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The exceptional photochromic and redox properties of polyoxo-
metalate anions, PW1,040° ", have been exploited to develop an
integrated photoelectrochemical energy storage cell for conver-
sion and storage of solar energy. Elimination of strongly coordinat-
ing cations using benchtop ion soft landing leads to a ~370%
increase in the maximum power output of the device. Additionally,
the photocathode displayed a pronounced color change from clear
to blue upon irradiation, which warrants the potential application of
the IPES cell in advanced smart windows and photochromic lenses.

Development of efficient energy conversion and storage systems
is necessary to meet ever-increasing global energy demands. Solar
energy is a renewable and sustainable resource that may be
utilized in numerous technologies. In one hour, more energy
from the sun reaches the earth than the world population
consumes in an entire year." However, the sporadic nature of
local solar energy flux necessitates development of efficient
energy storage components (e.g, solid-state and redox flow
batteries) to achieve a dependable continuous supply of electri-
city. Many current solar energy harvesting systems, including
photovoltaics and solar power concentrators, convert solar energy
to electricity.”” These technologies employ energy stored in
batteries, fuel cells, and pumped hydroelectric storage, all of
which are accompanied by substantial efficiency losses resulting
from conversion between different forms of energy. It follows that
development of integrated systems that combine solar energy
conversion and storage in a single photoelectrochemical device
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may be a promising route to improving the efficiency of solar
energy utilization.

A photoelectrochemical system that is capable of converting
and storing solar energy relies on photo-induced reactions of
redox-active species.*® To date, several types of integrated photo-
electrochemical storage systems have been explored.”*® Notable
approaches include the use of a photosensitizer on one side of an
electrode with a redox couple on the other side connected through
a redox mediator (e.g., dye-sensitized solar cells). Existing methods
require at least two chemical moieties, one for trapping photons to
produce electron-hole pairs and another for transferring electrons
to redox molecules for storage. This paradigm suffers from
inefficiencies during transmission of electrons from one moiety
to another, lower conductivity of photosensitizers, and duty cycle
performance issues.'"*> Therefore, combining both solar energy
conversion and storage together using a single bifunctional moiety
may boost the utilization of such integrated technologies.

Polyoxometalates (POMs) are a class of metal-oxides that are
of interest to energy technologies due to their exceptional
multi-electron redox activity and stability.*™* Previous studies
also demonstrated the photo- and electro-chromic properties of
POMs (ie., their color change from clear to blue upon
reduction).’®™*® The photochromic properties of POMs during
solar harvesting/energy storage processes have potential appli-
cations where standalone power needs are necessary, for exam-
ple in ‘“smart” windows and lenses. Traditionally, smart
window and photochromic lens technologies use hydrogels or
metal oxide layers which darken in sunlight, thereby providing
shade and cooling."*>*

Herein, we demonstrate the working principle of a novel
integrated photoelectrochemical energy storage (IPES) cell
composed of a photocathode coated with PW;,040>" (WPOM),
an anode containing a counter redox couple, and an ionically
conductive membrane separating the two electrodes. In the cell, a
photo-induced redox conversion of WPOM at the indium tin
oxide (ITO) cathode is countered by a redox reaction at the anode,
which produces an electrochemical potential difference that
drives electrons between the electrodes. Ferrocenemethanol was

This journal is © The Royal Society of Chemistry 2022
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Fig. 1

(@) Schematic diagram of the integrated photoelectrochemical energy storage (IPES) cell in which light absorbed by WPOM at the ITO

photocathode is converted into electrical current through the photoredox activity of WPOM at the cathode; counter redox activity of Ferrocenemethanol
at the carbon anode serves as a source of electrons in the system. Photocharge discharge profiles of IPES cells with drop cast and benchtop SL WPOM on
ITO cathodes and GC as the counter anode. (b) current response, (c) potential response. Approximately ~ 10> WPOM ions were deposited onto ITO in

each experiment.

selected as the counter redox couple at the carbon anode and acts
as energy storage component of the IPES cell during photochar-
ging of WPOM.>** A solid ionic liquid membrane separates the
electrodes and ensures ionic transport throughout the cell. A
schematic diagram of the IPES cell is shown in Fig. 1a. To enable
a meaningful comparison, POMs were deposited onto the ITO
photocathode using both conventional solution-based drop cast-
ing and benchtop ion soft landing (SL), a versatile and highly-
controlled approach for the modification of interfaces that
efficiently removes neutral solvent molecules and counter
ions.?> ! SL of mass- and charge-selected POM anions in vacuum
was shown to enhance the redox activity and stability of POMs at
electrochemical interfaces due to more intimate contact between
discrete individual POMSs and the electrode and elimination of
larger less active aggregates that form in the presence of counter-
ions and solvent. The drop cast cathode, in comparison, contains
both POM anions and strongly-coordinating counter cations (e.g,
Na'), which have been shown previously to reduce the redox
activity of POMs.>>?7%°

Initially, the intrinsic electrochemical activity of WPOM and
ferrocenemethanol on ITO and glassy carbon (GC), respectively,
was evaluated by cyclic voltammetry (CV) (Fig. S1, ESIt). We
found that a potential difference of ~200 mV may be achieved
when WPOM is used in the IPES on the photocathode and
ferrocenemethanol on the redox anode. The 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBF,) ionic liquid
used as an electrolyte during the electrochemical measure-
ments in the IPES cell provides an expanded potential window
for WPOM compared to an aqueous electrolyte. The IPES cells
were fabricated using the procedure described in the experi-
mental section of the ESLt{ The solar energy conversion and
storage in the as-prepared IPES cells were evaluated by measur-
ing the photocurrent and potential that develop across the cells
with and without simulated solar irradiation [125 W m™?
Ultraviolet-visible (UV-vis) light source]. The current and
potential measurements were performed separately using the
same type of IPES cell. When the cell was charged (irradiation
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ON), reduction of WPOM at the photocathode occured simulta-
neously with oxidation of ferrocenemethanol at the anode. The
reverse reactions take place during discharge (irradiation OFF)
of the IPES cell. The photo-reduction and counter oxidation
reactions produce the photocurrent and potential difference
across the cell. To assess the effect of electrode surface mor-
phology on the kinetics of the ferrocenemethanol redox reac-
tion and overall IPES cell performance, several types of anodes
such as planar (GC, gold and ITO) and porous carbon nanotube
(CNT) types were examined using the same drop cast photo-
cathodes. We found that the cell performance of carbon-based
cathodes was the highest (Fig. S2, ESIt) and stable for at least 3
cycles (Fig. S3, ESIt). Therefore, carbon-based counter electro-
des were used for all further experiments. Furthermore, char-
acterization of the cathode with in situ UV-vis spectroscopy
confirmed the expected color change of WPOM during the
redox transition under solar irradiation (Fig. S4 and S5, ESIt).

The effect of counter ions on the activity of the photocathodes
was evaluated by comparing cathodes prepared by drop casting
and benchtop SL. The photocharge-discharge profiles of the two
types of cathode with GC as the counter anode are shown in
Fig. 1(b and c). The photocurrent of the soft landed cells attained
a maximum of 98 nA with a potential of 150 mV (1.47 x 10~ % W)
which is ~370% higher power than the drop cast cells with a
maximum current of 25 nA with a potential of 125 mV
(3.13 x 10° W). Therefore, elimination of inactive Na" counter
cations and solvent using benchtop SL substantially improved
the photo-induced redox activity of WPOM at the photocathode
of the IPES cell. Furthermore, both the drop cast and soft landed
cells showed rapid current response upon initial irradiation when
the light source was first turned ON (Fig. 1b). In contrast, a
substantially slower response in the cell potential during the
charge-discharge process was observed for the drop cast cell
(Fig. 1c). Specifically, the drop cast cell reached its maximum
potential in ~40 min while the cell prepared using benchtop SL
reached its maximum potential in less than 5 min, which is an
8x improvement in temporal response. A similar trend in current
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Fig. 2 Optical micrographs of (a) benchtop SL and (b) drop cast WPOM
on ITO, (c) calculated structure of PW1,040°~ at the B3LYP/def2TZVP level
of theory and (d) experimental and calculated Raman spectra of solution
drop cast and benchtop SL WPOM on ITO. Approximately ~ 10 WPOM
ions were deposited onto ITO in each case.

was observed during the discharge process. The enhanced perfor-
mance of soft landed photocathodes in both current and potential
response to switching on and off of the irradiation was consistent
throughout multiple experiments. These results demonstrate a
substantial improvement in the temporal current and potential
response of the IPES due to the facile photoinduced kinetics
occurring at the soft landed photocathode.

Further understanding of the effect of counter cations on the
spatial distribution of active WPOM on ITO at the macroscopic
level was obtained using optical microscopy and hyperspectral
optical absorption microscopy. The optical micrographs of
benchtop SL and drop cast WPOM on ITO are shown in Fig. 2a
and b, respectively. Visible aggregates of WPOM ~10-15 pm in
size are observed on the drop cast cathode at both higher and
lower magnification, whereas the soft landed cathode exhibits
uniform features all over the imaged region. Hyperspectral
optical absorption microscopy provides insight into the spatial
distribution of absorption signatures at selected wavelengths
(e.g, ~ 500 nm as shown in Fig. S6, ESIt) that correspond to
known electronic transitions in WPOMs. The profiles obtained
across a 250 um line on both the soft landed and drop cast
WPOM on ITO using 500 nm light with a spatial resolution of
435 nm (spectral resolution: 4.7 nm) are shown in Fig. S6 (ESIf).
The consistently narrow absorbance peaks observed across the
sampled region of soft landed WPOM on ITO cathodes indicate a
more uniform distribution of WPOM produced by benchtop SL,
whereas the larger variations of absorbance in the line profile of
drop cast WPOM provides evidence of WPOM aggregation due to
the presence of coordinating counter ions and solvent. This result
is consistent with our previous transmission electron microscopy
(TEM) observation of aggregate formation due to the presence of
counter cations alongside POM on CNT electrodes.>>?”*°

The effect of counter cations at the photocathode on the
chemical state of WPOM on ITO was examined using Raman
micro-spectroscopy. The experimental spectra of drop cast and
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soft landed WPOM on ITO, along with the theoretically calcu-
lated Raman spectrum of gas-phase PW,,0,,°", are shown in
Fig. 2d. Based on our molecular simulations, the Raman peaks
at 1000, 895, and 490 cm ™' observed for soft landed WPOM are
assigned to the normal modes involving the terminal (W = Oy)
and bridging (W-Op,-W and W-O.W) bands, respectively.*>** The
experimental spectrum obtained for the soft landed WPOM on ITO
is in good agreement with the theoretically calculated Raman
spectrum of the gas-phase PW,,04°". For the drop cast
Na;PW,,0,, on ITO, the Raman peaks observed at 1000 and
895 cm ™! are in reasonable agreement with the calculated positions
of the W = O, and W-O,-W bands, respectively. However, the peak
involving the W-O-W mode is substantially blue-shifted by
45 cm™ " appearing at 535 cm™ ', This observation is consistent with
prior reports in which counter ions were found to substantially shift
the wavenumbers of the normal modes of moieties at coordination
sites.>* We thus attribute the blue shift of the W-O.~W Raman band
to the presence of strongly coordinating cations around PW;,0, in
the drop cast sample. The counterions, in turn, may lead to the
formation of larger POM aggregates, which impede electron transfer
processes and reduce photoredox activity at the electrochemical
interface.

In order to optimize the overall performance of the cell, we
examined additional factors affecting the redox kinetics of the
ferrocenemethanol on the anode. Although the improved redox
kinetics of the GC electrode enhance the activity of the redox
couple in the IPES cell, the relatively low surface area of the GC
electrode may be a factor limiting the overall energy storage
and performance of the cell. We hypothesized that a porous
carbon electrode may improve the total current/voltage output
of the cell by allowing a larger amount of ferrocenemethanol
molecules to participate in the redox counter reaction at the
anode. To test this premise, we used CNT-coated carbon paper
with higher surface porosity (pore diameter ~ 2 um) as a redox
anode. The current and potential responses of IPES cells
fabricated with CNT paper as the anode and photocathodes
prepared using either drop casting or benchtop SL of WPOM
onto ITO are shown in Fig. S7 (ESIT). For the drop cast cell, a
maximum current of 400 nA with a potential of 370 mV was
achieved which is substantially higher than for all of the other
drop cast cells discussed so far. This observation confirms our
hypothesis that the overall cell performance may be improved
by an increased number of ferrocenemethanol molecules par-
ticipating in the redox reaction at the anode. On the other
hand, the soft landed IPES with CNT counter electrode showed
a further significant increase in the cell performance with a
maximum current of 1500 nA with a potential of ~550 mV.
These results indicate a ~4x increase compared to the drop
cast electrode. The response time of the soft landed IPES cell to
attain steady state current and potential is relatively longer than
the drop cast electrode which may be attributed to a diffusion
limitation that exists to counter the large flux of electrons from
the highly efficient photocathode reaction.

Overall, the results presented herein demonstrate a novel
IPES cell, which enables harvesting, conversion, and storage of
solar energy in a single device. The cell exploits the exceptional

This journal is © The Royal Society of Chemistry 2022
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photo- and electro-chromic properties of WPOM to substan-
tially enhance the performance of the photocathode. Several
key factors that affect the performance of the IPES cells were
explored including the surface properties of the photocathodes,
presence of coordinating counter ions, spatial distribution of
WPOM, and the type of anode. The effect of counter cations was
examined using benchtop SL, which enables deposition of POM
anions in the absence of cations and solvent. The performance of
the IPES cells was increased by ~370% by eliminating counter-
cations and solvent molecules at the photoredox cathode. Micro-
and spectroscopic analysis of the drop cast electrodes reveals that
both aggregation and the presence of strongly coordinating cations
around WPOM on the electrodes are detrimental to performance.
In contrast, both Raman spectroscopy and hyperspectral micro-
scopy indicate that photocathodes prepared using benchtop SL
contain more uniformly distributed WPOM, which substantially
improve the electrochemical performance of the photocathode. In
summary, better fundamental understanding of the redox mecha-
nism of photochromic materials and associated electron transfer
processes in a single interface will enable the rational design of
integrated photoelectrochemical energy conversion and storage
technologies.
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