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energy. Using solar energy enables the Li—I SFB to be charged at

ABSTRACT: Integrating both photoelectric-conversion an input voltage of 2.90 V under 1 sun 1.5 AM illumination and
and energy-storage functions into one device allows for the discharged at an output voltage of 3.30 V (at the current density
more efficient solar energy usage. Here we demonstrate of 0.50 mA cm™>). Compared to conventional Li—I batteries,
the concept of an aqueous lithium—iodine (Li-I) solar which are typically charged at a voltage over 3.60 V, the Li—I SFB

flow battery (SFB) by incorporation of a built-in dye-
sensitized TiO, photoelectrode in a Li—I redox flow
battery via linkage of an I;7/I" based catholyte, for the
simultaneous conversion and storage of solar energy.
During the photoassisted charging process, I” ions are
photoelectrochemically oxidized to I;~, harvesting solar
energy and storing it as chemical energy. The Li—I SFB
can be charged at a voltage of 2.90 V under 1 sun AM 1.5
illumination, which is lower than its discharging voltage of
3.30 V. The charging voltage reduction translates to energy
savings of close to 20% compared to conventional Li—I
batteries. This concept also serves as a guiding design that
can be extended to other metal-redox flow battery systems.

can achieve energy savings up to 20% because of its voltage
reduction. Furthermore, we have also proved with our example of
the sodium—iodine (Na—I) SFB that this SFB concept can be
extended to other metal—redox solar flow batteries.

The Li—I SFB has a three-electrode configuration (Figure 1a):
a metallic Li anode, a Pt counter electrode (CE) and a dye-
sensitized TiO, photoelectrode (PE). Both the CE and PE are in
contact with the flowing I,™/I” redox catholyte, which is stored in
a reservoir connected to the catholyte chamber and pumped
through the device using a peristaltic pump. The Li anode and
I;7/T" catholyte are separated by a piece of ceramic Li-ion

S imultaneous conversion and storage of solar energy marks a
significant advance toward practical solar energy usage.

Various kinds of solar fuels have been actively explored.' 8 E .
However, challenges with hydrogen storage and the cost of fuel 2 ’LRQSGWO”

cells make those systems complicated and difficult for =1 o U
implementation. A promising solution is integrating a photo- [ Discharging g <
electrode into an electrochemical capacitor or battery to form a ® I L

single device.? Several groups have made pioneering contribu- c o a?g ing il

tions toward this goal. For instance, the integration of dye- _é voltage \Q‘CB
sensitized photoelectrochemical cells with redox flow batteries S BT T J
has been explored.> Our group has also demonstrated photo- 3 &
assisted charging of a Li—O, battery.>® However, these devices g‘

are limited because they use organic solvents for the electrolyte. e\

Besides the cost and the negative environmental impact of HOMO
organic solvents, these systems cannot be incorporated with (©) protoctectrode - Catholyte:
current aqueous redox flow battery systems because of their Dye+hy — Dye’ o
incompatible organic-solvent design. Recently, attempts at TiO, + Dye" — TiOy,-¢+ Dyet  (2)
creating aqueous systems have been made by replacing the 3l +2Dye* — Iy +2Dye ©)
dye-sensitized photoelectrode with semiconductor photoelectr- Anode:

odes that have hydrophilic surfaces. However, due to the Lit+ e — Li )
semiconductors’ large band-gap (i.e., 2.7 eV for WO; and 3.2 eV

for Ti0,), these devices can only harvest a very limited portion of Figure 1. (a) Schematic of a Li—I SFB device with the three-electrode
the solar spectrum (i.e,, <460 nm). configuration; (b) energy diagram for the photoassisted charging

Here, we report an aqueous lithium—iodine (Li—I) solar flow process; (c) photoelectrochemical half-reactions.

battery (SFB), a single device that integrates a Li—I redox flow
battery5 and a dye-sensitized solar cell (DSC)® via a linkage of Received: April 7, 2015
I,7/T" catholyte for simultaneous conversion and storage of solar Published: June 23, 2015
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conductive membrane, which allows for different solvents on
each side. The discharging process is similar to that of
conventional Li—I batteries: electrochemical oxidation of Li to
Li* on the anode side and reduction of I;~ to I” on the CE side
gives electricity output. However, the proposed charging process
is different (Figure 1b): Here the external voltage is applied on
the Li anode and the dye-sensitized TiO, PE. Upon illumination,
dye molecules, which are chemically adsorbed on the TiO,
semiconductor surface, get photoexcited and inject electrons into
the conduction band of TiO, (steps 1 and 2 in Figure 1c). The
oxidation of I” to I;” then takes place by regenerating oxidized
dye molecules (step 3 in Figure 1c). Meanwhile, Li* ions pass
through the ceramic membrane and are reduced to metallic Li on
the anode side (step 4 in Figure 1c), completing the full charging
process.

The proposed mechanism indicates that the photoassisted
charging voltage should equal the energy difference between the
Li"/Li redox potential and the quasi-Fermi level (Ej) of electrons
in the TiO, semiconductor (which is at best close to the TiO,
conduction band minimum, CBM) (Figure 1b). Since the CBM
of TiO, lies at a more negative position than the I;7/I" redox
potential, the charging voltage of the Li—I SFB is expected to be
smaller than that of conventional Li—I batteries, which is the
redox potential difference between the Li*/Liand I,7/I” couples.
The photoassisted charging process allows dye molecules to
capture solar energy and then “pump” electrons from a lower
energy level (ie., the I;”/I redox potential) to a higher energy
level (i.e., E; of electrons in the TiO,). Thus, a reduction of the
charging voltage is expected.

The redox catholyte is the key component of this solar battery
design because it bridges the Li—I battery and DSC components.
Therefore, it is essential to confirm that a given catholyte recipe
will work efficiently for both the battery and the solar cell. We
started by investigating the Li—I battery and solar cell
individually. We used the catholyte recipe of 2.00 M Lil, 0.05
M L, and 0.50 M guanidine thiocyanate (GuSCN) in saturated
chenodeoxycholic acid (Cheno) aqueous solution (experimental
details can be found in the Supporting Information (SI)). The Lil
and I, provide ionic I” and I~ species in the catholyte,*® while
the GuSCN and Cheno additives facilitate the surface-wetting
between the hydrophilic electrolyte and the hydrophobic dye-
sensitized TiO, surface.” Cyclic voltammetry (CV) measure-
ments (Figure S1) reveal that the addition of GuSCN and Cheno
does not yield electrochemical side reactions for the battery
operation within the working voltage window of 2.6—4.0 V (vs
Li*/Lj; all potentials are referenced to the Li*/Li redox in this
communication).

A Li—I battery was fabricated and tested with the
aforementioned electrolyte. It showed an average discharging
voltage of 3.35 V and charging voltage of 3.55 V at a current
density of 0.50 mA cm™ (Figure 2). This matches well with the
reported redox potential of I;"/I” couple in water (i.e., ~3.5V).%
Compared to other Li-based batteries, the overpotential
presented here is small (ca. 0.2 V), owing to the fast redox
kinetics of I;7/I" couple and the efficient solute diffusion in
solution-phase electrolyte.”

The same aqueous electrolyte recipe was then used to fabricate
a DSC with 7907 dye-sensitized TiO, film (dye molecular
structure shown in Figure S2) on fluorine doped tin oxide (FTO)
glass as the PE and platinum-coated FTO glass as the CE.” The
addition of GuSCN and Cheno in the electrolyte efficiently
disrupts the hydrogen bonding network between water
molecules and facilitates electrolyte diffusion into the photo-
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Figure 2. Typical charge—discharge profile of a conventional aqueous
Li—I battery at a current density of 0.50 mA cm™>. The voltage drop at
the end of discharging process is due to the depletion of I;™ ions in the
catholyte.

electrode’s mesoporous structure. Therefore, our aqueous
electrolyte has excellent surface-wetting on the dye-sensitized
TiO, photoelectrode surface. Under 1 sun 1.5 AM illumination,
the solar cell’s photocurrent—voltage (J—V) curve demonstrates
that such a dye-sensitized TiO, PE is capable of generating a
photovoltage of 0.50 + 0.02 V at the working current of 0.50 mA
cm™2 based on the average of four cells (Figure 3). The dye-
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Figure 3. Typical J-V curve of an aqueous DSC under 1 sun 1.5 AM
conditions. The blue spot indicates the photovoltage that is produced
when working at a current density of 0.50 mA cm™.

regeneration process (step 3 in Figure 1c) is also kinetically
favored, as it is an “in situ” process with the time constant on the
microsecond scale.'® Therefore, the dye-sensitized photo-
electrode demonstrates efficient performance with the aqueous
electrolyte for the photoelectrochemical production of I;~ from
I

Given the excellent individual performance of both the Li—I
battery and DSC with a common electrolyte, the as-conceived
Li—I SFB was then constructed. Figure 4a shows the “light-
response” feature of this device: during the charging process, the
applied voltage decreases immediately once light is switched on,
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Figure 4. Light response of the Li—I SFB: (a) the charging voltage and
(b) the EIS (OCV condition, 0.1 MHz to 1 Hz).
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indicating that a photovoltage, which compensates for the cell’s
charging voltage, is generated on the PE. Once the light is turned
off, the charging voltage increases instantly. The light response
can also be seen in the Nyquist plots (Figure 4b), which were
obtained through electrochemical impedance spectroscopy
(EIS). The semicircle at low frequency is attributed to the
recombination charge-transfer process at the PE—catholyte
interface. Under illumination, the high electron concentration
in the TiO, conduction band and sub-bandgap trap states
induces a much smaller charge-transfer resistance. Because the E;
drops in the dark, the TiO, becomes more insulating and the
recombination mainly occurs through the FTO-—catholyte
interface."!

The comparison between the charging profile of a conven-
tional Li—I battery and the Li—I SFB is shown in Figure 5. Under
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Figure S. Performance comparison between Li—I SFB and conventional
Li—1I batteries: (a) a typical depleted charging and discharging voltage
profile; (b) the initial charging voltages for 25 cycles.

1 sun 1.5 AM illumination, the Li—I SFB has an initial charging
voltage of 2.90 + 0.01 V at a current density of 0.50 mA cm™>
based on the average of three devices (Figure Sa). This value
matches well with theoretical predictions, considering the energy
gap between the TiO, CBM (ie., +2.7 V at pH = 4.6, the pH of
aqueous catholyte) and the E; of electrons at working condition
as well as the electrolyte-dye recombination and the device’s
internal series resistance. Compared to the conventional Li—I
battery, which has initial charging voltage of 3.60 V, the Li—I SFB
achieves a voltage reduction of 0.70 V (3.60 — 2.90 = 0.70 V),
which translates to energy savings of close to 20% (0.70 V/3.60 V
X 100% = 19%). This charging voltage is even lower than the
discharging voltage, which is thermodynamically impossible
without the solar energy input.

As the charging process proceeds, the accumulation of I~ and
consumption of I” shifts the I;”/I” redox potential positively and
reduces the catholyte’s ionic conductivity. Therefore, the
charging voltages of both devices gradually increase due to the
increasing internal resistance and the more-severe electrolyte—
dye recombination (for the Li—I SFB case). At a cutoff voltage of
3.6 V, the solar battery with 0.100 mL of catholyte (2.00 M Lil,
0.50 M GuSCN in saturated Cheno aqueous solution) is able to
be photocharged to a volumetric capacity of 32.6 Ah L™" in 16.80
h, which is 91% of its theoretical capacity (i.e., 35.7 Ah L ™" for the
catholyte with 2.00 M LiI). This value is close to the capacity of
conventional Li—] batteries in the literature.”” Our Li—I SFB also
demonstrates good cyclability. As shown in Figure 5b, the initial
charging voltage remains stable at 2.91 + 0.02 V for at least 25
cycles through continuous cycling. (See SI for experimental
details and capacity calculations of Figure Sa,b.) Although the
volumetric capacity of 35.7 Ah L™ is promising for practical
applications, it should be noted that the current system is limited
by the low photocharging rate (ie, 16.80 h per 0.1 mL
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catholyte). We attribute this to two factors: (1) the poor
photocurrent performance of the dye-sensitized TiO, photo-
electrode in an aqueous electrolyte and (2) the low Li*-ionic
conductivity of the ceramic membrane separator (i.e., up to 107*
S cm™! at room temperature). Thus, the application of more
efficient aqueous compatible semiconductor photoelectrodes
and the development of better ionic-conductive membrane are
necessary for further improving the performance of the Li—I SFB
system.

This Li—I SFB design also demonstrates efficient performance
with an aprotic catholyte as well as the aqueous catholyte. Similar
experiments were performed with a catholyte that used dimethyl
sulfoxide (DMSO) as the solvent. The DMSO-based solar
battery has a photoassisted charging voltage of 2.80 V under 1
sun 1.5 AM illumination and a discharging voltage of 3.32 V at
the current density of 0.50 mA cm ™ (Figures S3—S5). Benefiting
from its flow catholyte design, the Li—I SFB’s operating power
and cell capacity are decoupled. The maximum operating
current/power depends on the area of the photoelectrode and
electrolyte separator; while the cell’s capacity is controlled by the
amount of catholyte (assuming sufficient supply of the metallic Li
anode). Therefore, the cell capacity can be designed such that the
solar illumination time can match the photocharging time under
specific operating conditions.

Furthermore, this concept can serve as a more generic design
for extension to other metal based SFBs. The rich photo-
electrochemistry of liquid-junction solar cells'* and recent
research efforts on metal-redox flow batteries””'® make it
possible to explore other suitable combinations between redox
couples and photoelectrodes for efficient SFBs. For instance,
choosing a semiconductor with a more negative CBM (e.g., GaP)
than TiO, as the photoelectrode can further reduce the required
photocharging voltage. Meanwhile, applying a redox couple with
a more positive redox potential (e.g, Br,/Br~) as the catholyte
could help increase the output discharging voltage. A
combination of these two approaches will enhance the solar
energy saving efficiency. It is also worth exploring alternative
anode materials to replace the metallic lithium anode. In
particular, the sodium-based SFB presents unique advantages
because of its richer supply of anode raw material, cheaper
fabrication costs, and wider choices for Na* ion-conductive
membrane materials. In fact, our preliminary tests on a sodium—
iodine based system (Na—I SFB) have clearly demonstrated such
feasibility (Figures S6 and S7). Research on developing other
SFEB systems is currently ongoing.

In conclusion, we have demonstrated the concept of an
aqueous Li—I solar flow battery, which integrates a Li—I battery
and a DSC into a single device, allowing for simultaneous solar
energy conversion and storage. The photoassisted charging
process allows this device to achieve energy savings close to 20%.
Because it uses a metallic Li anode and aqueous catholyte, this
Li—I SFB not only works with a higher output voltage (>3 V) but
also is more environmentally friendly and cost-effective.
Furthermore, this work’s concept of combining battery electro-
chemistry with solar cell photoelectrochemistry also serves as a
guiding design that can be extended to other metal—redox flow
battery systems.
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