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Perspective—Insights into Solar-Rechargeable Redox Flow Cell
Design: A Practical Perspective for Lab-Scale Experiments
Shaun Whitley and Dowon Bae*,z

Institute of Mechanical, Process and Energy Engineering (IMPEE), School of Engineering and Physical Sciences, Heriot-
Watt University, Edinburgh, EH14 4AS, United Kingdom

Solar-rechargeable redox flow batteries (SRFBs) offer feasible solar energy storage with high flexibility in redox couples and
storage capacity. Unlike traditional redox flow batteries, homemade flow cell reactors are commonly used in most solar-
rechargeable redox flow batteries integrated with photoelectrochemical devices as it provides high system flexibility. This
perspective article discusses current trends of the architectural and material characteristics of state-of-the-art photoelectrochemical
flow cells for SRFB applications. Key design aspects and guidelines to build a photoelectrochemical flow cell, considering practical
operating conditions, are proposed in this perspective.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/ac3ab3]

Manuscript submitted August 16, 2021; revised manuscript received October 15, 2021. Published December 10, 2021.

In the past decade, the redox flow battery (RFB) has gained great
attention for use in renewable energy storage. The key advantage of
the RFB is that it can be integrated with photoelectrochemical (PEC)
cells directly to charge the electrolyte under light illumination, and
this electrolyte can be readily utilized to generate electricity via
reversible reactions (also known as solar-rechargeable redox flow
battery; SRFB).1 McCulloch et al. also claimed that RFBs had been
identified as the most suitable system for solar energy storage.2

While various flow cells for conventional RFB experiments are on
the market, not many flow cells for PEC uses are commercially
available. Alternatively, a homemade approach has been considered
rewarding as it enables flexible application regardless of device type
and dimension.

It is worth mentioning references by Andreu et al. and Brown
et al. that mainly demonstrated the impacts of electrode size and
types, respectively, on the electrochemical behavior of the flow
cell.3,4 However, little attention was paid to the overall components
selection and cell configuration, particularly for the SRFB applica-
tion. Moreover, the plain fact is that most studies overlook practical
aspects of the environmental conditions, for instance, thermal
degradation under the heat.5 A set of experiments on thermal
degradation of the photovoltaic (PV) device for PEC water splitting
was demonstrated by Tembhurne et al. under concentrated solar
irradiation.6 However, temperature characterization over the flow
cell and photo-absorber has not been studied well due to the compact
integration of the PEC redox flow cells.

This perspective provides a summary and discussion on the
architectural design of existing state-of-the-art PEC flow cells from
the last decade and describes key aspects to design a practical lab-
scale SRFB reactor that allows reliable operation under the operating
temperature variance. Furthermore, this paper is aimed to deliver a
three-dimensional model flow cell to determine the temperature
distribution of the photo-device and reactor under elevated tempera-
ture conditions.

Current Status

The architectural configuration and component material selection
are the main interest in flow cell design. Despite the small number of
research groups, various reactors have been developed, realizing the
experimental PEC charging for the SRFB. This section comprises a
thorough critical analysis of the architectural structure of previously
demonstrated flow cells for SRFB experiments.

Device performance.—As shown in Fig. 1a, there has been a
solid upward trend regarding overall device performance. This great
increase in device performance (from <0.5% to 20.1% in 4 years)
demonstrates the recent rapid development of high-performance
SRFB devices. With PV device development progress, achieving
high efficiencies of up to 29.1% and 39.2% (single and multi-
junction cell, respectively),7 the fairly high solar-to-chemical con-
version efficiencies (STC%) of 9.4% and 22.3% (using single c-Si8

and Perovskite/c-Si tandem device,9 respectively) demonstrate a
promising outlook for the SRFB technology.

Interestingly, among the recently demonstrated studies, to the
best of our knowledge, only two cases achieved two-digit STC%,
both demonstrated by Li et al. using tandem PV devices.9,11

Although a few studies have had meaningful performances, one
may note that there is still considerable room for further improve-
ment considering the fact that commercial single-junction c-Si PV
panel shows quite a high efficiency (over 22%).12

Reactor scaling.—So far, the active area of the largest photo-
device utilized to charge SRFB is slightly over 6.4 cm2 (Wei et al.)13

that is approximately three times the area of the next largest devices
from previous studies (Fig. 1b).9,14,15 More recent high STC%
studies demonstrated using very small-scale devices (⩽1.0 cm2),8,9

reveal a distinct lack of scaling in recent studies. If the SRFB device
is to be implemented commercially, scalability should become a
much greater focus to demonstrate the suitability of the SRFB for
grid-scale energy storage.

However, most SRFB studies with double-digit STC% demon-
strated using multi-junction PV devices. The critical challenge is that
these multi-junction devices are cost-effective only when both
photo-absorbers have a similar cost per unit output power.16 As
claimed by Zhengshan et al., the top cell with a cost below 100 $
m−2 and efficiency above 20% is essential for having a lower LCOE
(levelized cost of electricity) than a single-junction photo-device.17

Among various multi-junction devices for the SRFB demonstrated
so far,9,11,18,19 a perovskite/c-Si tandem device demonstrated by Li
et al.9 is considered to have the potential to meet this requirement.

The challenge in device cost would be not specific only to SRFB
but also to other PEC-based technologies.17,20 In SFRB design,
membranes, which are as expensive as a Si-based PV cell (ca. 50 $
m−2 for Nafion),21 should be scaled as large as the photoelectrode,
while the conventional RFB, which is charged by an external power,
does not require such a large membrane. In addition, the high cost of
the chemically robust frame and chamber materials (e.g., 30 $ m−2

for polypropylene)21 also hinders an intensive scale-up. This needs
to be addressed for further practical implications of the SRFB.zE-mail: d.bae@hw.ac.uk
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Device illumination.—Figure 1a also displays the performance
inequality between the SRFBs with back-illuminated devices and
their front-illuminated counterparts. Obviously, back-illuminated
approaches show outstanding performances since it allows one to
have an ideal case, in which no parasitic light absorption by the
electrolyte. This is most clearly visible in two recent studies, where a
back-illuminated device and front-illuminated device—of similar
architecture—achieved performances of 9.4% and 0.84%,
respectively.8,22 This disparity in performance results from the the
short-wavelength photons (∼600 nm) that tend to be absorbed by
most of the electrolytes in the front-illuminated case.22 It is worth
noting that this issue is less prominent in solar water splitting cases,
where no significant loss up to 10 cm of water thickness in the case
of a front-illuminated photo-device was observed.23

Despite this disparity in performance, the front-illuminated
device configuration is still widely used in SRFB studies due to
the difficulty of decoupling light-absorption and charge transfer in
some cases (e.g., thin-film devices on glass substrate14 and single-
side polished wafer-based devices24,25). Furthermore, the bifacial
functionality of the back-illuminated device requires a customized
mount slot with sufficient hermeticity between the photo-device and
the flow cell. Depending upon the device type, one should take the
mechanical parameters of the device into account to avoid any
damage generated in the process of securing hermeticity.

Flow field.—Unlike typical RFB systems in which the charge
collector has direct contact with the flow field, SRFB reactors
require the integration of semiconductors with the flow field, which
may form an unfavorable energy barrier at the interface. For this
reason, the flow field has not been widely used for most solar-
charging flow cells.

Figure 1c demonstrates schematics of representative flow field
types: (i) conventional (i.e., randomized flow), (ii) interdigitated, and
(iii) serpentine. As shown in Fig. 1c, the interdigitated flow field
offers only a small fraction of the chemicals permeates into the
porous electrode driven by pressure drop, while the electrolyte is
forced through the electrode in the serpentine flow field case.10 This
insufficient driving force for fluid flow may lead to a limited mass
transfer, and potentially, corrosion of the electrode.26

In the case of recently demonstrated state-of-the-art SRFB, the
conventional type of flow field (Fig. 1b), in which the fluid flow

percolates transversally from inlet to outlet directly through a porous
carbon paper or felt (Fig. 1d),11 was applied to the reactor. This is
also known as flow-through configuration, and Li et al. achieved the
highest STC% over 20% using this approach that allows direct
contact between the photoelectrode and carbon felt.9 for the SFF

Figure 1b shows that the ratio of the electrolyte volume in the
reactor chamber to the area of the photoelectrode of the state-of-the-
art SRFBs is within the range of 3–10 ml cm−2. This indicates a
relatively narrow gap between the photo-device and the membrane
(Fig. 1b inset), resulting in minimized unreacted reactants, ohmic
loss, and high STC% consequently.22,27 Overall, the inclusion of a
flow field can provide an evenly distributed electrolyte flow rate
along the micro-flow channel; however, it can be considered
impractical due to the low flow rate.26

Counter electrode.—The counter electrode needs to be made
from a highly conductive material with a high specific area, as it can
offer more active sites, which is advantageous in achieving a high
current density. The most common counter electrode materials
employed in SRFB are carbon, graphite, and Pt. SEM (scanning
electron microscopy) images of these counter electrode materials are
shown in Figs. 2a–2d.28–30 Obviously, paper and felt forms tend to
have a high specific area (ca. 1200 m2 g−1 and 600 m2 g−1 for
carbon (graphite) felt and paper, respectively).31,32

In some reports, counter electrodes with a noble metal, for
instance, Pt wire and film, are also used.25,33 It is worth noting that
specific areas of these film and wire-type Pt are only up to 0.6 m2

g−1 (for 50 nm) and 15 m2 g−1, respectively.34,35 However, unlike
conventional RFB, the low specific surface area is not a critical issue
for the SRFB system since it produces relatively low current density
in the range of 20−25 mA cm−2,7 and thus thin-film type counter
electrode also can be used without any major problems.

Another point to note is unwanted hydrogen evolution. The
hydrogen evolution is a major issue as it results in energy being
utilized in the generation of hydrogen bubbles rather than in driving
the redox reaction. Thus, any noble catalyst electrodes should be
avoided where possible, leaving less active carbon-based electrodes
as the most appropriate materials for SRFB applications.

Membrane.—The membrane is also a key component, pre-
venting the mixing of the electrolytes while facilitating the necessary

Figure 1. (a) Performance chart of solar charging property from the timeline, (b) plot of the reported electrolyte volume in reactor chamber vs the active area
size of the photoelectrode, (c) pressure drop data for conventional (i), serpentine (ii), and interdigitated (iii) flow fields,10 (d) schematic diagram of the solar-
rechargeable redox flow battery and photo of assembled cell,11 and (f) experimental set-up for the photo-charging performance measurement using a PTFE flow
cell system.
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charge transfer between the electrodes. The cation-exchange (CE)
membranes are positive ion conductive, while the anion-exchange
(AE) membranes are negative ion conductive.

Within the two membrane categories, however, there is a wide
range of options. The most prevalent CE membrane for SRFB
applications is, currently, Nafion 117 and 115, while among the AE
membranes, though relatively less used, Selemion AMV is the most
common in the reviewed studies.9 The thickness of the membrane is
an important factor in achieving a high-performance SRFB, as too
thin membrane can result in an unexpected crossover between the
electrolytes. On the other hand, the too thick membrane would result
in a high resistivity, restricting the feasible charge transfer across the
membrane.22 The thickness of Nafion 117, 115, 211, and Selemion
AMV are 183 μm, 127 μm, 25 μm, and 100 μm,
respectively.36–39The conductivity of these membranes are 14 mS
cm−1, 40 mS cm−1, 30 mS cm−1, and 4.22 mS cm−1,
respectively.40–43 Even though values depend on the measurement
environments (e.g., humidity and temperature), conductivity values,
in general, are inversely proportional to their thicknesses.

Frame material.—The frame material requires high chemical
stability and appropriate mechanical (tensile) strength to prevent any
unexpected corrosion by the electrolyte and mechanical distortion by
fastening parts. Considering the SRFB operating conditions under
prolonged exposure to light and heat, the operating temperature
range and thermal conductivity of the frame material also need to be
considered.

The general physical and chemical properties of the widely used
frame materials for PEC flow cells are listed in Table I. It is worth

noting that polyoxymethylene and acrylic (i.e., polymethyl metha-
crylate) have marginally lower chemical stability. For instance,
acrylic has poor resistance to bromine and nitric acid, which are
widely used supporting electrolytes. The widely used organic redox
pair, namely AQDS(2,7) (anthraquinone-2,7-disulfonic acid), is also
employed with acidic electrolyte.44 The FeCN6

3−/4− is used with
neutral-alkaline electrolyte to prevent the toxic HCN gas formation,
and this can leads to a compatibility issue with the polycarbonate.

In terms of mechanical strength, most materials listed in Table I
are appropriate for SRFB application; however, polyoxymethylene is
not eligible for PEC experiments due to its sensitivity to UV light. It
is also worth mentioning that both polycarbonate and acrylic are
transparent and thus can be used in the front-illuminated configura-
tion. However, they can be damaged by highly concentrated alkaline
and nitric acid, respectively.

The frontrunner with regards to the working temperature range is
PTFE. In terms of thermal conductivity, most polymer-based
materials in the list are suitable, possessing a range of 0.2–0.4 W
(m·K)−1.56–59 Meanwhile, stainless steel, which has been intensively
used in recent SRFB studies,9 has a very high thermal conductivity
coefficient of approximately 14 W (m·K)−1.60 It may be beneficial to
employ a material with high thermal conductivity to regulate the
temperature of the photo-device by heat transfer. Meanwhile, this
high thermal conductivity may lead to difficulty in the identification
of independent influence from thermal behavior change of the photo-
device. Note that this analysis does not take into account the cost-
effectiveness of the frame materials in earnest since the eventual aim
of the work is to provide insights and guidelines for a lab-scale PEC
flow cell design. Nevertheless, it is worth noting that the PTFE is

Figure 2. SEM images for the different electrodes: (a) carbon felt28; (b) carbon paper (SGL)28; (c) Pt thin film (150 nm)29; (d) carbon thin film (ca. 150 nm).30

(e) Schematic diagram of the model flow cell with photo-device mounting slot. Computational analysis of temperature profile for photo-device with frame after
1 min test (f) and profiles across the flow cell (g, h) for 1 min and 1 h, respectively, under air temperature of 40 °C. The figure (d) is reprinted from Ref. 30 with
permission from Elsevier, Copyright 2019.
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Table I. Physical and chemical properties of frame materials for PEC redox flow cell reactor.

Material PTFE Polycarbonate Acrylic Polyoxymethylene Stainless Steel

Tensile
Strength
[MPa]

3245 62–6746 44–8347 60–7048 63049

Operating
Temperature
Range [°C]

−200 to 26050 −40 to 13051 −60 to 9052 −50 to 10053 −196 to 920 54,55

Thermal
Conductivity
[Wm−1K−1]

0.2656 0.2357 0.1958 0.3659 14.3460

Prohibited Alkali metals, fluorine gas and
compounds at elevated
temperature

High concentration alkali solu-
tions, chlorofluorocarbons,
and acetone

Chlorofluorocarbons,
acetone, bromine, and
nitric acid

Acetic acid, ammonia,
calcium, ferric and
chromic acids

Acetic acid, Copper
chloride, HCl, HBr,
H3PO4, Iodine, etc

Remark – Thermal expansion
Transmittance ∼90% (2 mm
thick)61

Transmittance > 90%
(2 mm thick)62

UV sensitivity –
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one of the most expensive options (ca. 11 $/kg), and therefore, it
may not be suitable for large-scale applications.

Future Needs and Prospects

Despite the clear signs of progress made in recent years regarding
device performance, the plain fact is that most studies overlook
practical challenges, for instance, instability and degradation of the
system under heat.5,25 The performance degradation of the PEC
devices at high temperatures is a well-known issue in the field.
According to recent theoretical work, a silicon-based device shows a
voltage-loss rate in the order of ca.100 mV (at noon in July) due to
thermal recombination resulting in a severe power-loss exceeding
20%.5 However, the lack of an experimental report detailing the in-
depth effects of temperature on the SRFB performance has hindered
its comprehensive implementation. Realistically, it is not easy to find
a commercial flow reactor that reflects practical operating condi-
tions, and hence most experimental studies have shown their results
using homemade flow cells. Nevertheless, it is still unclear which
one to refer to because of the different characteristics of each in-
house reactor.

Additionally, none of the reviewed studies carried out any
investigations regarding the effect of thermal variation on SRFB
performance; however, Li et al. proposed that thermal variation in
the photo-device due to prolonged light exposure would have
minimal effect as the constant electrolyte flow would cool the
photo-device sufficiently.9 Nevertheless, it is to be noted that no
experimental data exists yet to support or dismiss this hypothesis. In
order to develop a greater understanding of the thermal variance
effects on the flow cell, this section discusses key design aspects for
a PEC flow cell using a model flow cell.

The schematic illustration of the PEC flow cell model is shown in
Fig. 2e. The material selections for the cell follow from the critical
analysis of the experimentally demonstrated flow cells carried out in
the previous section. Carbon paper has been selected as a counter
electrode to provide a large enough surface area for a feasible charge
transfer. Nafion 117 was selected as the membrane material for the
proposed device as its fairly good ionic conductivity enables a high
charge transfer while preventing unexpected crossover between the
electrolytes. PTFE was selected for the frame material as its high
mechanical strength and chemical stability lend to it being highly
appropriate for SRFB applications. The low thermal conductivity of
PTFE will also allow the thermal variation to occur solely in the
photo-device. Also, the model flow cell has a 2-mm-gap between the
photo-device (300 μm of c-Si in this model) and carbon electrode
with a ratio of the electrolyte volume in the chamber to the active
area of the photo-device of approximately 8 ml cm−2, which is
similar to the state-of-the-art flow cell demonstrated by Li et al.9

(Fig. 1b) to facilitate the feasible charge transfer. As shown in
Fig. 2e, the device will also follow a back-illuminated configuration,
where the solid/liquid junction is on the opposite side with respect to
the incident light. In addition, the flow cell also features a serpentine
flow field to allow for a uniform concentration of electrolyte flowing
over the membrane and carbon electrode.

Following the design and material selection processes described
above, the 3D model flow cell was subjected to an elevated
temperature condition to assess how thermal load influences the
temperature profile of the model flow cell. The initial temperature of
the model flow cell was set to 22 °C, and the properties of all the
materials in the system are assigned to their respective components.
As the electrolyte would be pumped into the system from an external
source, this was chosen to remain at the initial temperature. Any
non-homogeneous fluid, which can be observed at the solid/liquid
interface, was neglected. All simulations were carried out using
ANSYS Workbench 2021 with governing equations of the heat
balance model described elsewhere. 5,22

Figures 2f–2h are the simulated temperature profile of the
photoelectrode with its mounting slot at solid/liquid junction side
and assembled solar-charging flow cell under the elevated air

temperature of 40 °C. As shown in Figs. 2f and 2fg, obtained in
the initial 1-min simulation, the most components remained at a
temperature close to the initial temperature (∼22 °C). The highest
temperature is observed along the edge of the photo-device
mounting slot (∼38 °C). This can be attributed to restricted heat
transfer from the photoelectrode to the electrolyte at the edge side
since the outline of the flow field is designed to fit the dimension of
the photoelectrode. In the 1-h simulation (Fig. 2h), the average
temperature of the device continued to rise, and the temperature of
the photo-device had reached 39 °C.

Overall, the simulations show that the photo-device temperature
may not be regulated effectively in this model reactor that imitates
the state-of-the-art flow cells. This result does not agree with the
previous heat-balance study that absorbed heat from the photoelec-
trode can be balanced out by the electrolyte.5 This also implies that
further development in flow-channel engineering should be under-
taken with comprehensive experimental works to determine the
extent of temperature effect on overall performance.

Conclusions

Recently, many attempts have been made to demonstrate PEC
charging of the redox pairs with a homemade flow cell reactor. In
this perspective, state-of-the-art PEC flow cells’ architectural and
material aspects for RFB systems have been reviewed comprehen-
sively. Furthermore, key aspects and material selection guidelines to
build a PEC flow cell that is suitable for thermal loading experi-
ments, which have not been carried out in previous studies, are
provided. The simulation results using a model flow cell designed
based on our literature analysis revealed that the current flow cell
approach is not appropriate for the thermal load regulation. Albeit
the given thermal load is limited by convective heat transfer, the
modelling results indicate that further optimization needs to be
carried out in the future to stabilize the device’s operating
temperature, such as flow field volume and flux control. It is
predicted that more advanced work on PEC flow cell design will
provide the foundation for developing practical SRFB technology.
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