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Abstract: Building on regenerative photoelectrochemical solar
cells and emerging electrochemical redox flow batteries
(RFBs), more efficient, scalable, compact, and cost-effective
hybrid energy conversion and storage devices could be
realized. An integrated photoelectrochemical solar energy
conversion and electrochemical storage device is developed
by integrating regenerative silicon solar cells and 9,10-anthra-
quinone-2,7-disulfonic acid (AQDS)/1,2-benzoquinone-3,5-
disulfonic acid (BQDS) RFBs. The device can be directly
charged by solar light without external bias, and discharged
like normal RFBs with an energy storage density of
1.15 Wh L@1 and a solar-to-output electricity efficiency
(SOEE) of 1.7% over many cycles. The concept exploits
a previously undeveloped design connecting two major energy
technologies and promises a general approach for storing solar
energy electrochemically with high theoretical storage capacity
and efficiency.

Renewable energy technologies generally rely on harvesting
energy from our most readily exploitable and only truly
limitless source: the sun. With the development over several
decades, photovoltaic (PV) solar cells convert solar energy to
electricity with increasing efficiency and decreasing cost.[1]

However, the intermittent nature of sunlight necessitates the
storage of the photogenerated electricity; therefore, further
large-scale deployment of solar cells also depends on scalable
and inexpensive grid-level energy storage solutions.[2] These
would demand new grid-level electrochemical energy storage
solutions, such as redox-flow batteries (RFBs).[3] The use of
liquid electrolytes in RFBs allows a convenient and low-cost
scale up of the energy storage capacity without larger cells,
such as the case for lithium-ion batteries; instead, scaling up
the energy capacity only entails increasing the amount of
redox active species in storage tanks without scaling up the
power generation components. Another potential solution
would be to directly store solar energy in the chemical bonds
of molecular fuels (such as hydrogen gas or hydrocarbons)[4]

that could be stored, transported, combusted, or ultimately
consumed on demand using a fuel cell device to generate

electricity. Despite the intense studies since the 1970s,[5]

photoelectrochemical (PEC) solar fuel devices have not
become commercially viable so far, which is at least partially
due to the kinetic barriers (that is, large overpotentials) for
generating chemical fuels from photoexcited carriers at the
semiconductor–liquid interface, for example, the hydrogen
evolution reaction (HER)[6] and oxygen evolution reaction
(OER)[7] for the case of PEC water splitting, that limit the
efficiency of such devices.[4a] In contrast, many other redox
reactions have facile kinetics (small overpotentials) on the
surface of common semiconductors and inert electrodes,
which facilitates the collection of the photogenerated carriers
from semiconductors and leads to efficient “regenerative”
PEC solar cells.[8]

Moreover, the liquid electrolytes containing redox cou-
ples utilized in regenerative PEC solar cells are also exactly
what are needed for energy storage in RFBs.[3] In RFBs, the
electrons (or holes) can be stored in redox couples in aqueous
(or non-aqueous) solutions as chemical energy. Specifically,
the recently demonstrated RFBs with quinone-based redox
couples[9] are particularly attractive for coupling with PEC
devices. In these RFBs, both catholyte and anolyte are
aqueous electrolytes that contain non-metal organic redox
species, thus reducing the material cost ($30–40 per kWh)
compared with the more developed vanadium RFBs ($ 81 per
kWh).[9] These RFBs can also have a relatively high energy
density exceeding 50 WhL@1, owing to the high aqueous
solubility (> 1m) of functionalized quinones. Moreover,
quinone-based redox couples such as AQDS and BQDS
undergo rapid and reversible electron transfer on many
electrodes (such as carbon) without any special catalysts.[9b]

The fast kinetics of these redox couples is a significant
advantage over the OER and HER processes in PEC water
splitting because it can enable unassisted solar-driven charg-
ing with less overpotential penalty as well as higher charge
(and discharge) power densities.

We note that there have been preliminary efforts[10] to
combine solar energy conversion devices with RFBs. How-
ever, when TiO2 liquid junction solar cells[11] and dye-
sensitized solar cells[12] were integrated with RFBs,[13] due to
the intrinsic efficiency limits of these solar energy conversion
devices, these devices suffered from low photocharging
current densities (< 1.5 mAcm@2) and low overall efficien-
cies.[10] Even though using separated charging/discharging
flow chambers instead of an integrated device design is an
slight improvement from simply connecting a solar PV device
with a RFB,[14] the more complicated device design, higher
cost, and low discharge capacity would limit its potential for
practical applications. We argue that fully integrating highly
efficient regenerative solar cells, such as those based on Si and
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other mature semiconductors,[1, 15] with appropriately poten-
tial-matched redox couples that can be used in RFBs in one
PEC device will be a more effective strategy. Herein we
report an integrated PEC solar energy conversion and
electrochemical storage device by integrating silicon solar
cells in aqueous electrolytes with RFBs using the same pair of
organic quinone based redox couples. We demonstrated that
such an integrated PEC-RFB device can be charged under
solar illumination without external electric bias and dis-
charged at a current density of 10 mAcm@2 with a maximum
output voltage of 0.41 V and a discharge capacity of
3.5 Ah L@1 over many cycles. This integrated device can
utilize solar energy efficiently; an overall direct solar-to-
output electricity efficiency (SOEE) of 1.7% has been
achieved without significant performance optimization.

As illustrated in Figure 1a, our general integrated device
design consists of four electrodes, namely a photocathode and
a photoanode (that can be made of Si semiconductor) and
a cathode and an anode made of carbon felt. Quinone-based
organic redox couple AQDS is used as the catholyte and
BQDS as the anolyte (Figure 1b) for both the RFB and PEC
cells. In such an integrated PEC-RFB device, solar energy is
absorbed by semiconductor electrodes and photoexcited
carriers are collected at the semiconductor–liquid electrolyte

interface and used to convert the redox couples in the RFB to
fully charge up the battery (reduce AQDS to AQDSH2 and
oxidize BQDSH2 to BQDS). When electricity is needed, the
charged up redox couples will be discharged on the surface of
carbon felt electrodes as would happen in the discharge of
a RFB to generate the electricity. The electrodes are
connected differently in energy delivery and storage mode:
the cathode and anode are connected with an external load to
discharge the RFB, while the photocathode and photoanode
are connected to allow solar-driven unassisted battery
recharge. The formal potentials (E0) for AQDS and BQDS
redox couples are 0.21 V and 0.89 V, respectively (Figure 1b),
and therefore the photovoltage generated at the Si photo-
electrode–liquid junctions is high enough (about 0.55 V +

0.55 V)[6a] to drive the battery charge process so that no
external electric voltage or energy is needed. A potentiostat is
connected between the photocathode and photoanode to
monitor the charging current during our test but not needed
for actual device cycling operation. Two electrolyte reservoirs
are used to store the catholyte and anolyte, which are
constantly pumped through the flow cell.

To demonstrate this integrated PEC-RFB device, we first
developed and studied the individual components. The RFB
was built using aqueous solutions of 0.1m AQDS and 0.1m
BQDSH2 as catholyte and anolyte, respectively, 1m sulfuric
acid as supporting electrolyte, a Nafion 212 membrane, and
two carbon felt electrodes (Supporting Information, Fig-
ure S1), similar to a recently reported organic RFB.[9b]

Figure 2a shows the representative cycling curves, using

voltage cut-offs of 0 V and 1.0 V, at a constant charging/
discharging current of 10 mA cm@2. The RFB has a very stable
and reproducible cycling performance with a current effi-
ciency around 96%. Polarization curves and open-circuit
potentials (Voc) of the RFB at various states of charge (SOCs)
are shown in Figure 2b. The Voc increased from 0.39 V to
0.55 V as the SOC increased from 10% to 90 %, which
provides an easy way to monitor the SOC of the battery.
Considering the possible overpotential caused by diffusion
limits and ohmic resistance, this Voc is specifically suitable for
being charged by two Si photoelectrodes connected in series,
which have a total theoretical voltage of about 1.1 V.[1] We
also note that, as shown in previous reports,[16] the chemistry
of BQDSH2 is complex and the first charging cycle involved

Figure 1. a) The integrated PEC-RFB device using AQDS/BQDS redox
couples in catholyte/anolyte. b) Cyclic voltammogram of 5 mm AQDS
(red curve) and 5 mm BQDS (blue curve) in 1m H2SO4 scanned at
10 mVs@1 on a glassy carbon electrode.

Figure 2. Representative RFB device performance. a) Cell cycling
behavior at 10 mAcm@2 using 0.1m AQDS+1m H2SO4 as catholyte
and 0.1m BQDSH2 +1m H2SO4 as anolyte. b) Cell potential versus
current density at six different SOCs; inset: cell open-circuit potential
at different SOCs.
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an “activation reaction” of BQDSH2. Consequently, all the
BQDSH2 we used in RFB and PEC characterization was pre-
activated in a Teflon H-cell by constant-potential electrolysis.

We then designed silicon photocathodes and photoanodes
as regenerative photoelectrodes in AQDS and BQDSH2

aqueous electrolytes, respectively. Because of the dark color
of the concentrated AQDS/BQDS solutions, we designed the
photoelectrodes to be illuminated from the back side: a p+nn+

Si solar cell (called type A) was used as photocathode
(Figure 3a) and a n+np+ Si solar cell (type B) was used as
photoanode (Figure 3c). A key here is to protect silicon from
the formation of insulating silicon oxides on the surface, yet
preserve the fast kinetics of AQDS and BQDS redox couples.
A Ti/TiO2 (5/40 nm) protection layer was deposited using
sputter coating and atomic layer deposition (ALD) on the
electrolyte side of the photoelectrodes, followed by a 5 nm
layer of sputter-coated Pt to facilitate the charge transfers at
the photoelectrode–liquid interface (Figure 3 a–c). It is well
known that AQDS and BQDS have fast kinetics on glassy
carbon,[9b] therefore the Pt layer here was only used for
minimizing the charge extraction barrier on the surface of Si,
but not a specific catalyst for the AQDS reduction or
BQDSH2 oxidation reactions.[17] Other inexpensive but
stable metals, such as tungsten and molybdenum, also have
the potential to reduce the charge extraction barrier and
enable similar PEC performance for these redox reactions
(Supporting Information, Figure S2).

We first evaluated the PEC responses of these Ti/TiO2/Pt
coated Si photoelectrodes in 0.1m AQDS, 0.1m BQDSH2 as
well as in 1m H2SO4 using a three-electrode configuration

under simulated one-sun (100 mW cm@2) solar illumination.
To determine the equilibrium potential (Eeq) of AQDS
reduction and BQDSH2 oxidation reaction, linear sweep
voltammetry (LSV) scans first were carried out using a 2 cm2

carbon felt as the working electrode, thus Eon as well as the
short circuit current density (Jsc) of the device can be
determined based on Eeq. Owing to the existence of the
buried pn junction in the Si cells, the Eon maintained the same
value (0.55 V) for the type A cell in both AQDS solution and
H2SO4 solution (Figure 3 d),[18] while for the type B cell in
BQDSH2 solution, the apparent Eon was a little lower
(Figure 3e), which is perhaps due to the relatively slower
diffusion and kinetics of BQDSH2. The overlaid current-
density–potential scans (Figure 3 f) predict a theoretical max-
imum operating current density of 16.4 mAcm@2 for the
integrated PEC-RFB device out of a Jsc of 27.4 mAcm@2 for
photocathode and a Jsc of 23.7 mAcm@2 for photoanode. The
operating current density is mainly limited by the poor fill
factors (FF) of the two current PEC cells, especially the type
B cell, which may be attributed to the limited surface area of
the photoelectrodes and the lower diffusion rate of organic
redox couples. To characterize the charging–discharging
performance, two potentiostats were used: potentiostat 1
was connected between two photoelectrodes to monitor the
photocurrent (blue curve in Figure 4a); potentiostat 2 was
connected between two carbon felt electrodes to monitor the
potential difference between the two electrodes (red curve).
During photocharging, the photoelectrodes were illuminated
by an EKE-type illuminator at one sun and no external bias
was provided. The Voc of the flow battery increased with time

Figure 3. a) Cross-section of type A p+nn+-Si/Ti/TiO2/Pt photocathode; b) band diagram for the photocharging process; c) cross-section of type B
n+np+-Si/Ti/TiO2/Pt photoanode. J–V data for d) type A p+nn+-Si/Ti/TiO2/Pt electrode measured in 0.1m AQDS solution or 1m H2SO4 solution;
e) type B n+np+-Si/Ti/TiO2/Pt electrode measured in 0.1m BQDSH2 solution or 1m H2SO4 solution. f) Overlaid J–V data for type A p+nn+-Si/Ti/
TiO2/Pt electrode measured in 0.1 m AQDS solution with type B n+np+-Si/Ti/TiO2/Pt electrode measured in 0.1m BQDSH2 solution; the
intersection shows the maximum power point.
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owing to the increasing SOC. At the same time, the photo-
current decreased slightly because when higher potential was
required to charge the battery, lower current could be drawn
from the solar cells. During the discharging process, the
illumination was turned off and the integrated device was
discharged as a normal RFB at a rate of @10 mAcm@2 until
the cell potential reached 0 V. By integrating the charging/
discharging current with respect to time, the charge injected
to and drawn from the integrated device as well as the current
efficiency can be calculated. The integrated device had a very
stable and reproducible cycling performance over ten cycles
with a current efficiency around 91 % (Figure 4b), which
means most of the photoexcited charges can be stored in the
aqueous AQDS/BQDS redox couples and redrawn from the
integrated device without significant loss caused by side
reactions such as HER and OER. Long-term charging/
discharging test reveals that the integrated device can be
photocharged without external bias to about 80 % SOC in
7.3 hours and discharged with a capacity of 3.5 Ah L@1

(Supporting Information, Figure S3).
To quantitatively evaluate the efficiency of the integrated

PEC-RFB device, here we propose a new figure of merit for
this type of integrated solar-RFB devices: solar-to-output
electricity efficiency (SOEE), which is defined by the ratio of
the usable electrical energy delivered by the integrated device
(Edischarging) over the total solar energy input (Eillumination). The
SOEE can be calculated using Equation (1):

SOEE ð%Þ ¼ Edischarging

Eillumination
¼
R

Iout Vout dtR
S A dt

ð1Þ

where Iout is the output (discharging) current, Vout is the output
voltage, S is the total incident solar irradiance, and A is the
total illumination areas of photoanode and photocathode. A
typical integrated device showed an average SOEE of around
1.7% over ten cycles (Figure 4c).

The slight photocurrent density decay shown in Figure 4a
can be attributed to the photocorrosion of the Si photo-
electrodes, which was confirmed by two-electrode PEC
measurements of the photoelectrodes before and after cycling
test (Supporting Information, Figure S4). The long term
stability of the Si photoelectrodes can be further improved
by optimizing the protection layer such as increasing the TiO2

layer thickness and post growth annealing.[17a, 19] One of the
limitations on the SOEE of the current integrated device is
the poor FF of the photoelectrodes, which could be signifi-

cantly improved by incor-
porating redox couples that
have higher diffusion rates
and even faster kinetics, or
optimizing the electrolyte
flow,[3a] or increasing the
surface area of the photo-
electrodes by introducing
nanostructures on the sur-
face.

Because there have
been significant technolog-
ical developments in regen-

erative PEC solar cells[15] and RFBs,[3b] we are building on two
reasonably mature or rapidly maturing technologies to make
a previously unexploited connection to develop a new
technology that have a clear pathway for improvement.
Fundamentally, the working potential of the integrated device
can be further enlarged by replacing redox couples that have
higher E0 in anolyte as well as those with lower E0 in
catholyte, to fully utilize the voltage window of aqueous
solution (1.23 V or even higher when considering the over-
potentials for HER and OER) and increase device energy
density. For example, the recently reported RFB based on 2,6-
dihydroxyanthraquinone (2,6-DHAQ) and ferri-ferrocyanide
redox couples has a Voc of 1.2 V[20] and is promising for the
integrated devices, especially since ferri-ferrocyanide is a very
fast redox couple commonly used in PEC cells. Improving the
open circuit voltage and the conversion efficiency of regen-
erative solar cells would further increase the theoretical
maximum energy storage density. The single junction crys-
talline silicon photoelectrodes could be replaced by photo-
electrodes that have higher open circuit voltage and higher
efficiency, such as GaAs,[21] triple junction amorphous Si,[22]

and even potentially high-performance perovskite solar
cells.[23] Especially if the formal potentials of the redox
couples can be matched well with the band positions of the
photocathode and photoanode to create tandem dual-photo-
electrode devices similar to tandem dual-photoelectrode PEC
water splitting devices,[9] those high voltage photoelectrodes
can be even more effectively utilized to drive bias-free
charging of the RFBs with higher working voltage, such as the
2,6-DHAQ-ferricyanide RFBs mentioned above, to signifi-
cantly enhance the energy density. The initial integrated
device we demonstrated herein has a promising energy
storage density of 1.15 WhL@1 at present, but potentially the
energy density can reach up to 50 WhL@1 [9a, 20] and the SOEE
can also be significantly increased based on the various
improvements discussed above.

In conclusion, we demonstrated a fully integrated photo-
electrochemical solar energy conversion and electrochemical
storage device by integrating regenerative Si solar cells and all
organic AQDS-BQDS RFBs. The use of aqueous electrolytes
and non-metal redox couples minimized the prototype device
design and fabrication difficulties, thus making the device
intrinsically safe, scalable, and cost-effective. The integrated
device can be directly charged by solar light without external
bias, and discharged like normal RFBs to generate electricity
when needed. A promising solar-to-output electricity effi-

Figure 4. The operation and performance of the integrated PEC-RFB device: a) cell cycling behavior with no
bias potential during charging process and a current density of @10 mAcm@2 during discharging process;
b) total charge and current efficiency of the cell; c) cell SOEE at different cycles.
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ciency of 1.7% and energy storage density of 1.15 WhL@1

have been achieved with the initially demonstrated device
without significant optimization, which can be further
improved by optimization of devices and operating parame-
ters. Significant enhancement of SOEE and energy storage
density can be realized when more suitable redox couples and
semiconductors can be designed and paired. This work opens
up a new and promising direction for integrating the efficient
harvesting and conversion of renewable solar energy and the
scalable electrochemical energy storage into a single device,
especially for standalone integrated energy systems, allowing
for more scalable, efficient, and cost-effective round-trip solar
energy utilization.
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