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Abstract

To alleviate the escalating global demands for electricity with a low carbon footprint, we can resort to a green
energy source that is conveyed by tiny temperature or moisture gradients. A tremendous source of low-grade
energy scatters around us and remains unutilized, which is why thermoelectric and hydrovoltaic devices were
invented. Our review focuses on a growing trend of implementing hydrogel-based ionic thermoelectric systems and
hydrovoltaic devices as they hold the promise of electric outputs that are several times higher than conventional
solid-state inorganic counterparts. This is due to the molecular-level tailorable features of hydrogel polymers and
their interactions with water and other functional additives, which provide an ideal platform for low-grade heat and
water energy harvesting from fundamental and practical perspectives. This review is divided into three sections.
We present working principles, engineering concepts, state-of-art designs, and urgent challenges for hydrogel-
based (i) ionic thermoelectric systems; (ii) hydrovoltaic devices; and (iii) their hybrids.
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INTRODUCTION

Two of the biggest challenges of the 21st century at the global level are the energy crisis and climate change
issues'". To address the increasing worldwide demand for electricity without added carbon emission, energy
recovery systems that capitalize on the low-grade energy in terms of low-grade heat or water for direct
electricity production offer a promising strategy, especially of which low-grade heat and water (e.g.,
moisture, droplets) share the same significant advantages of omnipresence and abundance in our living
environment. Envision this scenario: the low-grade waste heat ejected by air conditioners is emitted to the
outdoors; meanwhile, the indoor humidity is reduced by running air conditioners compared with humid
outdoors in the places like Singapore, Hong Kong, New Orleans, etc. Thus, temperature and moisture
gradients are built across indoor and outdoor environments and offer a great opportunity for electricity
production [Figure 1]. Likewise, our bodies generate a similar temperature gradient or moisture gradient
towards the surrounding environment, making easy access to such energy sources with the prospect of
power generation.

Any kind of gradient is equivalent to a driving force that could do work in the system. Conventional
electrochemical energy conversion systems have been developed with proven utility and ability to harvest
the scattered energy in the environment. This provides us with significant experience in paring electrodes,
electrolytes, separators, etc., to optimize these systems from the mechanism, design, and energy conversion
efficiency. Particularly, a small difference in temperature or moisture can lead to a reaction entropy change
or chemical potential change in an electrochemical system™. Access to such gradient sources is very
appealing for extensive energy recovery and portable power supply. With the aid of gelation chemistry to
build a quasi-solid-state device without moving fluids, there is a growing trend of using hydrogel materials
to upgrade electric outputs in new ionic thermoelectric systems (i-TEs) and hydrovoltaic devices [Figure 2].

Hydrogel is a three-dimensional (3D) network of hydrophilic polymers from cross-linked individual
polymer chains, which can swell and hold large amounts of water while maintaining a defined structure'*.
Taking advantage of multitudinous and tunable molecular building blocks and rational integration with
functional additives such as redox couples, salts, ligands, and secondary polymers [Figure 3A], not only can
hydrogels enable water absorption and retention properties and desirable features of transport of mass and
ion but also provide large surface areas for active sites and abundant pendant groups for versatile
function®. These properties underpin their applications in i-TEs and hydrovoltaic devices, where hydrogels
have been used as local concentration regulators, polyelectrolytes, transport media, separators, ion channels,
surface functional layers, and many more [Figure 3B]'“".. Despite microcosmic pictures of ion transport in
bulk hydrogel or interfacial redox processes remaining to be explored, they are important for us to obtain
fundamental insights and optimize macroscopic properties and performance. Generally, hydrogel-based i-
TEs and hydrovoltaic devices are operated separately, whereas, as the heat gain (or loss) and corresponding
temperature regulations are naturally correlated with the events of water in hydrogels (e.g., condensation,
convection, evaporation), the hydrogel component in the one (hydrovoltaic device) can work jointly with
the other (i-TE), and vice versa for maintaining the temperature gradient or enhancing water
evaporation"™' Such synergies between temperature gradient and transpiration induced charge
concentration at the electrode interface may be exploited for increasing output voltage [Figure 2].

In this review, we summarize the fundamental mechanisms and engineering concepts related to the
development of hydrogel-based i-TEs, hydrovoltaic devices, and their hybrids. We highlight the similarities
in working principles between i-TEs and hydrovoltaic devices and the opportunities for the discharge
modes of the former to be extended and adopted by the latter to improve power output. In each session, we
start with working mechanisms, then present recent progress in how hydrogel materials were integrated
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Figure 1. Two examples of low-grade energy of moisture and low-grade heat co-existing in our living environment. Body heat and
moisture from breathing, sweating, cutaneous transpiration, etc., can be harnessed for power generation based on hydrogel materials.
Exhaust heat from air conditioners and relative humidity differences between indoor and outdoor environments can also be utilized to

produce electricity through hydrogel materials. (lonic species at oxidized state and reduced state are expressed as Ox and Red,
respectively).
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Figure 2. The scope of the present review including hydrogel-based ionic thermoelectric systems, hydrovoltaic devices, and their
hybrids.
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Figure 3. (A) Hydrogel network and functional additives including redox couples, salt ions, and additive polymers. (B) General routes of
utilizing gradient energy with the aid of hydrogel materials. (B,) Phase-change hydrogel serves as a local concentration regulator to
suppress or promote redox reactions at the electrode and electrolyte interfaces. (B,) Either dry polyelectrolyte adsorbing water from
moist air or wet polyelectrolyte being thermally activated can release charged mobile ions to establish a concentration gradient across
the hydrogel. (B) Introduction of functional additives into the hydrogel can selectively localize anions but facilitate the ions with the
opposite charge, consequently building the concentration gradient. (B,) Hydrogel made of nano/microchannels (or designed physical
constraints) works as an ion-selective membrane. In (B,-B,) the hydrogel performs in different length scales (i.e., at the interface or in
bulk).

with those energy conversion systems, and conclude with remaining challenges involving unknown
mechanisms, future practical applications, and perspectives.

IONIC THERMOELECTRIC SYSTEMS USING HYDROGEL MATERIALS

Abundant sources of waste heat exist in many industries and daily life due to limitations of current power
generation technologies; approximately 60% is in the form of low-grade heat (< 100 °C)"?. Especially
considering the environmental energy capture, the applicable temperature window is further narrowed
down to ~15 °C (e.g., the human body of 37 °C to the surroundings of 22 °C). Conventional solid-state
thermoelectric materials (TEs), including semiconductors and conducting polymers, were expected to be a
prioritized solution to regenerate energy from waste heat and supply electric power through asymmetric
electron (or hole) distribution and transport of the generated charge carriers in n-type (or p-type) TEs
driven by a temperature gradient [Figure 4A]. Because of the small thermopower of approximately
100-200 uV K, to meet a practical voltage of 1-5 V, we need to keep tremendous temperature gradients or
connect thousands of TE units in tandem, or through a voltage amplifier*'*. Recent developments in i-TEs
extend the applicable temperature window to low-grade heat and show potential for pragmatic daily
applications by virtue of very high thermal sensitivities (i.e., thermopower up to tens of mV K*)""*%.,
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Figure 4. Working mechanism of TE, TGC and TDC. (A) A p-type TE with continuous hole flow driven by a temperature gradient. a is
the thermopower, AV and AT are the potential difference and temperature difference between the hot and cold electrodes, respectively.
V(T,), V(T), T, and T, represent the potential and temperature at the hot and cold electrodes, respectively. (B) A p-type TGC with a
redox reaction Ox + ne” < Red, producing a continuous current with electrochemical reactions occurring at the hot and cold electrodes.
n is the number of electrons transferred in the reaction, F is the faradic constant, S,, and S,., are the molar entropy of the redox species.

1 Zox

(C) A p-type TDC with cations diffusing with higher mobility over anions, producing an intermittent current through the thermal

charging and electrical discharging cycle. $ is the Eastman entropy and D is ion diffusion coefficient. Note that the equation used to
estimate the thermopower of TDCs is a theoretical example, which is derived from the simple system, e.g., a KCl aqueous electrolyte at
ideal conditions.

Among various i-TEs for low-grade heat-to-electricity conversion, two technical routes have drawn
extensive attention, namely, thermogalvanic cells (TGCs) and thermo-diffusion capacitors (TDCs). TGCs
have a relatively long history which dates back to the late 1970s when Burrow"” and Quickenden®"
proposed liquid-based alternatives to solid TEs. A typical TGC works under a thermal gradient, with redox
reactions occurring at two electrodes to produce a steady current through the external circuit [Figure 4B].

TGCs, leveraging temperature-dependent redox reactions on spatial or time scales, have inspired several
auspicious derivatives, such as thermal regenerative cycles (TRECs)"”**", thermal regenerative ammonia-
based batteries (TRABs)"***", CO,-induced pH-sensitive thermally regenerative cells (pH-TRCs)""*?, direct
thermal charging cells (DTCCs)"****), and more. In contrast, a typical TDC converts heat to electric power
based on thermal-induced ion diffusion and is operated like a (super)capacitor to transduce an ion
concentration gradient in the electrolyte to the electron flow through the external circuit [Figure 4C]. Both
TGCs and TDCs containing redox couples or salt ions fundamentally differ from TEs, in which electrons
and holes can directly pass through the electrodes [Figure 4A]. Interfacial reactions (for TGCs) or ions
accumulation (for TDCs) occurring at a very small distance from electrode surfaces (within tens of
nanometers that are deduced from EDLs) dominate the thermoelectric response in terms of magnitude and
speed™. Therefore, i-TEs are required to be “electrically thin” to ensure fast kinetics but “thermally thick”
to maintain a proper temperature difference.

Various i-TEs have distinct origins of technology; the indicator used to describe thermoelectric
performance (e.g., Seebeck coefficient and temperature coefficient) varies from work to work. To be more
precise and comparable, the thermopower (a) is defined here with the same expression:
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where AV and AT are the potential difference and temperature difference between the hot and cold
electrodes. V(Ty), V(T,), T, and T, represent the potential and temperature on the hot and cold electrodes,
respectively. In analogy with solid-state TEs, a system with a positive a will be called “p-type” while the
negative a will be called “n-type” in the following discussion.

Biological hydrogels that can convert thermal stimulus into electric signals have been discovered in sharks,
and thermoelectric heat pumps exist in wasps”™””, which suggests the great potential of hydrogel materials
to be adopted by i-TEs. A large and growing body of research endeavors has been devoted to hydrogel-
based i-TEs, where the interactions among electrodes, ions, and solvent-rich media govern the working
mechanisms involving a faradic effect, non-faradic effect, or synergistic effect. As a highly solvent-rich and
customizable material, hydrogel exhibits versatile features and exceptional adaptabilities that match well
with i-TEs™*. First, benefiting from gelation chemistry, hydrogels can be well integrated into electrodes,
polyelectrolytes (with redox couples or non-redox active ionic species), ion channels, and more. Second, a
solvent-rich environment permits sufficient ion dissociation and ion transport”. Third, the polymer matrix
minimizes convective heat transfer in the electrolytes to maintain the temperature gradient for long-term
operation. Moreover, an additional benefit for hydrogel-based i-TEs is the ease of serial connections of n-p
units to increase the voltage and current output™. Other general advantages of hydrogel materials, such as

[8,40,41 42]

softness and stretchability***], self-healing*”), etc., have also been integrated into a variety of i-TEs.
Hydrogels in thermogalvanic cells

In TGCs, a thin layer of electrolyte containing redox couples is sandwiched by hot and cold electrodes
[Figure 4B]. The reaction entropy of the redox couple is sensitive to the local temperature. Ions are oxidized
or reduced at electrolyte-electrode interfaces to produce electricity continuously. For a redox reaction

V(T,) -V, As, . .
%: —0, === AS, = Speq - So Where a, is the thermogalvanic

nF
coefficient (also known as temperature coefficient), # is the number of transferred electrons of the reaction,
F is the faradic constant, AS, is the reaction entropy change, S,, and S,,, are the molar entropy of the redox
species””. The rational choice of a redox couple is essential to fabricate a high-performance TGC, and,
ideally, a large reaction entropy dictates a large thermopower. Extensive research has focused on finding
superior redox couples such as ferri/ferrocyanide (Fe(CN),”/Fe(CN),*)“*, ferrous/ferric (Fe**/Fe*)! ),
iodide/triiodide (I'/1,)", vanadium (V*/V*)!, cobalt complex (Co(bpy),*"/ Co(bpy),*)"*, etc. [Table 1].
Their thermopowers change in response to varying ion concentrations, pH, additives, etc. In addition to
soluble redox couples, some solid-state electrode materials that are dissolved/redeposited at electrodes, e.g.,
Cu/Cu*, Zn/Zn*, can be used in TGCs, whereas there is a likelihood that the cyclicity and stability of TGCs
are compromised due to irreversible corrosion. Considering reversibility, redox couples for TGCs are very
limited, and there is marginal room to directly maneuver the reaction entropy. Nevertheless, tuning the
local concentration of redox couples was demonstrated to be an effective strategy to improve thermoelectric
properties remarkably.

Ox + ne < Red, the thermopower is ¢=-

Thermo-sensitive hydrogel as a local concentration regulator in TGCs

Regulating local concentrations of redox ions (C,./C,,) by using thermo-sensitive (or phase-transition)
hydrogels is able to increase a [Figure 3B1], where C,,; and C,, is the concentration of ionic species at the
oxidized state and reduced state, respectively. In 2016, Zhou et al. proposed the concept of thermo-sensitive
supramolecular enhanced « of I/1, in TGCs using a-Cyclodextrin (a-CD)®. The selective host-guest
interaction of a-CD and I, can capture redox-active I, at a low temperature, thus increasing the C,,,/C,, and
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Table 1. Typical redox couples in aqueous solution and their thermopower™**”!

Redox reaction Thermopower (mV K™) Type
Fe(CN),” + & > Fe(CN),* 14 P
Fe¥' +e o Fe™" -15t0-0.2 N
Iy +2e <3l -09t0-0.5 N
Ve o v 17 N
Colbpy)y™" + e > Colbpy)s™ -12 N

shifting the equilibrium toward the oxidation at the cold electrode, leading to an increased « from -0.86 to
-1.4 mV K" and a power of 0.8 pW. Likewise, poly(N-isopropylacrylamide) (PNIPAM) hydrogel undergoes
a coil-to-globule transition at a low critical solution temperature (LCST, ~32 °C)"", which can work with a
similar protocol and effectively tune a of I'/1, redox couple™. Figure 5A and B show the mechanism of this
thermo-sensitive pNIPAm hydrogel serving as a local concentration regulator, where the pNIPAm hydrogel
captured I, at high temperature when it transformed from a hydrophilic state to a hydrophobic state, thus
increasing the C,,/C,, and shifting the equilibrium toward the oxidation at the hot electrode. Figure sC
gives the concentration change of I and I, at different temperatures with and without the pNIPAm
hydrogel, where the addition of pNIPAm hydrogel strongly decreased the concentration of redox-active I,
while barely changed that of I. This concentration difference can be enlarged with increasing temperature
and therefore leads to a reaction proceeding in the opposite direction compared with pristine I'/I,” redox
couple, and an opposite open-circuit voltage (V,). In other words, the n-type nature of I/L;
(e =-0.71 mV K") was converted to p-type with the addition of pNIPAm hydrogel (¢ = 1.91 mV K), and a
power of 0.35 uW was achieved [Figure 5D and E]. Another candidate for thermo-sensitive hydrogel is
methylcellulose (MC). Similar to pNIPAm, MC is a large molecule with hydrophobic methoxy groups,
which switches from a hydrophilic state to a hydrophobic state at a temperature higher than 56 °C. The
addition of MC into I/1, electrolytes [MC/(I/1,)] captured I, and increased the C,,/C,, at the hot
electrode, resulting in a tunable « from -1.31 mV K" (T, = 24 °C, T\, > 56 °C) to 1.48 mV K" (T, = 24 °C,
T, < 56 °C) [Figure 5F and G]™\. Figure 51 shows the V, changed in response to the hot electrode
temperature for TGCs containing different amounts of MC. The transition from n-type to p-type i-TE at
around 56 °C could lead to the gelation of MC/(I'/1,). Besides, introducing small amounts of KCl
substantially reduced the transition temperature to 32 °C and further boosted the « up to 9.62 mV K" in
MC/(I/1,)/KCl electrolytes [Figure 5]]. It was speculated that the binding between oxygen sites on MC and
K* cations could facilitate the reversible complexation and dissociation of the K*-MC-I/I,;” complex
[Figure 5H and K], causing a larger entropy change for the I'/I; redox couple. As a result, the maximum
power of 0.12 and 0.36 mW m™ K were obtained for n-type and p-type TGCs, respectively [Figure 5L].

Hydrogel-enabled p-n TGC series

On the system level, the p-n series connection of TGCs (similar to traditional TE panels) is a
straightforward approach to achieving pragmatically usable and large electric outputs and real wearable
devices. However, traditional aqueous electrolytes restrict the large-scale integration and packing of TGC
units®. As the quasi-solid electrolyte has been successfully applied to similar electrochemical energy
systems, such as lithium-ion batteries®, it reveals an alternative of polyelectrolyte for the p-n series
connection of TGCs. Explicitly, hydrogel materials, e.g., poly(vinyl alcohol) (PVA)", polyurethane®*,
cellulose®>*, gelatin"*, and polyacrylamide (PAm)"“”, have been tested as the quasi-solid matrix for series
packing of TGCs. In 2016, Yang et al. reported a V. of ~0.7 V and a short-circuit current (I) of 2 A by
utilizing body heat at an ambient temperature of 5 °C with the aid of 59 pairs of p-type PVA/(Fe(CN),*/
Fe(CN),*) and n-type PVA/(Fe**/Fe™) connected in a tandem structure [Figure 6A-E]". A similar design
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Figure 5. (A) Schematic of TGCs containing only I'/I;" (n-type) and pNIPAm/(I'/15) (p-type). (B) The phase change of pNIPAmM
nanogels and the redox reaction of I'/1,".(C) Concentration change ratio of I and |, at different temperatures. (D) V,, as a function of
temperature difference with and without pNIPAm nanogels in the I'/I; electrolyte. (E) I-V curves and corresponding power at
AT =10 K. (F and G) Schematic of TGCs containing MC/(I'/1;) at different temperatures, switching from n-type (T, , < T\, qiion) t0 P-
type (Tyo > Tiansition)- (H) Schematic of a TGC containing MC/(I'/15)/KCl at T, > Tyonciion- (1) Vo @s a function of hot electrode
temperature for various MC/(I'/15) electrolytes with different MC amounts. The temperature of the cold electrode was 24 °C. (J) V, as
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was 24 °C. (K) Salt-induced complexation, K" and |, ions interacted with MC via O sites and methyl groups. (L) V,. and maximum
power for I'/1;, MC/(I'/15), and MC/(I'/1;)/KCI TGCs. (A-D) Reprinted with permission from Ref.[SZ].Copyright 2019 Elsevier. (E-K)
Reprinted with permission from Ref.”"*. Copyright 2020 American Association for the Advancement of Science.

comprising 50 pairs of p-type polyurethane-pNIPAm /(I/1,) and n-type polyurethane/(I/1,) yielded a V,, of
~1.0 V and a I of 32 pA with body heat at an ambient temperature of 5 °C [Figure 6F-1]""”. Nevertheless,
fully flexible TGCs were still limited by their substrates and encapsulation covers. The TGC fibers were then
proposed”™**. Figure 6] illustrates a highly soft and stretchable TGC textile made of Pam/
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Figure 6. (A) 59 pairs of p-type PVA/(Fe(CN),*/Fe(CN),*) (PPF) and n-type PVA/(Fe*'/Fe**) (PCF). The polyelectrolytes were
sandwiched between two flexible substrates made of polyimide (PI). (B) V,_as a function of AT.(C) [-V curve and the corresponding
power density of one pair of p-n series. (D) V,_and I, of 59 pairs of p-n series by using body heat at an ambient temperature of 5 °C.
(B) V,, of capacitors charged by 59 pairs of p-n series in (D). (F) Schematic and photo of 50 pairs of p-type polyurethane-pNIPAm /(I'/I
5 ) and n-type polyurethane/(I'/15). The nanogel in (F) stands for pNIPAm. (G) V. as a function of AT.(F) I-V curve and the
corresponding power density of 50 pairs of p-n series by using body heat at an ambient temperature of 5 °C. (1) V,_of capacitors
charged by 50 pairs of p-n series in (G). (J) Soft and stretchable TGC textiles made of p-type Pam/(Fe(CN)éa'/Fe(CN)GA') and n-type
Pam/( Fe”'/Fe’). (K) V,, and I, at a AT =10 K with different p-n pair numbers. (L) V,_ of the TGC textile worn on the arm in various
scenarios. (M) V,of a 220 nF capacitor charged by the TGC textile worn on the arm at an ambient temperature of 10 °C. Reprinted
with permission Ref.”®. Copyright 2016, WILEY-VCH. (F-1) Reprinted with permission Ref."?.Copyright 2019, Elsevier. (J-M)
Reprinted with permission Ref.””. Copyright 2021, WILEY-VCH.

(Fe(CN),>*/Fe(CN),*, Fe*"/Fe*) hydrogel fibers"”. Polydimethylsiloxane (PDMS) served as an encapsulation
coat for the hydrogels. Carbon nanotubes (CNTs) were added to PDMS to fabricate stretchable electrodes.
As a whole, this all-soft TGC textile ensured close contact with the skin for body heat harvesting, generating
V., up to ~0.7 V in a cold environment at 10 °C [Figure 6K-M].
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Hydrogels in thermo-diffusion capacitors

The Soret effect that ions with opposite charges diffuse at different mobilities in response to a temperature
gradient has been ignored because of its small contribution to the overall thermopower for most liquid-
based i-TEs. It implies an opportunity to maximize the thermopower by manipulating ion mobilities in
hydrogel materials, which can pose either chemical constraints like chelation or physical constraints such as
coulombic attraction/repulsion to ionic species [Figure 3B]. In the last decade, a complementary i-TE (i.e.,
TDC) that capitalizes on distinct ion diffusions of anions and cations has attracted increasing attention.
TDCs exhibit an up-to-date record of 43.8 mV K", and the value is more than two orders higher than that
of TEs™. Figure 4C shows the working mechanism of TDCs. Under a thermal gradient, the cations and
anions with different mobilities (absolute values or directions) cause an electric field across the system. The
V@)V

LT,

($) and standard single-ion heat of transport (Q*) could be adopted to describe the ion transport of solvated

thermopower of TDCs isa= =a,, where a,, is the thermo-diffusion coefficient. Eastman entropy

ions under the thermal field, s”:%*. In the KCI solution where n, = n, the thermopower abides by

:%, where n and D are the numbers and the diffusion coefficient of ions, respectively"®.
e(D. +D._

However, neither $ nor D could be obtained accurately in practice. Besides, other estimations, such as

d

s __or . .
N.le| N, e7> Where N, is the Avogadro number and [e| is the charge of an electron, have been used to

td

predict the theoretical thermopower yet lead to unsound results. For example, the thermopower of Na*
cations was estimated to be 0.1 mV K" when the Q* of 3 k] mol "' for Na" was applied. This thermopower is
100 times smaller than the empirical result of Na® (10 mV K") in polyethylene glycol/sodium hydroxide
(PEG/NaOH)"*\. As a matter of fact, it is extremely hard to apply the aforementioned estimation methods
to liquid mixtures or hydrogels. Because there are numerous additional factors, including solvent transport,
interactions of ionic species, solute concentration, pressure, etc., which all behave according to less
understood mechanisms'®**?. In short, large thermopowers observed in recent works relying on thermo-
diffusion still lack rigorous explanation, and other possible mechanisms, such as temperature-dependent
dissociation/binding of ions and other thermal effects of electrolyte-electrode interfaces, also need to be
taken into account'™.

Hydrogel as ion dissociable polyelectrolyte in TDCs

Hydrogel is ideal as a polyelectrolyte because it provides dissociable ions and a low-viscous background for
mass and ion transport and offers sufficient and versatile pendant groups for regulating ion behaviors
[Figure 3B2]. A typical example is a poly(sodium 4-styrenesulfonate) (PSSNa) hydrogel, where Na* cations
are diffused against the fixed negatively charged PSS backbones at a thermal gradient, exhibiting an « of
4 mV K" Because ions cannot pass across the electrolyte-electrode interface to the external circuit as
electrons or holes can, TDCs deliver intermittent discharging current that decreases over time to zero when
TDCs are connected to external loads. In 2016, a 4-stage charging-discharging cycle of TDC and its
theoretical model were proposed by Zhao and Wang et al. and a large thermopower was attained with the
controlled ion transport in NaOH-treated polyethylene glycol (NaOH-PEO)"*". The hydroxyl groups
(-C-OH) on the PEO were transformed into anionic alkoxide end-groups (-C-O-Na), resulting in polymeric
anions with low mobility but Na* cations with high mobility. Figure 7A and B show the capacitor-like 4-
stage charging-discharging cycle of the TDC comprised of Au/CNT electrodes and NaOH-PEO electrolyte,
(i) V,. increased while a AT of 16 K was applied, corresponding to the Na* cations diffusing to the cold
electrode; (ii) R, (100 kQ) was connected, and V,,, decreased while the charges were transferred to the
CNT-Au electrodes; (iii) The circuit was disconnected, and AT was removed. V,_ further decreased while the
ions moved back along with the re-distribution of cations and anions. The remaining charges on the
electrodes are responsible for the observed V, with a reversed voltage direction (compared with V. in
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Figure 7. (A) Schematic of 4-stage charging-discharging cycle of TDC made of NaOH-PEO electrolyte and Au/CNT electrodes at a AT
=16 K (R,py = 100 k). (B) V. of NaO-[CH2-CH2-0],-Na TDC during charging and discharging by applying a periodic heating source.
(C) The charges being transferred during charging (black squares) and discharging (red circles) at different AT (R,,,, = 100 kQ). (D)
Schematic of a TDC made of PSSH polyelectrolyte and PANI electrodes. (E) Redox reactions of PANI during charging and discharging
processes (switching between emeraldine salt and leucoemeraldine base). (F) a and electrical conductivity of PSSH TDC at various
humidities and measured at different configurations, i.e., in-plane and out-of-plane. (G) 3-stage charging-discharging cycle of PSSH
TDC at a AT = 5.3 K (R4 = 1kQ). (A-C) Reprinted with permission Ref."”. Copyright 2016, The Royal Society of Chemistry. (D-G)
Reprinted with permission Ref."®®. Copyright 2016, WILEY-VCH.

stage I); and (iv) the TDC was discharged and provided useful energy to the external load. Accordingly, the
charges being transferred to the electrodes at stage (ii) (Q,ugn,) is highly related to the capacity of electrodes,
eventually affecting the overall energy efficiency. In particular, the Au/CNT (1031 uF cm™) outperformed
bare Au electrodes (5.1 pF cm™) for a Qe = 2.42 *x 107 C [Figure 7C] and a peak energy efficiency of
5x10%% at a AT = 4.5 K, while the Au electrodes lost its voltage immediately because of the small
capacitance.

Besides inert electrodes (e.g., carbon, gold, and platinum), redox-active electrodes, such as polyaniline
(PANI) conducting polymers, were incorporated to transduce the gradient energy of ions in the
polyelectrolyte to the PANI electrode via electrochemical reactions. Particularly, the PANI were thermally
charged to an oxidation state (leucoemeraldine base at high temperatures) or reduction state (emeraldine
salt at low temperatures) [Figure 7D and E]. Additionally, the PANI deposited on highly porous flower-
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Figure 8. (A) Schematic of Pam-alginate/EmimBF,/PEG TDC. (B) Diffusion coefficients of Emim” and BF,” as a function of PEG
concentration. (C) Diffusion coefficients of Emim" and BF,” as a function of temperature. (D) 4-stage charging-discharging cycle of
Pam-alginate/EmimBF,/PEG TDC at a AT = 3.4 K (R),,y = 1 kQ). (E) [-V curve and the corresponding power density of Pam-
alginate/EmimBF,/PEG TDC at a AT = 3.1 K. Reprinted with permission Ref.”®!. Copyright 2021, Elsevier.

shaped graphene structures entangled by tubular CNTs (1200 F m?) were assembled with poly(4-
styrenesulfonic acid) (PSSH) polyelectrolytes, where an a of 8 mV K" at a relative humidity (RH) of 70%
was obtained [Figure 7F]'*". Compared with inert electrodes, these redox-active electrodes held the voltage
even after the temperature gradient was removed [Figure 7G]. Moreover, it is worth noting that the RH
greatly shifted the measured thermopower from 5 mV K' (RH = 30%) to 8 mV K* (RH = 70%) when the
sample was tested with in-plane configuration, implying an underlying water transport related mechanism
when a large surface area of hydrogel polyelectrolyte was exposed to the ambient air'®”.

Hydrogel as an intermediate to regulate ion transport in TDCs

Aside from directly dissolving ions from polymer backbones, a hydrogel can also serve as a medium to
house ionic species (i.e., cations and anions), inside which other polymer additives can modify the
mobilities of cations and anions to generate very high thermopowers [Figure 3B3]. As an example, the
double-network PAm-alginate hydrogel was carefully selected first for its water content of about 86%, which
allows the ionic liquid of EmimBF, to be used as the electrolyte and be dissociated sufficiently; second, the
alginate endowed with substantial carboxyl functional groups can localize Emim® ions; third, the PEG was
added to further impede the ion transport of Emim* through hydrogen bonding [Figure 8A]". As a result, a
large disparity of the mobility between Emim* and BF, was created, and therefore a very high thermal
voltage was obtained when a temperature gradient was built, corresponding to an « of 19.32 mV K. The
distinct mobilities of cations and anions [Figure 8B and C] at different temperatures were, for the first time,
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Figure 9. (A) Schematic of PVDF-HFP/EmimTFSI TDC, with and without PEG addition. (B) V, of EmimTFSI, PVDF-HFP/EmimTFSI, and
PVDF-HFP/EmimTFSI/PEG as a function of A T.(C) Diffusion coefficient of Emim” and TFSI” with different PEG content. (D) V,. of 18
pairs p-type PVDF-HFP/EmimTFSI/PEG and n-type PVDF-HFP/EmimTFSI connected in series at different AT.(E) Chemical structures
of EmimDCA, PVDF-HFP, and NaDCA. (F) lonic conductivity and a of PVDF-HFP/EmimDCA/NaDCA TDC as a function of Na” doping.
(G) lonic conductivity and a of PVDF-HFP/EmimDCA with different dopants at the concentration of 0.5 mol% with respect to
EmimDCA. (H) The 4-stage charging-discharge cycle of PVDF-HFP/EmimDCA/NaDCA at a AT = 0.5 K (R,,4 = 5 k). (I) Voltage
during stage Il with different R,,,.(J) Average power density as a function of R,,,, with and without NaDCA. (A-D) Reprinted with
permission Ref.”". Copyright 2019, The Author(s), Nature publishing group. (E-J) Reprinted with permission Ref."”. Copyright 2022,
Wiley-VCH.

characterized by 2D-diffusion-ordered spectroscopy (DOSY) nuclear magnetic resonance (NMR), allowing
a quantitative analysis of ion transport inside the hydrogel (or polyelectrolyte) rather than intuitive
assumptions. The voltage profile during charging-discharging of a PAm-alginate/EmimBF,/PEG is shown
in Figure 8D and E, and a maximum power density of 0.31 utW cm™ was achieved at a AT of 3.1 K. Another
example of using polymer additives to regulate ion transport is PEG in poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-HFP) with EmimTFSI ionic liquid [Figure 9A]"". In pristine PVDF-HFP/
EmimTFSI gel, fluorine atoms on the polymer matrix serving as the strong electron-withdrawing groups
were likely to increase the local molecular order and enhance the thermo-diffusion of anions, contributing
to the o of -4 mV K" for PVDF-HFP/EmimTESI. After adding PEG into PVDF-HFP/EmimTFSI gel, the
oxygen atoms in the PEG molecules were likely to enhance the thermo-diffusion of cations over anions,
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thus tuning the « from -4 to 14 mV K" [Figure 9B and C]. In addition, a PVDF-HFP/EmimDCA/NaDCA
TDC was reported to reach a large a from 25.5 to 43.8 mV K" by using 0.5 mol% sodium dicyanamide
(NaDCA) additive to EmimDCA [Figure 9E-G]". An increased mobility difference between cations and
anions originates from Na' cation doping. The p-type nature of PVDF-HFP/EmimDCA indicates DCA
moves slower than Emim" in the gel matrix, corresponding to an « of 25.5 mV K. After adding NaDCA,
the relatively strong Coulomb attraction between Na' and DCA™ ions hindered the diffusion of DCA" ions,
thus enlarging the mobility difference. In contrast, Cl anion doping (adding EmimCl) had the opposite
effect, which hindered the diffusion of Emim" and decreased the o from 25.5 to 22.0 mV K. Moreover,
other dopants like lithium chloride (LiCl) and magnesium chloride (MgCl,) barely changed « as they slowed
down both cations and anions in the gel matrix, where no further mobility difference between cations and
anions could be developed [Figure 9G]. As a result, PVDF-HFP/EmimDCA/NaDCA outperformed other
systems and exhibited a maximum power density of 11.2 mW m™ with a R, of 1 kQ at a AT of 0.5 K
[Figure 9H-J]. It is worthwhile noting that the solid-state NaDCA has a higher lattice energy, where Na" is
speculated to form strong bonding with DCA" to prevent DCA™ from moving. In other words, melting point
might be used as an indicator to predict the effect of dopants on the ion mobility of ionic liquids.

Hydrogel as an ion channel in TDCs

Instead of regulating ion transport inside a homogeneous medium, the hydrogel can be fabricated with a
physical channel structure, further improving the capability to localize ions or promote ion transport
[Figure 3B4]. Kim et al. designed a Cl channel by using poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) hydrogel containing cupric chloride (CuCl,) as a functional additive”; there was
strong metal binding between Cu** and PSS polymer chains [Figure 10A]. In the PEDOT:PSS dispersion, the
hydrophilic PSS polyanion shell prevented the agglomeration of PEDOT:PSS clusters [Figure 10B]. After
adding CuCl,, the strong ionic cross-linking of Cu** and PSS shells pulled the clusters together and left a free
water/anion channel in the wet conductive gel, which can be seen from the time-of-flight secondary ion
mass spectrometry (ToF-SIMS) map of the Cl' distribution image [Figure 10C]. This channel permitted the
ion transport of Cl' under the temperature gradient, therefore the p-type nature of the pristine PEDOT:PSS
was converted to n-type with a negative thermopower of -18.2 mV K. A fluorescence image showing the
color change in response to local Cl' concentration indicated CI transport at the temperature gradient
[Figure 10D and E]. In contrast to the Cl' channel, Figure 10F and G illustrate a design using an asymmetric
PVA channel to selectively localize Cl anions but transport H' cations”. This H" channel was
manufactured by orientated tensile crystallization of physically cross-linked PVA hydrogel. More
specifically, PVA hydrogel was made to be less crystallized on the hot side, but it was highly crystallized on
the cold side. When hydrated H" cations and Cl anions were driven by the temperature gradient from the
amorphous region to the crystalized region, these ions firstly experienced dehydration, then the H* cations
with a small radius could reach the cold side, whereas Cl" anions were blocked by the highly crystalized
PVA. As a result, an a of 38.2 mV K™ was achieved [Figure 10H-J]"".

Hydrogel-enabled p-n TDC series

Hydrogel-based TDCs can be connected and packed to form p-n series to enhance voltage output”””. P-n
pairs of PVDF-HFP/PEG/EmimTFSI with an « of 14 and -4 mV K" can be either manually assembled or
screen-printed [Figure 9D]"". 18 p-n pairs generated about 1 V at AT = 3 K, corresponding to 94% of the
sum of individual thermoelectric legs. Whereas 20 p-n pairs made by screen-printing only exhibited the a of
182 mV K, which probably resulted from electrodes being short-circuited.

Synergistic effect of thermo-diffusion and redox reaction
Generally, TGCs with thermogalvanic effect provide small thermal voltage but large current, while TDCs
with thermo-diffusion effect provide large thermal voltage but small current. To pursue i-TEs with high
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(Ripes = 47 kQ). (1) V. in response to periodic heating. (J) V,. of PVA/HCI TDCs connected in series at a AT = 1K. (A-E) Reprinted with
permission Ref.”?. Copyright 2020, The Author(s), The Royal Society of Chemistry. (F-J) Reprinted with permission Ref."*’. Copyright
2016, WILEY-VCH.

energy conversion efficiency in terms of both voltage and current, the integration of two systems in one
hydrogel-based i-TE was proposed. In a rationally designed i-TE comprising p-type and n-type elements,
there is a chance for the effects, i.e., thermogalvanic effect of redox couple and Soret effect of salt ions, to
promote but not to cancel each other [Figure 11A-C]. Starting the hypothesis that thermopowers can be
added or subtracted, the i-TE hybrid using gelatin that combined the thermogalvanic effect of Fe(CN),*/
Fe(CN),” (e, < 0, i.e., a > 0) and the Soret effect of KCl (a,, > 0, i.e., a > 0) was reported by Han et al., where
TGC and TDC elements mutually reinforced faradic redox reactions and asymmetric ion transport of K*
over Cl [Figure 11D]". A positive thermopower of 17.0 mV K" was obtained, and the estimated
contribution from each effect is shown in Figure 11E, as 10.2% from gelatin hydrogel (thermo-diffusion of
H* from the ionization of -COOH group), 17.9% from Fe(CN),*/Fe(CN),* redox entropy change, 9.7% from
thermo-diffusion of K,Fe(CN), and K ,Fe(CN),, and 62.2% from thermo-diffusion of KCI. To date, gelatin/
(Fe(CN),/Fe(CN),*)/KCI gave the recorded high power density of 0.66 mW m™ K for one single i-TE.
Figure 11F and G show the quasi-continuous charging-discharging process of the system, where the cell was
discharged for 10 s and recharged for 3 mins at a AT of 8.5 K for 100 cycles. A maximum power density of
0.66 mW m™ K? was achieved. Furthermore, when connected to a R, of 5,000 Q, the cell reached a
relatively steady stage with the highest energy density of 12.8 ] m™ [Figure 11H and I]. Finally,a V,.of 2 V
and peak power of 5 uW were achieved using body heat by connecting 25 unipolar i-TEs at a AT of 10 K
[Figure 11] and K]. From a device perspective, this high electric output would be able to power small
electronics like IoT sensors (pressure or temperature sensors, accelerometers, efc.) without using
amplifiers”.
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Figure 11. Schematic potential profile of (A) gelatin/KCl, (B) geIatin/(Fe(CN)é}/Fe(CN)GA'), and (C) gelatin/(Fe(CN)63'/Fe(CN)64')/KCI
i-TEs. (D) Schematic illustration of diffusion, redox reactions, and interaction of various ions in gelatin/(Fe(CN)GB'/Fe(CN)GA')/KCI i-TE
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Challenges for hydrogel-based i-TEs

Table 2 summarizes most of the best i-TEs, in which (poly)electrolytes, electrodes, test conditions,
thermopower, and power output are documented for a comprehensive comparison. Efforts to improve
electric outputs at a low-grade heat range have given many gratifying results over the past decade using
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Table 2. Some of best reported i-TEs
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Ref* Type Material (Polymer/(redox couples)/other) Electrode Test configuration AT« a Power*.*z 2 :?f?:ig;cy
(K) (mVK") (mW m*?K?) (%)
TGC p Gelatin Cu, Cu/Au Out-of-plane 8.5 13
IyDbfi g P Gelatin/(Fe(CN),”/Fe(CN), ") 4.8
p Gelatin/KCI 6.7
p Gelatin/(Fe(CN),>/Fe(CN),*)/KCl 17 0.66
TGCP? n PVA/(Fe*'/Fe®) Au/Cr Out-of-plane 175 -1.02 0.0236
b PVA/(Fe(CN),*/Fe(CN),") 121 (AT=20£)
T6C"? p PAmM/(Fe(CN),”/Fe(CN),")/K’, Li*, Br Ti Out-of-plane 16 12 0.007
(AT=20K)
TGP Cellulose/(Fe(CN), > /Fe(CN), ™) Ni Out-of-plane 15 138 0.0622
TGCH! p AM-co-AMPS/(Fe(CN),*/Fe(CN),")/NaCl Pt In-plane 3 16 0.61 016
(AT=40K)
TGk n a1 Pt wire / 34 -086 1x10™
n a-CD/( /1) -145 0.00129 3x10™
n a-CD/(I'/1¥)/KCl -1.97 0.0147 3x10°
TGCH? n a/r) Graphite Out-of-plane 10 -0.71 0.05 (uW)
p pNIPAM/(17/17) 1.91 0.35 (uW)
TGCHY n /™% Graphite Out-of-plane / -0.71 0.16 (UW)
(AT=15K)
np  MC/U/) 113210148  (n-type)
0.18 (uW)
(AT=15K)
np MC/(I/P)/KClI -818109.62  (n-type)
012
(p-type)
036
(AT=15K)
TDC™ p NaOH-PEO Au/CNT Out-of-plane 5 111 5x10™
TDC? p PSSH PANI/CNT Out-of-plane, In-plane 5 8
TDC” p PSSNa Au In-plane 4 4 0.004
TDC? n EmimTFSI Ag, NFC/CNT, Ti/Au In-plane 6 -0.85
n PVDF-HFP/EmimTFS| -4
np PVDF-HFP/EmimTFSI/PEG -4to14
TDC”? p TEMPO-oxidized cellulose membrane/NaOH-PEO Pt Out-of-plane 20 24
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TDC"* p PEDOT:PSS Au, CNT/Au In-plane 4 75
n PEDOT:PSS/CuCl, -18.2 ?.0188 ) 0.34
AT=45K
TDC® p PAm-Alginate/LiBF, Carbon paper Out-of-plane 8 1.85
p PAm-Alginate/EmimBF, 5.61
p PAm-Alginate/EmimBF,/PEG 19.32 ?.326 :
AT =31K
TDC p Nafion Carbon paint In-plane 5 4.2
p S-PEEK 55
n PVA/NaOH -1
p PVA/H,PO, 16
p PDDAC 19
TDC? p PVDF-HFP/EmimDCA Ag, Au, Cu In-plane 05 261 0.00233
(AT=0.6K)
p PVDF-HFP/EmimTFSI 2
p PVDF-HFP/BmimBF,, 6
p Agarose/EmimDCA n.o
p PVA/EmimDCA 135
p Gelatin/EmimDCA 221
p PVDF/EmimDCA 231
TDCH p Polyurethane/EmimDCA Ag In-plane 0.7 34.5
T™c®  p PVDF-HFP/EmimDCA Ag In-plane 035 29 26.8
(AT=0.5K)
p PVDF-HFP/EmimDCA/NaDCA 43.8 44.8
(AT=0.5K)
TDC"? p PVA/HCI Carbon Out-of-plane 1 38.20
p PVA/HNO, 18.50
p PVA/H,SO, 12.26

*Values correspond to the state-of-art results denoted in the references; **AT for the measurement of power output that is different from thermopower measurement is indicated.

hydrogels and their analogs. Attention is now moving to the next stage of real device power, which is still low compared with other miniaturized energy
conversion counterparts. Also, the inconsistency in experimental measurements and calculation methods create obstacles to future developments. Concerning
experiments, the temperature gradients are very different in terms of value and direction (in-plane and out-of-plane) in various cases. Some very high
thermopower outputs were reported with extremely small temperature gradients (< 1 K) or were measured at in-plane configurations"*>*”". Unfortunately, the
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inaccuracy of thermopower characterization became obvious when decreasing the temperature difference,
as the systematic error may dominate the results. A proper way is to assess the thermopower at both small
and moderate temperature differences (e.g., from 1-50 °C). Meanwhile, in-plane measurements in an open
environment (without strict encapsulation) could lead to misinterpretation of electric responses because the
effect of the solvent may be more pronounced than that of solutes, which is likely to cause the hydrovoltaic
phenomena (this will be discussed in the next session). Thus, a reliable encapsulation is essential for
accurate measurement of the thermopower as well as preventing water loss for maintaining long-term

8,18]
bl

cyclability. Several encapsulating methods, such as soft substrate sealing”**), (vacuum) heat-sealing'

hydrophobic elastomer coating'”

, etc., have been applied to hydrogel-based i-TEs so far. Besides, the
electrode materials (i.e., inert electrodes of gold, carbon, etc., and redox-active electrodes of Cu, PANI, efc.)
primarily dictate the working mechanisms, which should be carefully used and studied"”. Intrinsic
thermoelectric responses stemming from designated redox reactions or latent corrosion of electrode
materials should be taken into account when evaluating the overall thermopower of the device, where the
latter is detrimental to the long-term stability and reversibility. In short, the measurement conditions need
to be clearly stated, and multi-temperature gradients with accurate AT are essential for assessing
thermopower. Secondly, since TGCs and TDC:s abide by different technical origins and both are deviated
from solid TEs, a valid and predictable model is required to improve accuracy for the evaluation of a “new”
figure of merit, power density, and energy conversion efficiency. So far, the performance of i-TEs has been
calculated by various means, so they cannot be fairly compared from work to work. Thirdly, the absence of
comprehensive theory hinders the understanding of hydrogel-based i-TEs and further exploits i-TE designs.
With increasing ion concertation and the involvement of soft, charged, and confined interfaces (of hydrogel
polymer) in i-TE systems, Debye length, ion solvation, and even the local dielectric constant are hard to be
predicted using conventional models. There is a lack of awareness of microcosmic interactions among
water, hydrogel polymers, and ionic species, especially in non-equilibrium thermal fields and among water-
polymer binary systems. The interpretation of thermo-electrochemical phenomena in such systems without
in-situ quantitative evidence is equivocal. Particularly for TDCs, although it is generally believed that the
distinct ion mobilities of anions and cations and the consequent asymmetric charge distribution on a
temperature gradient are the causes of thermopower, little experimental evidence was provided to show the
differences in ion mobilities'™, while some other observations indicated this explanation was insufficient'*”..

In conclusion, a careful investigation into the mechanism of the hydrogel-based i-TEs is very much needed
in the future.

HYDROVOLTAIC TECHNOLOGIES USING HYDROGEL MATERIALS

Water empowers the biggest energy reservoir on the Earth as it absorbs the tremendous energy of
115 W m” from solar radiation”””. The energy carried by water emerges in various forms, such as ambient
moisture, water droplets, water vapor, etc. [Figure 12A]. Hydrovoltaic technology refers to the production of
electricity from direct interactions between water molecules and functional materials”, which
fundamentally shares the similar mechanism of TDCs that is dictated by ion transport. Like the behaviors in
TDCs, the gradient energy of water can be converted into the asymmetric distribution of charge carriers and
simultaneously produce electric signals. Since Huang et al., Cheng et al., and Huang et al. have pioneered
the work of graphene-based moisture-enabled generators (MEGs)"*", graphene strips with sliding ionic
solution (or droplets)™™!, and water evaporation-driven nanogenerators®*’, the following research in
recent years has yielded a variety of auspicious hydrovoltaic devices [Figure 12B]. The confidence of energy
transduction from water to electricity has been strengthened, and there is a growing trend of using hydrogel
materials for hydrovoltaic devices.
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Figure 12. (A) Some common water sources can be harnessed with hydrovoltaic media and a schematic illustration of ions dissociation
from the hydrogel backbones after imbibing moisture. (B) Three types of hydrovoltaic media and corresponding characteristic electric
outputs, top: graphene with moving droplet of ionic solution; middle: graphene oxide; bottom: polyelectrolyte hydrogel.

A number of previous studies have postulated convergence criteria pertaining to ideal media for
transduction of a water gradient to electricity, including fast water absorption/desorption kinetics, high
density of polar functional groups (or high zeta-potential), large surface area of the materials, and high-
speed mass transport. Hydrogel materials answer these demands properly as their 3D network of
hydrophilic polymers is endowed with desirable water absorption and retention properties and fast mass
and ion transport features. Besides, the abundance of pendant groups on hydrogel polymers offers tailorable
charge polarities and provides substantial dissociable ions. Due to the extraordinary versatility of hydrogels,
they have been used as polyelectrolytes, functional surface layers for the electrodes, water retention or
absorption layers, and even ion-selective channels. In the following section, the recent advances in
hydrovoltaic technologies using hydrogel materials are reviewed and discussed. It is worth noting that the
operating hydrovoltaic devices are accompanied by exchanging the moisture/water with the surrounding
environment, along with the transition of the materials from the dehydrated state to the hydrated state or
vice versa. The nanomaterials, e.g., protein nanowires and biological nanofibrous composed of hydrophilic
polymers that can swell and retain water, are included in this discussion as one type of derived hydrogel
materials.

Moisture-enabled electric generator with hydrogel polyelectrolyte

Many research endeavors have been devoted to the energy transduction from moisture (or humidity)
gradient to electricity because the gas-liquid moisture is omnipresent in the air and involved in myriad
natural and daily events. The first generation of moisture-enabled electric generators (MEGs) made of
graphene or its derivatives was invented by Zhao et al., and a model of diffusion-osmosis was proposed'™.
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Asymmetric moisturizing of the MEG equipped with the pendant groups that can provide dissociable H*
enables the energy transduction from moisture gradient to electricity. Particularly, H* dissociated from
oxygen-containing groups of the graphene oxide film during moisturizing, creating a local concentration
increase of mobile H', which consequently diffused along with the reduction of its chemical potential to the
dehydrated part (in the absence of mobile ions) and produced the electric signals [Figure 12B]. Though the
maximal voltage output approached 1.5 V*, the MEGs using graphene derivatives generally suffered from

the transient voltage output™®.

The hydrogel materials, serving as polyelectrolytes, were introduced to develop the second generation of
polymer moisture-enabled electric generators (PMEGs), which can produce stable DC electricity
[Figure 12B]®. Analogue to thermopower () of i-TEs, the equivalent hydropower can be defined as

p ==, which depicts the voltage output versus humidity different across two electrodes. Figure 13A shows
a schematic illustration of a PMEG consisting of two carbon electrodes, of which the upper one was
manufactured with holes (1.2 mm in diameter) for efficient access to moisture and a layer of poly(4-
styrensulfonic acid) (PSSA) polyelectrolyte. When the moisture was supplied to the electrode with holes, the
PSSA that possessed rich sulfonated functional groups absorbed the moisture, where a large amount of
mobile H* was released from the PSSA polymer [Figure 13B]. Inhomogeneous distribution of water
molecules across the PSSA corresponded to the concentration gradient of mobile H, inducing the diffusion
of protons and creating the resultant (open-circuit) voltage of ~0.8 V, corresponding to a g of 1 V (per 100%
RH) [Figure 13C], and (short-circuit) current of ~0.1 mA cm™. Production of stable DC electricity in the
PMEG offered the additional practical merit of not needing axillary rectifier circuits. Simply connecting six
PMEG units in series can power a LED bulb (with voltage and current requirements in the range of
1.6-2.5 V and 30-100 pA) [Figure 13D]. Besides, the design of the PMEG can be applied to other hydrogel
materials, such as PVA, polyacrylic acid (PAA), hydroxyethyl cellulose, Nafion, guar gum, and alginate
sodium that contains at least one hydrophilic and polar pendant group, such as hydroxyl, carboxylic, and
sulfonic acid. Furthermore, heterogeneous moisture-enabled electric generators (HMEGs) were proposed to
improve the electric output by employing a bilayer of polyelectrolyte films'. A polycation layer of poly
diallyl dimethyl ammonium chloride (PDDA) and a polyanion layer of both polystyrene sulfonic acid (PSS)
and PVA (PSSA hybrid) were integrated [Figure 13E]. During moisturizing, the PDDA film and PSSA
hybrid film provided dissociated negatively charged Cl and positively charged H", respectively. Whereafter,
dual charge carriers of Cl" and H* diffused with respect to reducing the chemical potential; surprisingly, both
cation and anion fluxes could overcome the junction between PDDA and PSSA and therefore establish the
heterogeneous charge distribution. An increased voltage of ~0.95 V for about 258 h at a low RH of 25% was
achieved. Benefiting from the fabrication ease of the bilayer of polyelectrolyte films and their mechanical
flexibility, 1,600 HMEG units can be connected in series via an aligned stacking strategy to reach a voltage
of 1,000 V [Figure 13F-H].

Similarly, an ionic hydrogel moisture electric generator (IHMEG) made of PV A-phytic acid (PA)-glycerol
hydrogel was developed”'. A PA with six esterified phosphoric acid groups perfectly served as the proton
donor and supplied massive dissociable protons while sufficient water uptake was afforded by hygroscopic
glycerol [Figure 14A]. Since the moisture barrier substrate at the bottom of the IHMEG caused
asymmetrical moisture absorption across two electrodes [Figure 14B], there was a higher concentration of
dissociated H" at the top, which consequently diffused to the bottom for the reduction of its chemical
energy. Notably, the strong water absorption capability achieved by introducing glycerol and weak
hydrogen bonds within the IHMEG hydrogel jointly promoted continuous ion dissociation and ion
transport. As a result, a single IHMEG unit of 0.25 cm” attained a stable DC voltage of ~0.8 V (referring to a
pofabout 1V per 100% RH) for more than 1,000 h and a DC current of ~9 pA for over 20 h [Figure 14C].
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Figure 13. (A) Scheme of a PMEG comprising a PSSA membrane and two gold electrodes. (B,-B;) The proposed mechanism of the
PMEG. Up: The homogeneous distribution of the functional groups. Middle: Incoming moisture ionized the PSSA membrane and
released the protons from the polymer chains. Down: The ionized protons migrated to the other side, leaving the negatively charged
polymer chains. (C) V,, detected on a PMEG (1 x 1 cm?) at constant moisture. (D) A mist-powered light system where each LED bulb
was powered by six flexible PMEG units connected in series. (E) Schematic of a HMEG with a bilayer of polyelectrolyte films (BPF),
which enabled spontaneous water adsorption and ion dissociation in moist air. Based on this heterogeneous structure, mobile CI” and
H" ions diffused in opposite directions. (F) Schematic of a large-scale integration of HMEG units by sequentially aligned stacking
strategy and photographs of flexible HMEGs. (G) Plot of voltage output with different serial numbers of HMEG units. Inset is an
enlargement of serial numbers ranging from 1to 140. (H) Stable voltage signals of the integrated device with 10, 40, 70, 110, 150, 270,
560, 1,080, and 1,600 units in series. (A-F) Reprint with permission from Ref.”®. Copyright 2019 The Royal Society of Chemistry. (E-H)
Reprint with permission from Ref.®. Copyright 2021, The Author(s), Springer Nature.

Constructing an intrinsic gradient of dissociable ions inside the hydrogel materials is another way to utilize
liquid-gas moisture when exposed to moisture uniformly. For instance, hygroscopic polypyrrole (PPy) was
used because of its ability to absorb water from ambient air and 3D microporous structures, in which
lithium perchlorate (LiClO,) (in solution) was doped through an electrochemical method"”. To apply a bias
voltage of 3 V to a 3D PPy framework, the positive side was oxidized, forming the concentration gradient of
ClO, from the positive electrode (high) to the negative electrode (low). When the entire device was exposed
to the moisture uniformly, the ingress of water molecules in 3D PPy led to the breaking of the ionic bond
between Li* and ClO,, making mobile Li* and localized ClO, [Figure 14D]. Since the bottom of 3D PPy
framework was heavily doped by LiClO, with more mobile Li* generated during moisturizing, Li* diffused
from the high concentration side to the low concentration side, and the voltage output of ~0.06 V and
current of 10 pA cm? was achieved [Figure 14E and F].

Hydrogel-based surface functional layer for a hydrovoltaic generator

In the aforementioned MEGs, the hydrogel materials work as quasi-solid-state polyelectrolytes, donating
the mobile unipolar ions while sufficient water uptake is acquired. Such processes yield long-distance ion
diffusion with respect to the concentration gradient. The response time of electric signals could be estimated
as follows: 1, = vDr, where L, is the diffusion length. D and t express the diffusion coefficient and time,
respectively”. Take protons in Nafion as an example: the time for the proton to have a transmembrane
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Figure 14. (A) Schematic of an IHMEG device and its functional components. (B) Schematic of the asymmetric moisture stimulus-
induced potential in an IHMEG. (C) V,_ (red curve) of an IHMEG device over time under an open ambient environment. The ambient
relative humidity (blue curve) and temperature (black curve) were synchronously recorded. (D) Left: Schematic of the gradient
distribution of CIO,” in gradient-3D-PPy. Middle: Free Li* ions were ionized by adsorbed water vapor and caused a density gradient of
Li* ions. Right: In the desorption process of water vapor, the recombination of Li" ions and ClO,” reduced the potential, resulting in a
reverse electron flow in the external circuit. (E and F) voltage and current of the g-3D-PPy framework in response to a periodic RH
variation (ARH = 85%). (A-C) Reprint with permission from Ref.”". Copyright 2022, The Authors, Wiley-VCH. (D-F) Reprint with
permission from Ref.”?. Copyright 2016, Wiley-VCH.

diffusion in a dehydrated Nafion is at the order of 10®° cm? s, which could only be reduced on the
condition of wetting the Nafion and increasing its diffusion coefficient. Consequently, the sluggish ion
movement involved in MEGs limits the electric output and imposes restrictions on their practical
applications. The newly designed hydrogel-based composite demonstrated another strategy to significantly
enhance the electric outputs in terms of both voltage and response time. As shown in Figure 15A, the ionic
polymer-hydrogel-carbon composite (IPHC) is comprised of ionic polymers of Nafion, pNIPAm hydrogel,
and carbon electrodes. Instead of a polyelectrolyte, the hydrogel layer of pPNIPAm was the surface function
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Figure 15. (A) Schematic of an ionic polymer-hydrogel-carbon composite (IPHC) device. (B) V.. of an IPHC and corresponding RH
profile in response to moisture flow. (C) Intermittent supply of moisture flows (every 3 s) to an IPHC device and its voltage output. (D)
Left: Schematic of an IPHC in the initial dry state. From left to right is carbon paper, Nafion, pNIPAm, and pored carbon paper. Right: in
response to moisture flow, the concertation gradient of H,0 and H" is built across the IPHC. (E) Voltage signals recorded by the IPHC
corresponding to human breath through nose and mouth. (F) Magnified figure of the red-square region in (E). (G) Change in relative
humidity (black curve) and temperature (grey curve) for (G,) nasal breathing and (G,) mouth breathing. (H) Voltage signals and flow
rates when the moisture spray was applied to an IPHC intermittently. (I) Voltage signals of an IPHC in response to the moisture flow
generated simultaneously with cooling a hot steel sheet through the water. Reprint with permission Ref.””’.Copyright 2022, The Royal
Society of Chemistry.

layer, which empowered the carbon electrode with a strong binding affinity to protons and largely improved
the interfacial kinetics for the chemisorption of protons. When the moisture gradient was created by
supplying moisture flow to the IPHC, the pNIPAm became swollen; meanwhile, the portion of small water
droplets carrying adequate kinetic energy was imbibed by the Nafion membrane. The dissociated protons
from the Nafion were immediately captured by the pNIPAm-graft carbon electrode owing to its strong
affinity to protons. Such fast chemisorption of protons on the carbon electrode generated a very high
voltage of 1.86 V in magnitude and extremely fast electric output [Figure 15B and D]. It was further verified
by the supply of intermittent moisture flow every 3 s to the IPHC [Figure 15C]. Benefiting from the high
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electric output and fast response, the IPHC was applied in several daily life scenarios. Figure 15E-G shows
the voltage response of an IPHC to human breath through the nose and mouth. Only a < 2% change in RH
causes the voltage response sensitivity (V,,/V,,) to change by about 1.5, demonstrating the unforeseen
opportunity for IPHCs to be used for medical purposes to identify patients with rhinitis who suffer from
abnormal nasal breathing and can only breathe through the mouth. Moreover, the IPHC can respond to the
moisture flow that was created mechanically in high-pressure water atomization processes and water-
cooling processes [Figure 15H and IJ.

Hygroscopic media for hydrovoltaic generators

Beyond artificially supplying moisture or placing the hydrovoltaic device in a high humidity environment,
the hygroscopic materials, including biological polymers and the combination of hydrogel with hygroscopic
salts, enable the hydrovoltaic alternatives, which are less dependent on a liquid water source and can work
spontaneously to capture the moisture from the air. Thus, the operating window in terms of the RH range
and scope of application can be extended. For instance, a thin film of hygroscopic protein nanowires gained
from the microorganism G. sulfurreducens was reported to exhibit continuous voltage output of 0.4-0.6 V
for over 2 months at the RH of 40%-50% [Figure 16B]". Such a device abided by the same electricity
generation principle as most MEGs, i.e., the transduction of a moisture gradient to a concentration gradient
of dissociated charge carriers. As only the protein nanowires at the top surface were able to access and
capture the moisture in the air, a vertical moisture gradient was built from the tiny gold electrode at the top
to the large gold electrode at the bottom, which was completely insulated from the ambient air
[Figure 16A]. The protein nanowires possessed abundant carboxylic groups where the diffusion of free
protons against the immobile COO" anionic background was responsible for the observed voltage. It was
important to design a proper thickness of protein nanowires where the entire film was within the interfacial
vapor-pressure gradient and retained a dynamic equilibrium of water adsorption-desperation exchange at
the interface™. Therefore, the moisture penetration rate was pretty slow, and the penetration depth was
inversely proportional to the film thickness [Figure 16C-E]. The protein nanowires of about 10 pm ensured
a stable moisture gradient across the device, and the long-term stability of electric output was preserved.
Additionally, various configurations of the device, such as the horizontal configuration with the left
electrode exposed to the air, were developed to further verify the correlation between the direction of the
moisture gradient and the voltage signals [Figure 16F].

The hydrogels were also infused with hygroscopic salts to harvest moisture in the air. For instance, the
carbon substrate made of carbon black nanoparticles was partially coated with PVA hydrogel containing
sodium chloride (NaCl) to fabricate an asymmetric hygroscopic structure (AHS) [Figure 16G]""**. By
absorbing water from the air, wet-dry asymmetry was developed across the carbon substrate, where the
surface potential of wet carbon decreased [Figure 16H]. The EDLs were then formed with Na* ions
adsorbed on the carbon substrate, and such cations aggregated at the contact interface (i.e., wet-dry
interface) led to the observed electric outputs [Figure 161-K]. Especially owing to the high viscosity of this
ionic hydrogel, it prevented the interior water from passing across the wet-dry boundary to maintain a long-
lasting lateral wet-dry interface, contributing to a V. of ~0.6 V for over 150 h [Figure 16L]. Furthermore,
the hygroscopic hydrogel can serve as the transport media for the charge carriers. A moisture-induced self-
charging device (MISD) was fabricated, which consisted of two lateral carbon nanotube electrodes bridged
by hydrochloric acid (HCI)/PVA hydrogel with calcium chloride (CaCl,) on one side [Figure 16M]". The
device’s self-charging process was performed by absorbing water and forming a local CaCl, solution, which
diffused into HCI/PVA hydrogel and caused the diffusion of cations from the CaCl, side to the other.
Interestingly, the authors reported that the transport of cations was selectively facilitated against the anions
of Cl' owing to the asymmetric interactions of CaCl, with HCI/PVA hydrogel. The HCI/PVA played a role
in regulating the diffusion coefficients of cations and anions. The cation flux and its accumulation produced
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Figure 16. (A) Top: Transmission electron microscope images of the purified protein nanowires. Scale bars, 100 nm. Bottom: diagram of
the device. (B) A continuous recording of open-circuit voltage from a device for more than two months. (C) The moisture adsorption
ratio (W,,,0) in nanowire films is plotted against film thickness (d) at an ambient RH of roughly 50%. (D) Diagram showing a vertical
moisture gradient in the nanowire film. (E) ifference in moisture adsorption (AW,,,) and output voltage plotted against d.(F) A residual
open-circuit voltage of about 0.8 V was measured from a pair of top electrodes in a nanowire device with half of the top surface covered
by a glass slide. (G) Schematic of the structure and fabrication process of the AHS. (H) Surface potential distributions of the AHS. (1)
Schematic of the wet-dry interface in an AHS after water absorption. (J) Energy conversion pathways in the AHS based on cations
adsorption on carbon surface for EDL formation. (K) The correlation between V /.. and the measuring distance (x) between wet-
carbon and dry-carbon. (L) V,. of an AHS under constant ambient conditions. (M) Schematic of the moisture-induced self-charging
mechanism. (N) V,_and (O) I, of the device. (A-F) Reprint with permission Ref.”*). Copyright 2020, The Author(s), Springer Nature.
(G-L) Reprint with permission Ref.”””. Copyright 2022, Wiley-VCH GmbH. (M-0) Reprint with permission Ref.”*’.Copyright 2019,
Elsevier.
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a voltage of 0.348 V at RH of 80% and a transient current [Figure 16N and O]. The water uptake of CaCl,
grew to saturation and would lead to the decay of voltage after 1 h.

Selective ion transport media for a hydrovoltaic generator

The evaporation-driven water flow enables another type of hydrovoltaic technology where a classic
electrokinetic mechanism of streaming potential is applied*'*'*. Such hydrovoltaic devices are equipped
with the charged nanochannels or nanopores in the structure and hydrophilic pendant groups on a polymer
backbone, where water uptake occurs at the inlet because of either hydrophilic absorption or capillary force,
and then water flows through the material and evaporates at the outlet. For example, Figure 17A shows the
voltage responses (up to 110 mV) of the hydrovoltaic devices made by several types of biological
nanofibrous (NFs), including cellulose, chitin, silk, and lysozyme!*!. The as-prepared NFs were subject to
directionally freezing to form the structure with oriented microchannels (1-10 pm) and nanopores
(2-50 nm) [Figure 17B], and these NFs were endowed with different polar groups (such as carboxy groups
and quaternary ammonium groups) and exhibited a large difference in zeta potential [Figure 17C]. A great
number of ions were dissociated from the polar functional groups of the NFs during the ingress of water
and started to move along with the water flow driven by rapid water evaporation. Among the NFs, the
electrical double layers of opposite sites were overlapped properly; thus, the channels were filled with a close
to a unipolar solution of counter-ions"*, allowing the selective ion transport [Figure 17D]. Hence, such an
ion flux across the NFs contributed to the streaming potential [Figure 17E]. Moreover, the voltage output
would be jointly controlled by the RH, velocity of airflow, and zeta potential of the NFs. Similarly, the
cellulose nanofibre can be functionalized by a metal-organic framework of Ni,(2,3,6,7,10,11-
hexaiminotriphenylene), (Ni-HITP) [Figure 17F and GJ], which enabled light absorption for water
evaporation and allowed H" and OH" doping in acid and alkaline solution, respectively. Thus, such doped
surfaces of cellulose nanofibre exhibited different zeta potentials and caused the streaming potential with
negative (~-0.3 V) and positive (~0.35 V) polarities during water evaporation [Figure 17H and I]"*!,
Especially, the solar-thermal driven water evaporation also created a temperature gradient of ~5 °C across
the cellulose film with Ni-HITP, corresponding to a thermopower of 8.5 mV K™ [Figure 17] and K]. This
work reveals that the water evaporation of hydrogels in an open system (without strict encapsulation) might
lead to both hydrovoltaic and thermoelectric power generation, which therefore needs careful study to
distinguish the major contribution. Instead of selective ion transport media, hydrogels can be used as water
reservoirs with an excellent water retention capability and hydrophilic binder to operate collectively with
other surface-charged frameworks''.

Challenges for hydrogel-based hydrovoltaic devices

Although significant enhancements in electric outputs (i.e., voltage, current, or power density) have been
achieved in different hydrogel-based hydrovoltaic devices, the understanding of their electricity generation
mechanisms is in the infant stage. Specifically, for the charging process (i.e., voltage generation), most
hydrovoltaic devices convert the moisture gradient into the concentration gradient of ions in the electrolyte,
which shares a similar mechanism to TDCs that are governed by temperature-induced ion transport (e.g.,
the Soret effect). The asymmetric distribution of cations or anions is responsible for the observed voltage.
However, for the discharging process (i.e., current production through external loads), there is still a lack of
justified models. The ions in the electrolyte are not able to pass the electrolyte/electrode boundary; that is
the reason most TDCs undergo a 4-stage cycle in order to give a discharging current and useful power.
Consequently, TDCs were limited to an intermittent working mode (as discussed in Section
“INTRODUCTION?). It should be noted that several hydrovoltaic devices worked continuously to produce
current and power without going through the cycle. But unfortunately, most studies neglected to explain the
reasons. Taking the materials of electrodes (e.g., carbon, gold, and platinum) into consideration**>"*,
faradic redox reactions at the electrode surface could be ruled out. To understand such elusive phenomena,
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Figure 17. (A) V. generated by biological generators made of different nanofibrils (NFs). (B) Optical and scanning electron microscope
images of aerogel fabricated by directionally freezing. (C) Zeta potentials of biological NF dispersions. (D) Schematic of hydrated
channels around and between NFs. (E) V. variation upon exposure to airflow with different velocities. (F) Structure of the conductive
metal-organic framework layered on cellulose nanofibre and the assembled film. (G) Cross-sectional scanning electron microscopy
image of the film. Scale bar, 5 um. (H) Measured zeta potentials of the cellulose nanofibers at different pH values. (I) The streaming
potential generated in the hybrid cellulose nanofibre @ conductive metal-organic framework film at different pH (where the NaCl
concentration was fixed at 0.01 M) and different salt concentrations (where the pH value was fixed at 10). (J) The measured ionic
thermoelectric voltage at a temperature gradient of 5 °C. (K) A schematic of ion distribution and transport in the charged nanochannels
and the proposed mechanisms for voltage generation. (A-E) Reprint with permission Ref."®®’.Copyright 2019, Wiley-VCH. (F-K)
Reprint with permission Ref."**. Copyright 2021, The Royal Society of Chemistry.
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more systematic and careful studies and reliable theories are needed. Moreover, there is likely a trade-off
between voltage and current output as most devices were either limited by a small current or a low voltage.
The actual power output through the external loads poorly matched the projected value of maximal power
density. The valid method of evaluating power density for different systems abiding by various working
mechanisms or working modes (i.e., continuous or intermittent) also requires further study.

In practical terms, there is plenty of scope for maximizing electric output and optimizing hydrovoltaic
design. Engineering the hydrogel with desirable function groups and controlled nanostructures allows us to
tune the water absorption/desorption kinetics and upgrade charge separation capability, which is promising
to promote the voltage output, response time, and charge capacity. On the other hand, the continuous and
stable electric output in terms of both voltage and current is required to secure a continuous working mode
and avoid energy loss in auxiliary rectifier circuits. The gradient energy conveyed by water molecules and
ions needs to be fully transferred to the solid electrodes to truly appreciate massive hydrovoltaic energy.
Some redox-active electrodes, such as silver/silver chloride, PANI, could be adapted to convert an ion
current in liquids to an electron current in the lead wire at the electrode/electrolyte boundary with the
occurrence of faradic reactions. Integrating hydrogel polyelectrolytes with conductive hydrogel electrodes is
of practical importance in pursuing flexible and wearable hydrovoltaic units.

HYDROGEL-BASED THERMO-WATER COGENERATION

Considering a (photo)thermal energy-water nexus, the spontaneity and universality of water evaporation in
hydrogel materials and symbiotic temperature regulating and conduction events imply precious
opportunities to integrate thermoelectric and hydrovoltaic units for optimizing energy recovery. Also, the
structure conformability of hydrogel materials offers extra merits for pairing up different thermoelectric and
hydrovoltaic modules.

For example, a photothermal steam and electricity cogeneration was reported, which had a layer-by-layer
structure of PAm hydrogel, polydimethylsiloxane (PDMS) polymer film, bilateral copper oxide/copper foil
(CuO/Cu) electrodes, and a cupric sulfate (CuSO,)-PAm hydrogel electrolyte [Figure 18A]"". Each layer
was individually addressed in terms of thickness, composition, and functionality. The outer shell of the
PAm hydrogel facilitated a constant supply of water for the whole device, and the inner PAm hydrogel was
furnished with a redox-active CuSO, electrolyte. The nanostructured CuO/Cu electrodes were responsible
for the thermogalvanic effect and photothermal effect, by which a temperature gradient across the space
between the hot upper CuO/Cu solar absorber and cold bulk water was attained. The PDMS wrap played
multiple roles to ensure good contact between the electrodes and the hydrogel electrolyte, prevent the
dehydration of the electrolyte, and offer a hydrophobic surface and self-floating capability. As a result, the
maximum T of about 8.7 °C and V,_ of about 10.3 mV were obtained under one sun irradiation,
corresponding to a thermopower of 1.2 mV K", and the peak output density reached 1.57 mW m?
[Figure 18B and C]. In addition, the regeneration of CuO/Cu could be performed by reversing the device
[Figure 18D]. Likewise, the PAm hydrogel that contained a redox couple of K ,Fe(CN),/K,Fe(CN), and
lithium bromide (LiBr) obtained a thermopower of -1.2 mV K", where two thermodynamic processes, i.e.,
thermogalvanic effect and water phase transition, worked collectively [Figure 18E-G]". Particularly, a high
concentration of 5.4 M LiBr in PAm hydrogel alerted its saturated vapor pressure, so the PAm hydrogel
could be chilled by water evaporation at 50 °C and absorb the water from the surrounding air for self-
regeneration at 25 °C.

Assembling a hydrovoltaic generator relying on water evaporation and hydrogel-based TGC can bring
twofold thermal benefits: escalating the temperature for efficient water evaporation and chilling the cold
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Figure 18. (A) Schematic of the designed integrative photothermal evaporator/thermogalvanic cell. (B) Temperature profiles of the
upper and bottom surfaces under chopped one sun illumination and corresponding V. and I . (inset: temperature difference between
two surfaces). (C) Discharge polarization curves and related power densities of the thermogalvanic cells using Cu foil or CuO/Cu foil as
electrodes. (D) V. of this cell with cycle rotation. (E) Schematic of the structure and working principle of the smart thermogalvanic
hydrogel. (F) Temperature variation of the battery at different discharging rates with (red) and without (black) thermogalvanic hydrogel
on the surface. (G) Schematic of the experiment setup. Inset shows the cross-sectional view. (A-D) Reprint with permission Ref."*".
Copyright 2020, Wiley-VCH. (E-G) Reprint with permission Ref.m].Copyright 2020, American Chemical Society.

electrode in TGC. A heat conduction effect enhanced hydrovoltaic power generator (HCEHG) was
reported. It was comprised of an i-TE made by gelatin and K,Fe(CN),/K,Fe(CN), and a hydrovoltaic
module of porous dual-size AL,O, (d-Al,0.)"). As for the TGC module, in the absence of an artificial
temperature control system, a temperature gradient of about 2 K was built from right to left [Figure 19A],
where the hot carbon fiber electrode was heated directly by sunlight, and the cold electrode was
automatically cooled with the aid of water evaporation in the hydrovoltaic module. A thermal voltage
(~1 mV) was generated via the thermogalvanic effect of the K,Fe(CN),/K,Fe(CN), redox couple. The water
gradient in the hydrovoltaic module was built from bottom to top. By virtue of positively charged
nanochannels inside d-Al,O, and the heat gained from the TGC module, the voltage output was increased
from 3.4 V (without TGC) to 4.0 V [Figure 19B and C] along with the upstreaming flux of hydroxyl ions.

Additionally, the thermo-diffusion of water (not ionic species) in the polyelectrolyte presents another
strategy for thermo-hydro-electrochemical power generation in a neat fashion. Zhang et al. reported a
device made of hygroscopic polyelectrolyte of polyaniline and polystyrene sulfonate (PANI:PSS) and carbon
steel electrodes, from which an ultrahigh thermopower of -93 mV K" was achieved [Figure 19D]"*". The
PANI:PSS polyelectrolyte absorbed about 15 wt% water from the ambient environment with an RH of
around 50%, and the diffusion of water from the hot side to the cold side ensued under a temperature
gradient. The asymmetric water distribution caused the shifts of overpotential for carbon steel corrosion
[Figure 19E and F]. Explicitly, higher (lower) water concentration led to a decreased (increased)
overpotential. Such a water gradient was converted into the voltage with respect to the thermal bias.
Moreover, the corrosion of the carbon steel was surprisingly slow and yielded only about 18 pm for six
months.
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Figure 19. (A) Schematic of the structure and mechanism of the heat conduction effect enhanced hydrovoltaic power generator
(HCEHG) for sustained evaporation electricity output and thermoelectric conversation. (B) V, the hydrovoltaic module with and
without the thermoelectric module. (C) Real-time temperature plots of the surfaces of the dual-size Al,O, hydrovoltaic module and
thermogalvanic module and corresponding temperature difference. The ambient temperature is ~290.4 K. Grey areas indicate that the
device is illuminated. (D) Voltage profile of the device with the fully developed oxidation layer under 50% RH as a function of time
when the temperature difference was altered. The inset shows the saturated voltage at the corresponding temperature to seek the
slope (93 mV K'). Note it has the opposite sign (-93 mV K" based on Equation 1 in this work. (E-E lIllustration showing
thermoelectric voltage generation and the corresponding potential changes in the hotter and colder sides. Top left: Uniformly
distributed water in PANI:PSS under AT = 0. Top right: As AT > 0, water molecules migrated from the hotter to the colder side. Bottom
right: Voltage generation at steady state under AT > 0. Bottom left: Water molecules returned to their initial distributed states under AT
approaching 0. (F) Evans diagram shows the cathodic-reduction reaction (black line), and the anodic oxidation reaction (greenish line)
under uniform temperature. The greenish line shifts toward the red (or blue) line with less (or more) water on the electrodes. (A-C)
Reprint with permission Ref.!".Copyright 2022, The Author(s), Springer Nature. (D-F) Reprint with permission Ref."*.Copyright
2021, The Author(s), Springer Nature.

CONCLUSIONS AND OUTLOOK

In this review, the recent progress of i-TEs and hydrovoltaic devices using hydrogel materials has been
discussed. Owing to the molecular-level tailorable features of hydrogel polymers and their interactions with
water and other functional additives, hydrogels provide an ideal platform for low-grade heat and water
energy harvesting from both fundamental and practical perspectives. Versatile hydrogels have been
successfully employed in i-TEs, hydrovoltaic devices, and their hybrids as polyelectrolytes, transport media,
separators, ion channels, surface functional layers, and more, making big strides forward in the transduction
of gradient energy into electricity. Hydrogel-based i-TEs have improved thermopower from a few hundred
pV K to tens of mV K™ at a low-grade heat range, and hydrogel-based hydrovoltaic devices even achieved
the hydropower of 1 V per 100% RH and even higher. Such significant electric output is of practical
importance for portable energy recovery systems for daily use without the need for auxiliary amplifying and
rectifying circuits and capturing scattered heat sources and water sources around us. Nevertheless, there are
still many challenges involving unknown working mechanisms that remain to be properly addressed in the
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future. Overall, current studies of i-TEs and hydrovoltaics are largely based upon empirical studies, but the
vast majority of studies have been qualitative. In order to truly appreciate the advances of hydrogel-based
gradient energy transduction systems, it is vital to apply more advanced characterization tools and in-situ
techniques to observe and understand microcosmic interactions among water, polymers, and ionic species,
from which the guidelines of hydrogel selection and optimal design could be deduced. Besides, bulk ion
transport, local drifting of ions, interfacial ion accumulation, and redox processes all occur at different
length scales. A systematic investigation is needed to build the connection between microscopic
characteristic behaviors and macroscopic properties and performances. Moreover, the valid and predictable
model of evaluating power density for different systems abiding by various working mechanisms or working
modes also requires further study. Specifically, the power density of i-TEs and hydrovoltaic devices basically
determines their application and deployment in practice, which, however, is one order lower than some
nanofluidic devices (a few W m™) using gradient energy of salinity gradient™. Take hydrogel-based i-TEs as
an example, the highest power density that can be achieved by a single module is 0.66 mW m™ K*"¥, There
is still a gap for a single device to achieve practically useful power. Future efforts could be implemented on
developing stimuli-responsive hydrogels for enhanced thermoelectric performance, in which the responsive
hydrogel selectively coordinates with redox couple and regulates the local concentration ratio of C,,/C,, at
different temperatures. This molecular scale responsiveness has the potential to overcome the limited
thermopower governed by specific redox couple and corresponding reaction entropy. In addition, other
properties of hydrogel materials, including mechanical strength, dimensional stability, water retention
capability, anti-freezing capability, and durability under harsh conditions, should be focused on to meet the
criteria for real applications. The newly designed hydrogel-based low-grade energy harvesters are expected
to open new horizons for extensive applications in the future with their superiorities, including excellent
electric outputs, ease of manufacturing, and customizable geometry shape, as well as broad operating range
in the ambient environment.
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