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Aiming at energy issues, alternative energy sources to fossil fuels such as solar energy, wind energy and wave
energy have been well studied. However, ubiquitous atmospheric moisture as a possible alternative has not been
seriously explored. Comprising of nearly 13 trillion kiloliters of water, atmospheric moisture can be best
exploited as a sustainable energy resource and an abundant hydrogen source. In our present study, we have
exploited moisture absorption from the air and ensuing conversion into electricity. To effectuate moisture ab-
sorption and energy conversion, a hybrid solar device was constructed by integrating tailored hygroscopic
materials with photosystems stimulated by metal free organic dyes. The hygroscopic materials absorb water from
humid atmospheres, serving as the source of neutral water for the photoelectrochemical reaction, thereby
transducing atmospheric humidity directly into electricity and hydrogen, in the presence of light. We have also
reported a significant drop in the humidity levels of a confined space from 80% to 40%. This hybrid system, when
in operation, effectuates simultaneous dehumidification and a photocurrent generation of 240pA/cm? under

ambient indoor light.

1. Introduction

Harvesting solar energy has been one of the major areas which is of
paramount importance to material scientists throughout the globe.
Direct conversion of solar energy into electricity is accomplished
through different types of photovoltaic systems whilst transduction of
solar energy to chemical energy is achieved by photoelectrochemical
water splitting for production of hydrogen gas [1-3] and photocatalytic
conversion of carbon dioxide to liquid fuels [4]. Simple yet powerful,
nature has been unparalleled in designing and optimizing intricate
structures that harvest solar energy with almost unit photon conversion
efficiency [5-7]. This process which triggered the onset of biological
activity on a massive scale which led to the prospering and diversifica-
tion of the living organisms on planet earth is commonly known as
‘photosynthesis’. The core reaction of this process is the splitting of
water in the presence of natural sunlight. The absorption of photons
triggers the generation of spatially separated electron-hole pairs which
aid the oxygen reduction reaction (ORR) and hydrogen evolution reac-
tion (HER) [8-11].

Research on artificial photosynthetic mechanisms has garnered
tremendous attention over the past decade to develop novel technolo-
gies that aid in the sustainable production of energy and clean fuels from
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photo-electrochemical (PEC) reactions [12,13]. The development of dye
sensitized photoelectrochemical cells (DS-PECs) [14-16] is one such
example wherein the operation of the device is analogous to that of a
leaf. The surface of the dye sensitized semiconductor offers a lower
energy level for the OER and the counter electrode (often Pt) serves as an
excellent catalyst for HER [17]. In conventional DS-PECs the electrodes
are immersed directly into water and a small bias needs to be applied
between the electrodes to achieve efficient water splitting.

In the past few decades, much attention has been focused on the
development of inexpensive metal-based catalysts and/or their inte-
gration into solid state devices that operate in aqueous media. Research
works on the development of novel mesoporous electrodes [18,19] for
achieving higher efficiencies of water splitting [1,20], drug delivery,
[21] several electronic and optoelectronic applications [22] have found
immense applicability in the development of DS-PECs. A major draw-
back associated with this approach is that the photocatalytic materials
are designed to work in aqueous environments, thus demanding for
large quantities of aqueous media. This poses severe constraints in
scaling up the process for sustainable energy/fuel generation [23]. As an
alternative to the use of aqueous media, atmospheric moisture in the
form of humidity can be explored as a potential energy resource for
sustainable energy generation and hydrogen production. Earth’s
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atmosphere contains a massive 13 million kiloliters of water at any point
of time owing to natural water cycle [24]. Humidity in the air is usually
considered a redundant resource that requires additional expense of
energy to maintain at comfortable levels for human habitation. Relative
humidity (RH) levels of above 60% (at any temperature) is often known
to create thermal discomforts and it affects the way in which we perceive
temperature.

Nature has witnessed numerous episodes of plants and insects that
harvest atmospheric humidity to fuel their survival [25,26]. Some of the
classic examples are cacti, Namib desert beetles and agamid lizards [27].
The techniques adapted by these species to utilize moisture from air
provides a great insight to scavenge humidity in the air for practical
purposes. Several artificial water harvesters have been developed
recently, inspired from the mechanisms found in the beetles and cacti
[28]. Though, water harvesting from various humid sources like mist
[29], fog, dew [30] and arid air [31] have been in place for efficient
moisture capture and conversion to potable water, scavenging atmo-
spheric moisture for direct device realizations is relatively sparse. Pre-
vious attempts for utilizing air moisture for applications other than
water harvesting was primarily focused on water-oil separation and
biomedical applications [32,33]. In this work, we report a novel solar
device architecture that concurrently performs dehumidification, sus-
tainable energy generation and hydrogen production. This hybrid sys-
tem combines a tailored super-hygroscopic hydrogel that effectively
captures water from humid atmospheres and serves as the source of
water and a dye-sensitized wide band-gap semiconducting layer which
acts as a photocatalyst for water splitting to generate energy and pro-
duce hydrogen.

It is well known that hydrogen is becoming an increasingly impor-
tant source of renewable energy as the global energy demand is esca-
lating [34]. Hydrogen Evolution Reaction (HER) is a fundamental
process in photo-electrocatalysis and plays a major role in the devel-
opment of hydrogen based energy storage devices [35]. This reaction,
however, is thermodynamically arduous requiring special conditions
and catalysts to help reduce the energy barrier and increase the reaction
rate [36,37]. To date, Platinum (Pt) group metals are best suited for HER
reactions to take place at a near-zero overpotentials in acidic medium
[38]. Scarcity of raw materials and the expense associated with recovery
of these noble metals hinder their application in commercial devices. In
this context, it becomes pivotal to identify alternative low-cost materials
that can reduce the overpotential of HER and achieve the same perfor-
mance as compared to Pt. Highly studied earth-abundant alternative
materials and architectures include 3d transition metals [37], transition
metal dichalcogenides [34] and dye-sensitized photoelectrochemical
cells [39].

In this work, we have conceived a DS-PEC system that integrates
tailored hygroscopic components with a dye-sensitized semiconductor.
Fig. 1a shows the schematic of the device. Titanium dioxide (TiO2) was
chosen as the wide band-gap semiconductor. For a semiconductor to
perform water splitting, the minimum required bandgap is about 2eV, to
harvest visible light and to compensate for the overpotentials required
for slow kinetics of the processes. However, unmodified semiconductors
do not effectively exhibit the charge separation and transfer. To over-
come this drawback, the TiO, layer was kept immersed in a metal free
organic dye SK3 (Fig. 1b). Owing to the expensive raw materials and
environmental concerns associated with Ruthenium based dyes, we
have used a metal free organic donor-n-acceptor (D-n-A conjugated)
carbazole dye (SK3) for sensitizing the TiO, layer. The synthesis and
characterization of the dye is reported in our earlier work [40,41]. This
dye sensitized semiconducting layer is responsible for breaking down
the absorbed water molecules. Additionally, the photocatalyst must be
integrated with a hygroscopic material that can absorb large quantities
of water from humid atmospheres at a faster rate. We have developed a
zinc-based super hygroscopic hydrogel capable of absorbing more than
420% of its own weight with water [24]. This hydrogel is a
non-stoichiometric oxide of Zinc, synthesized from its acetate salt
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Fig. 1. Schematic diagram showing the construction of the hybrid device for
simultaneous dehumidification and energy/hydrogen generation. (b) Structure
of the SK3 dye used for sensitizing the TiO, layer (Brown balls: Carbon atom;

Blue balls: Nitrogen atom; Black balls: Hydrogen atom; Red balls: Oxygen atom;
Pink balls: Oxygen lone pair).
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blended with glycol ether, an amino-alcohol and water. This hydrogel
exists in two distinct states namely hydrated (H) and dehydrated (DH)
depending on the ambient humidity. This super hygroscopic hydrogel
serves as the source of neutral water for the DS-PEC to operate. A highly
porous Nickel (Ni) foam sputtered with minimal Pt was used as the
counter electrode. The Ni foam offers a high specific area for electron
collection and catalytic activity. The high porosity of the Ni foam per-
mits transfer of moisture to the hydrogel and evolution of hydrogen after
the PEC reaction.

In case of natural photosynthesis, the roots bring up the required
water to the leaves. The pores in the leaf absorb carbon dioxide from the
atmosphere and the pigment chlorophyll absorbs the photons. This re-
sults in excitation of the pigments leading to charge separation and
eventual water splitting. The generated oxygen is let out into the at-
mosphere and the carbon dioxide reacts with the evolved hydrogen to
form sugar (stored energy). Akin to this working mechanism, in our
hybrid device, the super-hygroscopic hydrogel is responsible for
providing atmospheric water to the dye-sensitized semiconducting layer
where the charge separation takes place triggering water splitting re-
action. The highly porous Ni foam enables inhalation (absorption) of
moisture by the hydrogel and transferring it to the semiconducting layer
for water splitting to take place and exhalation (evolution) of hydrogen,
analogous to breathing in human beings.

The synthesized super-hygroscopic hydrogel is a non-stoichiometric
oxide of Zinc (Fig. 2a). The synthesis, structure and characterization of
the hydrogel is reported in our earlier work [27]. This amorphous
hydrogel made of Zn and O atoms in a unique 1:1.1 ratio has a strong
tendency to absorb moisture from humid air. Transmission Electron
Microscopy (TEM) characterization of the hydrogel (Supplementary
Fig. S1) was carried out to confirm the amorphous nature of the syn-
thesized material. Density Function Theory was used to calculate the
binding energy of water molecules with the hydrogel (Fig. 2b). It can be
seen that as the number of water molecules increase, its binding energy
with the hydrogel decreases. A logarithmic plot was used to fit the data
and it can be projected that when the number of water molecules
adhered to the hydrogel increases beyond 120, the binding energy be-
comes zero. This indicates that the absorbed/adsorbed water molecules
are only physically adsorbed and not chemically bound. This unique
nature of the hydrogel enables easy water transfer to the semiconducting
layer.

The absorption characteristics of the hydrogel was studied by vary-
ing the mass loading of the hydrogel and exposing it to humid atmo-
spheres. Moisture absorption rate plays a crucial role in intensifying the
dehumidifying effect of the hybrid device. The faster the hydrogel ab-
sorbs moisture from humid air, the raid is the dehumidification effect.
Several factors affect the rate of moisture absorption by the hydrogel
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Fig. 2. (a) Simulated structure of the hydrogel
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with thickness having the most profound effect. The absorption char-
acteristics of the hydrogel is shown in Fig. 2c. The area of hydrogel
coating was kept constant at 26 cm?. The amount of hydrogel loaded
onto the fixed area was increased gradually and the absorption rate was
studied. Loading of 0.09 g of the hydrogel yielded a mass loading ratio
(Surface area/Weight of hydrogel) of about 300 cm?/g and this was the
thinnest coating. The mass loading was then increased to about 0.19 g
and 0.33g to yield mass loading ratios of 140 cm?/g and 80 cm?/g
respectively and eventually a thicker coating of the hydrogel. It can be
seen from the figure that thinner the thickness of the coating, faster is
the moisture absorption rate. This is evident from the fact that, thinner
the coating, more surface is exposed for moisture capture. As the
thickness of the hydrogel coating increases, there is a reduction in the
absorption rate owing to the fact that diffusion of water molecules to the
bottom layer is a slower process when compared to moisture absorption.
As the hydrogel absorbs water, there is a consequent reduction in the RH
of a confined space. Fig. 2d shows the effect of moisture absorption by
the hydrogel on the RH of a confined space. It can be seen that, more the
mass loading of the hydrogel, more is the amount of moisture absorbed
and drier the confined volume. Though the thinnest coating absorbs
moisture faster, the thicker layer can absorb and contain much more
water (weight basis) and hence lead to a drier space.

Optical transmittance of the photoanode (dye-sensitized TiO2 layer)
controls the number of photons that are available for absorption by the
dye. Supplementary Fig. S2 shows the UV-Visible absorption spectrum
of the SK3 dye and the optical transmittance of the dye-sensitized TiO5
film. The dye shows a peak absorption at ~435nm. A strong red shift
and broadening of the absorption band was observed in case of dye
adsorption on TiO2 surface due to the interactions of the anchoring
group with the titanium ion. This confirms a stronger electron accepting
tendency of the dye, which is of paramount importance for electron
transfer reactions.

PEC measurements (Fig. 3a) were done on the assembled device at an

applied bias of 0 V vs RHE and at a pH of about 7. A LED lamp of light
intensity 10 mW/cm? (0.1 sun) was used for illumination of the device.
The emission spectrum of the LED used is shown in Supplementary
Fig. S3. From the emission spectrum, there is no radiation emitted in the
infrared region and hence there is no heating of the device, which in turn
reflects that the generated photocurrent is only because of the PEC water
splitting reactions. The device was assembled, and the hydrogel was
initially in DH state. Without any water available for PEC reactions to
take place, the device did not show any photoresponse in the DH state of
the hydrogel. The device was then exposed to 70% RH for about 1 h, 2h
and 12 h to effectuate moisture absorption by the hydrogel and the PEC
measurement was repeated and stable photocurrents of about 25 pA/
cm?, 50 pA/cm? and about 80 pA/cm? respectively were observed. The
device was then exposed to 70% RH for about 24 h so that the hydrogel
reaches a water saturated state. In this condition, a maximum photo-
current of about 270 pA/cm? was observed, which stabilized at about
250 pA/cm?. This clearly shows that, more the amount of water avail-
able for breaking down, higher is the photocurrent generated in the
device. The effect of the mass loading of the hydrogel on the device
performance was studied (Supplementary Fig. S4) and it was found to
have almost nil effect to the photocurrent when the hydrogel is in water
saturated state. The thickness effect and the mass loading of the
hydrogel affected the dehumidification performance of the device only.

Fig. 3b shows the Linear Sweep Voltammetry plot for the dye-
sensitized TiO; electrode in a KPI buffer (pH 7). Water reduction re-
sults suggest that the sensitization of TiO, with dye yields the maximum
photocurrent (at 0 V vs RHE). Further to this, EIS spectra (Fig. 3c) of the
photoanode was studied to understand the reaction kinetics and the
photoelectrode-electrolyte interface resistance. The solution resistance
for the electrode has a slightly decreased value under light illumination
owing to the excess carriers generated by dye excitation. However, there
is not much difference in the electrode-electrolyte interfacial interaction
in dark and light conditions as the arc of the Nyquist plots are almost
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Fig. 3. (a) PEC measurements for the fabri-
cated device. When the hydrogel is fully
saturated with water, a maximum photo-
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identical (inset image). The working principle of the device is explained
in Fig. 3d. The hydrogel inherently contains trace amounts of ethanol-
amine that was added during the synthesis. Additionally, to serve as the
electron donor [42] to regenerate the dye, two drops of ethanolamine
was added to the synthesized hydrogel during the assembly of the de-
vice. The reactions happening at the photocathode and photoanode can
be summarized as follows:

Photoanode: TiO,-SK3-+hv — TiO»-SK3* — TiOx(e)-SK3" + EA — TiO,-
SK3-+EA*

Photocathode: TiOx(e™)-SK3™ + Pt > TiO»-SK3 + Pt(e™) + HT =Pt + % H,

Mott-Schottky analysis (Supplementary Fig. S5) was carried out to
study the shift in the flat-band potential (Eg,) and charge carrier density
(No) in the pristine TiO3 and SK3 sensitized TiO, photoanode when in
contact with the KPi solution (0.5M K;HPO4 and 0.5 M KH5POQy4 in DI
water, pH7). A three-electrode system with TiO, or TiO2-SK3 as the
working electrode, aqueous Ag/AgCl electrode as a reference and a Pt
wire as the counter electrode was used to perform the Mott-Schottky
analysis with a bias from 0 to -1 V vs RHE without and with light illu-
mination. Both electrodes had a positive slope, which indicates that TiOy
is a n-type semiconductor. The Eg, of the TiO2-SK3 (8eV) is slightly sif-
ted, due to the interaction of the acidic proton (-COOH) with TiO3 which
led to positive charging of the TiO2 semiconductor, resulting in the shift
of Eg,. The charge carrier concentration was calculated based on the
known dielectric constant of TiO, and permittivity of vacuum and it was
found to be 3.60 x 10'° cm ™3 and 4.50 x 10%° cm ™2 for pristine TiO, and
TiO2-SK3 electrode, respectively. The 12.5 times high charge carrier
density of TiO,-SK3 is indicative of effective photon-electron conversion
by the adsorbed dye molecules.

To conclusively prove the effect of simultaneous dehumidification
and energy/hydrogel generation by the device, an experiment was
conducted wherein the device was placed in a controlled chamber that
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was maintained at an RH of about 80% and was exposed to a LED lamp.
The temperature and RH of the chamber was continuously monitored.
The absorption of moisture by the hydrogel resulted in a continuous
drop in RH of the chamber from 80% to about 45% in about 30 min. A
plot showing the reduction in RH of the chamber with the device and the
concurrent photocurrent generation is shown in Fig. 4. Since tempera-
ture has a profound effect on the levels of RH, the temperature of the
chamber was also continuously monitored under light illumination. It
was observed that the LED illumination did not increase the temperature
of the chamber. Another study was conducted as a control measure
wherein the RH and temperature of the chamber was monitored without
the device and the results are shown in Fig. 4. The RH of the chamber
remained constant at 80% in the absence of the device. This also proved
that there is no dehumidification effect just by illumination of the LED
light source. These experiments conclusively prove that the reduction of
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Fig. 4. Control experiment showing the simultaneous dehumidification and
energy generation by the device. The LED lamp used for illumination does not
increase the temperature of the chamber. In the presence of the device, there is
a RH drop in the chamber from 80% to 45% in under 30 min.
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the RH inside the chamber is only due to moisture absorption by the
device. Furthermore, long term studies were conducted to corroborate
the proposed working mechanism of simultaneous moisture absorption
and photoelectrochemical splitting of the absorbed moisture (Supple-
mentary Fig. S6). A longer duration of the photocurrent in humid con-
dition shows that the process of water absorption and water splitting
happens in tandem which substantiates our working principle. In case of
the dry chamber, there is not much moisture available for the hydrogel
to absorb and hence the photocurrent decays at a much faster time.

To summarize, we have demonstrated a novel device architecture
that can ‘breathe-in’ atmospheric humidity for energy generation thus
serving as an effective smart dehumidifier which generates electricity.
This has been achieved by integrating tailored hygroscopic materials
into DS-PEC’s to serve as the source of water for the photo-
electrochemical reactions to take place. With continuous regeneration of
the hygroscopic materials on the surfaces of the electrodes, we have
shown that it is possible to generate photocurrents for a prolonged
period when the cell is placed in a humid atmosphere.
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