
ducted using a frequency range of 0.1 MHz to 0.1 Hz and
a perturbation of 10 mV. All the electrochemical experiments
were carried out using a potentiostat (Gamry IFC5000-05520).

Photoelectrochemical studies were conducted in a three-
electrode electrochemical cell using TiO2 or MoS2@TiO2 as
a working electrode, and an SCE and Pt foil as reference and
counter electrodes, respectively. 0.1 M and 1.0 M V4+ in 3.0 M
H2SO4 were used as the electrolyte. Linear sweep voltammetry
(LSV) measurements were conducted at a scan rate of 10 mV s�1

in the voltage range of �0.5 V to 0.5 V vs. SCE. EIS photo-
electrochemical experiments were also conducted at
a frequency range of 0.1 MHz to 0.1 Hz and 10 mV perturbation.
The illuminated area (back illumination) of the working elec-
trode was 1.0 cm2. The photoelectrode was irradiated by simu-
lated solar light (400 W Xe lamp) using an AM 1.5G lter. The
power density of the incident light was calibrated to 100 mW
cm�2 using an optical power meter with a silicon photodetector
(Newport 818-SL) as a certied reference. The illuminated area
of the working electrode was 1.0 cm2.

Redox ow battery testing

Charge–discharge experiments were conducted in the voltage
range 0 to 1.1 V using a current density of 1.0 mA cm�2 with
1.0 M V4+. The electrolyte was pre-discharged to 0 V at a current
density of 0.1 mA cm�2. Carbon felts separated by a Naon®
membrane were used as positive and negative electrodes. The
discharge current density aer photocharge is 0.4 mA cm�2.
The carbon felts underwent the same thermal treatment
described in the Electrochemical characterisation section. The
Naon membrane (115, 0.005 in. thick, DuPont de Nemours &
Co) was subjected to the following treatment prior to its use:
rstly, it was immersed in 50 mL 5 wt% H2O2 at 80 �C for 1 h,
followed by treatment for an hour at 80 �C in distilled water, and
another hour at 80 �C in 1.0 M H2SO4. The membrane was
nally treated at 80 �C for 1 h in distilled water. A volume of
20 mL was employed as the initial catholyte and anolyte,
respectively. The experiment was carried out using a peristaltic
pump with a double head to control the ow of electrolyte on
both sides of the redox ow cell to 2.5 mL min�1. The size of
carbon felt as the working electrode for redox ow battery
testing is 5.0 cm2 (1.59 cm3).

Solar ow battery testing

The SRFB consisted of a modied redox ow battery (Fig. S1a,
ESI†), with a window in the anolyte side to enable the
10486 | J. Mater. Chem. A, 2022, 10, 10484–10492
irradiation of the photoanode with the Xe lamp light source,
and a redox ow battery (Fig. S1b, ESI†), coupled with two
electrolyte tanks and a peristaltic pump. All electrochemical
data were collected using a Gamry IFC5000-05520 potentiostat.
The solar ow cell assembly included the MoS2@TiO2 photo-
electrode and carbon felt, separated by a Naon® membrane.
Both carbon felts and Naon® membrane were pretreated as
explained in the previous section. Photocharging of the SRFB
was conducted without any external bias through irradiation of
the photoanode using simulated solar light (400 W Xe lamp)
using an AM 1.5G lter. As the SRFB photocharges, the V4+

present oxidises to V5+ in the anolyte and reduces to V3+ in the
catholyte. EIS studies of MoS2@TiO2-0.5 were conducted in
a SRFB conguration, using 1.0M V4+ in 3.0 MH2SO4, frequency
range 0.1 MHz–0.1 Hz and perturbation of 10 mV. The
illuminated area of the working electrode in the solar ow cell
was 5.0 cm2.

Results and discussion

Three TiO2 thin lms were synthesised using different amounts
of titanium(IV) butoxide (0.1, 0.3 and 0.5 mL) and deposited
onto FTO using a hydrothermal route. The TiO2 lms (Fig. 2)
displayed a rod-like morphology typically observed in the liter-
ature36 with a crystal structure corresponding to rutile, as
determined by X-ray diffraction (Fig. S2, ESI†).

The TiO2 rods became larger with increasing the amount of
titanium(IV) butoxide. The TiO2 rods produced using 0.1 mL of
precursor were relatively short (�1.6 mm) and randomly
oriented (Fig. 2a). As the amount of precursor is increased to 0.3
mL, generally the TiO2 rods thickened and their length
increased, by almost 1 mm, to �2.5 mm (Fig. 2b). However, in
this case, the size, length, and orientation of the rods was still
inhomogeneous. As the amount of titanium(IV) butoxide was
further increased to 0.5 mL, the TiO2 rods becamemuch thicker
(4.12 mm). Moreover, the orientation and size of the rods tended
to be more uniform (Fig. 2c). The lm itself also grew into
a denser more compacted layer with additional titanium(IV)
butoxide.

MoS2 nanoowers were grown on the three TiO2 lms
prepared. In the case of the MoS2@TiO2-0.1 lm, only a small
amount of MoS2 was deposited onto the TiO2 rods, and also in
the space between rods (Fig. 2d). The synthesis and growth of
MoS2 on TiO2 with a tighter surface structure (MoS2@TiO2-0.3
and MoS2@TiO2-0.5) prevented the MoS2 nanoowers from
depositing into the space between TiO2 rods, leading to the
formation of more uniform MoS2 layers (Fig. 2e and f). A higher
magnication of the MoS2 nanoowers on the upper right
corner of Fig. 2f showed that each MoS2 nanoower had
a diameter of �500 nm and exhibited >100 sheets. According to
the literature, the higher the number of layers of MoS2 nano-
sheets, the higher the photocatalytic performance, as more
nanosheets will provide more active sites and area for the
reaction.32,34,35 EDS data (Fig. 2g and S3, ESI†) for the MoS2@-
TiO2-0.5 material supported the SEM data.

The UV-vis absorption spectra of TiO2 and MoS2@TiO2

photoelectrodes in the front illumination mode (Fig. 3a)
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 SEM images of TiO2 thin films obtained using (a) TiO2-0.1, (b)
TiO2-0.3, (c) TiO2-0.5, (d) MoS2@TiO2-0.1, (e) MoS2@TiO2-0.3 and (f)
MoS2@TiO2-0.5; (g) EDS mapping of MoS2@TiO2-0.5.

Fig. 3 UV-vis spectra of TiO2-0.5 and MoS2@TiO2-0.5 using (a) front-
illumination mode, XPS spectra of (b) Ti 2p from TiO2-0.5, and XPS
spectra of (c) Mo 3d and (d) S 2p from MoS2@TiO2-0.5.
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showed an increase in light absorption within the visible range
for the samples containing MoS2, as expected. The back illu-
mination spectra (Fig. S4, ESI†) displayed similar behaviour
with additional features due to interference in the case of
MoS2@TiO2 photoelectrodes, although some reports have sug-
gested that the additional bands observed may be due to
MoS2.25–30 XPS was used to analyse the oxidation state and
electronic environment of Ti, Mo, S and O. The Ti 2p line XPS
spectrum for TiO2-0.5 (Fig. 3b) conrmed that the surface of
TiO2 mainly consists of Ti4+ 2p1/2, Ti

4+ 2p3/2, Ti–O bond and
O–H bond as expected for TiO2, with binding energies of
465.1 eV, 459.4 eV, 530.6 eV and 532.3 eV, respectively.32 In
Fig. 3c and d, the Mo 3d and S 2p line XPS spectra for
MoS2@TiO2-0.5 are shown, respectively. The Mo 3d line XPS
spectrum indicated the existence of two different states of MoS2:
1T-MoS2 and 2H-MoS2, both with Mo4+ as the dominant
oxidation state. Previous research has indicated that the Mo 3d
and S 2p XPS signals of the 1T-MoS2 phase exhibit a higher
binding energy (about 1 eV) than the corresponding signals for
2H-MoS2.36 The 2H and 1T phases exhibited binding energies of
229.4 and 232.2 eV for 3d1/2 and 3d3/2, respectively, for 2H-MoS2
and 228.1 and 231.3 eV for 3d5/2 and 3d3/2, respectively, for 1T-
MoS2.37 Two small features at 235.2 eV (Mo 3d3/2) and 233.6 eV
(Mo 3d5/2) attributed to Mo6+ from some MoO3 formed at the
This journal is © The Royal Society of Chemistry 2022
surface were also observed.38,39 A clear peak corresponding to S
2s at 225.5 eV could also be detected. The S 2p line (Fig. 3d)
exhibited two doublets corresponding to 2p1/2 and 2p3/2 at
binding energies of 163.2 eV and 161.4 eV, respectively.40

Additionally, peak contributions corresponding to bridging
disuldes found in 1T-MoS2 were observed at 162.3 eV for 2p1/2
and at 160.9 eV for 2p3/2.41 The XPS survey spectra correspond-
ing to TiO2-0.5 and MoS2@TiO2-0.5 and the XPS O 1s line for
MoS2@TiO2-0.5 are shown in Fig. S5, ESI.†

To study the inuence of the electrolyte on the performance
of the system, a CV experiment using carbon felt as a working
electrode with 1.0 M/2.0 M/3.0 M sulfuric acid (without any V
species) was conducted (Fig. S6, ESI†). The results showed that
the ionic conductivity increased with increasing the concen-
tration of sulfuric acid. CV and EIS of 0.1 M V4+ at different
sulfuric acid concentrations were also conducted in a three-
electrode electrochemical cell conguration (Fig. S7, ESI†).
The results suggested that a higher concentration of H2SO4

facilitates the electrochemical reaction, resulting in more
reversible redox processes at the highest concentration, 3.0 M
H2SO4. The EIS result in Fig. S7c and d† conrmed that a higher
concentration of sulfuric acid as an electrolyte can decrease the
resistance through increasing the ionic conductivity of the
electrolyte. The CV result indicated a redox potential difference
between 0.1 M V3+/V4+ and V4+/V5+ of �0.49 V in 3.0 M H2SO4

using thermally treated carbon felt as the working electrode
(Fig. 4a). There exists a reduction peak corresponding to V3+/V2+;
however, no peak for oxidation of V2+ to V3+ was observed. This
has been previously reported in the literature, due to the
extremely easy oxidation of V2+ in air.42,43 In order to match the
photocurrent density, 1.0 mA cm�2 was selected as the charge
and discharge current density to test the reversibility and
stability of the V3+/V4+ and V4+/V5+ redox pairs. The redox ow
cell assembled with the same carbon felts and redox pairs
exhibited a good reversibility upon charge and discharge cycling
J. Mater. Chem. A, 2022, 10, 10484–10492 | 10487
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Fig. 4 (a) CV in 0.1 M V3+/V4+ and V4+/V5+, with a three-electrode
electrochemical cell using, in 3.0 MH2SO4, carbon felt, an SCE and a Pt
coil as the working, reference, and counter electrodes, respectively. (b)
Charge/discharge experiments for a redox flow cell using 1.0 M V4+,
3.0 M H2SO4 electrolyte, and a current density of 1.0 mA cm�2 from
0 V to 1.1 V. (c) Charge–discharge capacity and coulombic efficiency
of the RFB.

Fig. 5 LSV in (a) 0.1 M V4+ and (b) 1.0 M V4+ with a three-electrode
electrochemical cell using, in 3.0 M H2SO4, a SCE and a Pt coil as
reference and counter electrodes, respectively. Chopped-chro-
noamperometry experiment for a SRFB using TiO2-0.5 or MoS2@TiO2-
0.5 as a photoanode and thermally treated carbon felt as a cathode in

4+ 4+ �1
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(Fig. 4b) with an average capacity of 1077 mA h L�1 and
coulombic efficiency of 99.2% at a current density of 1.0 mA
cm�2 within 25 cycles (Fig. 4c).

The redox processes of V4+/V5+ and V4+/V3+ redox pairs in the
SRFB are summarised in eqn (1)–(3) as follows:

Anolyte:

V4+ # V5+ + e� E0 ¼ 0.87 V vs. SCE (1)
10488 | J. Mater. Chem. A, 2022, 10, 10484–10492
Catholyte:

V3+ # V4+ + e� E0 ¼ 0.38 V vs. SCE (2)

Overall:

2V4+ # V5+ + V3+ E0 ¼ 0.49 V vs. SCE (3)

Aer testing the performance of the RFB using V3+/V4+ and
V4+/V5+, the electrochemical behaviour of the TiO2 and
MoS2@TiO2 photoanodes against V

4+ was examined. Fig. 5a and
b show the LSV measurements in 0.1 M and 1.0 M V4+, respec-
tively, in 3.0 M H2SO4 for TiO2-0.5 and MoS2@TiO2-0.5. The
MoS2@TiO2 photoelectrode exhibited much higher perfor-
mance than TiO2-0.5, being able to achieve a photovoltage of
�450 mV vs. SCE, about 100 mV higher than that of the TiO2-0.5
photoelectrode for both V4+ concentrations. Upon applying
a potential bias, there is an expected increase in photocurrent
for both photoelectrodes, which is also more noticeable in the
case of MoS2@TiO2-0.5. In the case of the MoS2@TiO2-0.5, the
increase rate is faster for the more concentrated V4+ electrolyte
(1.0 M), reaching 0.6 mA cm�2 compared to �0.4 mA cm�2 for
0.1 M V4+ at 0.4 V vs. SCE. Interestingly, there was no signicant
effect on the photocurrent response when increasing the V4+

concentration for the TiO2-0.5 photoelectrode when applying
a bias. We attribute this to the fact that the TiO2 photoelectrode
is already performing at its maximum capacity, in terms of the
holes that can be produced at a given time, so a higher
concentration of V4+ would not change the number of holes that
can reach the electrolyte/TiO2 interface.

Chronoamperometric measurements of all the photo-
electrodes (TiO2-0.1, TiO2-0.3, and TiO2-0.5 and their MoS2@-
TiO2 counterparts, Fig. S8, ESI†) conducted in a SRFB
conguration showed that the performance of the samples was
(c) 0.1 M V and (d) 1.0 M V with 3.0 M H2SO4 at a 2.5 mLmin flow
rate and with a light source of 100 mW cm�2 (AM 1.5G).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Cyclic photocharge and (b) discharge of MoS2@TiO2-0.5
and (c) the capacity and coulombic efficiency at a vanadium ion
concentration of 1.0 M V4+. The discharge current density is 0.4 mA
cm�2 (100 mW cm�2 (AM 1.5G) with 3.0 M H2SO4 and a 2.5 mL min�1

flow rate).
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much more affected by the densication level and thickness of
the TiO2 layer than by the presence of MoS2 in the TiO2-0.1,
TiO2-0.3, MoS2@TiO2-0.1 and MoS2@TiO2-0.3 samples, all of
which exhibited a similar photocurrent response. This is likely
due to a better alignment of the TiO2 rods for the more compact
samples,32 TiO2-0.5 and MoS2@TiO2-0.5. Therefore, a signi-
cant enhancement in the photoresponse when adding MoS2
was only observed for these more compact TiO2 layers, with the
MoS2@TiO2-0.5 sample exhibiting a photocurrent density of 0.4
mA cm�2 versus 0.08 mA cm�2 for TiO2-0.5 in 0.1 M V4+.
Chopped-chronoamperometry experiments in 0.1 M (Fig. 5c)
and 1.0 M V4+ (Fig. 5d), in 3.0 M H2SO4, also revealed that the
MoS2@TiO2-0.5 photoanode presented a stable photocurrent
density and quick photoresponse in V4+

owing electrolyte.
A stability test was carried out for the best performing pho-

toelectrode, MoS2@TiO2-0.5 in 1.0 M V4+, in 3.0 M H2SO4 elec-
trolyte, using a SRFB conguration. Fig. 6a shows the
photocharging process conducted for ve cycles. As can be
observed, a full photocharge was achieved in �60 min. As the
number of charge/discharge cycles increased, the photocurrent
density of MoS2@TiO2-0.5 decreased. Aer each full photocharge
and discharge, the photocurrent density decreased from �0.4
mA cm�2 to 0.26 mA cm�2 for the 5th cycle. This is attributed to
the low stability of MoS2 under the harsh acidic working condi-
tions and more studies to protect the MoS2 are currently being
explored to mitigate this effect. The uctuations observed in the
charge proles are due to the slow photocorrosion process
affecting the MoS2 under the acidic working environment. When
the photons inject into the MoS2@TiO2 photoanode, the photo-
anode tries to create a stable equipotential interface and dynamic
equilibrium between the MoS2@TiO2 photoanode surface and
electrolyte. Due to the existence of MoS2 photocorrosion, the
interface must re-establish itself aer the photocorrosion of
MoS2, leading to photocharge uctuations. This phenomenon
was also observed for the 0.1 M V4+ concentration electrolyte
(Fig. S9a, ESI†). Fig. 6b shows the discharge experiment aer
each full photocharge. Compared to the poor discharge perfor-
mance (25.52 mA h L�1 to 18.11 mA h L�1) when using 0.1 M V4+

electrolyte (Fig. S9b, ESI†), the much higher capacity (98.93 mA h
L�1 to 74.26 mA h L�1) of 1.0 M V4+ (Fig. 6c) can provide higher
discharge potential to overcome the multiple resistances present
in the system. The coulombic efficiency for 1.0 M and 0.1 M V4+

aer ve cycles is �90% (Fig. 7c) and �80% (Fig. S9c, ESI†),
respectively. A SOC of 9.03% aer 80 min of the rst photo-
charging cycle was observed, decreasing to 6.78% aer 80 min
into the h photocharging cycle.

During the photocharging process, the carriers from the
semiconductor are excited to the conduction band and oxidise
V4+ to V5+. The photoexcitation and electron transfer can be
represented as follows:

TiO2 + hn ¼ e� (TiO2) + h+ (TiO2) (formation) (step 1)

e� (TiO2) + h+ (TiO2) ¼ TiO2 + hn (recombination) (step 2)

e� (TiO2) + h+ (TiO2) ¼ e� (MoS2) + h+ (MoS2) (interface)

(step 3)
This journal is © The Royal Society of Chemistry 2022
e� (MoS2) + h+ (MoS2) ¼ MoS2 + hn (recombination) (step 4)

V4+ + h+ (MoS2) ¼ V5+ (production) (step 5)

The average SOEE during photocharge in the SRFB was
calculated according to eqn (4):44

SOEE (%) ¼ (
Ð
Idis � dt � DE0)/(Pin � S � t) � 100 (4)

where Idis is the discharge current density, DE0 is the potential
difference of the two redox couples in the reversible state, t is
the illumination time (0.5 h or 1.33 h), Pin is the incident solar
power (100 mW cm�2), and S is the area of the solar ow cell
window (5.0 cm2).

As recorded in Table 1, the calculations showed that the
SOEE of the SRFB in 1.0 M V4+ reaches a value of 4.78% in the
rst cycle and remains at 3.26% in the h cycle.

EIS studies showed an increase in the impedance of
MoS2@TiO2-0.5 with photocharging (Fig. S10, ESI†) reaching
J. Mater. Chem. A, 2022, 10, 10484–10492 | 10489
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Fig. 7 EIS of TiO2-0.5 or MoS2@TiO2-0.5 as the working electrode
under dark and light illumination (100 mW cm�2, AM 1.5G) in a three-
electrode electrochemical cell using (a and b) 0.1 M V4+ or (c and d)
1.0 M V4+ in 3.0 M H2SO4 as an electrolyte and a KCl saturated calomel
Hg2Cl2 electrode (SCE) and a Pt coil as the reference and counter
electrodes, respectively. Equivalent circuit model used to simulate the
experimental data of (e) TiO2-0.5 and (f) MoS2@TiO2-0.5 in 0.1 M V4+

and (g) TiO2-0.5 and (h) MoS2@TiO2-0.5 in 1.0 M V4+.
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almost three times the initial value aer 2 hours, revealing an
increase in resistance as the photocharging process progresses,
which was attributed to the low stability of the photoelectrode
under strong acid electrolyte. This was conrmed via SEM
images acquired aer each cycle (Fig. S11, ESI†). The SEM
images clearly show degradation of the MoS2 layer upon cycling
and suggest that the increase in resistance observed in the EIS
may be linked to this degradation of MoS2. The photoexcitation
and electron transfer may be represented as shown in eqn (S1),
ESI.† The amounts of Mo and Ti leached from the photoanode
were determined by ICP-MS and the results are shown in
Fig. S12, ESI.† The concentration of Mo in the electrolyte
increases with the number of cycles, as expected, supporting the
Table 1 Variation of SOEE from the cycling chronoamperometry plot fo

Cycle

Sample

0.1 M

Photocharge capacity
(mA h L�1)

Discharge capacity
(mA h L�1)

SOEE
(%)

1 32.68 25.52 0.17
2 26.23 22.50 0.14
3 23.92 21.00 0.12
4 21.38 18.69 0.11
5 21.28 18.11 0.09

10490 | J. Mater. Chem. A, 2022, 10, 10484–10492
results obtained by SEM and EIS. The TiO2 layer was less
affected by the cycling, but slight leaching was also detected for
the 1.0 M V4+ electrolyte.

To understand the inuence of the photoanode structure
and to use its light absorption ability to effectively photocharge
our solar ow cell, EIS was measured under both dark and light
conditions for 0.1 and 1.0 M V4+ (Fig. 7a–d). EIS data for TiO2

and MoS2@TiO2 photoanodes both for low (0.1 M V4+) and high
electrolyte concentration (1.0 M V4+) showed that the increase in
thickness of the TiO2 leads to a decrease in impedance, an effect
that remains aer adding the MoS2 layer. In the low frequency
range under dark conditions, the mass transfer dominates the
reaction for TiO2-0.5.

However, under illumination, the upward trend disappears,
which means that charge transfer dominates in that case (Fig. 7a
and c). For MoS2@TiO2-0.5, EIS results demonstrate that the
addition of MoS2 to the TiO2 layer enhances the charge transfer
properties of the photoelectrode (Fig. 7b and d). Under illumi-
nation, the process remains dominated by the mass transport
effect for the MoS2@TiO2-0.5 photoanode at low frequencies,
conrming its better performance compared to TiO2-0.5. The
equivalent circuits for TiO2-0.5 and MoS2@TiO2-0.5 in 0.1 M V4+

(Fig. 7e and f) exhibit slightly different interface components due
to the differences in morphology and roughness of both photo-
electrodes.45 The EIS data taken in a three-electrode electro-
chemical cell and equivalent circuit for TiO2/FTO and
MoS2@TiO2/FTO systems show that at lower V4+ concentration,
the diffusion resistance is also lower, because when the charge
transfer dynamics are not very fast, the charge transfer process
and the mass transfer process (caused by diffusion) control the
overall reaction: electrochemical polarisation and concentration
polarisation coexist. When the concentration is low, the charge
transfer process is the rate-determining process. At higher
concentration of V4+, mass transport is introduced in the
equivalent circuit as the Warburg impedance (Wo) in the equiv-
alent circuit (Fig. 7g and h), in addition to the charge transfer
resistance, as there is an increase in diffusion resistance with
increasing concentration of V4+.

The tted data for the TiO2-0.5 and MoS2@TiO2-0.5 photo-
electrodes in 0.1 M V4+ and 1.0 M V4+ are consistent with the
results obtained from both dark and light experiments. Rs

represents the series resistance (resistance of the electrolyte
solution and cable of the potentiostat), R1 and C1 represent the
r the MoS2@TiO2 under illumination

1.0 M

Photocharge capacity
(mA h L�1)

Discharge capacity
(mA h L�1)

SOEE
(%)

114.44 98.93 4.78
109.09 94.47 4.31
96.99 87.79 3.99
79.72 76.74 3.49
78.29 74.26 3.26

This journal is © The Royal Society of Chemistry 2022
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Table 2 Equivalent circuit main parameters of EIS

Sample

Element

R3 (U) C3 (F) R1 (U) C1 (F) R2 (U) CPE2-T (F) CPE2-P

0.1 M V4+ TiO2-0.5 dark N/A N/A 1.7 5.0 � 10�6 70 441 1.9 � 10�5 0.9
TiO2-0.5 light N/A N/A 32.9 4.3 � 10�5 297.3 7.5 � 10�4 0.5
MoS2@TiO2-0.5 dark 6.6 3.7 � 10�6 13.4 2.0 � 10�5 10 160 1.9 � 10�4 0.8
MoS2@TiO2-0.5 light 3.1 1.3 � 10�5 23.9 1.1 � 10�3 291.3 1.4 � 10�3 0.9

1.0 M V4+ TiO2-0.5 dark N/A N/A 1921 3.1 � 10�6 2.6 � 105 1.4 � 10�6 0.9
TiO2-0.5 light N/A N/A 2943 1.4 � 10�4 1776 4.3 � 10�6 0.8
MoS2@TiO2-0.5 dark 100.2 9.3 � 10�5 53.8 3.4 � 10�4 377.3 5.4 � 10�4 0.8
MoS2@TiO2-0.5 light 40.5 1.1 � 10�4 19.3 6.2 � 10�4 30.9 2.7 � 10�3 1.0
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charge transfer resistance and capacitance of the electrolyte/
TiO2 interface in TiO2-0.5 while in MoS2@TiO2-0.5 they repre-
sent the MoS2/TiO2 interface, and R2 and CPE2 represent the
charge transfer equivalent structure of the interface between
SnO2 (FTO) and TiO2. In MoS2@TiO2-0.5, the R1 and C1 repre-
sent the impedance of MoS2/TiO2. Because the MoS2 nano-
owers cannot form a dense layer to separate the TiO2 and the
electrolyte, R3 and C3 have a collective effect representing the
charge transfer resistance and capacitance of the electrolyte/
MoS2 and electrolyte/TiO2 interfaces. The C3 element in parallel
with R1, C1 and R3 is also associated with the same phenom-
enon. The main values of the circuit elements in the dark and in
light are listed in Table 2. The results from the tting models of
TiO2-0.1/0.3 and MoS2@TiO2-0.1/0.3 in 0.1 M V4+ and 1.0 M V4+

t well with the original data in Fig. S13 and S14, ESI.† The
equivalent circuit is applicable for all the TiO2 and MoS2@TiO2

combinations.
Under dark conditions, due to the poor conductivity of the

TiO2, a large charge transfer resistance (Rct) is generated at the
interface between TiO2 and SnO2 (TiO2/SnO2), hindering elec-
tron transport. In 0.1 M V4+ and 1.0 M V4+, under illumination,
by comparing the sum of the charge transfer resistance of R1 +
R2 + R3, it is demonstrated that the introduction of the MoS2
interface makes it easier for electrons to transfer in the photo-
anode, which makes the transmission of the photogenerated
electrons in the photoelectrode more efficient. In addition, the
injection of photons signicantly reduces the Rct of the inter-
face, especially in the TiO2/SnO2 interface. Due to the photon
injection, many carriers are generated and moved to the inter-
face (MoS2/TiO2, TiO2/SnO2, electrolyte/TiO2 and electrolyte/
MoS2). The enrichment of positive and negative charges on both
sides of the interface increases the capacitance under illumi-
nation. By comparing the capacitance of TiO2 and MoS2@TiO2,
it can be concluded that MoS2@TiO2 exhibits more carrier
accumulation at the interface, which also conrms that the
heterojunction of MoS2@TiO2 can effectively increase the
carrier density in the photoanode.
Conclusions

TiO2 and MoS2@TiO2 thin lms supported on FTO were syn-
thesised and tested as photoelectrodes in a solar redox ow
battery using vanadium redox active species. Different
This journal is © The Royal Society of Chemistry 2022
thicknesses of the TiO2 layer were produced. The results showed
that a larger amount of Ti precursor resulted in a more uniform,
thicker, and denser TiO2 thin lm with more aligned TiO2 rods.
This, in turn, led to a more efficient attachment of the MoS2
nanoower overlayer which also translated into a higher
photocurrent response. The designed MoS2@TiO2 photo-
electrode exhibited around 5 times higher activity than bare
TiO2 for charging the all-V SRFB tested in this work. This was
attributed to a better separation of charge carriers. The SRFB
with 1.0 M V4+ electrolyte exhibited a remarkable performance,
with an average capacity of 1077 mA h L�1 and coulombic effi-
ciency of 99.2% at a current density of 1.0 mA cm�2 within 25
cycles, charged only by solar energy without the need for any
bias. The SOEE reached 4.78%. The photoelectrode interfaces
were analysed in detail through EIS, and successfully conrmed
the enhancement of the photocurrent response with the addi-
tion of the MoS2 layer to the TiO2 photoelectrode. This indicates
that the highly active MoS2@TiO2 photoanode is promising for
the enhancement of photocurrent density in the system
studied. The MoS2 facilitated charge carrier separation and
provided active sites for oxidation of redox species. However,
the low stability of the photoanode under strong acidic condi-
tions led to a signicant degradation of the photoelectrode aer
only ve cycles, resulting in the leaching of metal to the elec-
trolyte. More research is currently under way into approaches to
protect the photoelectrode against degradation.
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A. Bentien and A. Mendes, Nano Energy, 2019, 62, 832–843.

3 M. Skyllas-Kazacos, M. Rychcik, R. G. Robins, A. Fane and
M. Green, J. Electrochem. Soc., 1986, 133, 1057.

4 M. Skyllas-Kazacos, M. Chakrabarti, S. Hajimolana, F. Mjalli
and M. Saleem, J. Electrochem. Soc., 2011, 158, R55.

5 J. Vázquez-Galván, C. Flox, J. Jervis, A. Jorge, P. Shearing and
J. Morante, Carbon, 2019, 148, 91–104.

6 N. M. Delgado, R. Monteiro and A. Mendes, Nano Energy,
2021, 106372.

7 H. Feng, X. Jiao, R. Chen, X. Zhu, Q. Liao, D. Ye, B. Zhang and
W. Zhang, J. Power Sources, 2019, 419, 162–170.

8 Z. Wei, H. Almakrami, G. Lin, E. Agar and F. Liu, Electrochim.
Acta, 2018, 263, 570–575.

9 A. Fujishima, T. N. Rao and D. A. Tryk, J. Photochem.
Photobiol., C, 2000, 1, 1–21.

10 H. Cui, W. Zhao, C. Yang, H. Yin, T. Lin, Y. Shan, Y. Xie,
H. Gu and F. Huang, J. Mater. Chem. A, 2014, 2, 8612–8616.

11 T. Butburee, Y. Bai, H. Wang, H. Chen, Z. Wang, G. Liu,
J. Zou, P. Khemthong, G. Q. M. Lu and L. Wang, Adv.
Mater., 2018, 30, e1705666.

12 A. Fujishima and K. Honda, nature, 1972, 238, 37–38.
13 K. Nakata and A. Fujishima, J. Photochem. Photobiol., C, 2012,

13, 169–189.
14 U. Akpan and B. Hameed, Appl. Catal., A, 2010, 375, 1–11.
15 T. Ohno, T. Mitsui and M. Matsumura, Chem. Lett., 2003, 32,

364–365.
16 V. Subramanian, E. E. Wolf and P. V. Kamat, J. Am. Chem.

Soc., 2004, 126, 4943–4950.
17 Z. Zheng, B. Huang, X. Qin, X. Zhang, Y. Dai and

M.-H. Whangbo, J. Mater. Chem., 2011, 21, 9079–9087.
18 C. Gao, T. Wei, Y. Zhang, X. Song, Y. Huan, H. Liu, M. Zhao,

J. Yu and X. Chen, Adv. Mater., 2019, 31, e1806596.
19 M. Humayun, F. Raziq, A. Khan and W. Luo, Green Chem.

Lett. Rev., 2018, 11, 86–102.
20 Y. Bessekhouad, D. Robert and J.-V. Weber, Catal. Today,

2005, 101, 315–321.
21 J. Low, J. Yu, M. Jaroniec, S. Wageh and A. A. Al-Ghamdi, Adv.

Mater., 2017, 29, 1601694.
22 C. Sotelo-Vazquez, R. Quesada-Cabrera, M. Ling,

D. O. Scanlon, A. Kazas, P. K. Thakur, T. L. Lee, A. Taylor,
G. W. Watson and R. G. Palgrave, Adv. Funct. Mater., 2017,
27, 1605413.

23 H. Wang, L. Zhang, Z. Chen, J. Hu, S. Li, Z. Wang, J. Liu and
X. Wang, Chem. Soc. Rev., 2014, 43, 5234–5244.
10492 | J. Mater. Chem. A, 2022, 10, 10484–10492
24 J. Li, M. Zhang, X. Li, Q. Li and J. Yang, Appl. Catal., B, 2017,
212, 106–114.

25 N. Yuan, J. Zhang, S. Zhang, G. Chen, S. Meng, Y. Fan,
X. Zheng and S. Chen, J. Phys. Chem. C, 2020, 124, 8561–
8575.

26 B. Y. Cheng, J. S. Yang, H. W. Cho and J. J. Wu, ACS Appl.
Mater. Interfaces, 2016, 8, 20032–20039.

27 M. Alcudia-Ramos, M. Fuentez-Torres, F. Ortiz-Chi,
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