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Spontaneous cyclic transport mediated
hydrovoltaic energy harvesting utilizing PB-PANI
infused hierarchical porous wood structuresf
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Water evaporation, a crucial natural process, presents significant opportunities for sustainable energy

production via hydrovoltaic technology. Nevertheless,

actual implementations are hindered by

insufficient energy output, complex fabrication processes, limited reliability, and high costs. This research
presents a Cyclic Transport-Driven Hydrovoltaic Generator (CTHG), modeled after tree transpiration,

which utilizes cyclic water flow to augment charge separation, stabilize voltage output, and enhance

power density. The system reduces dependence on external water supplies while guaranteeing sustained

operational stability, providing a scalable and effective option for renewable energy generation. This
CTHG utilizes hierarchically porous delignified wood functionalized with Prussian blue (PB) nanoparticles
and conductive polyaniline (PANI) as the medium for energy generation, enhancing water movement,

electrical conductivity, and ion diffusion. Under ideal conditions, the device achieves a continuous

2

voltage of 0.75 V, approximately twice the published average, and a power density of 6.75 pW cm™< in

deionized water. The voltage increases to 0.92 V in alkaline solutions at elevated temperatures with
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consistent performance observed over multiple days. Furthermore, series-connected CTHGs efficiently

energize commercial devices, exemplified by illuminating an LED light with five units connected in series.

DOI: 10.1039/d5ta02704g

rsc.li/materials-a

1. Introduction

Electricity generation from renewable energy sources, including
wind, solar, hydro, and biomass, provides a sustainable and
environmentally beneficial alternative to traditional fossil fuel-
based energy." Water has been extensively employed for hydro-
power, where potential energy is transformed into mechanical
energy, they necessitate topographical characteristics and
substantial infrastructure,” hence constraining their usability.
Conversely, water evaporation—a fundamental process integral
to energy transmission in environmental systems—has arisen as
a feasible method for energy harvesting.* Recent breakthroughs
in hydrovoltaic technology have shown energy generation via
electrokinetic interactions between water and solid substances.*®
The phenomenon wherein water traverses limited channels
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This scalable, environmentally sustainable technique highlights the promise of bio-based materials for
renewable energy production and wastewater reclamation, tackling significant worldwide energy issues.

within a material to generate electrical potential forms the basis
for evaporation-driven electrical generators (EEGs), an innovative
advancement in sustainable energy production®” Enhancing EEG
performance necessitates materials characterized by high
porosity for effective water transport.>**° Extensive specific
surface areas to improve solid-water interactions,® and plentiful
functional groups to promote ion transport.'” Wood, a readily
accessible natural material, possesses a hierarchical cellular
structure and remarkable hydrophilicity attributed to hydroxyl
groups, rendering it a compelling option.”** Balsa wood
(Ochroma pyramidale) exhibits a distinctive amalgamation of low
density, slender cell walls, and oriented micro/nano-fibrils,
rendering it highly appropriate for EEG applications.*® Delignifi-
cation enhances wood's porosity and specific surface area,
revealing functional groups that augment its ability for hydro-
voltaic energy collection.”* The inherent hierarchical porosity of
wood offers a flexible foundation for the incorporation of func-
tional materials and nanostructures, facilitating improved water
evaporation and mass transfer efficiency.’>'® Recent advance-
ments have initiated the exploration of hydrovoltaic energy har-
vesting through natural evaporation in wood-based systems;
however, only few studies have examined the integration of active
materials into wood matrices for this application.'”*® This study
presents, for the first time, the functionalization of delignified
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wood using nanostructured Prussian blue-polyaniline (PB-PANI)
composites. This alteration enhances the electrical conductivity
and water transport efficiency of the wood matrix, hence enabling
more efficient conversion of evaporative energy into electricity.

The research, inspired by the natural transpiration mecha-
nism in plants including evaporation through hierarchical
porous structures, aims to produce functionalized wood-based
evaporation-driven electrical generators.

A unique Cyclic Transport-Driven Hydrovoltaic Generator
(CTHG) is presented to address the shortcomings of traditional
unidirectional water flow systems. Cyclic water movement
markedly improves charge separation by amplifying interac-
tions between water molecules and material surfaces, thus
enhancing voltage stability and power density."** This study
presents a novel material platform and a unique design para-
digm. The quasi-cyclic water flow—facilitated by deliberate
evaporation, condensation, and capillary action within a semi-
enclosed epoxy framework—significantly diminishes the
necessity for active hydration while ensuring stable energy
generation. This cyclic method decreases reliance on external
water sources and alleviates surface charge saturation, hence
providing sustained operating stability and longevity.">*® The
CTHG represents a notable progression towards self-sustaining,
low-carbon energy systems that can power small electronic
devices. This innovation corresponds with the goals of renew-
able energy generation and resource sustainability.

2. Experimental section

2.1. Materials

Ammonium persulfate (APS), aniline (ACS, =99%), sodium
chlorite (NaClO,), hydrochloric acid (HCl), sodium hydroxide
(NaOH), sodium chloride (NaCl), and magnesium chloride
(MgCl,), anhydrous ethanol solution (ACS, =99.5%), were ob-
tained from Fisher Scientific. Prussian blue (Fe,[Fe(CN)q];) was
acquired from Sigma-Aldrich Canada. Balsa wood samples were
obtained from Thomes North America. Epoxy resin was
purchased from Magic Resin.

2.2. Sample preparation

Balsa wood (BW) samples were cut into small pieces and further
polished utilizing grinding and sanding techniques. To elimi-
nate lignin, the samples were subjected to delignification in
a 1 wt% sodium chlorite (NaClO,) solution at 80 °C for 2 hours,
followed by treatment in sodium hydroxide (NaOH) solutions at
80 °C for 20 minutes. The treated samples were further washed
with acetone at 50 °C for 30 minutes to eliminate residual
contaminants and improve their purity.

2.2.1. Synthesis of PB-PANI infused BW. 0.5 g of Prussian
blue (PB) was subjected to sonication in 20 mL of a solution
comprising ethanol and 1 M HCI for a duration of 3 hours.
Thereafter, 0.93 mL of 99% aniline monomer was incrementally
introduced to the solution and agitated with a magnetic stirrer for
30 minutes. Three pre-cut BW samples, totalling 4 g, were added
to the resultant solution and refrigerated for 1 hour to produce
the PB-aniline-BW samples. Separately, a solution of ammonium
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persulfate (APS) was prepared by gradually adding 2.3 g of APS in
1 M of 20 mL acetic acid (CH;COOH) solution and kept in the
refrigerator for 1 hour. This pre-cooled APS, which works as the
oxidizing initiator, was slowly added dropwise to the previously
prepared PB-aniline-BW solution over the course of 1 hour while
maintaining continuous stirring in an ice bath at 3 + 1 °C. Stir-
ring continued for an additional 6 hours to ensure thorough
polymerization, and finally washed and rinsed with alkaline
solutions (1 M NaOH), DI water and ethanol. The samples were
subsequently dried in a vacuum oven at 80 °C for 4 hours,
resulting in a conductive PB-PANI-infused BW as shown in
Fig. S1.f For comparison, pure PANI-infused BW was prepared
through a similar procedure as above without the presence of
Prussian blue (PB). Finally, the dried samples were cleaned with
a plasma cleaner with O, for 2 minutes. Samples were named as
D-BW (delignified balsa wood), PANI-BW (PANI infused balsa
wood), and PB-PANI-BW (PB-PANI infused balsa wood).

2.3. Structural characterization

The surface morphology of the materials was analyzed utilizing
an environmental scanning electron microscope (ESEM-
Quanta FEG 250 ESEM, FEI, USA). Fourier-transform infrared
(FTIR) spectroscopy (Bruker Tensor 27 FTIR spectrometer-PIKE
Technologies, USA) equipped with an attenuated total reflec-
tance (ATR)) was conducted within the range of 600-4000 cm ™"
to ascertain surface functional groups. Hydrophilicity was
assessed utilizing a water Contact Angle Instrument (Optical
Contact Angle (OCA 35). Zeta potential was analyzed by
Dynamic Light Scattering with Zeta Potential (Zetasizer Nano
ZS). The materials’ crystal structure was examined using X-ray
diffraction (Bruker D8 Focus, Cu target). The specific surface
area was assessed using multipoint BET techniques (Gemini VII
2390A, Micromeritics, USA). Samples were degassed at 90 °C for
12 hours in a nitrogen atmosphere before the surface area
analyses. Thermogravimetric analyses (Q500, TA Instruments,
USA) were performed on the wood-based samples in a nitrogen
atmosphere throughout a temperature range from room

temperature to 700 °C, heating rate 20 °C min~ .

2.4. Electricity generation setup

High purity, flexible copper sheets were utilized as electrodes
for the electrical performance assessments, forming a sandwich
structure of copper-BW-copper. A 5 mL of DI water served as the
water reservoir. The samples were connected to multimeter
(Agilent 34411A, Keysight, USA), a SourceMeter (model
B2901BL, Keysight, USA), or a Potentiostat/Galvanostat (Inter-
face 1010 E, Gamry, USA) for various electrical measurements.
The conclusions section should come in this section at the end
of the article, before the acknowledgements.

3. Results and discussion
3.1. Design and characterization of the CTHG

Fig. 1(a) and S47t depicts the hierarchical structure of the Cyclic
Transport-Driven Hydrovoltaic Generator (CTHG), consisting of
a hydrophilic porous balsa wood (BW) layer enveloped in

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) Schematic illustration of the CTHG device demonstrating water absorption, transportation, and evaporation, with inset highlighting the
cellulose paper and balsa wood (BW) framework as the principal energy harvesting element. (b) SEM image of D-BW; (c) SEM image of PANI-BW;
(d) SEM image of PB-PANI-BW. High-magnification SEM images depicting (e) PANI and (f) PB-PANI nanostructures on the BW surface.

cellulose paper and covered with a hydrophobic epoxy layer retention, and movement during the evaporation process.
which works as holder. The BW layer, encased by cellulose ~Water evaporation takes place through the strategically located
paper, functions as the principal medium for water absorption, windows in the outer epoxy enclosure, as shown in Fig. S4(c)

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 37297-37309 | 37299
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and S5(d and f).T This process generates a continuous upward
water flow, with the hydrophilic cellulose layer promoting water
absorption and transfer into the wood matrix. The epoxy shell,
covering roughly 50% of the upper and lateral areas, improves
mechanical integrity and facilitates internal condensation,
whereas the exposed bottom surface (approximately 90%)
enables effective water absorption from the reservoir. This
configuration facilitates a quasi-cyclic hydration mechanism, in
which capillary action and partial vapor condensation maintain
moisture distribution within the porous matrix. The upward
transport of water, driven by transpirational forces from surface
evaporation, supports sustained device hydration, reduces
external water needs in ambient environmental conditions.

The cohesive qualities of water, resulting from intermolec-
ular forces, along with its adhesive contacts with cell walls,
facilitate a continuous ascent through the structure. This effi-
cient water transfer mechanism is essential to the operation of
the ECG device.

The hierarchical design methodology, inspired by vascular
plant structures, enables a mesoporous architecture featuring
a comprehensive micro/nano channel network. Wood, recog-
nized for its inherent capacity to facilitate and arrange water
and nutrient transport in plants, is utilized for energy genera-
tion. Integrating PB-PANI into the cell walls establishes
conductive pathways, noticeably augmenting surface area and
improving charge transport for effective electricity generation.
Here, water is initially absorbed by the cellulose paper and then
transferred to the BW structure, which functions as the prin-
cipal power-generating element. Water perpetually circulates
through the cellulose paper, ascending from the bottom layer to
the top through micro/nano-channels within the BW structure,
while few portions of water is transferred directly through the
cellulose paper to the top side of BW. Water circulates to the
surroundings through the cellulose paper and BW. The quasi-
cyclic water circulation in the CTHG system is primarily
propelled by water loss via evaporation at certain evaporation
windows and subsequent condensation on the inner surface of
the epoxy enclosure. The continual phase transition process
creates a dynamic wet-dry gradient that facilitates continuous
water flow through the device. The hierarchically porous
architecture of the wood facilitates spontaneous capillary-
driven water transport, while the incorporation of cellulose
paper improves both water absorption and ion conduction. The
inherent anisotropic channels within the wood matrix enable
unidirectional water movement, while the hygroscopic and
porous characteristics of the cellulose paper covering enhance
capillary wicking. Collectively, these attributes guarantee
uniform hydration and directed water flow across the system.
Experimental findings validated that water is effectively dragged
from the bottom reservoir and redistributed through the bilayer
structure via capillary action, maintained by evaporation-
induced water loss.

Fig. 1(b)-(d) demonstrate the morphologies of delignified
balsa wood (D-BW), polyaniline-infused balsa wood (PANI-BW),
and Prussian Blue-Polyaniline-infused balsa wood (PB-PANI-
BW), respectively. The delignification process removed lignin
and hemicellulose, revealing micro- and nanoscale holes in the
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primary and secondary cell walls, along with the middle lamella
(Fig. 1(b)). This structural alteration enhances the accessibility
of cellulose fibrils, hence facilitating the interaction between
capillary water movement or evaporation and the solid surface.
The delignified wood demonstrated a well-maintained, inter-
connected hierarchical porosity structure, typical of its
cellulose-rich composition, which promotes water movement
and guarantees the even distribution of infused components.
The incorporation of PANI and PB-PANI composites into the
wood structure was clearly observed in the Fig. 1(e) and (f).
Prussian Blue (PB) nanoparticles exhibited uniform distribu-
tion along the inner walls of the wood channels, whereas pol-
yaniline (PANI) established a consistent coating layer, markedly
enhancing the electrical conductivity of the material.

A synergistic composite is formed by in situ polymerization
of pure PANI on the surface of delignified balsa wood (BW), and
it appears as micro- and nanorod-like structure as observed in
Fig. 1(e). PB-PANI has been integrated into the delignified balsa
wood matrix to improve charge transport efficiency. The strong
adherence of PB-PANI to the wood surface results from the
uniform deposition of PB nanoparticles and the in situ growth
of PANI nanorods, forming a three-dimensional interlinked
network (Fig. 1(f)). This structure improves mechanical stability
and reduces material degradation by securing conductive
elements within the porous framework of the wood. The cross-
sectional SEM analysis (Fig. S31) demonstrated effective but
uneven PB-PANI loading within vertically aligned BW channels,
facilitating sustained water-solid interaction and continuous
pathways for water and ion transport. Fourier-transform
infrared (FT-IR) spectroscopy further confirmed the successful
integration of PANI and PB into the wood matrix, validating the
functionalization strategy. FT-IR spectra of D-BW, PANI-BW,
and PB-PANI-BW were investigated to verify the incorporation
of polyaniline (PANI) and Prussian blue nano structures on the
BW structure, as shown in Fig. 2(a). The chemical composition
of D-BW specimens was identified using FT-IR spectroscopy.
Hemicellulose bands were seen at 1730 and 1240 cm™" after
chemical treatment, suggesting the removal of lignin.** Majority
of the lignin and portion of hemicellulose was removed by the
delignification process. In pure PANI-BW, the characteristic
absorption bands at 1150 cm ™', 1300 cm™ ", 1500 cm ™', and
1590 ecm ™! correspond to the C-H plane-bending vibration, C-N
stretching vibration, C=C stretching of the benzenoid ring, and
C=C stretching of the quinoid ring, respectively.>* For PB-PANI-
BW, characteristic vibrational peaks of PB were detected at
about 2100 cm ™" which correspond to the stretching mode of
the cyanide functional group (C=N).** A broad absorption peak
at around 3400 cm™ ', corresponding to antisymmetric and
symmetric O-H stretching modes, together with a significant
peak at 1650 cm™ ", linked to the H-O-H bending mode, indi-
cates the presence of water molecules within the PB frame-
work.>*** Fig. 2(b) exhibits the XRD patterns of D-BW, PANI-BW
and PB-PANI-BW composites. The XRD profile of D-BW displays
a large diffraction peak within the 26 range of 17° and 23°,
indicating that the removal of lignin did not damage the crys-
talline region of cellulose in the BW.?* Whereas PANI-BW shows
broad peak at 25° ascribed to the periodic parallel and

This journal is © The Royal Society of Chemistry 2025
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polyaniline infused balsa wood (PB-PANI-BW).

perpendicular alignment of PANI polymer chains.*® This trait
signifies the partly crystalline nature of PANI, in accordance
with research.” The XRD pattern of PB-PANI-BW has three
distinct peaks at 18°, 24°, and 33°, which correspond to the
diffraction planes (200), (220), (400) of the PB-PANI crystalline
structure,”® that validates the successful integration of PB into
the composite structure. The XRD analysis confirms the pres-
ervation of the wood's hierarchical structure post-
functionalization, while the addition of PB-PANI enhances the
crystallinity and structural properties of the composite material.

Fig. 2(c) confirms the BET specific surface area (SAA) of the 3
samples. Taking lignin out of native wood makes delignified
balsa wood (D-BW) more porous and have a more surface area.
The BET specific surface area (SSA) of D-BW reached 5.3 m* g™,
which is higher than that of native balsa wood (BW), which is
below 3 m* g~ 1.7*° The addition of polyaniline (PANI) signifi-
cantly improved the specific surface area (SSA), which rose to 8.1
m? g ", due to the development of PANI nanorods on the wood
surface. The functionalization with Prussian blue-polyaniline
(PB-PANI) composites resulted in an enhanced specific surface
area (SSA) of 9.6 m” g~ . The rise in SSA is probably attributable
to the formation of microporosity, as corroborated by the SEM

This journal is © The Royal Society of Chemistry 2025
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(a) FTIR, (b) XRD, (c) SAA and (d) TGA results of delignified BW (D-BW), polyaniline infused balsa wood (PANI-BW), and Prussian blue-

images. The increased specific surface area (SSA) facilitated
more effective water transfer.

Thermogravimetric analysis (TGA) was performed to assess
the thermal stability of these three samples. The TGA curves
demonstrate a multi-stage weight loss process, with the early
phase representing the evaporation of adsorbed moisture,
succeeded by degradation stages linked to the dissolution of the
structural backbone. The TGA profiles of BW, PANI-BW, and PB-
PANI-BW exhibit slight weight reductions below 200 °C,
ascribed to moisture evaporation and the elimination of low
molecular weight oligomers. A notable mass loss transpires at
around 265 °C, indicative of polymer chain breakdown and the
ensuing burning of the carbon structure. Of the three samples,
the PB-PANI-BW composite exhibits better thermal stability,
signifying its increased resistance to heat degradation.

3.2. Water transport and distribution

CTHG device effectively transports water from the bottom
reservoir to elevated regions by harnessing water potential,
evaporation, and capillary action, without the aid of any
external energy sources, as shown in Fig. 3(a). The water
movement in the CTHG system aligns with the cohesion-

J. Mater. Chem. A, 2025, 13, 37297-37309 | 37301
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tension hypothesis,* where capillary forces and evaporation are
the primary mechanisms driving water transport. Cohesive
forces among water molecules, particularly enhanced by
hydrogen bonding, are most pronounced near the air-water
interface,* enabling efficient vertical flow through capillary
action. These cohesive forces sustain a continuous column of
water molecules, which are lifted by the tension generated
through evaporation. The cross-sectional view of the device in
Fig. 3(a) highlights the water uptake mechanism. As water
evaporates through the designated openings, negative pres-
sures (tension or suction) are generated. This tension enables

Cohesion

Adhesion

Hemicellulose

Lignin Cellulose

/4

B oo ¢
\)

Fig. 3

. Cellulose Paper | 20
= )
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Paper

the upward movement of water through the channels, akin to
the process of drinking through a straw. Cohesion among water
molecules ensures that, as the uppermost molecules are drawn
to the surface, subsequent molecules follow, maintaining
a steady flow.

Thin cellulose paper, exhibit high porosity and permeability
to water, facilitating rapid water transfer upon initial contact.
This cellulose layer transfers water to the bottom layer of the PB-
PANI-BW structure, with some portion distributed to the upper
and surrounding sections of the structure as shown in Fig. S4.7
Water subsequently rises through the permeable wood

-
(3]

-
o

Distance (mm)
t a1l

(3,

100 150 200 250 300 350
Time (s)

d) I
!
§

50

PB-PANI

e

PB-PANI-BW

(a) Schematic illustration of water transport via the CTHG system, inset depicting the cross section of the system where water flowing

through the micro/nano channels. (b) Subsequent variation of water flow distance in the PB-PANI-BW system along the longitudinal axis. (c)
Schematic representation of the preparation process for PB-PANI-BW, progressing from native wood (N-BW) to delignified wood (D-BW) to PB-
PANI-BW, along with associated alterations in cell-wall structure. (d) Measurement of the contact angle for PB-PANI-BW, demonstrating a very

hydrophilic surface.

37302 | J. Mater. Chem. A, 2025, 13, 37297-37309

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta02704g

Open Access Article. Published on 11 June 2025. Downloaded on 4/29/2026 6:52:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

structure via micro/nano channels acting as capillaries, reach-
ing the upper cellulose paper layer through a structured
network of pathways. Evaporation from the wood/cellulose
paper structure results in water loss, similar to plant transpi-
ration, with the water potential nearing ¥, = 0 MPa at the
wilting threshold, counterbalanced by absorption from the
reservoir.** The varied exposure of the BW structure produces
differential evaporation rates, creating a water concentration
gradient that influences transport dynamics. Continuous water
migration from the paper to the wood structure occurs through
osmosis, driven by the lower solute potential (¥) of the PB-
PANI-BW structure relative to the reservoir due to the higher
solute concentration imparted by polyaniline (PANI). This
solute potential differential ensures the ongoing influx of water
into the BW structure, with water moving through both cell
walls and channels. The present design utilizes a hierarchical
methodology to enhance water transport kinetics by evapora-
tion. Water transport over time for the PB-PANI-BW structure, in
the absence of both the cellulose paper wrapping and the epoxy
enclosure, is presented in Fig. 3(b). The impact of differing
temperature and relative humidity on this transport pattern is
further depicted in ESI Fig. S8.1 Balsa wood (BW) is predomi-
nantly composed of cellulose, hemicellulose, and lignin
(Fig. 3(c)). Employing wood nanotechnology, lignin and hemi-
cellulose were selectively extracted, resulting in delignified
wood (DW) characterized by a mesoporous and hierarchical
architecture. This alteration, defined by micro- and nanoscale
channels, maintained the inherent cell wall structure while
increasing porosity and improving water absorption, hence
augmenting the system's efficiency for water transport
(Fig. 3(c)). The hierarchical architecture, which includes inter-
lamellar pores in PB-PANI and intrinsic micropores within the
wood vessels and lumens, improves water responsiveness as
illustrated in Fig. 3(c). The improved hydrophilicity and struc-
tural anisotropy of the channels in PB-PANI-BW enables
unidirectional, pump-free water transport driven by capillary
forces, leading to an increased water transport rate. Moreover,
water contact angle measurement (Fig. 3(d)) confirms the
hydrophilicity of the PB-PANI-BW system. Observations indicate
the surface's substantial hydrophilicity, promoting swift water
absorption (S-V1).

3.3. Water-induced electricity generation via interfacial
evaporation

While CTHG device is submerged in water, it achieves a balance
between water absorption at the base and evaporation at the top
and sides as shown in Fig. 4(a) and S4.1 BW piece is encased in
cellulose paper and affixed to a copper sheet for energy har-
vesting. This anisotropic device, encapsulated in an epoxy resin
framework effectively transforms water flow and evaporation
into electrical energy, providing a cost-efficient and durable
alternative for sustainable energy harvesting. The generation of
voltage in this system can be ascribed to the movement of water
through the mesoporous BW, facilitated by various factors. The
hydroxide ions in the water and the conductive PB-PANI mate-
rial encounters repulsive forces due to their similar charges,

This journal is © The Royal Society of Chemistry 2025
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leading to the directional migration of hydrogen ions illustrated
in Fig. 4(a) inset. The ion flow produces a quantifiable voltage
and current, which is measured by using a source meter. The
effectiveness of the CTHG device is assessed under uniform
environmental circumstances utilizing three formats of BW. D-
BW yields the lowest voltage (~427 mV); however, PANI-infused
balsa wood (PANI-BW) generates 610 mV, and PB-PANI-infused
balsa wood (PB-PANI-BW) achieved the highest voltage of
751 mV as seen in Fig. 4(b). The current also shows similar
trend as shown in Fig. 4(c). The incorporation of polyaniline
(PANI), a conductive polymer, into the cellulose matrix created
a continuous conductive network, thereby improving ion
mobility and offering electroactive sites for enhanced charge
separation and transfer. The integration of Prussian Blue (PB),
a redox-active super capacitive material, enhanced the device's
energy harvesting capabilities by augmenting charge storage,
enlarging the effective surface area, and optimizing electron
and ion transport properties. The combined effects of deligni-
fication, PANI, and PB markedly enhanced the voltage and
current outputs of the device (Fig. 4(b) and (c)). This hierar-
chical design illustrates scalability and usability for hydro-
voltaic energy harvesting, establishing the device as a viable
solution for low-power environmental sensors and small elec-
tronic applications. This behaviour can be elucidated by the
streaming potential (V) and streaming current (I;) process, as
delineated in eqn (1) and (2):

_ degeyCcos f

Vs oud

1)
_ HegedyE cos 6

I
ulL

@)
where d refers to the aperture of the capillary channel; 4 is the
contact angle between water and capillary; v is the surface
tension of water; L the length of the capillary, and the inner
surface zeta potential { are known.

Several polar functional groups, including hydroxyl,
carboxyl, sulfonated, and amine groups were introduced by the
delignification procedure.**** The polar functional groups in
Prussian Blue (such as cyanide (-CN), hydroxyl (-OH), and
adsorbed water) and polyaniline including amine (-NH-), imine
(-N=), and protonated amine (-NH,")*> engages with water to
dissociate H" ions and promotes robust chemical interactions,
hence improving stability and electrochemical performance.
The hierarchical and porous architecture of PB-PANI-BW
establishes interconnected channels that improves water
droplet sensitivity and charge carrier collection, hence aug-
menting energy generation. These polar functional groups
interact with water molecules, causing the dissociation of H"
ions and resulting in increased concentration gradients,
therefore augmenting the voltage output. The establishment of
the electrical double layer (EDL) enables selective ion transport,
resulting in an asymmetric ion distribution and generating
a voltage differential between the upper and lower surfaces. The
hierarchical structure of PB-PANI-BW facilitates swift water
passage via cellulose micro/nanofibrils, hence enhancing
charge production. The gradient of water content within the
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(a) Schematic illustration of energy harvesting from the CTHG device through water evaporation, inset depicting cyclic water transport

through the channels, mechanisms of streaming potential for voltage generation, and the nanostructure configurations of PB and PANI on the
cellulose matrix of wood. (b) Open circuit voltage generation and (c) short circuit current output from D-BW, PANI-BW, and PB-PANI-BW. (d)
Open-circuit voltage generation in the longitudinal and transverse orientations. (e) Open-circuit voltage response when reversing the positive
and negative electrodes while maintaining circuit continuity. (f) Nyquist plot for D-BW, PANI-BW, and PB-PANI-BW. (g) The zeta potential of the

respective BW samples.

paper/wood structure induces asymmetric adsorption of posi-
tive counterions, resulting from the balance between capillary
flow and evaporation. This creates a potential differential
between the wet and dry areas, determined by fluctuations in
surface charge density (). As a result, a voltage is generated
across the structure due to uneven ion adsorption which is
illustrated in Fig. S11 and S12.1 The movement of positive ions
through capillary flow modifies the potential gradient within

37304 | J Mater. Chem. A, 2025, 13, 37297-37309

the electric double layer (EDL). Consequently, electrons on the
conduction band surface migrate in reaction to the positive ion
movement to uphold charge neutrality, producing a current
referred to as pseudostreaming.?®*’

Furthermore, the PB-PANI network within the cell walls
reinforced the composite structure, enhancing its durability
over time. The alignment of the PB-PANI-BW considerably
influences its performance. The voltage generated in the

This journal is © The Royal Society of Chemistry 2025
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transverse direction is lower than in the longitudinal direction
(Fig. 4(d)). In the transverse orientation, there is restricted water
diffusion due to the alignment of the cell walls. In contrast, the
hierarchical, aligned structure in the longitudinal direction
facilitated more efficient water transport and ion diffusion,
resulting in elevated voltage. The device design used a hydro-
phobic epoxy layer with an evaporation window to improve
mechanical stability and evaporation efficiency. The incorpo-
ration of Prussian blue-polyaniline composite distinguished by
its extensive specific surface area and functional groups that
strongly adsorb water, enhanced the hydrovoltaic effect by
facilitating efficient charge transfer among water, PB-PANI-BW,
and cellulose paper. Negative surface charges from hydrophilic
functional groups in BW, PANI, and PB increased the surface
charge density, hence promoting greater voltage generation.

The results indicate the feasibility of integrating delignified
wood, conductive polymers-PANI, and Prussian blue (PB)
structures for effective and sustainable hydrovoltaic energy
generation. The passage of ions produces a current during flow,
with an elevated potential on the upper surface, leading to
a substantial open-circuit voltage. Reversing the device's
orientation results in an inversion of voltage polarity while
preserving the same magnitude (Fig. 4(e)), illustrating the
device's bidirectional functionality.

The CTHG device utilizes the inherent micro/nanochannel
structure and anisotropic characteristics of wood to enable
hydrovoltaic energy generation. As water traverses the channels,
negatively charged surfaces provoke the migration of positive
charges, leading to a potential difference across the material.
The principal mechanisms facilitating hydrovoltaic power
generation are the streaming potential produced by charged
fluid movement in nanochannels* and the ionovoltaic effect at
the liquid-solid interface, wherein charge interactions at the
electric double layer (EDL) generate electric current.* Electro-
chemical Impedance Spectroscopy (EIS) was utilized to examine
the electrochemical characteristics of BW and PB-PANI-BW
composites. The Nyquist plots (Fig. 4(f)) exhibited a semi-
circular arc in the high-frequency domain and an oblique line in
the low-frequency domain for PB-PANI-BW indicating the
presence of both capacitive and diffusive mechanism. The
associated equivalent circuit model is illustrated in the inset of
Fig. 4(f). Conversely, the D-BW sample exhibits an oblique line,
indicative of diffusion-dominated behaviour, where the solu-
tion resistance (R;) measured at 61.94 Q, while the charge
transfer resistance (R.) was recorded at 53.45 Q. The semi-
circle's diameter represents the charge transfer resistance,
whereas its intersection with the real axis signifies the series
resistance. The behaviour of curve indicates that PB-PANI-BW
has lower resistance and enhanced conductivity that signifies
enhanced charge transfer at solid-liquid interface comparing
with D-BW. Zeta potential tests were performed to assess the
surface charge properties of DW, PANI-BW, and PB-PANI-BW in
aqueous solutions (Fig. 4(g)). The zeta potential of D-BW was
—27 mV. The modification with PANI elevated the potential to
+36 mV, indicating a substantial enhancement in surface
charge attributable to the incorporation of polyaniline, which
facilitates the development of an electric double layer (EDL) on

This journal is © The Royal Society of Chemistry 2025
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the wood surface. The use of PB further augmented the surface
charge to —53 mV, signifying greater electrostatic interactions
essential for effective energy generation.

This capillary-driven transport enables a steady ion flow
across the cellulose paper and wood composite, promoting
effective charge separation within the entire structure. The
resulting ionic movement produces a measurable electric
potential, validating the hydrovoltaic energy harvesting tech-
nique. The interaction between material structure, moisture
dynamics, and surface functionality is essential for achieving
stable and enhanced energy output in ambient environmental
conditions.

3.4. Environmental effect on the electrical performance

The effectiveness of Cyclic Transport-Driven Hydrovoltaic
Generators (CTHGs) is markedly affected by environmental
factors including humidity, temperature, solution composition,
NacCl content, wind velocity, and light intensity. A comprehen-
sive assessment of these elements was performed to ascertain
their influence on the generator's electrical performance.

In environments with high humidity, the evaporation rate
was observed to decrease, which subsequently resulted in
diminished device performance at 80% relative humidity (RH)
(Fig. 5(a)). On the other hand, elevating the water reservoir
temperature from room temperature to 70 °C led to a steady
increase in the open-circuit voltage (Voc), which peaked at
880 mV at 70 °C (Fig. 5(b)). In a similar manner, as the ambient
temperature rose from room temperature to 50 °C, the voltage
exhibited an increase to 0.78 V (Fig. 5(b)). This improvement is
linked to the increased migration speed of water molecules at
higher temperatures, enabling more effective charge separa-
tion.” Nonetheless, increased temperatures lead to a faster rate
of water evaporation, which enhances the voltage.”* This
phenomenon is associated with the interplay of accelerated
water molecule movement, heightened evaporation rates, and
thermoelectric influences. At lower temperatures, specifically
around 0 °C, the decrease in voltage can be attributed to
diminished evaporation rates and the slower movement of
water molecules, consistent with theoretical predictions.*

The device's efficacy fluctuated among various electrolytic
solutions. Concentrated chloride solutions demonstrated
superior voltage outputs relative to diluted ones, with the
maximum output recorded in the NaCl solution (Fig. 5(c)). The
ionic concentration in the solutions enhanced charge transfer
and separation, markedly increasing Voc and Isc. The concen-
tration of NaCl was a pivotal component. At 1 M NaCl, the CTHG
attained optimal performance with a Vo of 910 mV and an Isc
of 0.46 mA (Fig. 5(d)). Elevated ionic strength in the solution
augmented electrokinetic interactions and ion transport.

The voltage output escalated with air speed, attaining
amaximum of 0.79 Vat 6 ms ™" (Fig. 5(e)). Increased evaporation
rates in windy conditions enhanced charge separation,
guaranteeing enhanced performance. Similarly, light exposure
significantly influenced device performance. Increased light
exposure enhanced the evaporation rate, with the peak voltage
seen at a light intensity of 10 000 lux (Fig. 5(f)). This underscores
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Fig. 5 The influence of diverse environmental and experimental variables on the open-circuit voltage and short-circuit current of the system,
including (a) relative humidity, (b) temperature, (c) various solution types, (d) NaCl concentration, (e) wind speed, and (f) light intensity.

the potential of CTHGs for utilization in sunlight-abundant
settings. CTHGs provide consistent, scalable, and reusable
performance affected by environmental variables such as
temperature, humidity, and light, hence improving energy
harvesting efficiency. Their versatility underscores prospective
uses in sustainable energy generation and environmental
investigation.

3.5. Exploring scalability and application potential of CTHG
device

To augment the output power of Cyclic Transport-Driven
Hydrovoltaic Generator (CTHG), multiple CTHG devices are
connected in series and parallel, similar to conventional
batteries. Fig. 6(a) depicts the peak voltage and current outputs
for several series and parallel connection setups. The voltage
and current demonstrate a nearly linear increase with the
number of samples arranged in series or parallel. Connected 4
CTHG devices in series generates a voltage of 2.68 V (Fig. 6(a)),
whereas 4 CTHGs connected in parallel attained a value of 1.65
mA. Additionally, 2 sets of series and parallel connection
generates a voltage of 1.41 V and current of 0.83 mA, demon-
strating the device's capability for scalability regarding voltage
and current production. The evaluation of the power output
from the CTHG was conducted across various load resistances,
as illustrated in Fig. 6(b). The maximum power output was

37306 | J Mater. Chem. A, 2025, 13, 37297-37309

measured at approximately 6.8 uW cm ™ with a load resistance
of about 10 000 Q. The CTHG demonstrated the ability to charge
a 470 uF capacitor to 0.75 V in less than 180 seconds (Fig. 6(c)),
reflecting the generator's ability to charge a capacitor. Addi-
tionally, the connection of five CTHG units in series successfully
powers an LED light with aid of a capacitor, as shown in
Fig. 6(d). The capacitor was used for voltage stability. The video
(S-v2) offers additional insights into the LED lighting demon-
stration that is powered by five CTHG units.

Fig. 6(e) illustrates that substituting deionized water with tap
water, rainwater, and NaOH solutions led to increased voltage
outputs. The ionic content of tap water enabled effective charge
separation and transport, while rainwater demonstrated
moderate performance attributed to its slightly reduced ionic
concentration. The addition of NaOH solutions resulted in
a notable increase in power output, which can be attributed to
enhanced ionic conductivity and strong electrokinetic interac-
tions. In contrast, deuterium oxide (D,O) demonstrated
decreased efficiency, which can be linked to changes in
hydrogen bonding and a reduction in ion diffusion rates,
although it continued to function effectively.>” The performance
of the CTHG is systematically compared with other advanced
porous materials, as illustrated in Fig. 6(f). The CTHG utilizing
PB-PANI-BW demonstrated superior performance compared to
previously reported devices, achieving nearly double the average

This journal is © The Royal Society of Chemistry 2025
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(a) Open circuit voltage and short circuit current characteristics of PB-PANI-BW based CTHG device samples connected in series and

parallel. (b) Output power density of the PB-PANI-BW based CTHG device as a function of varying external load resistance. (c) Supercapacitor
charging curve with deionized water. (d) Voltage output from five PB-PANI-BW based CTHG device connected in series to power an LED. (e)
Voltage generation from various practical solutions, including tap water, rainwater, alkaline solution, and heavy water (deuterium oxide). (f)
Comparative analysis of voltage generation by PB-PANI-BW based CTHG device with other hydrovoltaic devices reported in the literature,3343-5¢

(g) Voltage generation at 30 °C in alkaline solutions over 25 hours.

performance of other devices referenced in the literature.** The
long-term stability of the device is assessed in alkaline solutions
(NaOH) at 30 °C. Fig. 6(g) shows the recorded average voltage
over a duration of 25 hours is 0.92 V. This elevation of voltage is
due to significant potential difference which is triggered by the
substantial evaporation rate and concentration gradient.
Following five days cycles within a week, the CTHG sustained its
voltage (Fig. S131). The results indicate the device's consistent
performance and long-term reliability.

This journal is © The Royal Society of Chemistry 2025

4. Conclusions

This study presents a novel Cyclic Transport-Driven Hydro-
voltaic Generator (CTHG), drawing inspiration from the natural
transpiration process in trees, aimed at overcoming the
constraints of conventional unidirectional systems. The CTHG
utilizes a cyclic water flow mechanism to improve charge
separation, maintain stable voltage output, and boost power
density, all while minimizing reliance on external water
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reservoir and ensuring extended operational stability. This
CTHG system incorporates hierarchically porous balsa wood
structure that is functionalized with Prussian blue nano-
particles and conductive polyaniline polymers, aiming to
enhance water transport, ion diffusion, and selective ion
transport across nonuniform electric double layers in micro-
and nanochannels. The PB-PANI-BW, created by infusing
a hierarchical BW template with PB-PANI, exhibits a fibrous
network and a large specific surface area, promotes effective ion
transport and evaporation-driven electricity production,
attaining an open-circuit voltage of 0.76 V and a power density
of 6.75 uW cm ™2, while maintaining stable performance for over
25 hours. The connection of five CTHG units in series resulted
in a combined output voltage over 3 V, which is adequate for
powering any small electronics devices. The power generating
efficacy was affected by environmental variables like tempera-
ture, humidity, wind velocity, and light intensity; yet the device
continued to function under outdoor settings. This study
emphasizes the promise of bio-based materials in sustainable
energy, utilizing wood's hierarchical structure and enhanced
functionalization for scalable solutions in renewable energy
and water sustainability.
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