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Ubiquitous vapor and low-grade heat are widely available in nature and provide abundant, clean sources
for developing new types of power generators. Herein, we demonstrate high-performance power,
driven by vapor and heat for portable electronics in ambient environments. Based on the ternary
aggregate of a polyelectrolyte, conducting polymer and a redox couple, the vapor and heat dual-drive
electric generator (VHG) of 1 cm? offers an open circuit voltage of 0.9 V, and a sustainable short-circuit-
current density of up to 0.8 mA cm™2, much higher than that of single-source generators. Resulting
from synergistic double-acting ion migration and the thermogalvanic effect, the high-efficiency VHG

Received 15th March 2022, can work as a flexible personal energy-supply system to support wearable devices, such as hearing aids,

Accepted 24th May 2022 by using body sweat and heat. It can even light a 15 W bulb once compatibly installed in a greenhouse.
This work paves the way for sustainable energy generation by effectively collecting multiple types of
natural energy comprehensively to realize sustainable applications in different seasons and geographical

locations.
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Broader context

Environmental energy conversion technologies have attracted enormous social interest for satisfying the great demands of electric power. Accordingly,
significant advances have been made to convert only one form of environmental energy, including solar radiation, wind power, bioenergy and mechanical
energy, into electricity. Other concurrent clean sources are regrettably neglected. Therefore, obtaining multiple clean sources for driving a hybrid device is a
significant challenge in the upgrade of energy converting systems. In nature, ubiquitous vapor and low-grade heat provide abundant clean sources for
developing new types of power generators. In this study, we develop a high-performance vapor and heat dual-drive electric generator (VHG) that spontaneously
harvests concomitant vapor and heat from the environment in a consistent direction for efficient electric output. A 1 cm® VHG unit offers an open circuit
voltage of 0.9 V, and a considerable short-circuit-current density of up to 0.8 mA cm 2. This high current density is much higher than that of most single-source
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generators based on vapor or heat, resulting from the combination of double-acting ion migration and the thermogalvanic effect. The flexible VHGs can work as
personal energy supply systems in various real natural scenarios for different seasons for powering electricity-consuming devices.

Introduction

Spontaneous power generation technologies have been developed
to satisfy the enormous demands of electric power for electronics
in daily life, from the communication industry to agriculture.’
Great efforts in power engineering projects, including solar cells,?
wind turbines,® piezoelectric/triboelectric nanogenerators,”> and

“State Key Laboratory of Tribology, Department of Mechanical Engineering,
Tsinghua University, Beijing, 100000, China. E-mail: lqu@mail.tsinghua.edu.cn
b Key Laboratory of Organic Optoelectronics & Molecular Engineering, Ministry of
Education, Department of Chemistry, Tsinghua University, Beijing, 100000, China
¢ State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics,
Chinese Academy of Sciences, Beijing 100190, China
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ee00846g

3086 | Energy Environ. Sci., 2022, 15, 3086-3096

microbial cells,® have been devoted to converting environmental
energy into electricity.

In nature, abundant clean sources occur concurrently, and
this provides new opportunities for developing hybrid power
generators in real natural conditions. For example, the ubiquitous
aqueous vapor is constantly concomitant with low-grade
heat sources (<100 °C), which are widely available in the
natural environment, living things and agricultural industry.”®
In ordinary atmospheric moisture-enabled electric generation,
water adsorption serves as the single driving force to induce ion
diffusion directionally for electric generation.’™* Such insufficient
ion migration triggers the unsatisfactory current density of the
device unit. The difficulty also lies in the heavy dependence of the
output on high relative humidity (RH) and special environmental
requirements under artificial conditions in the laboratory.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Prototype of the VHG and the corresponding electric output. (a) A well-designed VHG synchronously driven by vapor and heat. The porous
electrode is beneficial for vapor absorption and exposed to the hot surrounding, and the other electrode is sealed and regarded as the cold side of the
VHG. The ternary electricity-generating layer is composed of PSSA matrix and additional PEDOT:PSS, K4Fe(CN)g/KsFe(CN)e. (b) A photograph of the VHG
unit. (c) and (d) /sc output and Vo output of the VHG under constant RH = 70%, and AT = 10 °C.

Thermal gradient provides another appropriate driving force
for generating electricity based on the Soret effect.">"* There-
fore, the synergetic utilization of low-grade heat and vapor to
generate electricity is an ideal strategy for advanced power
generation under complex and mutable conditions in nature.
However, it remains an open question whether the vapor-
induced effect and ionic thermoelectric effect could work
together synergistically to boost the final power output in a
hybrid system because of their fundamentally different physical
pictures.

Herein, we propose a vapor and heat dual-drive electric
generator (VHG), which synchronously harvests aqueous vapor
and low-grade heat in a consistent direction for highly efficient
electricity generation in natural scenarios (Fig. 1(a)). The VHG
can produce a stable open-circuit voltage of up to 0.94 V and a
high short-circuit current density of 0.8 mA cm™> at RH of 70%
and a temperature difference (AT) of 10 °C. The considerable
performance results from the synergistic combination of
double-acting ion migration and the thermogalvanic effect by
adopting a ternary assembly consisting of hydrophilic polyelec-
trolyte, conducting polymer and a redox couple as verified by
molecular dynamics simulations and Monte Carlo calculations.
Compared with ordinary single-source generators, the vapor
and thermal differences are fully utilized by the hybrid VHG for
enhanced power output. The scalable integration of flexible and
tailorable VHGs can work in various environments (10-80 °C,

This journal is © The Royal Society of Chemistry 2022

30-90% RH), such as the sea, forest, and land from summer to
winter without environmental restriction. The wearable VHGs can
even generate more than 3 V based on human body sweat and
heat, and supply enough power to drive commercial electricity-
consuming devices in complex natural environments.

Results and discussion
Characterization and electrical performance of the VHG

The electricity-generating film consists of poly(4-styrenesulfonic
acid), poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
and K,Fe(CN)ys/K;Fe(CN)¢ (abbreviated as PSSA-PEDOT:PSS-
FeCN*~"7). Briefly, PSSA with abundant hydrophilic functional
groups (i.e., -SO;H) plays a role in water absorption and mobile
H' ions dissociation in response to vapor.'* PSSA/PEDOT:PSS
serves as the ion provider for thermodiffusion.'® FeCN* ", as
a redox couple, undergoes reversible reactions under a tem-
perature difference."® The free-standing film was fabricated by
the simple drop-casting of their dispersion onto the desired
substrates, followed by drying and peeling off. The ternary
components were uniformly distributed in a quasi-solid-state
composite (Fig. S1, ESIt).

To develop VHG for electrical measurements, the electricity-
generating layer was sandwiched between two graphite electro-
des (Fig. 1(a) and (b)). The upper electrode was porous to
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ensure the effective access of the vapor to electricity-generating
film. The bottom electrode and all the remaining parts were
sealed (Fig. S2, ESIf). The VHG unit can generate the short-
circuit current density () of 0.72-0.86 mA cm > and work
continuously for about 24 hours at RH = 70% and AT = 10 °C,
reflecting its outstanding power-generating stability (Fig. 1(c)).
The open-circuit voltage (V,.) reached a maximum value of
ca.0.94 V (Fig. 1(d)). These performances were repeatable for
long-term testing (Fig. S3 and S4, ESIf). When the vapor
approached the VHG, a power density of 6 pW cm > was
detected (RH = 70%, 25 °C, Fig. S5, ESIf). Intriguingly, its
amplitude further increased to 72 yW cm > upon RH = 70%
and AT =10 °C with 1100% enhancement (Fig. 2(a) and Fig. S6,
ESIT). In addition, the configuration of film sandwiched with
similar inert electrodes such as Au, Pt, and carbon tape, also
yielded a favorable electric output (Fig. S7, ESIT).
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The appropriate component content and thickness of the
hybrid film are essential to the electric performance of the VHG
(Fig. S8, ESIt). A considerable I, (0.8 mA cm™?) of the ternary
hybrid was optimized at a ratio of PSSA (92 wt%):PEDOT:PSS
(7 wt%):FeCN*~*~ (1 wt%) with a film thickness of about
740 pm. The dependence of I, on RH (30-90%) demonstrates
that power generation is directly related to the hydration level
of the film exposed to a humid environment (Fig. S9, ESIf).
Even at a low RH of 30%, VHG can proactively deliver a high I,
of 0.1 mA cm ™. Under high RH, the electric output of VHG was
visibly enhanced due to the beneficial water adsorption ability
and ion dissociation. In addition, the H' ion thermodiffusion
induced by temperature difference will also be spurred under
higher RH because water penetration will promote ion trans-
port.**** Fig. 2(b) shows the temperature dependence of the
current performance over a range of AT from —10 °C to 30 °C
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Fig. 2 Electric generation of a VHG unit. (a) Electric output of VHG with different electrical resistance as load. (b) /s of VHG under different AT at RH =
70%. AT = Typper — Thottom- Tupper: the temperature of upper electrode, Tpoom: the temperature of bottom electrode. Ty: the temperature of the
electrode at hot side. (c) /. of VHG, with varying pH values of PSSA-PEDOT:PSS-FeCN*~/3~ tuned by KOH. (d) /.. of different hybrid films based on PSSA
and additives (PSSA-X or PSSA-X-Y) under RH = 70% and AT = 10 °C. X: polyaniline (emeraldine base) (PANI), PEDOT:PSS, ethylene imine polymer (PEI),
reduced graphene oxide (rGO), polypyrrole (Ppy), cellulose, gelatin. Y: cobalt(i/m) tris(bipyridyl) (Co(i/m), iodide/triodide (I7/1s7), FeCN*~/3~,
carbon nanotube (CNTSs), SiO, nanoparticles. (€) /sc of PSSA, PSSA-PEDOT:PSS, PSSA-FeCN*/3~ and PSSA-PEDOT:PSS-FeCN*~/3~ film upon vapor
only (Tyng = RT), vapor with uniform heating (Tyug > RT, AT = 0), vapor + temperature difference (AT > 0 and AT < 0), respectively. The average
temperature of VHGs are the same (35 °C) under AT = 0 (Tyug > RT), AT > 0 and AT < 0. Tyng: temperature of VHG. RT: room temperature.
(f) A performance comparison of the typical water adsorption enabled electric generators reported for various macroscopic devices with inert electrodes
(Table S1, ESI+). 21733
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(Fig. S10, ESIT) at RH of 70%. At a specific AT of 10 °C, VHG
realized a maximum value of 0.8 mA cm ™2, due primarily to the
balanced water molecule adsorption and ion transport at an
appropriate temperature, which is quite similar to that of the
calculated current in Supplementary note 1 (ESIt). Moreover,
the pH value highly affects the power generation of the VHG
due to the ionization of functional groups (-SOzH) in PSSA
(Fig. 2(c)). When the pH was increased, the suppressed I was
observed because of impeded H' ion transfer, which verifies
that the electric generation in VHG is strongly associated with
the process of H' ion migration.

In the ternary hybrid film of PSSA-PEDOT:PSS-FeCN*~*~, PSSA
has been explored for electric generation in previous research
based on either water adsorption®® or temperature difference
configuration®® separately. PEDOT:PSS®” and FeCN* /3~ 38
respectively exhibited thermoelectric performances. Notably,
the I, of VHG based on the composite film (0.8 mA cm™?) is
considered superior to that of the single component of PSSA
film (0.2 mA cm™?) under vapor accompanied by temperature
difference. The vapor and heat dual-drive power effects of other
additive species were also assessed (Fig. 2(d) and Fig. S11,
ESIT). These polymers, redox couples and nanomaterials have
been previously reported for their thermopower effects.**™**
For all the comparable VHGs, the device based on PSSA,
PEDOT:PSS and FeCN*~®~ appears to be the optimal construc-
tion for power generation. We propose that the impacts of
different additives on I, are related to their water adsorption
ability, ionic conductivity, and the coupling effect between them,
which are discussed in detail in Supplementary note 2 (ESIT).

To confirm the specific influence of vapor and temperature
difference, vapor only (Tyug = RT), vapor with uniform tem-
perature (Tyyg > RT, AT = 0), and temperature difference with
different directions (AT > 0 and AT < 0) were applied
separately to a VHG (Fig. S12, ESIt). The I reached a maximum
value of ca. 0.13 mA cm > solely with incoming vapor (RH =
70%), which is comparable to the reported single source gene-
rators (Fig. S13, ESIT).*® This vapor-induced I increased to
0.29 mA cm~? under uniform heating (Fig. 2(e) and Fig. S14a,
ESIt), and it further increased to 0.86 mA cm 2 under a
temperature difference (AT > 0, Fig. S14b, ESIT). The enhance-
ment in I, was achievable only when the gradient of water
adsorption and temperature were in the same direction. Control
studies of employing a temperature difference with AT < 0,
namely the bottom electrode with higher temperature, yielded
negligible performance (Fig. 2(e) and Fig. S14d, ESIt). In addition,
a VHG based on two opposite porous electrodes produced a poor
I of 0.02 mA cm % (RH = 70% and AT = 10 °C, Fig. S15, ESI})
because the absence of a water adsorption gradient reduced the
directional ion migration. It revealed that the configuration of
VHG is superior to common thermo-induced electric generators.
These results verify the synergistic effect of directional vapor
adsorption and temperature difference in VHG. After systema-
tic adjustments were made to the device structure and sur-
rounding conditions, the VHG exhibited the optimal I, of
0.86 mA cm~ > under RH = 70% and AT = 10 °C. As illustrated
in Fig. 2(f) and Tables S1, S2, ESIL,1 the output performance

This journal is © The Royal Society of Chemistry 2022
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of VHG was much higher than that of most power-generating
devices reported previously based on either water adsorp-

tion or temperature difference under the same condi-
tiOnS.9’11’12’14’16_30’32_34'36’38'40’41’43_61

Mechanism verification

The mechanism of vapor and heat dual-drive power could be
proposed as follows. When vapor approaches the film through
the porous upper electrode, the sulfonate groups in PSSA
will spontaneously dissociate and release moveable H' ions
(Fig. 3(a)).>° Based on the vapor insulation on the bottom
electrode and all remaining sides (Fig. S16, ESI{), the different
hydration levels between the upper and bottom sides of the
film lead to the gradient distribution of H" ions across the
PSSA-PEDOT:PSS-FeCN* >~ film, which will drive free H" ions
to directionally move with water penetration deep into the film.
In contrast, the negatively charged -SO; ™ groups anchored onto
polymer skeletons are immobile. As a result, substantial con-
finement of -SO;~ and transport of H' ions achieve negative/
positive charge separation to induce an electric field.

When a temperature difference occurs on the VHG, the H' ions
will tend to diffuse from the hot side to the cold side for thermo-
power dominated by the Soret effect (Fig. 3(b))."* In addition, H"
ion dissociation will be improved near the hot electrode.® The
direction of thermodiffusion is in accord with the direction of
vapor-induced H' ion migration (Fig. 3(c)). This alignment can
achieve double-acting H' ion transport. Thus, the gradient dis-
tribution of H' ions induced by vapor adsorption could be further
enhanced upon temperature difference, and H' ion thermodiffu-
sion will be promoted by water adsorption accordingly.** The
synergistic function of vapor and thermal gradient on VHG
facilitates H' ion diffusion directionally for higher .

In addition to the thermal diffusion of ions, when a tem-
perature gradient is built across the VHG, the balance of
reversible reactions between the redox couple of Fe(CN)s"'~
and Fe(CN),*>~ is broken, and the reversible reaction near the
two electrodes will be inclined to the opposite direction.*”®*
In the ferri/ferrocyanide couple, the solvation entropy of
Fe(CN)g*™ is lower than that of Fe(CN)g>~."® Specifically, the
oxidation reaction Fe(CN)¢*~ — e + Fe(CN)g’~ is favorable and
releases electrons into the hot electrode, and then the electron
through an external circuit is consumed at the cold cathode by
the reduction of Fe(CN)s*>~ to Fe(CN)g*~ (Fig. 3(c)). The oxidized
species (Fe(CN)s>7) generated at the hot side and the reduced
species (Fe(CN)s*") generated at the cold side migrated to
the other electrode under a concentration gradient, making
continuous current output possible.®’ The thermogalvanic
effect will generate a thermopower that is consistent with the
diffusion contributions of H' ions. Consequently, the high
power output of VHG under vapor and temperature difference
is superior to electric performance induced by the individual
factors (Fig. S17, ESIt), which confirms the synergy of the
thermogalvanic effect of the redox couple Fe(CN)s'/Fe(CN)s>~,
double-acting diffusion of H' ions.

This mechanism was further confirmed by experimental
results and theoretical calculations. The mass change of VHG

Energy Environ. Sci., 2022, 15, 3086-3096 | 3089
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Fig. 3 Proposed mechanism of a VHG. (a) The functional groups in PSSA are ionized by incoming vapor and release H* ions to diffuse under vapor only.
(b) When a temperature difference is applied on a VHG with excluded vapor absorption, H* ions will thermodiffuse from the hot side to the cold side.
(c) Under vapor with temperature difference, H* ion diffusion is driven by water adsorption gradient and temperature gradient synergistically.
Simultaneously, the reversible reaction of Fe(CN)s*~ and Fe(CN)g*~ redox couple occurs near the electrodes. (d) Thermal conductivity of PSSA-
PEDOT:PSS-FeCN*~/3L film under RH = 70%. (e) The ionic conductivity of PSSA-PEDOT:PSS-FeCN*~/3~ film under vapor (RH = 70%) and temperature
difference (AT = 10 °C), respectively. (f) The electrochemical impedance of PSSA and PSSA-PEDOT:PSS-FeCN*~/3~ film in response to vapor and
temperature difference (RH = 70%, AT = 10 °C). (g) Simulation model snapshots: H* ions and negative ~SO*~ groups pairs distribution upon vapor (left)
and vapor + temperature difference (right). (h) Temperature gradient influence on the calculated current with respect to the average temperature.
For black dots, the temperatures at both ends were increased simultaneously; for blue dots, only the temperature at the top was changed. Note that the

current of the sample was used to normalize the calculation results.

by water adsorption from air was about 150% at 70% RH
(Fig. S18a, ESI{). In addition, a temperature difference of
~10 °C in VHG persisted during a long-term operation
(Fig. S18b, ESIf). This results from the thermal conductivity of
PSSA-PEDOT:PSS-FeCN*~ film being as low as 0.04 Wm™* K *
at 298 K (Fig. 3(d) and Fig. S19, ESI{), allowing it to maintain
a temperature gradient along the VHG for constant power
generation.* Concurrently, induced electric power lasts
more than 24 h (Fig. 1(c)). After water dehydration and cooling
down, the reversible electricity generation of VHG can also be
achieved by the subsequent water adsorption and heating again
(Fig. S3, ESIT). When blocking the water adsorption and H' ion
migration process under 0% RH and uniform temperature,
VHG is unable to generate electricity owing to cutting off H' ion
dissociation and diffusion (Fig. S20, ESIT). These results further
validate that the spontaneous water adsorption and tem-
perature gradient in VHG is the main reason for electricity

3090 | Energy Environ. Sci., 2022, 15, 3086-3096

generation. Notably, the general strategy is to use a negative
temperature coefficient (i.e., ar < 0) and a p-type thermo-
diffusive thermopower (i.e., Seebeck coefficient, S. > 0) to
generate a high thermopower."® The thermodiffusion of H*
ions in PSSA-PEDOT:PSS film showed a p-type thermopower
(Fig. S21, ESIt). The Fe(CN)s'/Fe(CN)s*~ redox couple has a
negative temperature coefficient (Fig. S22 and S23, ESI{),
along with vapor-induced electric field achieving a synergistic
effect.

The ionic conductivity (o) values of PSSA-PEDOT:PSS-
FeCN*™~ hybrids were obtained using electrochemical impe-
dance spectroscopy (Fig. 3(e) and (f)). The o of the original film
was 0.04 pS ecm ', which increased to 6.1 pS cm™ "' upon RH =
70% (Fig. 3(e)). This strong o dependency on water adsorption
revealed that the spontaneous water absorption facilitated the
dissociation and diffusion of H' ions under vapor, resulting in
enhanced I,.."* A further increasing trend was observed after

This journal is © The Royal Society of Chemistry 2022
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applying a temperature difference, which can be fitted into the
following equation:

Op = O_OefEa/kT (1)

where o7 is the ionic conductivity, k is the Boltzmann constant,
T is the temperature, and g, is the pre-exponential factor.** The
o of PSSA-PEDOT:PSS-FeCN*~/3~ film increased to 51 puS cm™*
under temperature difference (Fig. 3(e)). In the ternary system
of PSSA-PEDOT:PSS-FeCN*™*~ film, the higher conductivity
suggested that H' ion migration was more efficient than that
in simple components (Fig. 3(f), Fig. S24, ESI}).*® Conse-
quently, given different hydration levels between two sides of
the PSSA-PEDOT:PSS-FeCN*~*~ film under vapor, the direc-
tional transport of H' ions will spontaneously realize charge
separation and induce an electric output. This H' ion dissocia-
tion and migration induced by vapor will be further driven by
the temperature gradient in VHG. Synchronously, water pene-
tration under vapor could promote ion thermodiffusion. The
increased carriers and abundant driving force for efficient H"
ion diffusion work synergistically with the thermogalvanic
effect of the redox couple, accordingly enhancing power gene-
ration as supported by the theoretical calculations.

To quantify the ion migration dependence of electricity
generation, the kinetic Monte Carlo method (details in Supple-
mentary note 1, ESIt) was used to study ion movement inside a
polymer network. After the given directional vapor, positive/
negative ion pairs were uncoupled, and hydrated H' ions
diffused in the matrix. Note that negative groups were fixed
and never diffused. After enough kinetic Monte Carlo time-
steps, a built-in electric field was established, and the typical
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distribution of hydrated H' ions is shown in the left figure in
Fig. 3(g). This H" ion migration was further improved under the
temperature difference, presented in the red arrows of the right
figure in Fig. 3(g).

As shown in Fig. 3(h), the remarkable current enhancement is
closely related to the high temperature at the top. In Fig. 3(h),
samples with a larger temperature difference (AT > 0) produced a
much higher current compared to the sample with uniform
temperature (AT = 0), which is comparable with the enhancement
brought by the temperature difference in experiments (Fig. 2(e)).
Therefore, this verifies that the temperature difference can further
enhance the electric output of VHG. These theoretical calculation
results further indicate the mechanism rationality of VHG.
In addition, the variations in the chemical potential energy from
gaseous water in air to the adsorbed water in the device and heat
input power are the main input energy sources in this process of
electricity generation in VHG. The energy conversion efficiency
was estimated to be about 1.7% (Supplementary note 3, ESIt).

Scalable integration of VHGs

The scalable integration of electric generators is critical for
realizing highly efficient power output in the ambient environment.
The output voltage could be enhanced by proper connection.
For example, 6.7 V voltage can be easily reached by connecting
six VHG units in series (Fig. 4(a)). Notably, the area of the PSSA-
PEDOT:PSS-FeCN* " film varied, ranging from 0.25 cm? to
25 cm?. By enlarging the device area, a 25 cm” unit can achieve a
stable current of 1.7 mA and a voltage of 0.82 V (Fig. 4(b) and (c)).
Moreover, the addition of PEDOT:PSS-FeCN* >~ could potentially
improve the stretchability owing to the hard and stiff nature
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Fig. 4 Performance of integrated VHGs. (a) The Vo output of 0.25 cm? VHG units connected in series. (b) Vo and (c) current output of one VHG unit
with different area. The testing conditions were 70% RH, and AT = 10 °C. (d) Stress—strain curves of PSSA and PSSA-PEDOT:PSS-FeCN*~/*~ film. Inset:

Photograph of the PSSA-PEDOT:PSS-FeCN*~/3~ film in the bending state.
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of the inorganic FeCN*™~ and hydrogen bonds between the
components.®® The hybrid film displayed mechanical strength
with an elastic strain of about 19.0%, a modulus of about 0.5 MPa,
as compared with an elastic strain of about 12.7%, and a modulus
of about 0.4 MPa for the PSSA film (Fig. 4(d)). Due to the pliant
nature of the composite film (insert of Fig. 4(d)), flexible VHGs can
be conveniently fabricated. These considerable power outputs and
endurance for mechanical deformations make them practicable
to integrate VHGs for scalable applications under different natural
environments without temporal and geographical limitations.

To demonstrate the practical applicability, an integrated
module was fabricated by connecting VHG units in a series-
parallel connection. The electricity generated by VHG can be
directly utilized or stored in commercial energy-storage devices
without an extra rectifier (Fig. S25, ESI{). Capacitors with
25 puF-5 F could be charged to 5-10 V (Fig. S26, ESIt). Natural
vapor and temperature differences are ubiquitous, providing
opportunities for the actual performance of power-supplying
systems in real conditions. VHGs can produce considerable
electric output for powering commercial appliances by sponta-
neously adsorbing water in air and harvesting low-grade ther-
mal sources over a wide range of temperatures (10-80 °C) and
humidity (20-90%), adapting to most of the environmental
scenarios and seasons across the earth.

From July to November of 2021, we tested the power gene-
ration performance of integrated VHGs on the campus of
Tsinghua University, Beijing. Particularly, a prototype containing

Ambient
temperature l
30°C

| RH=60%, AT=6 °C

View Article Online
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15 VHG units (0.25 cm®) was attached to the outer wall of a cup as
illustrated in Fig. 5(a). In the hot summer (Beijing, China, July to
August 2021), the bottom sides of VHGs were cooled down by ice
water (4 °C) in the cup, while the upper side of VHGs was warmed
at the ambient temperature of 30 °C. The natural temperature
gradient established along the VHGs (AT = 10 °C) together with
natural moist air (RH = 72%) near the cup provided an appro-
priate environment for VHGs. The electric output of VHG can
be stored in a capacitor, and the accumulated electric energy
powered an electric fan for human comfort (Fig. 5(b), (c) and
Video S1, ESIY). In addition, scalable VHG devices can be reconfi-
gured in series in the shadow of a tree, the power generated under
ambient conditions directly drives fancy lanterns adorned on the
tree trunk (Fig. 5(d) and (e)). A similar module can also work by
floating on the lake surface (Fig. 5(f)). The upper porous electrodes
were painted black for the higher temperature of 36 °C and the
bottom electrode adhered to a white substrate near the lake
surface with a lower temperature of 28 °C (AT = 8 °C, RH =
60-70%). VHGs can provide enough power to directly run a model
lighthouse (Fig. 5(g)).

The highly flexible VHGs are also suitable for wearable
systems. Human bodies are natural sources of constant humidity
and heat, which have great potential for powering commercial
electronics by collectively utilizing the sweat of human skin and
the temperature difference between human bodies and the outer
environment (Fig. 6(a)). For example, when the VHGs on a flexible
PET substrate are around the wrist, it generates V,, of about 3.6 V

lake surface

RH=67%, AT=8 °C

Fig. 5 Demonstration of VHGs as practical power sources in real life conditions of summer (Beijing, China, July to August, 2021). (a) Schematic diagram
of integrated VHGs on the outer wall of a glass cup filled with ice water. (b) Photograph of VHGs running an electric fan smoothly. (c) The infra-red image
showing real temperature of VHGs on the outer wall of the glass cup. The ambient temperature is 30 °C and the temperature of ice water is 4.2 °C.
(d) Schematic diagram and (e) photograph of VHGs fastened in the shadow of a tree. Fancy lanterns adorned on the tree trunk are lighted by serially
connected VHGs directly. (f) Schematic diagram and (g) photograph of VHGs floating on the lake to power a lighthouse model. These images were
obtained in real natural environments without any other auxiliaries.
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Fig. 6 Demonstration of VHG as a practical power source in real life conditions of winter (Beijing, China, October to November, 2021). (a) Schematic
diagram of a VHG adhered to human skin. (b) V.. generated from VHGs worn on the human wrist. (c) Photograph and IR image of a self-powered
electronic watch under working conditions. The surface temperature of the human arm was 26.0 °C and the temperature of electrodes exposed to air
was 17.1 °C. (d) The VHGs bent around the neck of a human can power a hearing-aid. Inset: Photograph of integrated VHGs. (e) Voltage retention of VHGs
after various bending cycles. Inset: Photograph of integrated VHGs from the original state to the bending state. (f) Volume monitored by a decibel meter
before and after the hearing-aid run by VHGs. (g) VHGs installed on the inner wall of a greenhouse. The outdoor temperature was 13 °C, and the indoor

temperature in the greenhouse was 25 °C.

(Fig. 6(b)) at the natural RH of 51%, and AT of 8.9 °C near human
skin. This power can directly run an electronic watch (Fig. 6(c) and
Fig. S27, ESIt). A similar module assembled by connecting 24
VHG units presents good mechanical flexibility. The V,,. was stably
maintained even after 2000 bending cycles. A “necklace” consisting
of VHGs can be easily bent to be worn on the human neck (Fig. 6(d)
and (e) and Fig. S28, ESIt). The power generated by this wearable
power-supplying system is enough to charge a capacitor for driving
a hearing aid (Fig. 6(f)). The personally wearable VHG can fully
harvest natural vapor and heat from the human body and thus
power compact applications to authentically meet human needs.

Furthermore, the natural vapor and temperature difference
also exist in the scenario of agriculture. In a greenhouse with
RH of 82%, when VHG units assemble on the inner wall,
adequate vapor and temperature differences between the
indoor temperature of 25 °C and outdoor temperature of
13 °C can make VHGs achieve electric output. The accumulated
energy is enough to power a lamp bulb of 15 Watt (Fig. 6(g)).
These examples show that VHG could be a viable technology for
spontaneously utilizing the multiple natural energies of vapor
and low-grade heat from outdoor environments and organisms
for powering electricity-consuming devices in various scenarios
of daily life, horticultural decoration and agriculture.

Conclusions

In summary, we have developed a VHG for spontaneously
adsorbing vapor and harvesting concomitant heat from the

This journal is © The Royal Society of Chemistry 2022

natural environment. This VHG dual-driven by vapor and heat
can deliver a voltage output of 0.94 V and a considerable
current density of up to 0.8 mA cm >, The high-performance
power generation is attributed to the synergistic combination
of vapor and thermal-gradient function in the redox-involved
polyelectrolyte composites, where hydrophilic polyelectrolyte
plays a role in vapor-induced ion migration and thermodiffu-
sion, and a redox couple is introduced for thermogalvanic
effects. This was confirmed by experimental results and kinetic
Monte Carlo simulations. VHG is applicable in most scenarios
of human activity over a wide range of temperatures (10-80 °C)
and RH (30-90%), regardless of weather and geographical
conditions. The flexible and tailorable VHGs can not only
spontaneously power portable electronics but also work as
personal energy supply systems to power wearable and portable
devices for applications in daily life by fully harvesting body
sweat and heat. Furthermore, such integrated VHGs can be
employed for horticultural decoration and agriculture in various
seasons. For practical applications, VHGs will work under various
natural conditions with various RH, temperature, light intensity,
and wind speed. The combination techniques of VHGs with some
energy storage devices and controller modules, such as capacitors,
rectifiers, chips, will be well developed to ensure stable power
output during long-term operation in complex and mutable
environments. The self-powered energy supplies through the
comprehensive utilization of natural sources in a multi-drive
system from ambient environments have the potential to serve
the Internet of Things and Smart Life systems in the future.
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Experimental section
Materials

The raw materials, namely, poly(4-styrenesulfonic acid) (PSSA)
solution (M, 75000, 30 wt% in H,O, Alfa Aesar). Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS),
CLEVIOS™ P VP Al 4083, from Heraeus. K3Fe(CN)s (Mw =
329.26, >98%) and K,;Fe(CN)e-:3H,0 (Mw = 422.39, >98%),
were purchased from Alfa Aesar. All chemical reagents were
employed without further purification.

Preparation of PSSA-PEDOT:PSS-FeCN* ">~ film

PEDOT:PSS and K,Fe(CN)¢/KsFe(CN)s were mixed with an aqu-
eous PSSA solution. The mixed solution was cast into a mold and
dried overnight in an oven at 37 °C and RH was set to 45%. The
hybrid film was obtained at a ratio of PSSA (92 wt%):PEDOT:PSS
(7 Wt%):K,Fe(CN)/KsFe(CN)g (1 wt%). Similarly, PSSA-PEI, PSSA-
rGO, PSSA-Ppy, PSSA-cellulose, PSSA-gelatin, PSSA-PEDOT:
PSS-Co II/III, PSSA-PEDOT:PSS-I /I;~, PSSA-PEDOT:PSS-CNTs,
PSSA-PEDOT:PSS-SiO, nanoparticles films could be prepared by
the same protocol as PSSA-PEDOT:PSS-FeCN* ™ film.

Preparation of electrodes

Uniformly distributed holes were manufactured on the upper
electrode for ventilation. The diameter of the holes was 1.3 mm.
A pair of graphite electrodes were applied in tests in Fig. 1-4
and Fig. S1-S30 (ESIt), except for Fig. S7 (ESIT). In Fig. 5 and 6,
PET pre-printed with carbon paste served as electrodes in the
flexible VHG. In Fig. S7 (ESIY), carbon paper, carbon tape, Au,
Ag and Pt were used as electrodes.

Fabrication of VHG

The obtained PSSA-PEDOT:PSS-FeCN*/*~ film was sandwiched
between two electrodes and inserted into a test circuit in an
enclosed container with an RH and temperature controlling
system for electrical measurements. The polyacrylonitrile-based
carbon fibers were adhered to the upper electrode to heat. The
real-time temperature of VHG was monitored by a multichannel
thermocouple thermometer (Apllent, AT4516) in Situ.

Electric measurement

All the voltage and current signals were recorded by a Keithley
2400 multimeter, which was controlled by a LabView-based
data acquisition system. The circuit parameters of the V,. test
were current = 0 mA and step index = 10 points s '. The circuit
parameters of the I test were voltage = 0 V and step index =
10 points s~ ". The electrochemical tests were conducted on a
PARSTAT 3000A electrochemical workstation.

Material characterization

The morphology and microstructures of films were characterized
using a Sirion-200 field-emission scanning electron microscope
(FEI Corporation, USA). Fourier Transform infrared spectroscopic
(FTIR) tests were conducted on a Nicolet 6700FTIR. The tempera-
ture distributions of devices were recorded by an IR camera
(Fluke). Thermogravimetry Analysis spectra were obtained from
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TA INSTRUMENTS, Q5000IR. The mechanic tensile tests were
conducted by an Instron 5943 universal testing machine. The
freestanding samples were held by a pneumatic grip, and the
gauge length was set to ~20 mm with a stretching rate of
10 mm min~'. Volume was monitored by a decibel meter
(Aicevoos, 0.1 dB).

Thermal conductivity measurement

The thermal conductivity (k) was calculated from the equation
k = CppD, where C;, is the specific heat capacity, p is the density
of the sample, and D is the thermal diffusivity. Thermal
diffusivity was conducted on a laser flash analysis (LFA 447).
The thermal diffusivity is described by D = 0.1388 d*/t,/,, where
d is the thickness of the sample, and ¢,,, is the time to reach the
halfmaximum temperature. The specific heat capacity was
obtained using differential scanning calorimetry (DSC, Q5000IR).

The ionic electrical conductivity measurement

The ionic conductivities of the sample films were measured by
broadband dielectric impedance spectrometer (CONCEPT-80,
NOVOCONTROT) in the frequency range from 0.8 MHz to
0.1 Hz. The concrete value in conductivity is determined by

(2)

where ¢: ionic conductivity, L: thickness, S: electrode area and
R: (Zreal|Z]).
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