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Photosynthesis-inspired bifunctional energy-harvesting devices
that convert light and salinity gradients into electricity

Inspired by the bifunctional utilization of light energy and a
proton gradient in photosynthesis, we proposed conceptually
an energy harvesting device that is capable of converting light
and a salinity gradient into electricity simultaneously.
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Inspired by the bifunctional utilization of light energy and a proton
gradient in photosynthesis, we proposed conceptually an energy-
harvesting device that is capable of converting light and a salinity
gradient into electricity simultaneously. Our bioinspired concept
provided a potential opportunity to harvest multiple renewable
energies and maximize the overall power output.

The conversion of renewable energy into electrical energy is
considered to possibly help solve the future energy crisis."?
Light and salinity gradients are two kinds of clean and abun-
dant renewable energy that exist ubiquitously on our earth.*”
Generally, light energy can be converted into electricity by a
photoelectric effect that a photon creates on an electron-hole pair
in a semiconductor electrode, and subsequently the light-induced
electron transfers to the external load.*® Correspondingly, the
salinity gradient can be converted into electrical energy via
reverse electrodialysis based on an ion-selective membrane,
which recently received significant attention for the utilization
of abundant “blue” energy in the ocean.'®™® However, the
present energy conversion device can harvest only one kind of
renewable energy, which restricts its overall power output. The
integration of different energy conversion processes into a single
energy conversion device is considered to be able to maximize its
overall power output.'® Therefore, the realization of simulta-
neous conversion of light and a salinity gradient into electricity
provides an opportunity to potentially improve the overall power
output of the energy-conversion device.

Photosynthesis is one of the most important biological processes
that achieves energy flow and matter cycling in nature.**>* In green
plants, photosynthesis occurs in the chloroplasts, and initiates
from the excitation of chlorophyll molecules in the thylakoid
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Photosynthesis-inspired bifunctional
energy-harvesting devices that convert light
and salinity gradients into electricityt

Huihui Ren,® Tianliang Xiao,? Qiangian Zhang® and Zhaoyue Liu (2 *®

membrane by sunlight. The light-induced holes transfer to
the oxygen-evolving complexes for the oxidation of water mole-
cules into oxygen and protons, which converts light energy into
chemical energy (Scheme 1A).>*** Simultaneously, the light-
induced electrons transfer to nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH), which creates a proton gradient
across the thylakoid membrane. The proton gradient is even-
tually converted into chemical energy through the formation of
adenosine triphosphate (ATP) from adenosine triphosphate
(ADP) (Scheme 1A).>**° This bifunctional utilization of light
energy and proton gradients for energy flow in photosynthesis
inspired us to develop a new type of energy-conversion device.
Herein, inspired by the photosynthesis in green plants, we
propose conceptually a bifunctional energy-harvesting device
that is capable of converting light and a salinity gradient
into electricity simultaneously. As shown in Scheme 1B, our
proof-of-concept device comprised a custom-built two-chamber
electrochemical cell, which was divided into two regions: an

H*

e

.ow Concentration

Scheme 1 (A) Bifunctional utilization of light energy and a proton gradient for
energy flow in the photosynthesis of green plants. The light energy is converted
into chemical energy through the oxidization of water molecules into oxygen
and protons by the light-induced holes in the excited chlorophyll molecules.
Simultaneously, the proton gradient across the thylakoid membrane is
converted into chemical energy stored in adenosine triphosphate (ATP).
(B) Schematic diagram for the photosynthesis-inspired bifunctional energy-
harvesting device. A TiO, electrode consisting of nanotubular arrays (NTAs)
was used as a model anode to harvest the light energy. A chemically inert Pt
electrode was used as a cathode to relay the light-induced electrons from
the TiO, electrode. The salinity gradient was introduced from the anode to
the cathode using Na,SO,4 aqueous electrolytes with different concentra-
tions, which were separated by a cation-selective membrane (CSM).
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anode and a cathode. The anode and cathode regions were
filled with Na,SO, aqueous electrolytes with a high and low
concentration respectively, which were separated by a cation-
selective membrane. A TiO, electrode consisting of nanotubular
arrays (NTAs)*** was used as a model anode to harvest the light
energy (herein, the light energy was from UV light). A chemically
inert Pt electrode was used as a cathode to relay the light-induced
electrons from the TiO, electrode. Under UV irradiance, the light-
induced electrons in the TiO, electrode transferred to an external
circuit, which achieved the conversion of light energy into electricity.
The salinity gradient across the anode and the cathode enhanced
the power output of the device under UV illumination, which
verified the conversion of the salinity gradient into electrical
energy. Our bioinspired concept provided a potential opportunity
to harvest multiple renewable energies and maximize the overall
power output of an energy-conversion device.

It has been well-recognized that TiO, NTAs provide an
intuitive one-dimensional electric pathway, which overcomes
the boundary effect in the conventional TiO, mesoporous layer of
nanoparticles and demonstrates significant potential applica-
tions in photoelectric conversion.>** The typical top-viewed
and cross-sectional SEM images of TiO, NTAs are shown in Fig.
S1, ESL.{ After anodization, large-scale, uniform and well-defined
TiO, NTAs were grown on the surface of the Ti substrate (Fig. S14,
ESIT). The average internal diameter of the NTAs was determined
to be ~72.5 nm and the wall thickness was ~14.9 nm (Fig. S1B,
ESIt). The cross-sectional image of Fig. S1C (ESIT) indicates that
TiO, NTAs with a length of ~251 nm were vertical to the Ti
substrate. The short length of the TiO, NTAs reduced the
transport distance of light-induced electrons to the Ti substrate,
which was favorable for the generation of a photocurrent. The
XRD results indicated that the TiO, NTAs demonstrated anatase
crystallization, as evidenced by the characteristic diffraction
peak at 20 = 25.0° (Fig. S1D, ESI¥).

First, we investigated the photoelectric conversion behavior
of TiO, NTAs in a two-electrode configuration without a salinity
gradient. In this case, the anode and cathode regions of the
device were filled with Na,SO, solutions with the same con-
centrations (CNQZSOJ, which were separated by a cation-selective
membrane. As shown by the I-V curves in Fig. 1A, under
5.7 mW cm 2 UV illumination, the device outputted a stable
light-induced short-circuit current (I;.) and open-circuit voltage
(Voe), indicating that the light energy was converted into
electricity. Following the increase in cya,s0, from 1 mM to
100 mM, the outputted I, increased from 6.52 to 12.82 pA cm >
as a result of the enhanced ion conductivity (Fig. 1B). The outputted
maximal power density (Ppay) increased from 0.58 uW cm ™ to
0.98 UW cm 2 (Fig. 1C). Correspondingly, the outputted V.
increased slightly from 0.71 to 0.73 V (Fig. 1A), showing a small
dependence on the concentration of cna,s0, because the V.
was mainly determined by the Fermi level of TiO, under UV
illumination. Note that a further increase of ¢na s0, to 1 M did
not contribute to an improvement of Iy, and P, (Fig. 1B
and C), which implied that the ion conductivity of Na,SO,
solution with a concentration of 100 mM-1 M was enough to
maximize the light-induced current output. Fig. 1D shows that
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Fig. 1 (A) Current—voltage (/-V) curves of TiO, NTAs in a two-electrode
configuration without a salinity gradient. The anode and cathode regions
of the device were filled with Na,SO,4 solutions with the same concentra-
tions (1 mM, 10 mM, 0.1 M and 1 M), which were separated by a cation-
selective membrane. (B) Relation between the short-circuit current density
(Isc) of TiO, NTAs and the concentrations of Na,SO,4 solution. (C) Power
output of TiO, NTAs in Na,SO, solution with different concentrations.
(D) Evolution of the Isc when the UV irradiance was switched on and
off alternately. The generation of /5. was completely ascribed to the
harvesting of the light energy.

the light-induced I, of our device decreased to zero when the
UV irradiance was switched off. As soon as the irradiance was
switched on again, the /. almost recovered to its original value,
which indicated that the outputted I, was completely ascribed to
the harvesting of the light energy. The conversion of light energy
into electricity by TiO, NTAs is considered to be achieved by the
light-induced redox reaction on the anode and the cathode.®
Following the excitation of the TiO, anode by UV illumination,
the light-induced holes on the valence band of TiO, oxidize the
water molecules to generate protons. Simultaneously, the light-
induced electrons on the conduction band of TiO, transfer to the
Pt cathode through an external circuit. At the cathode, the light-
induced electrons are consumed by the reduction of the protons
that transported from the anode across the cation-selective
membrane (Scheme 1B). The overall reaction of light-induced
water decomposition contributes to the conversion of light
energy into electricity.

Then, we introduced a salinity gradient from the anode to
the cathode in our device to enhance the current output under
UV illumination. The concentrations of the Na,SO, solutions in
the anode (TiO,) and cathode (Pt) region were denoted as ca
and c, respectively. As shown in Fig. 2(A1-A3), atca=¢. = 0.1 M
and 1 M, the device outputted an I, of 12.82 and 11.45 pA cm >
respectively under 5.7 mW cm~> UV illumination. When a
10-fold salinity gradient of ca/c. = 1 M/0.1 M was introduced, an I
of 16.34 pA cm ™2 was generated, which was enhanced by ~27.5%
when compared with that at ¢y = ¢, = 0.1 M (12.82 pA cm™ ). The
outputted V,. was enhanced slightly from 0.73 Vat ¢y =c.=0.1 M
to 0.80 V at ca/c. = 1 M/0.1 M because of the potential difference
across the cation-selective membrane formed by the salinity
gradient. Correspondingly, the outputted P, increased from
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Fig. 2 Current—voltage (/-V) curves, short-circuit current—time (lsc—t)
curves and maximal power output (Pnax) of the energy conversion device
under UV illumination with and without a salinity gradient. (A1-A3) A
10-fold salinity gradient of ca/c. = 1 M/0.1 M. (B1-B3) A 100-fold salinity
gradient of ca/cc = 1 M/10 mM. (C1-C3) A 1000-fold salinity gradient of
cal/ce = 1 M/1 mM. The concentrations of Na,SO,4 solution in anode (TiO,)
and cathode (Pt) regions were denoted as ca and c. respectively. For a
clear comparison, the performances of the device at the corresponding
NaySO4 concentration without a salinity gradient (ca = ¢.) are also shown.
A salinity gradient enhanced the outputted /¢, Voc and Ppax Of the device
under UV illumination, which demonstrated that the light energy and
salinity gradient were converted into electricity simultaneously.

0.98 to 1.36 W cm™> by 38.8%. When the salinity gradient
increased 100-fold at ca/c. = 1 M/0.01 M, the device generated
an I, of 18.00 uA cm ™%, which was improved by ~57.2% when
compared with that (11.45 pA cm™>) at ¢y = ¢. = 1 M. The
outputted V. increased from 0.79 Vatcy =c.=1 M to 0.81 V at
calcc = 1 M/0.01 M (Fig. 2B1-B3). Correspondingly, the out-
putted P, increased from 1.00 to 1.58 pW cm 2 by 58%. When
a 1000-fold gradient at cy/c. = 1 M/0.001 M was introduced into
the device, the outputted I, of 13.76 uA cm™> was also enhanced
obviously when compared with that at ¢, = ¢. = 1 M (Fig. 2C1-C3).
However the enhanced percentage of the outputted P, was
only ~40%, which was much lower than that at a 100-fold
salinity gradient. This was explained by the fact that the low ion
conductivity of 1 mM Na,SO, solution suppressed the current
generation from the salinity gradient. Correspondingly, the out-
putted V,,. was enhanced from 0.79 Vatcy=c.=1M to 0.84 V at
calcc =1 M/0.001 M resulting from a high potential difference
across the cation-selective membrane at a high salinity gradient.
When the UV irradiance was switched off, the light-induced I
of our device under the salinity gradient decreased to zero as
shown in Fig. 2A2, B2 and C2. This was explained by the fact that
the conversion of the salinity gradient into electrical energy was
achieved by the light-induced redox reaction on the anode and
the cathode. Therefore, the synergistic effect between the light
and the salinity gradient was essentially important for converting
the salinity gradient into electricity. The above results indicated
clearly that a salinity gradient enhanced the outputted I, and
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Py of our device under UV illumination, which demonstrated
that the light energy and the salinity gradient energy were
converted into electricity simultaneously.

The mechanism for the conversion of light energy and the
salinity gradient into electric energy is shown in Fig. 3A and B.
Under UV illumination, a light-induced potential difference (E;)
was formed between the TiO, anode (negative electrode) and the Pt
cathode (positive electrode), which was determined by the Fermi
level of TiO, and the redox potential of the Pt electrode. The light-
generated protons formed on the TiO, anode needed to transport
through the cation-selective membrane to the Pt cathode, on
which the protons were reduced by the light-induced electrons
from the anode (Fig. 3A). Therefore, a fast diffusion of protons to
the cathode would reduce the recombination between the light-
induced electrons and protons on the anode, which was essentially
important for the conversion of light energy into electricity. When
a salinity gradient was introduced from the anode to the cathode
separated by a cation-selective membrane, the Na* ions diffuse
preferentially from the high to low concentration, which forms a
diffusion potential (Egi) across the membrane.**?” The same
polarity of Eq with that of E;, accelerated the diffusion of protons
from the anode to the cathode, which reduced the charge recom-
bination between the light-induced electrons and protons on the
anode and enhanced the generation of current (Fig. 3B). Moreover,
following the increase of c,/c. from 10 to 100, the increased value
of Egie resulted in more effective generation of current.
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Fig. 3 (A and B) Schematic mechanism for the generation of electricity
from the energy conversion device under UV illumination without (A) and
with (B) a salinity gradient. The UV illumination generated a light-induced
potential difference (E) between the TiO, anode (negative) and the Pt
cathode (positive). The salinity gradient from the anode to the cathode
formed a diffusion potential (Eqi¢) across the membrane. The same polarity
of Eqiee With that of £, accelerated the diffusion of protons from the anode
to the cathode, which reduced the charge recombination between the
light-induced electrons and protons on the anode and enhanced the
generation of current. (C) Schematic diagram for the measurement of
diffusion potential (Egir). (D) Current—voltage (/-V) curves of the cation-
selective membrane under different salinity gradients of ca/c. = 10, 100
and 1000. The Egi across the membrane was read from the intercept of
the /-V curve on the voltage axis (Vo).
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The diffusion potential (Egis) across the cation-selective
membrane formed by the salinity gradient could be determined
from the IV curve of the cation-selective membrane. The
schematic setup for the measurements is shown in Fig. 3C.
The measured potential difference between the two Ag/AgCl
electrodes (Enmes) included two contributions from the redox
potential difference (Eeqox) Of the two Ag/AgCl electrodes and
the Eg;¢ across the cation-selective membrane.'*®3¢ The E,eqox
was ignored because the potential of the Ag/AgCl electrode was
only dependent on the concentration of Cl™ ions. Therefore, the
Emea Was approximately equal to the Eq;¢, which was read from
the intercept of the I-V curve on the voltage axis. The I-V curves
of the cation-selective membrane under different salinity
gradients of ca/c. are shown in Fig. 3D. It was demonstrated
that the values of Eg; increased following the increase of the
salinity gradient of ca/c.. When the salinity gradient was 10-,
100- and 1000-fold, the Eg¢ read from the intercept of the I-V
curve on the voltage axis was 22.9, 40.3 and 60.3 mV. Our
results certified that the existence of a diffusion potential
across the membrane contributed to the enhancement of the
overall power output of the device under illumination.

In summary, we proposed conceptually a photosynthesis-
inspired bifunctional energy-harvesting device that converted
light energy and a salinity gradient into electricity simulta-
neously. In the proof-of-concept device, the light-active TiO,
anode consisting of nanotubular array electrodes achieved the
conversion of light energy into electricity based on the light-
induced charge separation under UV illumination. A salinity
gradient from the anode to the cathode impressively improved
the overall power output of the device by 58%, which verified
the effective conversion of the salinity gradient into electricity.
Our bioinspired concept provided a potential opportunity to
harvest multiple renewable energies and maximized the overall
power output of an energy-conversion device.
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