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ABSTRACT: Hydrovoltaic energy harvesting offers the potential g e

to utilize enormous water energy for sustainable energy systems. f‘ ga_:‘

Here, we report the utilization and tailoring of an intrinsic e e I

anisotropic 3D continuous microchannel structure from native _".Q Tt chey i
an Feth af water fo OF-

wood for efficient hydrovoltaic energy harvesting by Fe;O,
nanoparticle insertion. Acetone-assisted precursor infiltration
ensures the homogenous distribution of Fe ions for gradience-
free Fe;O, nanoparticle formation in wood. The Fe;0,/wood
nanocomposites result in an open-circuit voltage of 63 mV and a
power density of ~52 yW/m? (~165 times higher than the original
wood) under ambient conditions. The output voltage and power
density are further increased to 1 V and ~743 yW/m? under 3 suns
solar irradiation. The enhancement could be attributed to the
increase of surface charge, nanoporosity, and photothermal effect from Fe;O,. The device exhibits a stable voltage of ~1 V for 30 h
(3 cycles of 10 h) showing good long-term stability. The methodology offers the potential for hierarchical organic—inorganic
nanocomposite design for scalable and efficient ambient energy harvesting.
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Bl INTRODUCTION

Water is the largest energy carrier on earth, containing around
35% of solar energy received by the Earth, corresponding to
over 2000 times the world energy demand. Renewable energy
harvesting from water using nanomaterials and nanotechnol-
ogies has attracted wide attention.” > Hydrovoltaic energy
harvesting, water evaporation-induced electricity generation in
particular, is promising owing to the considerable energy
embedded in the universal evaporation process (around 2/3 of
water energy),” applicability to a wide range of materials (such
as carbon nanomaterials,”® Ni—Al alloy,” polymers,'’ and
metal—organic frameworks''), and easy device fabrication
where the electrodes can be used multiple times.””'”
Electricity generation relies on the interactions between
water and materials, mainly based on the classical streaming
potential,'”'* which is electrical potential generation by driving
water through a narrow channel under pressure gradience.
Power generation is strongly influenced by the materials’
surface chemistry, which governs the interfacial charging/
discharging,g’”’15 materials’ nanoporous structure, and water
evaporation rate.” Strategies to improve power generation
include maximizing the contact area with water, improving the
charge separation ability, boosting the water evaporation rate,
and so on. Therefore, materials with high nanoporosity, good
water wettability, and desirable transportation properties are
needed, where three-dimensional structures are highlighted

due to increased areal capacity. In addition, green renewable
material resources and large-scale processing are favorable for
further technological development.

Wood, in this regard, is attractive for hydrovoltaic energy
harvesting owing to its renewable origin and hierarchical
porous structures, known for efficient water transport through
transpiration. Furthermore, wood consists of cellulose, hemi-
cellulose, and lignin, which provide rich functionalities of
hydroxyl, carbonyl, and phenolic groups making the wood
structure hydrophilic with a negative surface charge.'© When
water passes through the wood substrate, charge flows inside
microchannels resulting in an electrical potential difference
along the pressure difference direction. In 2020, native wood
was first reported for hydrovoltaic energy harvesting.'* Citric
acid treatment was applied to improve the energy output. An
open circuit voltage (V,.) of 0.3 V and short circuit current
density (J,.) of 0.4 uA/cm? were achieved. Solar-assisted water
evaporation was further reported by coating the wood surface
with carbon nanotubes, resulting in a V. of 0.25 V, an I of
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Figure 1. Schematic representation of Fe;0,/wood (FW) synthesis and the illustration of solar-driven hydrovoltaic energy harvesting.

0.48 uA, and a power density of 350 yW/m2.'" Conductive

carbonized wood with abundant hydroxyl groups was also
investigated with a V. of 96 mV, an I of 10.5 A, and a power
density of 294 4W/m?>."® The challenges lie in the high energy
intensive carbonization processing as well as low power
density. Recently, our group reported hydrovoltaic energy
harvesting from charged nanoporous wood aerogel in a water
reservoir at a pH of 13.4. A V,_ of 0.55 V and power density of
620 uw/ m> were obtained under ambient conditions,19
indicating the potential of wood nanostructure control for
enhanced power generation. Further tailoring nanoengineered
wood pH resulted in a V. of 1 V.

Current reports of wood for water evaporation-induced
power generation were based on lignocellulose or carbon
(carbonized wood) interfacial interactions with water, which
shows limited water charge separation abilities. Minerals, such
as ZnO and Fe;0,, are attractive in this context, which have
been intensively studied for water splitting.”® Among the
minerals, iron oxides (e.g, Fe;O,) are advantageous with
additional photothermal abilities,”' beneficial for efficient water
evaporation, further contributing to enhanced power gen-
eration. Formation of a hierarchical nanostructure of iron
oxides is attractive yet challenging. We hypothesize that
combining iron oxides with a hierarchical structure of wood
could provide the possibility to solve the issues and achieve
efficient hydrovoltaic power generation.

Direct iron oxide nanoparticle infiltration is one approach,
where particle aggregation and diffusion are considerable
challenges. In situ nanoparticle synthesis is an alternative with
focuses on magnetic functions or photostability.””~>* The iron
oxide nanoparticle distribution is often limited to the surface
regions (wood surface or lumen surface) and gradience issues
exist in bulk iron oxide/wood composites,”® which may trigger
counter voltage generation leading to decreased performance.
This hinders the optimum utilization of wood hierarchical
structures. In this work, solvent-assisted precursor infiltration
in delignified wood is proposed to solve the problems. Figure 1
shows the schematic for hierarchical Fe;O,/wood nano-
composite formation and further for solar-driven hydrovoltaic
energy harvesting. Homogenous coverage of Fe;O, nano-
particles both on the lumen surface and in the cell wall was

achieved. The Fe;0,/wood nanocomposite showed improved
power generation with a V. of 63 mV and a power density of
51.47 ;JW/m2 under ambient conditions. Under 3 sun
irradiation (3 kW/m?), a steady V.. of 1 V and a power
density of 742.66 uW/m? were achieved. This study
demonstrates the possibility of wood mineral composites for
efficient solar-to-vapor-assisted electricity generation.

B EXPERIMENTAL SECTION

Wood Delignification. Original wood (OW) substrates from
balsa wood (Ochroma pyramidale, purchased from Wentzels Co. Ltd.,
Sweden) were cut into 1.5 X 1.5 X 1 cm® (tangential X radial X axial)
cubes, which have a density of around 110 g/cm3. Following our
previous methods,”” OW cubes were delignified in 1 wt % sodium
chlorite (NaClO,, Sigma-Aldrich, Sweden) solution with acetate
buffer, which controlled pH at 4.6 under 80 °C until the samples
became completely white, while the lignin content decreased from
24.9 to 2.9%. After washing several times, all the samples were solvent
exchanged and kept in acetone (Sigma-Aldrich, Sweden).

In situ Growth of Fe;0, Nanoparticles. Never-dried delignified
wood (DW) was transferred from acetone to 100 mL iron(II) sulfate
heptahydrate solution (FeSO,.7H,O, Sigma-Aldrich, Sweden, 0.1
mol/L) for 1 h under vacuum. The vacuum infiltration could ensure a
homogenous distribution throughout the whole wood. Then, the
system was heated to 90 °C for 3 h. After thermal precipitation, the
samples were transferred into 200 mL 1.32 M sodium hydroxide
solution (NaOH, Sigma-Aldrich, Sweden) with potassium nitrate
(KNO,, Sigma-Aldrich, Sweden) ([Fe**]/[NO;™] = 0.44), which was
heated up to 90 °C. The color of the wood immediately changed from
red/orange to dark green/black as nanoparticles formed. After
reacting for 10 min, 20 min, 1 h, 2 h, and 4 h, the Fe;0,/wood
(FW) was washed with deionized water (DIW) thoroughly to remove
free-moving nanoparticles and ions. Fe;0,/wood with growth times
of 10 min, 20 min, 1 h, 2 h, and 4 h are labeled FW-10 min, FW-20
min, FW-1 h, FW-2 h, and FW-4 h respectively.

Hydrovoltaic Energy Harvesting. The hydrovoltaic energy
harvesters were fabricated by sandwiching the DW or FWs between
two Pt mesh electrodes (nominal aperture 0.4 mm, wire diameter 0.1
mm, and 20 X 20 mm?), where the electrodes were held together
using a cotton thread.”® The device was placed in a Petri dish and 25
mL of DI water was added, where the water level was up to 2—3 mm
the height of wood to ensure efficient water infiltration in the
microchannels. Prior to the device fabrication, the samples were
washed using DIW (conductivity of 0.3—0.4 uS/cm) to remove any
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Figure 2. (a) Schematic representation of Fe;O,/wood (FW) synthesis with a uniform decoration of cell wall by Fe;O, Radial face SEM images of
DW (b) and FWs with different growth times of 20 min (c), 1 h (d), and 2 h (e). Low magnification and high magnification cross-sectional SEM
images of DW (f;j) and FWs with different growth times of 20 min (gk), 1 h (hl), and 2 h (i,m).

free ions or Fe;O, nanoparticles. Finally, the devices were placed in a
Petri dish, and DI water was poured slowly. The open-circuit potential
and short circuit current from the wood nanogenerators were
recorded in real-time using an electrochemical workstation (CHI
Instruments, model 660E), and Keithley's DMM 7510 multimeter at
25 °C and 30% relative humidity. The measurements were carried out
by controlling the software on a desktop, and the sampling rate of our
instrument was 10 s™'. The light was produced by a simulated solar
spectrum from a CEL-HXF300-T3 solar simulator (3 kW/m?). The
surface temperature of the samples was recorded by an infrared
camera (FOTRIC 599, China). The total consumption of water was
measured after the completion of the experiment and used to calculate
the effective rate of water consumption by subtracting the rate of
water consumption in an open Petri dish from the rate of water
consumption with the sample. The stability of the device is
characterized by three cycle tests, each with a duration of 10 h, for
a total of 30 h. The output power of a device is dependent on the
internal resistance of the device and when the internal resistance is
not known, usually, power density is calculated using the external
resistors. With the variation of the resistor values (resistance) in the
circuit, one can know the maximum power from the device. The
maximum power is achieved when the internal resistance of the device
matches external circuits. Thus, maximum power can be drawn from a
device for practical applications, and to know the maximum power
density we have used an external resistor in our work. In this way,

power density is calculated using the formula = V*I = PR = V2/R and
divided by area.””

Field Emission-Scanning Electron Microscopy. The wood
morphologies were observed by a field-emission scanning electron
microscope (Hitachi S-4800, Japan) after sputtering a 10 nm Pt/Pd
conductive layer with a sputter-coater (Cressington 208HR, UK). All
the images were observed at an acceleration voltage of 3 kV.

Adsorption Speed Test. The time-dependent infiltration of
FeSO, into DW with and without acetone-assisted diffusion was
tested by using DW strips (1.0 X 0.1 X 10 cm?®, tangential X radial X
axial). After solvent exchange by using DIW and acetone, the samples
were clamped and immersed into 0.1 M FeSO, solution for 1 cm
length. The FeSO, content was converted to iron oxide for comparing
the loading using thermogravimetric analysis (TGA) under an oxygen
atmosphere.

TGA Measurement. All the diffusion lengths were measured in
real-time. TGA (Mettler Toledo-TGA/DSC 1, USA) was performed
to measure the composition at a heating rate of 10 °C/min from room
temperature to 800 °C under an O, flow of 50 mL/min.

X-ray Diffraction Analysis. X-ray diffraction (XRD) analysis was
carried out by an ARL X'TRA powder diffractometer (Thermo Fisher
Scientific Inc., USA) using Cu Ka radiation generated at 45 kV and 44
mA. Scans were obtained from 10 to 80° 26 in 0.02° steps for 1 s per
step. To analyze the influence of growth time on Fe;O, crystallite
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Figure 3. (a) Time-dependent infiltration of FeSO, into DW strips (1.0 X 0.1 X 10 cm® (T X R X A) with and without acetone-assisted diffusion.
(b) TGA curves of DW, DW-Fe-water, and DW-Fe-acetone under O,. (c) Photos of FW samples (cut from the middle) with (FW-acetone) and
without (FW-water) acetone-assisted infiltration. FW-acetone sample size is 1.5 X 1.5 X 1.5 cm® (T X R X A) cubes, and the FW-water sample size
is 1.5 X 1.5 X 1 em® (T X R X A) cubes. T is for tangential, R is for radial, and A is for axial. High-resolution radial face SEM images of Fe;0,/wood
(FW) (d) without acetone-assisted infiltration and (e) in the presence of acetone-assisted infiltration.

sizes, the average grain size of Fe;O, was estimated by Scherrer’s eq
130

D= KA
Pcos 0 (1)

where D is the average diameter of Fe;O, crystallites, A represents the
X-ray wavelength (0.154 nm), K refers to the Scherrer constant
(0.89), f3 is the full width of the peak at half maximum (full width at
half-maximum), and 6 represents the Bragg diffraction angle. The
average diameters of Fe;O, of different FWs were calculated using the
characteristic peaks (311).

Compression Test. The compressive test was performed on a
universal testing machine (Instron 5944, UK) under ambient
conditions (25 °C and 50% RH). All the measurements were
performed using 1.5 X 1.5 X 1 cm (tangential X radial X axial)
samples, with a 500 N load cell at a strain rate of 1%/min. The mean
value and standard deviation of the modulus for the DW and FW
were obtained from the three samples.

Specific Surface Area Test. The Brunauer—Emmett—Teller
(BET) specific surface area was evaluated by nitrogen physisorption.
Prior to the nitrogen adsorption, 0.1 g of material was degassed at 90
°C for 1 day, followed by the subsequent BET analysis. The analysis
was carried out at —196 °C under a relative vapor pressure of 0.05—

11102

0.25 with a Micromeritics ASAP 2020. The BET specific surface area
was calculated from the attained isotherms.

Bulk Zeta Potential Analysis. Zeta potential analysis was
conducted using a SurPASS Electrokinetic Analyzer (Anton Paar).
DW and FW samples were cut into dimensions of 10 X 10 X 2 mm®
(axial X tangential X radial) and attached to a cylindrical cell with
double-sided adhesive tape. Prior to the measurements, all the
samples were conditioned by immersion in DIW to avoid swelling of
wood. Measurements were carried out at 200 mbar with N, in a 0.001
M NaCl electrolyte solution at pH 7.3 + 0.2. The mean value and
standard deviation of the zeta potential () for the DW and FWs were
obtained from three independent ramps measured for two samples
each.

B RESULTS AND DISCUSSION

Figure 2a represents the schematic for the preparation of FW.
To facilitate in situ Fe;O, synthesis, delignification was first
performed to increase the wood structure accessibility.”" The
removal of lignin from the OW led to a slightly higher porosity
(from 92 to 95%) in DW, with an increased BET specific
surface area (BET SSA) of 8.7 m’/g (1.3 m?/g of OW).
Meanwhile, a negative surface charge was introduced to the

https://doi.org/10.1021/acssuschemeng.3c01649
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structure due to the oxidation of the C-2, C-3, or C-6 of the
monomeric sugar units in polysaccharides, leading to an
increased surface charge of 241.3 pyeq/g in DW from 25.9 peq/
g of OW. The increased negative surface charge is beneficial for
Fe?* adsorption (Figure 2a).”' Never dried DW was solvent
exchanged to acetone and then infiltrated with FeSO,.
Thermal precipitation was then applied to promote the
transformation of soluble initial iron hydroxides into insoluble
iron oxyhydroxide complexes.32 Finally, the precipitated
precursors inside templates were converted into Fe;O,
nanoparticles in the NaOH/KNOj solution at 90 °C. The
nanoparticle morphology and distribution can be controlled by
changing the growth time from 10 min to 4 h, as shown in
scanning electron microscopy (SEM) images (Figures 2 and
S1).

Figure 2b—m shows the morphology and distribution of
Fe;O, nanoparticles inside FWs with synthesis time varied
from 20 min to 2 h. Compared to DW (Figure 2b), Fe;0,
nanoparticles started to coat the lumen wall uniformly after 20
min of synthesis (Figure 2c). The nanoparticle cover density
improved with increased synthesis time (Figure 2d,e). The
cross-sectional images of FWs (Figure 2g—i) revealed the
Fe;0, layers in the fiber lumens compared to the DW (Figure
2f). Fe;0, particles were also present in the region of middle
lamella (Figure 2j—m), and even in the cell wall when synthesis
time was 2 h. It is noteworthy that harsh alkaline synthetic
conditions also gradually destroyed the wood structure,
resulting in a loosened-up cell wall structure with increased
synthesis time (Figure 2j—m). This porous structure with
Fe;0, nanoparticle coating could offer a high surface area with
enhanced interactions with water,”®> which is attractive for
water evaporation-induced electricity generation. A longer
synthesis time of 4 h was further studied, yet the wood
structure disintegration started, limiting the further application
of the composite (Figure S1f).

Obtaining uniform Fe;O, nanoparticle decoration inside the
wood is important to the final device performance. The current
reported FWs through in situ synthesis always shows an
obvious Fe;O, nanoparticle gradience. The main issue lies in
the chemical diffusion during the synthesis, in particular metal-
ion diffusion. To solve the problem, acetone-assisted FeSO,
infiltration was applied. Figure 3a shows the time-dependent
FeSO, diffusion into the DW, exhibiting faster diffusion in DW
that is solvent exchanged to acetone (DW-Fe-acetone). In
addition, higher precursor loading is also achieved for the DW-
Fe-acetone (Figure 3b). Under an O, atmosphere, the TGA
residue of the DW is near 0% due to the burning of cellulosic
materials. The iron oxide residue (formed under an O,
atmosphere in TGA) for FeSO, infiltrated DW without
acetone exchange (DW-Fe-water) is ~15 wt %, which
increased to 35 wt % for DW-Fe-acetone. This indicates a
higher amount of FeSO, in the sample. Figure 3c shows the
final FW samples after hydrothermal growth with and without
acetone-assisted FeSO, infiltration. Although with thicker
samples, no obvious Fe;O, nanoparticle gradient issue is
present for FW-acetone after 1 h of reaction. Without acetone-
assisted FeSO, infiltration, FW samples always show a gradient
even after a reaction time of 4 h. More importantly, acetone-
assisted infiltration ensures a homogenous deposition of
nanoparticles, which otherwise are agglomerated in the
absence of acetone-assisted infiltration (Figure 3d,e). In
addition to acetone, ethanol, and hexane were also studied
to assist metal-ion diffusion. The results of the adsorption

capacity of iron ions after infiltration (Figure S2) support the
best efficiency of using acetone.

The proposed mechanism for enhanced metal-ion diffusion
could be described as the following. Acetone is known to be
miscible with water in any proportion under ambient
conditions and to be able to wet wood completely,”* ensuring
acetone’s penetration into the wood cell wall and wetting all
the surfaces. Therefore, DW was solvent exchanged to acetone
before FeSO, infiltration. Osmotic pressure drives the diffusion
of acetone from the cell wall into the FeSO, solution, while
facilitating the diffusion of FeSO, solution into the wood cell
wall. In addition, acetone is highly volatile. Fast evaporation of
acetone could enhance the pressure difference, which further
contributes to faster metal-ion diffusion in DW. More
importantly, acetone infiltration ensures a homogenous
deposition of nanoparticles which are agglomerated in the
absence of acetone infiltration (Figure 3d,e).

A series of characterizations were performed to evaluate the
effect of wood mineralization by Fe;O, on hydrovoltaic
energy-harvesting performance and to understand the working
mechanism. Zeta potential is an important parameter that
influences the potential generation. Increased zeta potential
was recorded for DW and FWs (Table 1). The Fourier-

Table 1. Basic Properties of DW and FW Samples

DW FW-20 min FW-1 h FW-2 h
zeta potential (mV) —212 —24.2 -37.7 -32.6
BET SSA (m*/g) 8.7 1.9 1.6 4.5
Fe;0, content (%) 14.4 19.9 22.6
modulus (MPa) 65.4 36.2 32.5 28.3

transform infrared (FTIR) spectroscopic analysis of delignified
samples confirmed increased —COO™ functionalities indicated
by the increased peak intensity at around 1724 cm™" (Figure
S2). As a result, the negative zeta potential of the wood bulk
substrate increased from —154 to —21.2 mV (Table 1).
Additionally, these increased functional groups provided more
reaction sites for the metal-ion binding, making it easier for the
wood substrate to get mineralized. In situ synthesis of Fe;O,
further increased the zeta potential to —24.2, —37.7, and —32.6
mV in FW-20 min, FW-1 h, and FW-2 h, respectively. The
increased zeta potential could be attributed to the ability of
Fe;0, to chemidissociate water.”’ The decrease of zeta
potential for FW-2 h compared with FW-1 h could be due
to the significant removal of hemicellulose, which is the main
source of charge in DW during the Fe;O, synthesis under
alkaline conditions.

The SSA and pore size distribution are also greatly affected
by Fe;0, modifications (Table 1 and Figure 4a). The SSA first
decreased from 8.7 m*/g (DW) to 1.9 m*/g (FW-20 min) and
was further followed by an additional decrease to 1.6 m’/g
(FW-1h). A slight SSA increase was obtained for FW-2 h with
a value of 4.5 m?/g. The decreased SSA compared with DW is
mainly due to increased Fe;O, content, which has higher
density compared with wood. TGA showed increased Fe;O,
contents with increasing reaction time. FW-20 min, FW-1 h,
and FW-2 h show particle contents of 14.4, 19.9, and 22.6 wt
%, respectively (Figure 4b and Table 1). The SSA increase of
FW-2 h compared with FW-1 h could be attributed to the
increased mesoporosity. The FW-20 min and FW-1 h showed
high porosity with pore sizes >120 nm, while FW-2 h exhibited
high pore volume with a pore size of around 30 nm. One
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(c) XRD patterns, and (d) wet mechanical property.

hypothesis is that the harsh alkaline conditions for Fe;O,
nanoparticle synthesis destroyed the wood structure by
hemicellulose diffusion out from the structure and holocellu-
lose degradation, generating nanoscale pores. Before a reaction
time of 1 h, the influence of Fe;O, nanoparticles is prevalent.
After 2 h growth, the effect of mesopore generation is
predominant, leading to increased SSA of FW-2 h although
with a higher Fe;O, content.

Figure 4c displays the XRD patterns of DW and FWs with
different growth times. The XRD patterns show variations at
the 002-diffraction peak (26 = 22.6°), which are associated
with the crystalline region of the cellulose. The diffraction
peaks of FWs at 26 of 30.3, 34.4, 35.8, 53.3, 57.3, and 74.3° can
be assigned to (220), (311), (422), (511), (440), and (553)
crystal planes of Fe;0, (JCPDS: 19-0629). A small peak at
~25° in FW-20 min and FW-1 h could be attributed to Fe,O,
suggesting the presence of mixed iron oxides (JCPDS: 33-
0664). Further, this peak disappeared for FW-2 h (Figure 4c),
suggesting better purity of Fe;O,. Wet mechanical properties
are essential for material handling during the device assembly
and running. Figure 4d shows the stress-strain curve of samples
under compression tests along the longitudinal direction, data
is summarized in Table 1. As a reference point, the DW
showed a Young’s modulus of 65.4 MPa and a compression
strength of 2500 kPa. Although the preparation in a strong
alkaline solution resulted in decreased mechanical properties
(an elastic modulus of 32.5 MPa and strength of 1650 kPa) for
FWs, the samples remain mechanically stable during long-term
device usage. Moreover, the ~160 times enhancement in the
power density further mitigates these concerns. The mechan-
ical properties of magnetic wood are an issue and especially
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because of the use of alkali conditions, and longer treatment
led to reduced mechanical properties. However, after 2 h of
alkali treatment, the hydrovoltaic energy-harvesting perform-
ance also drops and for practical applications, the alkali
treatment can be stopped after 2 h. At 2 h of alkali treatment
for Fe;O, synthesis, FW-2 h (~1 cm thick) is relatively stable
and we have explored it for hydrovoltaic energy harvesting for
30 h without compromising the performance. Also, the
literature suggests that the optimum performance of wood-
based hydrovoltaic devices is obtained at a thickness of 1 cm,
and no further advantages are seen for thicker samples.'*
Handling a larger sample is a relatively small issue, which can
be mitigated by assembling many devices for a practical
application.

The FWs (20 min, 1h, and 2h) were evaluated for
hydrovoltaic energy harvesting in terms of V,. (Figure Sa),
I, (Figure 5b), and power density (Figure 5c). A continuous
direct voltage can be harvested from wood from the water flow
driven by natural evaporation.®® After delignification, V. was
slightly improved with a value of 11 mV compared to 9.3 mV
from OW. This could be attributed to the enhanced surface
charge and SSA. An I of ~0.06 uA was obtained for DW. A
further increase was noticed for the FWs with dependency on
growth time. FW-20 min and FW-1 h resulted in V. of ~21
and ~30 mV, while the I, were 0.22 and 0.39 pA, respectively.
The FW-2 h rendered the highest V. of ~63 mV and an I of
~1.17 pA. For the FW-20 min and FW-1 h, with comparable
SSAs, the output performance was higher for FW-1 h probably
due to higher Fe;O, content. However, the weight fraction of
Fe;0, is slightly increased from the FW-1 h to FW-2 h, and the
hydrovoltaic energy-harvesting performance is superior to FW-
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2 h, suggesting that the porosity at the nanoscale has a major
effect on the output performance over the weight fractions of
Fe;0,.

The power density was measured by placing the resistors
with variable resistance in the circuit (Figure S4). Resistance
dependencies on power density are shown in Figure S4. The
maximum power density of DW was 1.03 yW/m” under an
external load of 2.2 X 10° Q. Improved power density was
observed for FW-20 min with a value of 4.46 fW/m? under the
same external load. Further, an improved power density of 5.28
UW/cm? was obtained for FW-1 h. It should be noted that the
maximum power density was obtained with an external load of
10* Q, suggesting a change in the internal resistance of the FW
samples. FW-2 h resulted in the highest power density of 51.47
UW/m? at an external load of 10* Q (Figure Sc), ~165 times
higher than that of OW running in a similar condition (about
0.31 yW/m?).

Increasing the water evaporation rate further improves the
power output. This is one of the main reasons using Fe;O, to
decorate wood for hydrovoltaic energy harvesting. The wide
solar adsorption and strong photoresponse of Fe;0,*® could
contribute to water evaporation through photothermal
conversion, which has been intensively investigated.3'7 For all
samples, a drastically enhanced performance was observed
under 3 sun irradiation compared to that under ambient
conditions mainly due to the increased water evaporation rate
under higher solar irradiation intensity. As shown in Figure 5d,
the V,. and I, for DW are ~105 mV and ~0.29 uA,
respectively. FW-20 min and FW-1 h resulted in V. of ~285
and ~457 mV, whereas the I were ~0.87 and ~1.11 uA
(Figure Se) respectively. The V,. of FW-2 h reached up to 1 V
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with an I of ~5.17 uA. The power densities also showed a
remarkable increase (Figures Sf and S5), where a maximum
power density of 8.81 yW/m?* was achieved for DW at an
external load of 4.7 X 10° Q. FW-20 min and FW-1 h resulted
in the maximum power density of 68.06 and 515.85 yW/m”
under 10° Q load. The FW-2 h resulted in the highest power
density of the study, which was found to be 742.66 yW/m?
and it was obtained at an external load of 2.2 X 10° Q. The
power density is remarkably increased by 1300% compared to
ambient conditions ascribed to the excellent solar photo-
thermal conversion property of Fe;O,. The performance of
FWs under normal and three sun irradiation are comparable,
or higher than the previous reports (Table S3).

Figure 6a shows the device structure and proposed
mechanism for hydrovoltaic energy harvesting. When water
contacts wood, adsorption of water on the wood surface
occurs. Wood has a net negative surface charge due to the
presence of hydroxyl groups, carboxylic groups, and Fe;O,
nanoparticles. An electrical double layer forms from the
adsorption of counterions. A pressure difference at the two
ends of the wood leads to directional motion of counterions,
resulting in an electrical potential difference (Figure 6b). Water
evaporation-induced electricity is a new topic with limited
understanding of the working mechanisms. Streaming
potential,">'* evaporation potential,”® ionovoltaic voltage
generation,39 and so on have been proposed, yet it is
commonly agreed that streaming potential is the main
contribution. For this specific case, the mechanism is even
more complicated as solar irradiation is applied and Fe;O,
could potentially be a catalyst for reactions under solar
irradiation. To elucidate the working mechanism, we combined
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the following different theories for analysis in the process of
interpreting the experimental results. First, in this process, we
treat the wood as a bundle of capillaries assembled so that an
electric double-layer effect occurs when water contacts the
charged surface of the wood. In addition, the cubic inverse
spinel structure of Fe;O, particles is active for water

40,41

adsorption, leading to heterogeneous dissociation of
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water molecules, thereby enhancing the hydrovoltaic energy
harvesting capability.”’ As for the photothermal effect in the
process, we mainly believe that it improves the evaporation
capacity of water. Other possible contributions were also
proposed such as chemical reactions (solar water splitting) in

the structure and solvent evaporation potential.
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In the system, wood could be considered as bundles of
cylindrical capillary tubes with a length of L, pore diameter of
d, and the inner surface zeta potential of {. If only streaming
potential (V,) is considered for potential generation, the
potential could be described according to the following eq 2

g6, AP¢

ST ou @)

where g, €, 0, and p are the electrical permittivity of vacuum,
the relative permittivity of the solution, the conductivity, and
the viscosity of the solution, respectively. AP is the external
pressure difference. When DIW is applied as the reservoir, &,
€, 0, and y are constant. External pressure difference (AP) and
wood surface zeta potential ({) are critical variables for
potential generation.

For FWs, the interaction between water molecules and
Fe;0, particles contributes to enhanced { (Table 1). As shown
in schematic in Figures 6a—d, when water enters the wood
pores through the capillary force, it will be adsorbed on the
surface of Fe;O, nanoparticles. This is facilitated by the cubic
inverse spinel structure of the Fe;O, nanoparticle, which is
active toward water adsorption’”*' due to the attraction
between lone pairs of oxygen in the water molecules and Fe
cations (Fe** and Fe®*) (Figure 6c). This decreases the—OH
bond dissociation energy resulting in a heterolytic dissociation
of water. A new Fe—OH bond forms and the H" ion binds to
nearby surface oxygen forming another Fe—OH bonds (Figure
6d)." Hence, the chemidissociation of water on the Fe,O,
surface increases the inner zeta potential ({) by surface
hydroxylation for enhanced hydrovoltaic energy harvesting.”'
There could also be contributions from the thermoelectric
effect, solvent evaporating potential®® and ionovoltaic voltage
generation.”” Therefore, eq 2 is not directly applicable to
calculate the generated output voltage.

The high performance under solar irradiation could be
attributed to the enhanced pressure drop due to the increased
water evaporation rate. For identical straight parallel cylindrical
cap%aries, the pressure drop can be expressed by following
eq3

ap=# sz
yd (3)

where ] is the volume flux (or effective water evaporation rate),
and y is the porosity. The increased water evaporation rate was
observed under solar irradiation especially for FWs due to the
high photothermal conversion ability of Fe;O,. The photo-
thermal conversion ability of Fe;0, is supported by the higher
sample surface temperature under solar irradiation (Figure
6e,f). The surface temperature of FW-2 increased from 18.7 to
~82.4 °C in 20 min, while only reaching ~54.3 °C from 17.8
°C for DW (Figure S6a). The rate of total water consumption
increased over S times under 3 sun irradiation (Figure S6b,c).
The effective water consumption under ambient conditions
were 0.47, 0.82, 0.76, and 1 mL/h for DW, FW-20 min, FW-1
h, and FW-2 h (Figure 6f), which increased to 2.46, 4.28, 3.71,
and 5.34 mL/h, respectively. The trend for effective water
consumption rate increase agrees with the potential generation
change.

It should be noted that the measured V.. is not linearly
proportional to pressure drop (AP)/effective water con-
sumption rate (J), and wood surface zeta potential ({). This
indicates the presence of other important factors that influence

the power generation, such as the nanoporosity. Pores at the
nanoscale could have a significant effect on the output
performance by building an overlap of diffuse parts of electric
double layers. The effect could be over the influence of the
surface zeta potential. In this work, FW-2 h shows higher
output performance than the FW-1 h, even if the latter has a
higher zeta potential. This could be assigned to the pore size
distribution/porosity difference at the nanoscale, which plays a
vital role in hydrovoltaic energy harvesting. As shown in Table
1 and Figure 4a, FW-2 h exhibits high pore volume with a
smaller pore size (~30 nm), while FW-20 min and FW-1 h
show mainly pore sizes >120 nm. At the same time, the bulk
porosity increased for FWs, from 93.6% (FW-20 min) to
93.8% (FW-1 h) and 96.3% (FW-2 h). This indicates that
higher SSA/porosity at the nanoscale maximizes the
interaction between the charged surface and water for
enhanced performance. As discussed earlier, in addition to
streaming potential, other mechanisms may also be involved
and further efforts are needed to understand the working
mechanisms.

With the incorporation of Fe;O, nanoparticles, FWs not
only show higher power generation, which could be attributed
to the increased surface charge, nanoporosity, and photo-
thermal effect from Fe;O,, but also good stability. The device
performance stability was estimated by running the samples
multiple times. After 3 cycles (equivalent to 30 h), the FW-2 h
retained the 96.7% V. generated (Figure 6h). This suggests
that wood mineralization can offer a rational design for
hydrovoltaic energy harvesting using organic—inorganic nano-
composites for sustainable energy harvesting from the
environment. The individual hydrovoltaic nanogenerator has
very low power. The DW and FW-2 h can also be used under
real outdoor conditions; here, we tested the output voltage
under different temperatures and pH (Figures S7 and S8).
However, with the assembly of many similar devices, the power
output can be enhanced, which can run small electronics, such
as calculators, watches, and so on. The key advantage of these
devices is continuous power generation for a longer time,
which can also be stored in a capacitor for later use.

B CONCLUSIONS

In conclusion, Fe;O, nanoparticles were successfully incorpo-
rated into a hierarchical wood structure for hydrovoltaic energy
harvesting through an in situ synthesis. Acetone-assisted
precursor infiltration ensures nanoparticles” uniform distribu-
tion throughout the wood structure and into the cell wall. A
V,. of 63 mV, I_ of 1.17 uA, and power density of ~52 yW/m?
were obtained for FW-2 h, which is over 165 times higher
compared with the OW. The enhanced performance was
ascribed to the higher surface charge, the nanoporosity, and the
water dissociation ability of Fe;O, under ambient conditions.
By further enhancing the evaporation rate by using solar
energy, a V. of 1 V and the highest power density of 742.66
UW/m? were obtained, which was mainly due to the enhanced
rate of effective water consumption and the photothermal
effect of Fe;O0, The current success inspires further
investigation of other mineralized wood for energy harvesting
under solar irradiation through a careful structure design. The
assembled wood-based devices can be used for continuous
power generation over long periods of time.

11107 https://doi.org/10.1021/acssuschemeng.3c01649

ACS Sustainable Chem. Eng. 2023, 11, 11099—-11109


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01649/suppl_file/sc3c01649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01649/suppl_file/sc3c01649_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01649/suppl_file/sc3c01649_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c01649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01649.

Experimental results concerning FTIR spectroscopy
spectra of OW and DW and hydrovoltatic energy
harvesting from DW and FW-20 under different
temperatures and pH (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Farsa Ram — Wallenberg Wood Science Center, Department of
Fibre and Polymer Technology, KTH Royal Institute of
Technology, Stockholm SE-10044, Sweden; Present
Address: Pritzker School of Molecular Engineering,
University of Chicago, 5640 South Ellis Avenue, Chicago,
Ilinois 60637, United States. Email: ramf@uchicago.edu;

orcid.org/0000-0003-0476-3323; Email: farsa@kth.se

Yuanyuan Li — Wallenberg Wood Science Center, Department
of Fibre and Polymer Technology, KTH Royal Institute of
Technology, Stockholm SE-10044, Sweden; ® orcid.org/
0000-0002-1591-5815; Email: yua@kth.se

Authors
Ying Gao — Co-Innovation Center of Efficient Processing and
Utilization of Forest Resources, Nanjing Forestry University,
Nanjing 210037, China; Wallenberg Wood Science Center,
Department of Fibre and Polymer Technology, KTH Royal
Institute of Technology, Stockholm SE-10044, Sweden;
orcid.org/0000-0003-2716-2723
Xuan Yang — Wallenberg Wood Science Center, Department of
Fibre and Polymer Technology, KTH Royal Institute of
Technology, Stockholm SE-10044, Sweden; Key Laboratory
of Biomass Chemical Engineering of Ministry of Education,
College of Chemical and Biological Engineering, Zhejiang
University, Hangzhou 310027, P. R. China; Institute of
Zhejiang University—Quzhou, Quzhou 324000, P. R.
China; ® orcid.org/0000-0002-1336-5119
Jonas Garemark — Wallenberg Wood Science Center,
Department of Fibre and Polymer Technology, KTH Royal
Institute of Technology, Stockholm SE-10044, Sweden;
orcid.org/0000-0002-1029-6912
Richard T. Olsson — Wallenberg Wood Science Center,
Department of Fibre and Polymer Technology, KTH Royal
Institute of Technology, Stockholm SE-10044, Sweden;
orcid.org/0000-0001-5454-3316
Honggqi Dai — Co-Innovation Center of Efficient Processing
and Utilization of Forest Resources, Nanjing Forestry
University, Nanjing 210037, China; © orcid.org/0000-
0003-1954-8829

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.3c01649

Author Contributions

Y.G. did the experiments, analyzed data, and wrote the
manuscript. Y.G. and X.Y. did the in situ synthesis experiment.
Y.G. and F.R. did the hydrovoltaic energy harvesting
measurements. J.G. did the BET experiment and drew the
schematic. R.T.O. and H.D. conceived the idea and supervised
the work. FR. and Y.L. conceived the idea, designed the
experiments, and supervised the work. All the authors provided
critical feedback and edited the manuscript.

11108

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge the funding from Vetenskapsradet (VR, no.
2017-05349), Knut & Alice Foundation via the Wallenberg
Wood Science Center (KAW 2021.0313), and European
Research Council under the European Union’s Horizon 2020
research and innovation program (no. 742733). Ying acknowl-
edges the financial support from the project funded by the
National First-class Disciplines and the Priority Academic
Program Development of Jiangsu Higher Education Institu-
tions. Special thanks to Lars Berglund for the financial support
for the work. Thanks to Junhao Huang for the help regarding
zeta potential measurements.

B REFERENCES

(1) Huang, Y.; Cheng, H; Qu, L. Emerging Materials for Water-
Enabled Electricity Generation. ACS Mater. Lett. 2021, 3, 193—209.

(2) Qin, Y, Wang, Y.; Sun, X,; Li, Y.; Xu, H,; Tan, Y,; Li, Y.; Song,
T.; Sun, B. Constant Electricity Generation in Nanostructured Silicon
by Evaporation-Driven Water Flow. Angew. Chem., Int. Ed. 2020, 59,
10619—10625.

(3) Sun, Js Li, P,; Qu, J.; Ly, X; Xie, Y.; Gao, F,; Li, Y,; Gang, M.;
Feng, Q; Liang, H; Xia, X; Li, C; Xu, S, Bian, J. Electricity
Generation from a Ni-Al Layered Double Hydroxide-Based Flexible
Generator Driven by Natural Water Evaporation. Nano Energy 2019,
57, 269-278.

(4) Kotnala, R. K.; Gupta, R; Shukla, A;; Jain, S.; Gaur, A.; Shah, J.
Metal Oxide Based Hydroelectric Cell for Electricity Generation by
Water Molecule Dissociation without Electrolyte/Acid. J. Phys. Chem.
C 2018, 122, 18841—18849.

(5) Yoon, S. G,; Yang, Y. J.; Yoo, J; Jin, H,; Lee, W. H,; Park, J;
Kim, Y. S. Natural Evaporation-Driven Ionovoltaic Electricity
Generation. ACS Appl. Electron. Mater. 2019, 1, 1746—1751.

(6) Zhang, Z.; Li, X; Yin, J.; Xu, Y.; Fei, W.; Xue, M.; Wang, Q;
Zhou, J.; Guo, W. Emerging Hydrovoltaic Technology. Nat. Commun.
2018, 13, 1109—1119.

(7) Xue, G.; Xu, Y.; Ding, T.; Li, J; Yin, J.; Fei, W,; Cao, Y,; Yu, J;
Yuan, L; Gong, L.; Chen, J; Deng, S;; Zhou, J.; Guo, W. Water-
Evaporation-Induced Electricity with Nanostructured Carbon Materi-
als. Nat. Nanotechnol. 2017, 12, 317—321.

(8) Liu, K; Yang, P; Li, S.; Li, J.; Ding, T.; Xue, G.; Chen, Q.; Feng,
G.; Zhou, J. Induced Potential in Porous Carbon Films through Water
Vapor Absorption. Angew. Chem. 2016, 128, 8135—8139.

(9) Tian, J; Zang, Y,; Sun, J; Qu, J; Gao, F.; Liang, G. Surface
Charge Density-Dependent Performance of Ni—Al Layered Double
Hydroxide-Based Flexible Self-Powered Generators Driven by Natural
Water Evaporation. Nano Energy 2020, 70, 104502.

(10) Park, S. H.; Park, J. H.; Kim, J.; Lee, S. J. Simultaneous Solar-
Driven Seawater Desalination and Spontaneous Power Generation
Using Polyvalent Crosslinked Polypyrrole/Alginate Hydrogels.
Desalination 2021, 500, 114900.

(11) Ma, X;; Li, Z; Deng, Z.; Chen, D.; Wang, X.; Wan, X,; Fang, Z.;
Peng, X. Efficiently Cogenerating Drinkable Water and Electricity
from Seawaterviaflexible MOF Nanorod Arrays. . Mater. Chem. A
2021, 9, 9048—9055.

(12) Ding, T.; Liu, K; Li, J.; Xue, G.; Chen, Q.; Huang, L.; Hu, B;
Zhou, J. All-Printed Porous Carbon Film for Electricity Generation
from Evaporation-Driven Water Flow. Adv. Funct. Mater. 2017, 27,
1700551.

(13) Zhao, X; Shen, D.; Duley, W. W.; Tan, C.; Zhou, Y. N. Water-
Enabled Electricity Generation: A Perspective. Adv. Energy Sustain-
ability Res. 2022, 3, 2100196.

(14) Zhou, X; Zhang, W.; Zhang, C.; Tan, Y.; Guo, J; Sun, Z;
Deng, X. Harvesting Electricity from Water Evaporation through

https://doi.org/10.1021/acssuschemeng.3c01649
ACS Sustainable Chem. Eng. 2023, 11, 11099—-11109


https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01649?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01649/suppl_file/sc3c01649_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farsa+Ram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:#Pritzker
School of Molecular Engineering, University of Chicago,
5640 South Ellis Avenue, Chicago, Illinois 60637, United States. Email: ramf@uchicago.edu
https://orcid.org/0000-0003-0476-3323
https://orcid.org/0000-0003-0476-3323
mailto:farsa@kth.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyuan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1591-5815
https://orcid.org/0000-0002-1591-5815
mailto:yua@kth.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2716-2723
https://orcid.org/0000-0003-2716-2723
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1336-5119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Garemark"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1029-6912
https://orcid.org/0000-0002-1029-6912
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+T.+Olsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5454-3316
https://orcid.org/0000-0001-5454-3316
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongqi+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1954-8829
https://orcid.org/0000-0003-1954-8829
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01649?ref=pdf
https://doi.org/10.1021/acsmaterialslett.0c00474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.0c00474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202002762
https://doi.org/10.1002/anie.202002762
https://doi.org/10.1016/j.nanoen.2018.12.042
https://doi.org/10.1016/j.nanoen.2018.12.042
https://doi.org/10.1016/j.nanoen.2018.12.042
https://doi.org/10.1021/acs.jpcc.8b04999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b04999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.9b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.9b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-018-0228-6
https://doi.org/10.1038/nnano.2016.300
https://doi.org/10.1038/nnano.2016.300
https://doi.org/10.1038/nnano.2016.300
https://doi.org/10.1002/ange.201602708
https://doi.org/10.1002/ange.201602708
https://doi.org/10.1016/j.nanoen.2020.104502
https://doi.org/10.1016/j.nanoen.2020.104502
https://doi.org/10.1016/j.nanoen.2020.104502
https://doi.org/10.1016/j.nanoen.2020.104502
https://doi.org/10.1016/j.desal.2020.114900
https://doi.org/10.1016/j.desal.2020.114900
https://doi.org/10.1016/j.desal.2020.114900
https://doi.org/10.1039/d0ta11870b
https://doi.org/10.1039/d0ta11870b
https://doi.org/10.1002/adfm.201700551
https://doi.org/10.1002/adfm.201700551
https://doi.org/10.1002/aesr.202100196
https://doi.org/10.1002/aesr.202100196
https://doi.org/10.1021/acsami.9b23380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c01649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Microchannels of Natural Wood. ACS Appl. Mater. Interfaces 2020,
12, 11232—-11239.

(15) Zhang, S.; Chi, M; Mo, J; Liu, T.; Liu, Y.; Fu, Q; Wang, J.;
Luo, B,; Qin, Y.; Wang, S; Nie, S. Bioinspired Asymmetric
Amphiphilic Surface for Triboelectric Enhanced Efficient Water
Harvesting. Nat. Commun. 2022, 13, 4168.

(16) Zhu, H; Luo, W.; Ciesielski, P. N; Fang, Z; Zhu, J. Y;
Henriksson, G.; Himmel, M. E.; Hu, L. Wood-Derived Materials for
Green Electronics, Biological Devices, and Energy Applications.
Chem. Rev. 2016, 116, 9305—9374.

(17) Ding, Y.; Li, S.; Tian, J.; Wang, F.; Shi, Y.; Tao, X.; Wang, X;
Lei, R; Chen, X. CNTs/Wood Composite Nanogenerator for
Producing Both Steam and Electricity. ACS Appl. Electron. Mater.
2021, 3, 5287—5295.

(18) Zhang, Z.; Zheng, Y.; Jiang, N.; Hong, W,; Liu, T.; Jiang, H,;
Hu, Y.; Li, C. Electricity Generation from Water Evaporation through
Highly Conductive Carbonized Wood with Abundant Hydroxyls.
Sustainable Energy Fuels 2022, 6, 2249—2255.

(19) Garemark, J.; Ram, F.; Liu, L; Sapouna, I; Ruiz, M. F. C,;
Larsson, P. T.; Li, Y. Advancing Hydrovoltaic Energy Harvesting from
Wood through Cell Wall Nanoengineering. Adv. Funct. Mater. 2023,
33, 2208933.

(20) Stamatiou, A.; Loutzenhiser, P. G.; Steinfeld, A. Solar Syngas
Production via H20/CO2-Splitting Thermochemical Cycles with
Zn/Zn0O and FeO/Fe304 Redox Reactions. Chem. Mater. 2010, 22,
851—859.

(21) Jain, S.; Shah, J.; Dhakate, S. R; Gupta, G.; Sharma, C;
Kotnala, R. K. Environment-Friendly Mesoporous Magnetite Nano-
particles-Based Hydroelectric Cell. J. Phys. Chem. C 2018, 122, 5908—
5916.

(22) Trey, S.; Olsson, R. T.; Strém, V.; Berglund, L.; Johansson, M.
Controlled Deposition of Magnetic Particles within the 3-D Template
of Wood: Making Use of the Natural Hierarchical Structure of Wood.
RSC Adv. 2014, 4, 35678—35685.

(23) Merk, V.; Chanana, M.; Gierlinger, N.; Hirt, A. M.; Burgert, .
Hybrid Wood Materials with Magnetic Anisotropy Dictated by the
Hierarchical Cell Structure. ACS Appl. Mater. Interfaces 2014, 6,
9760—9767.

(24) Lou, Z.; Han, H.; Zhou, M.; Han, J.; Cai, J.; Huang, C.; Zou, J.;
Zhou, X.; Zhou, H.; Sun, Z. Synthesis of Magnetic Wood with
Excellent and Tunable Electromagnetic Wave-Absorbing Properties
by a Facile Vacuum/Pressure Impregnation Method. ACS Sustain.
Chem. Eng. 2018, 6, 1000—1008.

(25) Schauwecker, C. F.; McDonald, A. G.; Preston, A. F.; Morrell, J.
J. Use of Iron Oxides to Influence the Weathering Characteristics of
Wood Surfaces: A Systematic Survey of Particle Size, Crystal Shape
and Concentration. Eur. J. Wood Wood Prod. 2014, 72, 669—680.

(26) Ram, F.; Garemark, J.; Li, Y.; Berglund, L. Scalable, Efficient
Piezoelectric Wood Nanogenerators Enabled by Wood/ZnO Nano-
composites. Compos. Appl. Sci. Manuf. 2022, 160, 107057.

(27) Li, Y; Fu, Q; Yu, S; Yan, M,; Berglund, L. Optically
Transparent Wood from a Nanoporous Cellulosic Template:
Combining Functional and Structural Performance. Biomacromolecules
2016, 17, 1358—1364.

(28) Zhou, X; Zhang, W.; Zhang, C.; Tan, Y.; Guo, J; Sun, Z;
Deng, X. Harvesting Electricity from Water Evaporation through
Microchannels of Natural Wood. ACS Appl. Mater. Interfaces 2020,
12, 11232—-11239.

(29) Ren, G,; Hu, Q; Ye, J.; Hu, A; Lij, J.; Zhou, S. All-Biobased
Hydrovoltaic-Photovoltaic Electricity Generators for All-Weather
Energy Harvesting. Research 2022, 2022, 2022.

(30) Karlsson, M. E.; Mamie, Y. C.; Calamida, A.; Gardner, J. M.;
Strom, V.; Pourrahimi, A. M.; Olsson, R. T. Synthesis of Zinc Oxide
Nanorods via the Formation of Sea Urchin Structures and Their
Photoluminescence after Heat Treatment. Langmuir 2018, 34, S079—
5087.

(31) Li, Y,; Fu, Q; Rojas, R; Yan, M.; Lawoko, M.; Berglund, L.
Lignin-Retaining Transparent Wood. ChemSusChem 2017, 10, 3445—
3451.

11109

(32) Galland, S.; Andersson, R. L.; Salajkov4, M.; Strom, V.; Olsson,
R. T.; Berglund, L. A. Cellulose Nanofibers Decorated with Magnetic
Nanoparticles-Synthesis, Structure and Use in Magnetized High
Toughness Membranes for a Prototype Loudspeaker. J. Mater. Chem.
C 2013, 1, 7963—7972.

(33) Gautam, D.; Saya, L.; Hooda, S. Fe304 Loaded Chitin — A
Promising Nano Adsorbent for Reactive Blue 13 Dye. Environ. Adv.
2020, 2, 100014.

(34) Mantanis, G. L; Young, R. A. Wetting of wood. Wood Sci.
Technol. 1997, 31, 339—353.

(35) Dao, V. D.; Vu, N. H;; Dang, H. L. T; Yun, S. Recent Advances
and Challenges for Water Evaporation-Induced Electricity toward
Applications. Nano Energy 2021, 85, 105979.

(36) Bagheripour, E.; Moghadassi, A. R.; Parvizian, F.; Hosseini, S.
M,; van der Bruggen, B. Tailoring the Separation Performance and
Fouling Reduction of PES Based Nanofiltration Membrane by Using
a PVA/Fe304 Coating Layer. Chem. Eng. Res. Des. 2019, 144, 418—
428.

(37) Song, L.; Zhang, X. F.; Wang, Z.; Zheng, T.; Yao, J. Fe304/
Polyvinyl Alcohol Decorated Delignified Wood Evaporator for
Continuous Solar Steam Generation. Desalination 2021, 507, 115024.

(38) Fang, S.; Li, J.; Xu, Y.; Shen, C.; Guo, W. Evaporating Potential.
Joule 2022, 6, 690—701.

(39) Yoon, S. G; Yang, Y. J; Yoo, J.; Jin, H.; Lee, W. H,; Park, J;
Kim, Y. S. Natural Evaporation-Driven Ionovoltaic Electricity
Generation. ACS Appl. Electron. Mater. 2019, 1, 1746—1751.

(40) Joseph, Y.; Ranke, W.; Weiss, W. Water on FeO(111) and
Fe304(111): Adsorption Behavior on Different Surface Termina-
tions. J. Phys. Chem. B 2000, 104, 3224—3236.

(41) Joseph, Y.; Kuhrs, C.; Ranke, W.; Ritter, M; Weiss, W.
Adsorption of water on FeO (111) and Fe304 (111): identification
of active sites for dissociation. Chem. Phys. Lett. 1999, 314, 195—202.

(42) Kostiuchenko, Z. A.; Cui, J. Z.; Lemay, S. G. Electrochemistry
in Micro- And Nanochannels Controlled by Streaming Potentials. J.
Phys. Chem. C 2020, 124, 2656—2663.

https://doi.org/10.1021/acssuschemeng.3c01649
ACS Sustainable Chem. Eng. 2023, 11, 11099—-11109


https://doi.org/10.1021/acsami.9b23380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-31987-w
https://doi.org/10.1038/s41467-022-31987-w
https://doi.org/10.1038/s41467-022-31987-w
https://doi.org/10.1021/acs.chemrev.6b00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d2se00309k
https://doi.org/10.1039/d2se00309k
https://doi.org/10.1002/adfm.202208933
https://doi.org/10.1002/adfm.202208933
https://doi.org/10.1021/cm9016529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm9016529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm9016529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b12561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b12561?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4ra04715j
https://doi.org/10.1039/c4ra04715j
https://doi.org/10.1021/am5021793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am5021793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00107-014-0831-7
https://doi.org/10.1007/s00107-014-0831-7
https://doi.org/10.1007/s00107-014-0831-7
https://doi.org/10.1016/j.compositesa.2022.107057
https://doi.org/10.1016/j.compositesa.2022.107057
https://doi.org/10.1016/j.compositesa.2022.107057
https://doi.org/10.1021/acs.biomac.6b00145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b00145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.6b00145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b23380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b23380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.34133/2022/9873203
https://doi.org/10.34133/2022/9873203
https://doi.org/10.34133/2022/9873203
https://doi.org/10.1021/acs.langmuir.8b01101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b01101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.8b01101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201701089
https://doi.org/10.1039/c3tc31748j
https://doi.org/10.1039/c3tc31748j
https://doi.org/10.1039/c3tc31748j
https://doi.org/10.1016/j.envadv.2020.100014
https://doi.org/10.1016/j.envadv.2020.100014
https://doi.org/10.1007/BF01159153
https://doi.org/10.1016/j.nanoen.2021.105979
https://doi.org/10.1016/j.nanoen.2021.105979
https://doi.org/10.1016/j.nanoen.2021.105979
https://doi.org/10.1016/j.cherd.2019.02.028
https://doi.org/10.1016/j.cherd.2019.02.028
https://doi.org/10.1016/j.cherd.2019.02.028
https://doi.org/10.1016/j.desal.2021.115024
https://doi.org/10.1016/j.desal.2021.115024
https://doi.org/10.1016/j.desal.2021.115024
https://doi.org/10.1016/j.joule.2022.02.002
https://doi.org/10.1021/acsaelm.9b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.9b00419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9932012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9932012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9932012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0009-2614(99)01159-8
https://doi.org/10.1016/S0009-2614(99)01159-8
https://doi.org/10.1021/acs.jpcc.9b08584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b08584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c01649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

