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Abstract

Water-induced Electric Generators (WEGs) exhibit tremendous promise as sustainable energy sources harvesting electricity
through the interaction between materials and water utilizing the hydrovoltaic effect, an innovative green energy harvesting
method. However, existing WEG devices predominantly rely on inorganic materials with limited research on naturally available,
bio-based materials for hydrovoltaic energy harvesting. This study introduces a novel nutshell-based hydrovoltaic WEG for
the first time. This low-cost, organic, and efficient renewable energy source can generate a voltage above 600 mV with a
power density exceeding 5.96 μW·cm-2 utilizing streaming and evaporation potential methodologies, which can be sustained

for more than a week. Notably, after further chemical treatments and combining the physical and chemical phenomena, output

voltage and maximum current density reach a record high of 1.21 V and 347.2 μA·cm-2respectively, which outperforms most

inorganic and organic materials based WEGs. By connecting two units in series and parallel this eco-friendly WEG can power

an LCD calculator without the assistance of any rectifier. We believe that this novel nutshell-based WEG provides a significant

advancement in WEG technology by offering a sustainable solution for powering electronic devices utilizing agricultural waste.
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Abstract:

Water-induced Electric Generators (WEGs) exhibit tremendous promise as sustainable energy sources har-
vesting electricity through the interaction between materials and water utilizing the hydrovoltaic effect, an
innovative green energy harvesting method. However, existing WEG devices predominantly rely on inorganic
materials with limited research on naturally available, bio-based materials for hydrovoltaic energy harvesting.
This study introduces a novel nutshell-based hydrovoltaic WEG for the first time. This low-cost, organic, and
efficient renewable energy source can generate a voltage above 600 mV with a power density exceeding 5.96
μW·cm-2 utilizing streaming and evaporation potential methodologies, which can be sustained for more than
a week. Notably, after further chemical treatments and combining the physical and chemical phenomena,
output voltage and maximum current density reach a record high of 1.21 V and 347.2 μA·cm-2 respectively,
which outperforms most inorganic and organic materials based WEGs. By connecting two units in series
and parallel this eco-friendly WEG can power an LCD calculator without the assistance of any rectifier.
We believe that this novel nutshell-based WEG provides a significant advancement in WEG technology by
offering a sustainable solution for powering electronic devices utilizing agricultural waste.

Introduction

In recent years, the intense focus has been given to finding sustainable energy solutions that are cost-effective
and have a minimal environmental impact, and, and are abundant in nature. Several energy harvesting
techniques, such as piezoelectricity,[1]triboelectricity,[2]thermoelectricity,[3] have been thoroughly explored to
convert mechanical, thermal, and renewable energy into electricity. However, each approach has barriers,
such as extensive material costs, complicated preparation procedures, limited resources, and inadequate
electrical output, which limit their practical use. It is crucial to maximize the energy extraction from a
pure source for long-term feasibility. Because of its abundance (71% of the Earth’s surface) and significant
intrinsic renewable energy potential, water has gained increasing interest for its use in prominent power
generation. While traditional approaches like thermal energy extraction,[4] or hydroelectricity,[5,6] generation
has been widely exploited, hydrovoltaic method has recently emerged as a viable method for harnessing
energy.[7-10] This unconventional hydrovoltaic system can harness electricity through the direct interaction
between functional materials and various forms of water, such as water droplets,[11] flow of water,[12,13]

wave,[14,15]evaporation,[16-19] and moistures.[20] Evaporation-based energy harvesting from water droplets
has recently gained attention in relation to the hydro-voltaic effect.[7,8]Utilizing the interactions between
the water droplet and solid material interfaces, this method can generate electricity by leveraging physical
phenomena such as streaming potential,[21] ionic motion coupling,[22]triboelectrification.[23] Since efficient
energy harvesting from sustainable sources is crucial, evaporation-driven electrical generators (EEGs) are a
potential solution for the progress of renewable energy systems. This EEG process is more spontaneous and
can utilize maximum energy from water.[17] Several novel nanomaterials have garnered significant attention
in the realm of hydrovoltaic energy harvesting, which yields electrical potential at the interface between
water and a polarizable substance.[24] Despite the promising characteristics of the novel nanomaterials, such
as high conductivity and surface area, their feasibility is limited by their high costs, limited availability,
resistance to water flow, and labor-intensive preparation processes. Over the years, naturally available
bio-based materials having porous structures were overlooked. Recently, microchannels of different natural
wood structures have been exploited for hydrovoltaic energy harvesting.[25-27]However, most of the existing
organic material-based WEGs exhibit lower power density, hindering their suitability for practical device

2
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application. Moreover, the the device size would be substantially larger because of the required shape
of the wood[27] and the required amount of water is considerably higher. On top of that, some forms of
pretreatments are required to improve the power density.[26]In this study, we investigate a new approach-
evaporation-driven Water induced Electric generators (WEG) by utilizing natural nutshells, which possess
a porous micro/nanochannel structure[28]and sufficient polar functionalities.[29] This natural anisotropic 3D
micro/nano-channel architecture of nutshells (NSs) facilitates efficient water and nutrient transport.[30] For
the first time, the micro/nanochannels within the NSs (Almond Shell - AS, Filbert Shell - FS, Pecan Shell -
PS, Walnut Shell - WS) have been successfully utilized to harness hydrovoltaic energy through evaporation
by utilizing the concepts of streaming potential as illustrated in Figure 1 . A simple one-step preparation
process can harvest above 600 mV with a power density of 5.95 μW·cm-2. The efficiency of this device
is affected by critical factors such as density, porosity, contact area, surface charge, and hydrophilicity. By
applying some chemical treatments, the surface area and porosity of the nutshells (NSs) have been augmented.
The subsequent highly porous shells exhibit an impressive output potential of 1.21 V and a maximum current
density of 347.2 μA·cm-2 under the synergistic effect of streaming potential and chemical reactions. These
innovative and functional NS-powered energy generators are cost efficient and environmentally friendly,
rendering them suitable for powering small electronic devices. Moreover, this innovative technology presents
a novel approach to green energy solutions and broadens the range of materials that can be potentially
utilized for Water induced Electric Generators (WEGs).

Figure 1: Schematic diagram illustrating the process of an NS-based WEG. The flow diagram illustrates the
preparations, porous hierarchical structure, water-surface interactions, water transportation through chan-
nels and generating streaming potential. The center left demonstrates voltage/current generation through
evaporation in graphite-NS-graphite sandwich structure. A photograph shows two WS-H+-WEG devices
connected in series; two units in series and parallel can power LCD calculator.

Results and discussion

Physico-chemical properties of nutshells

To observe the microstructural features of the four different types of nutshells (NSs), Almond Shell (AS),
Filbert Shell (FS), Pecan Shell (PS), and Walnut Shell (WS), SEM analyses were conducted on the inner

3
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surface, outer surface and the cross sections of the samples. The structure of nutshells reveals a substantial
presence of porous tissue with a homogeneous distribution along the structural matrix. These porous tis-
sues form perforations across the layers of the shell facilitating nutrient uptake by allowing the passage of
liquids.[31,32] The ubiquitous distribution of these perforations throughout the shell structure is confirmed by
SEM imaging shown in Figure 2 and Figure-S 3. Amongst these four NSs, Almond Shell (AS) and Walnut
Shell (WS) exhibit remarkable uniformity in the distribution and arrangement of the apertures pattern, with
AS demonstrating larger apertures than the WS. Diameter of these pores ranges from nano to micro scales,
traversing both external and internal surfaces. Filbert Shell (FS), and Pecan Shell (PS) exhibit a disorga-
nized distribution of pores (Figure 2 (d-i) ), ranging from nano to micro scales, facilitating the passage of
fluids. Thus, the apertures of these four nutshells act as nano and micro channels for any fluid flow. The
configurations of these micro/nanochannels have a variety of geometry including convergent, divergent, and
parallel geometrics.[31-33]Moreover, the abundance of these perforations amplifies the adsorption capacity
and augment the surface area for solid liquid interactions enabling faster capillary absorption of water. The
composition of nutshells (NS) is primarily consisting of lignin, cellulose, and hemicellulose,[34,35] which are
rich in hydroxyl groups, methoxyl, and carbonyl functional groups.[36] Therefore, NSs demonstrate mostly
hydrophilic and negative surface charges.[37]
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Figure 2: Photograph and SEM images of the four Nutshells (NSs): AS (a, b, c); FS (d, e, f); PS (g, h, i);
WS (j, k, l)

Figure 3 (a) shows the Fourier-transform infrared (FT-IR) spectra of four NS samples confirming the
presence of the functional groups. All the NSs exhibit distinct peaks at 1033 cm-1, 2929 cm-1, and 3340
cm-1 which are attributed to the C-OH, C-H, and O-H bonds preset in lignocellulose.[38] Distinctive lignin
peaks are found on all the NSs at 1460 cm-1, 1503 cm-1 and 1595 cm-1.[39] In addition, the hemicellulose and
cellulose are confirmed by the peaks at 1054 cm-1 which is associated to the stretching vibrations of C-O-C.

Inside the nutshell structures, cellulose exists in the structure formed by lignin, while hemicellulose is tangled
with cellulose, filling the gap between cellulose and lignin.[40,41] This arrangement of these biopolymers plays
a crucial role in their structural properties. Certain chemical treatments of the nutshells decrease the amount
of lignin and disrupt the internal links among lignin, cellulose, and hemicellulose. That results in a greater
amount of negative surface charges.[37]

5
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The zeta (ζ) potentials were analyzed for these four NSs depicted inTable 1 . The results show a consis-
tent range of ζ values, between -20 mV to -35 mV for these four NSs. The BET surface areas were analyzed
before and after the acetone and ethanol solutions treatments. The results presented in Table 1 indicates
the marginal improvement of the surface areas because of this treatment.

Table 1: BET surface area and Zeta potential comparison of four nutshells

WS PS FS AS

BET Surface Area -Natural NS [m2/g] 0.42 0.33 0.29 0.48
BET Surface Area - Treated NS [m2/g] 0.62 0.55 0.49 0.76
Zeta potential [mV] -32 mV -20 mV -35 mV -28 mV

The water contact angle measurements Figure 3 (b) confirm that the natural nutshells (NNSs) are hy-
drophilic in nature regardless of any treatments. This indicates that water can easily enter their micro and
nanochannels which is essential to the generation of streaming potential or streaming current. Figure 3 (b)
also demonstrates the enhanced hydrophilicity of the nutshells after being treated with acetone and ethanol
solutions and subsequently dried in a nitrogen environment. This treatment process reduces the nonproduc-
tive adsorption between lignin and cellulose proteins, and hence the hemicellulose and lignin components are
partially weakened and removed.[42] Furthermore, the execution of plasma treatment caused an incredibly
hydrophilic surface which is confirmed by the water contact angle measurement (S-V1).

Therefore, more hydrophilic functional groups are exposed. Concurrently, densities showed small declines
(Figure-S 2 ), means this treatment slightly enhanced porosity. It should be noted that this treatment
didn’t remove the lignin contents confirmed by the FT-IR spectra Figure 3 (a) and CLSM images Figure
3 (d). To enhance the surface areas, additional treatments are required to remove the lignin and break
the lignin and cellulose links. However, the elimination of lignin will cause a structural collapse that will
compromise the stability of the device.[43] Thus, the minor enhancement of the surface areas and porosity by
these treatments ensures the long-term stability of the device. Out of these four NSs examined, the Almond
Shell (AS) has the highest surface areas and porosity, while the pecan shell (PS) has the lowest surface areas
and porosity, although the variations are quite small. Walnut shell (WS), on the other hand, demonstrates a
well-balanced mix of surface areas, porosity, zeta potentials, and superior mechanical stability.[44] Therefore,
this study focuses on the functionally graded WS structure for most analyses.

Figure 3 (c) shows how color perception changes while exposed to the different treatments of WS. After
being freeze-dried for 12 h, the color of the WS samples transforms from a dark orange tone to a pale orange.

6
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Figure 3: a) FT-IR spectra of the four NSs. b) Water contact angle of natural nut shells (NNS) and treated
nut shells (NSs). c) Photograph of i) natural WS, ii) treated WS, and iii) nano-engineered WS-H+. Confocal
Laser Scanning Microscopy (CLSM) of the d) untreated natural walnut shell (NWS), e) treated WS and f)
WS-H+ indicating the lignin reductions (color changes from green to blue). SEM image of the g) porous,
thin layer of inner shell surface of WS-H+, h) nanostructured outer shell surface of WS-H+ indicating the
random pore diameter of 78 nm and 190 nm, i) WS-H+ after dipping in alkaline reservoir (pH 12.5) for 8 h
with a random pore diameter of 160 nm.

The CLSM images of Figure 3 (d, e, f) confirms the variations in lignin contents in WS. The lignin (green)
tends to disappear after undergoing the chemical treatments, and more cellulose (blue) gets exposed, which
indicates the partial delignification of the WS. SEM images of WS-H+, shown in Figure 3 (h) confirms
the enhanced number of nanopores after the nanoengineering of the WS. A prominently porous layer on
the interior surface was also observed in Figure 3 (g). Figure 3 (i) confirms the structural changes after
dipping into the alkaline reservoir for 8 h, whereas the nanopores sustained.

Electricity generation and performance analyses

Herein, water droplet evaporation-based hydrovoltaic electricity generation has been investigated utilizing
the nutshells. A sandwich structure of graphite-nutshell-graphite (G-NS-G) was utilized for the Open Circuit
Voltage (Voc), Short Circuit Current (Isc), and Short Circuit Current density (Jsc) analyses. The typical

7
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porous NS structure, as schematically illustrated in Figure 4 (a), facilitates the water flow through the
micro/nanochannels with multiple functional groups. When the DI water contacts this porous structure
with abundant hydrophilic functional groups, water droplets are adsorbed and transferred through the mi-
cro/nanochannels under capillary action. At the same time, this abundant oxygenated functional group
of the NS surface interacts with water and generates negative surface charges. water is freely transferred
throughout these channels under capillary actions and the continual evaporation helps to circulate the water
in the direction of water evaporation. The transportation duration of water from the bottom surface to the
top surface is different among these four NS, which is depicted in Figure 4 (b). A very porous feature of
AS along its surface and cross sections, confirmed byFigure-S 3 (a) causes the faster movement of water
compared to other NSs.

Figure 4: a) Illustration of the nutshell structure and movement of water droplet inside. b) Comparison
of water transfer time from outer shell surface to inner shell surface of four NSs (thickness 1.6 mm); c)
Evaluation of Water absorption and desorption kinetics of AS, FS, PS, WS at varying time intervals. d)
Sketch of water transportation along cross-sectional and surface regions of WS, emphasizing higher mobility
in surface-driven transport. g) Illustration of outer WS with a dense structure and inner WS with enhanced
porosity, making convergent-divergent channels.

To evaluate the ability of the NSs to absorb and release water, each of the NS was immersed in DI water
independently for a couple of days, and the resulting weight was periodically measured. Subsequently, the
wet NS samples were subject to the ambient atmosphere (T= 25 ºC and 30% Relative humidity) to evaluate
the desorption of water because of the spontaneous evaporation. Multiple samples (n=8) were examined to
validate the result. Figure 4 (c) demonstrates the capacity to absorb and release DI water over different
durations. As anticipated, AS has the greatest capacity for absorption because of its exceptionally porous
structure and lowest desorption rate due to its abundant vascular bundle,[45] causing it to retain water for
a longer duration. In contrast, WS desorbs the water quicker than other NS. This might be attributed to
the higher concentration of hydrophobic lignin contents in WS, as presented in Table-S 1 . The lignin
and cellulose contain hydrophilic hydroxyl (-OH), carboxyl (-COOH) and carbonyl (C=O) functional groups
and the aromatic hydrophobic functional groups.[46] It has been proven that the balanced combination of
hydrophilic and hydrophobic framework leads to enhanced evaporation rate.[47,48] The cross-section of the

8
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NSs was also experimented with for the water flow. Except for AS, all other NS exhibits reduced water
mobility along the dense cross-section compared to the surface, as schematically illustrated in Figure 4 (d).
The outer shell surface seems denser than the inner shell surface, as schematically illustrated in Figure 4
(e). Therefore, the time duration of water transport differs between the exterior and interior surfaces.

When each of the nutshells (NSs) is immersed in a small 1 ml droplet of deionized (DI) water, the bottom
surface becomes saturated, inducing capillary flow to initiate and gradually spread the DI water to the
top surface. This process can be accelerated by placing another tiny 0.3 ml DI water droplet on its upper
surface. Capillary actions drive the bottom water to transfer upwards, while gravity helps the top water flow
downwards. The phenomenon enabled by capillary forces and the directed gravitational flow of water via
micro/nanochannels is attributed to the flow of water without using pumps. Subsequently, the whole porous
structure transforms from a dry to a completely wet state, and water starts to evaporate naturally from
the wet NS surfaces, as illustrated in Figure 5 (a) . Under identical experimental conditions, open circuit
voltage (Voc) and short circuit current density (Jsc) are recorded after the NSs are stabilized for 40 minutes
at ambient conditions with 25% relative humidity (RH) and 25°C, for the G-NS-G structure containing AS,
FS, PS, WS as illustrated in

Figure 5: a) Schematic illustration of water intake mechanism of dry NS and evaporation on the wet
NS structure, Inset showing transportation of water via natural evaporation and gravity through the Mi-
cro/Nanochannels. b) Open Circuit Voltage (Voc) and Short Circuit Current density (Jsc) of four NSs. c)
Long term reliability analyses of the WS-WEG for 1 week d) Typical Voc and Isc vs time for WS. e) Dry
and wet WS as discharged and charged stage. f) Histogram of the Voc for 30 WS-WEG samples.

The resulting G-NS-G structure exhibits an open circuit voltage (Voc) above 500 mV and a short circuit

9
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current density (Jsc) of over 0.1 μA/mm2 with a small amount of 1 ml drop DI water. The maximum current
density (Jsc) was achieved by the swift transportation of electrons along the complete electrical circuit. The
streaming potential, explained later in the mechanism section, shows the positive polarity towards the flow
directions of the DI water. Therefore, only the positive polarity is considered throughout this study. The
Voc and Isc show stable performance for a couple of hours because of the constant evaporation of water into
the air. The orientation of these micro/nano-channels is placed parallelly to the direction of gravity and
capillary induced water flow.

Among these four NSs, the WS displayed the most efficient Jsc, exceeding 0.20 μA/mm2, and Voc, sur-
passing 600 mV. Multiple factors influence the output Voc and Jsc of these four NSs. Distribution of the
micro/nanochannels on the shell structure, porosity and their surface charge are the key parameters that af-
fect the output Voc and Jsc. Larger channel diameter, as seen in AS, shows low performance compared to WS,
which can be explained by the equation of streaming potential. Because of the irregular channel structure
and pore distributions, FS and PS also underperform compared with WS. Also, the asymmetrical-shaped
narrow channels heighten hydrodynamic resistance. The highest evaporation rate of WS was observed in
Figure 4 (c) also contributes to its superior electric performance.

WS exhibits superior uniformity, compact, and consistent channel structures among these four NSs, portrayed
by large, interconnected 3D -puzzle cell, facilitating more efficient fluid flow than others.[28,30,31] This simple
G-WS-G device can generate a stable Voc of 612 mV and Jscof 0.15 μA/mm2 for a long duration. It
consistently maintained an open circuit voltage above 550 mV and short circuit current above 17 μA (with
12 mm X 12 mm) for over a week without any substantial fluctuations, as seen in Figure 5 (c). This signifies
the long-term stability of the nutshell-based WEG devices. Replenishing the DI water every few hours at 0.3
ml/h maintained the evaporation process under 25% humidity and 25 ºC with full surface exposure. Because
of the continuous evaporation of water, three layers are created on the shell structure: wet, dry, and partially
wet. The partially wet regions present the highest contribution of streaming voltage.[49]

Figure 5 (d) demonstrates the progressive rise in Voc caused by the ongoing evaporation of DI water
through the micro/nanochannels. The slower mobility of DI water leads to a prolonged duration for reaching
the maximum voltage. A faster achievement of the stable state was feasible because of the simultaneous
actions of gravity and capillary action. The Voc reaches its maximum level while the specific saturation level
is reached, and it remains constant. Is decays because of the emission and readjustment of electrons and
reaches a stable condition after a while. The NSs can continually harvest energy for a long time under wet
conditions, however, the entirely dry NS doesn’t have the capability of generating energy. Therefore, the
wetted NS can be considered as charged whereas the fully arid NS can be considered as discharged, that is
depicted in Figure 5 (e). This nutshell-based WEG can be reused cyclically by drying the soaked NS and
re-wetting it for energy harvesting.

Testing performed with platinum electrode (Figure-S 6 ) eliminates the possibilities of chemical reactions
caused by the electrode contaminations. Output voltage and current values might vary slightly because of
sample variations and measurement conditions. A total of 30 independent samples were inspected to confirm
the reliability of the WS-WEG device (Figure 5 (f) ). The findings signify that most samples demonstrated
the revealed Voc in the range of 580 mV to 620 mV.

Influential Factors Exploration on Device Performance

Multiple factors can influence the functionality of these WS-WEG devices during actual usage. Hence,
a systematic investigation was carried out on several aspects, including relative humidity, temperature,
different concentrations of NaCl solutions, heights of the shell structure, and polarity shifting of the device.
The WS-WEG device was observed by placing it on different levels of water heights. It is observed inFigure
6 (a) that a partially submerged device, one end is exposed to air, sustains a consistent voltage due to water
evaporation and the streaming potential effect. However, once the device becomes completely immersed,
voltage reduces due to the inhibition of water evaporation, the major mechanism for electrical production.
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The water evaporation rate decreased across the micro/nanochannels for the fully submerged device since
the channels of the fully submersed device were partially impeded. Capillary flow along the channels is
less prominent in fully submerged devices. Therefore, these devices show lower voltage compared with the
partially submerged ones. Upon removal from the water reservoir, the device maintained in generating a
low amount of voltage for a limited duration due to the evaporation of residual water content until it was
completely dried.

Figure 6: a) Exploration of the submerged level of water. b) Effect of heating the WS-WEG device. c)
Evaluation of different heights of the WS. d) Voltage vs time with changing polarity. e) Effect of relative
humidity level on Voc and Jsc. f) Effect of NaCl concentration on Voc and Jsc.

The temperature of the water reservoir was increased from 25 ºC to 85 ºC gradually to study the effects of
the temperature, which is depicted inFigure 6 (b). The results show that the Vocgradually increases up to
the voltage of 720 mV after a certain time while the temperature reaches 85 ºC. This can be attributed to the
combined effects of the enhanced movement of water molecules, elevated evaporation rate, and thermoelectric
effects.[50]In addition, five different heights of the shell structure were examined to see the thickness effects on
the Voc. Since the thickness of the WS was under 2 mm, the cross-sectional configurations were considered
for the elevated heights experiments. The density along the cross-section is comparatively higher, confirmed
by SEM (Figure-S 3); therefore, the slightly lower voltage was observed. The results inFigure 6 (c) confirm
that altered heights have a substantial effect on the Voc. Elevated heights enhance the variations of ion
concentrations; however, the more restrictions on water flow along the elevated cross sections reduce the
output voltage.

By swapping the positive and negative electrodes on the multimeter, the polarity and magnitude of the
open circuit voltage were compared. The results of Figure 6 (d) reveal that changing the polarity has no
major impact on the voltage; the polarity changes only caused by the flipping. The effect of the humidity
on the device performance was evaluated systematically. The results shown in Figure 6 (e) indicate the
lower performance in extremely humid environments. This is due to the reduced evaporation rate in humid
environments. While evaluating the effects of different concentrations of NaCl, the open circuit voltage
seems to be higher at higher concentrations of NaCl, which is represented in Figure 6 (f) . Compared to
water, NaCl leads to an enhanced voltage and current density of 703 mV and 0.78 μW/mm2 respectively.
Theoretically, enhanced concentrations of ions lead to a decrease in streaming potentials because of the

11
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reduced size of the double layer.[19] In this case, however, enhanced open circuit voltage are caused by the
continuous evaporations of water. The higher solubility of NaCl and elevated migration rate of Na+ ions
associated with WS micro/nanochannels facilitate the higher concentration gradients in the ionic pathway.[51]

The output voltage is, consequently, therefore, boosted by the enhanced level of ions in the solutions.

Performance enhancement and power density analyses

The acid-treated samples (WS-H+) were immersed in the reservoir of neutral water and alkaline solutions
separately as illustrated in Figure 7 (a). WS-H+experiences a partial reduction of lignin and exposure of
cellulose as observed in CLSM (Figure 3 (f)) and FT-IR spectra (Figure 7 (b) ). As a result of this
treatment additional nanochannels are created, as confirmed by the SEM (Figure 3 (h) ), which can be
referred to as nano-engineered WS-H+. C-O-C asymmetric stretching at 1160 cm-1, C-H bending at 1360
cm-1 and C-O-C stretching at 1105 cm-1 confirms the presence of cellulose and C=O at 1040 cm-1 confirms
the stretching vibration of cellulose and hemicellulose[52] which are prominent in the nano-engineered WS-H+

samples as confirmed by Figure 7 (b).

Upon acid treatments the WS-H+ samples were protonated and the signals at 1738 cm-1 disappeared after
being placed on alkaline reservoir for 8 h as shown in Figure-S 9 . The thermal gravimetric analyses at
Figure 7 (c) demonstrates that the thermal stability of the natural walnut shell (NWS) is more than the
treated WS and WS-H+. This is due to the reduction of lignin contents after the chemical treatments since
lignin has higher thermal stability because of its complex heterogeneous structure.[53]

Figure 7: Illustration of WS-H+ WEG in reservoir of pH 6.9 and pH 12.5, creating a concentration gradient.
b) FT-IR of WS, WS-H+ and WS-H+ on NaOH reservoir. c) TGA of Natural WS, Treated WS and WS-H+.
d) VOC enhancements of nano-engineered WS-H+. e) ISCC of WS-H+ (16 mm X 18 mm) on DI water. f)
ISCC of WS-H+ (16 mm X 18 mm) on alkaline solution.

The WS-H+ samples were separately immersed into neutral reservoir of pH 6.9 as well as the alkaline
reservoir with a pH of 12.5. Because of gravity, the top acid solutions travel toward the reservoir, whereas
the solutions in the reservoir move upwards because of the action of capillary, causing the formation of
concentration gradients as illustrated in Figure 7 (a). Figure 7 (d) confirms the Voc of 960 mV and
Figure 7 (e) confirms the maximum Isc of 288 μA when the sample was submerged in neutral solutions.
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Figure 7 (d) also confirms the Voc of 1.21 V when WS-H+ was immersed in a solution with a pH of 12.5
and the Isc reaches its maximum value of 1 mA as seen in Figure 7 (f) . The difference in pH levels
between the WS-H+ surface and the reservoir break apart the surface functional groups unevenly, leading
to the enhanced output voltage and current. On top of that, these strong acid treatments enhance the
surface area and surface charge.[54,55] When the WS-H+ is placed on the alkaline reservoir, gravity causes
the H+ ions to travel across the channel and fall into the reservoir underneath. Consequently, the H+ ions
react spontaneously with OH- ions following the equation of H+ + OH- = H2O resulting in depletion of
H+ ions. Therefore, continuous migration of H+ occurs in this acid-base reaction process. Furthermore,
capillary-assisted upward movement of the OH- ions and gravity-assisted downward migration of H+ ions
would result in the formation of a concentration gradient. The non-uniform distribution of a strong acid
over the alkaline storage region would lead to an increase in both output voltage and current, as presented
in the Figure 7 (d, f). A potential difference is also created between the two electrodes because of the
continuous movements of the H+ and OH- ions. Thus, the WS-H+ devices achieved a revolutionary open
circuit voltage of 1.21 V and a maximum short circuit current of 1 mA because of the combined influence
of acid-base chemical processes, concentration gradients, streaming, and evaporation potentials compared
with the original (WS-WEG) physically driven Voc of 620 mV. This substantial contribution from the
chemical reactions and concentration gradients were overlooked in the previous evaporation-driven WEG
devices.[16,18,56] The porous nutshells can also be considered as a separation membrane between the acid and
base solutions. To sustain the reactions and concentration gradients the concentrated acid solutions were
introduced on the top surface of the WS-H+ at a rate of 0.1 ml/h. This remarkably efficient hydrovoltaic
device demonstrates the highest current density of 347.2 μA/cm2, representing a significant advancement.

Underlying operational mechanism of the device

The mechanism of this water-induced hydrovoltaic electricity generation is relatively complex. The basic
mechanism involves ionization of the abundant functional groups on the channel wall of the nutshell surface
upon water adsorption, leading to a negative surface charge. Meanwhile, the positive ions of the water will be
absorbed on the negatively charged surface of the nutshell (NS), forming an electrical double layer (EDL),[57]

illustrated in Figure 8 (b). The micro/nanochannels of the NS structures are considered as passive diffusion
channels. In response to concentration gradients, passive diffusion of ions occurs across the shell structure
without the need for outward energy input. The porous structures of the NS facilitate the movement of ions
along their concentration gradient. Directional water flow inside the channels continues due to the water
absorption on one side and evaporation on the other side. Because of the shearing effect of the water flow,
the positive charged ions start to accumulate on the evaporation side of the NS. Only the positive ions
can effectively traverse the negatively charged micro/nanochannels due to the strong electrostatic repulsion
exerted by the negatively charged surface, hindering the penetration of negative ions.[21,56]Due to the sep-
aration of charges, potential differences are created between the electrodes that drive electricity generation
through the phenomenon of streaming potential. The flow direction determines the positive and negative
polarity observed during measurements. An electric field is established as ions accumulate along the flow
of water.[21,58] The streaming potential increases linearly with the pressure difference that drives the water
flow. The alteration in polarity inside the device is caused by the transpiration of water and the transport
of ions via the micro/nano channels. As water drops on the top end, positively charged ions concentrate
at the bottom electrode, generating positive polarity in the flow’s direction. When water flow is exclusively
dependent on the natural evaporation, the flow reverses from bottom to top, resulting in a polarity inversion
that charges the top electrode positive. The streaming potential is contingent upon surface chemistry, ion
transport, and flow dynamics within the micro/nano channels. Alterations in flow direction immediately
affect the polarity of the generated voltage.

The phenomenon of streaming potential and streaming current can be explained by Equation 1 and Equa-
tion 2 and illustrated in Figure 8 (a) . Considering the cross-sectional area A as(πδ2)/4 , the vertical
pressure differenceΔΠ as (4γςοσθ)/δ , the ultimate streaming potential and current can be expressed by
Equation 3 and Equation 4 .[59] The magnitude of the streaming potential depends on several factors,
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including the properties of the liquid, the surface characteristics of the micro/nanochannel, and the flow rate
of the liquid as seen Equation 3. Here micro/nanochannels of the NS that transport water are considered
as a capillary tube. Water absorption within porous materials is contingent upon capillary forces, which can
accelerate or deter water intrusion into the pores.

Vs = 0r∆Pζ
μσ

Equation 1

Is = A0r∆Pζ
μΛ

Equation 2

Vs = 4εrε0cos
µd Equation 3

Is = dεrε0cos
µL Equation 4

R = 8Lµ
πr4 Equation 5

where L is capillary tube length, A is the cross-sectional area, ζ is the inner surface zeta potential, ΔΠ
external pressure difference, μ is dynamic viscosity, Q is the volumetric flow rate, r is the channel radius,ε0,
ερ, σ, γ , and μ are the dielectric constant, conductivity, specific tension, and viscosity of the DI water; R is
the resistance of the water flow.

Figure 8: a) Schematic Illustration of ion transport in WS cell wall, and electricity generation via water
transportation through the micro/nanochannels. b) Potential profile in the EDL at the NS/water interface.
c) Comparison of Voc on DI water and ethanol reservoirs. d) Effect of sealing on the output voltage. e)
Illustration of the overall integrated underlined mechanisms of the high-performed WS-H+ device.

It is evident from the equation that the streaming potential Vs can be very high by decreasing the channel
diameter and decreasing the channel length can give higher streaming current Is. The uneven diameter of
the micro/nanochannels of the NS structures creates an elevated pressure difference (ΔΠ ) that facilitates
achieving superior Vs and Is. However, very narrow channels introduce a high flow resistance which can be
expressed by the Hagen–Poiseuille equation in Equation 5 . A very high resistance may cancel the driving
force from the capillary pressure, preventing flow through the channel and resulting in a substantially lower
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voltage and current output. Therefore, suitable channel dimensions are essential for achieving the optimised
higher power output. Fine tuning of the device performance and channel dimension is required.

The effect of concentrations, debeye length, and EDL overlap is explained in the supplementary section,
Equation- S 1. Water-evaporation-driven electricity generation has typically been recognized entirely as
streaming potential.[18] It is difficult to differentiate these two processes because of the absence of theoretical
evidence and limited understanding of evaporation-induced capillary pressure and evaporation potentials.
A very recent investigation focuses on illuminating the functions of evaporation potential and streaming
potential in the generation of electricity.[19] Based on that point of view, in this study, we explored the
influence of evaporation potential through the utilization of two different approaches. Initially, we substituted
the water with ethanol, which has lower zeta potential. The device maintains the ability to produce an open
circuit voltage of 254 mV, depicted in Figure 8 (c). A decrease from the initial 601 mV was observed with
water as the medium. This implies that evaporation plays a partial role in the whole procedure, as clarified
by the governing Equation- S 2 for the potential of evaporation produced by ethanol. Additionally, sealing
the device with an encloser leads to a reduction in voltage output from 617 mV to 412 mV after 10 minutes,
as it successfully minimized evaporation, portrayed inFigure 8 (d). These results emphasize the significant
effect of both processes and signify that a substantial part of the voltage originates from the evaporation
procedure.

This study aims to gather a full understanding of the reported events by inspecting the effects of different
chemical treatments on ion transport and electricity generation. Whenever the WS-H+ samples were in-
dependently subjected to DI water and OH-solutions, the chemical reactions took place, which enhanced
the output power. When H+ ions from the WS-H+approached to OH- ions of the solution, they interacted
spontaneously as per the equation H+ + OH- = H2O. Therefore, continuous movement and migration of
H+ ions occur in the acid-base process. As long as the top and bottom surface of the WS has concentration
variations (different functional groups), the Voc and I sc show elevated values. The differential ion flow causes
an elevation in both open circuit voltage and short circuit current, which is mostly due to chemical reactions
and partly due to underlying physical phenomena, as illustrated inFigure 8 (e ). To evaluate the effect of
acid-base reactions, an additional experiment was performed by soaking regular paper in acid and placing it
in an alkaline reservoir. The results revealed a substantial voltage, as seen in Figure-S 7.

Power density analyses and scalability for practical applications

These WS-WEG devices can charge commercial capacitors of 47 μF, 470 μF, and 1000 μF, reaching the stable
voltage of 615 mV without any secondary rectifier. Figure 9 (a) shows the required time to reach the peak
voltage by these three capacitors is 15 s, 110 s which is very fast compared with the existing WEG devices
[43], [60], [61].Figure 9 (b) shows the power density of the WS-WEG device with the varied resistance from
10 ΄Ω to 108

΄Ω. The highest power density, 5.90 μW/cm2, of this WS-WEG device, was observed with the
external load value of this WS-WEG device’s current-voltage (I-V) characteristics were assessed. The Figure
9 (c) exhibits a linear reduction in voltage while applying current. Despite the application of a negative
current, it is shown as positive for the purpose of simplicity. The highest power density was consistently
measured as 5.96 μW/cm². Scalability is essential for the practical use of any devices. Therefore, multiple
devices were connected in series and parallel to justify their performance. Figure 9 (d) illustrates the Voc

of 1.77 V while connecting four WS-WEG units in series and Figure 9 (e) shows the Voc of 3.18 V while
connecting four WS-H+-WEG units in series. Therefore, two WS-H+-WEG units connected in series and
two WS-H+-WEG units in parallel were able to power an LCD-screened calculator without the aid of any
external boosters or rectifiers, as shown in Figure 9 (f) and S-V2. Figure 9 (g) depicts that these simple
and innovative WS-WEG and WS-H+-WEG devices show outstanding performance compared with similar
evaporation-driven WEG devices, which are based on conventional organic and inorganic materials.
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Conclusion

Evaporation-driven WEG devices have gained significant attention since water is highly available and can
easily evaporate. Several studies utilizing inorganic nanomaterials tend to overshadow the utilization of easily
accessible organic materials. This study presents an innovative electricity generation method that employs
the nutshell (NS) structures by leveraging the process of streaming potential and water evaporations. This
revolutionary bio-based technology is presented for the first time and utilizes inherent hierarchical porous
structures of NSs for efficient ion transfer, enabling the WEG device to function sustainably with minimum
water intake. Amongst the four NSs investigated, walnut shell (WS) exhibits superior performance due to
its uniform pore distributions, surface charge, and efficient water uptake and release capabilities. Other NSs
are also a promising source of WEG that need further attention. A consistent electric output over 550 mV
for a duration of one week, demonstrates the long-term stability of the WS-WEG. Moreover, this WS-WEG
functional device’s incredible power density (5.96 μW·cm-2) indicates its enormous potential for practical
use. A notable enhancement of the voltage and current density is observed by utilizing nanoengineering
techniques that enhance the number of nanopores. Furthermore, placing the nano-engineered WS-H+ into
an alkaline reservoir shows a significant rise in voltage to 1.21 V and a maximum current density of 347.2
μA/cm2. This enhancement could be attributed to the combined synergetic impacts of physical and chemical
mechanisms. By connecting two units in series and two units in parallel, this WS-H+ can power a calculator
without the aid of any rectifiers, indicating the potentiality of this WEG device as a sustainable power
source for compact electronics. In summary, this work not only develops the comprehension of nutshell-
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based WEG but also offers a feasible, low-cost, sustainable energy source utilizing agro-industrial waste to
power electronic devices.

Experimental Details

Materials Unprocessed, dried, raw nuts with their shells intact (Almond, Filbert/Hazelnut, Pecan, Walnut)
were procured directly from YuPik, Montreal, QC, Canada. The nuts were originally grown in the USA.
Ethanol (C2H6O), Acetone (C3H6O), Sodium hydroxide (NaOH), Potassium Hydroxide (KOH), Hydrochlo-
ric Acid (HCl), Sulfuric Acid (H2SO4), and Nitric Acid (HNO3) were obtained from Fisher Scientific.

Sample Preparation

The nutshells were cracked by a nutcracker and the kernels were isolated from the shell. The shells were
then segmented by Epilog Fusion M2 laser cutter using CO2 laser and subsequently sanded to a required
uniform dimension. Sanding the cross-sectional areas also helps to remove the laser-induced localized burned
regions. The inner and outer surface of the shells were also sanded partially to mitigate uneven surface of
the shell morphology. The samples obtain a uniform form, making them suitable for application
into numerous practical devices. Samples were then cleaned with ultrapure water. Nutshell samples
were immersed in a solution consisting of 40% (v/v) acetone, 30% (v/v) ethanol, and 30% (v/v) deionized
(DI) water. The mixture was heated at 70 °C for 20 minutes to break the lignin and hemicellulose network.
Samples were rinsed thoroughly with ultra-pure water to eliminate the residues. Following the treatments
the samples were dried in a tube furnace at 100 °C for 1 h under a constant flow of nitrogen gas. After being
dried in the ambient environment for 24 h, the samples are marked as Almond Shell - AS, Filbert Shell - FS,
Pecan Shell - PS, and Walnut Shell - WS. To enhance the hydrophilicity, a few of the samples were further
plasma cleaned for 8 minutes.

WS-H+ preparation

To enhance the electrical power generation from the WS-WEG, the WS was further treated in acid solutions
containing Hydrochloric Acid (3 M) 40% vol, Sulfuric Acid (3 M) 30% vol, and Nitric Acid (3M) 30% vol.
After freeze drying at -12 °C for 12 h, and cleaning with DI water a nano-engineered WS was formed, which
was designated as WS-H+. The WS-H+ samples were subsequently put independently on reservoirs holding
neutral solutions (pH 6.9) and alkaline solutions (pH 12.5) with NaOH of 80% (v/v) and NaCl of 20% (v/v).

Characterization

The morphology and architectural characteristics of the NSs were investigated using environmental scanning
electron microscopy (ESEM) (Quanta FEG 250 ESEM, FEI, USA). To avoid the coating on the sample
surface and thus retain the surface’s integrity, this ESEM was operated in low vacuum mode. ESEM was
used to thoroughly examine the inner and exterior surfaces and cross section of all NS samples at diffe-
rent magnifications. The chemical functionalities of the nutshell samples were examined by a Bruker Tensor
27 FTIR spectrometer (PIKE Technologies, USA) equipped with an attenuated total reflectance (ATR).
With multiple consecutive scans, the infrared spectra were gained in the wavenumber range of 4000 - 400
cm-¹ at room temperature. A Confocal laser scanning microscopy - CLSM (Zeiss LSM 510 confocal mi-
croscope) imaging was carried out to examine the distribution of lignin, cellulose, and hemicellulose within
the cross-section of the WS. Cross sections of the WS samples were sanded to a thickness of less than 50
μm before the analyses. Lignin can be directly determined in the microscope since it has the property of
autofluorescence.[77]To reveal the cellulose and hemicellulose, the samples were treated with Calcofluor White
Stain (Sigma-Aldrich, Canada) and a 1 M KOH aqueous solution (Sigma-Aldrich, Canada) for a duration
of 5 minutes. Afterward, the samples were stimulated with a laser emitting light at a wavelength of 488 nm
(detection range of 470 – 630 nm) to visualize lignin and at a wavelength of 405 nm (detection range of 425
– 450 nm) to detect cellulose and hemicellulose. Zeta potentials of the nutshells were measured by using a
Dyamic Light Scattering (DLS) - (Malvern Zetasizer Nano ZS, UK). Prior to the zeta potential analysis, the
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nutshells were ball-milled at 550 rpm for 30 minutes using a (Retsch planetary ball mill PM 200 with agate
and stainless-steel grinding jars) ball mill with 4 stainless steel (SS) balls. A 5% v/v suspension of each
sample was prepared in Milli-Q water. The zeta potential of each nutshell sample was then determined three
times for better reliability. The Optical Contact Angle (OCA 35) instrument measured the water contact
angle of the surfaces. The surface area of each of the NSs was analyzed by multipoint BET methods (Gemini
VII 2390A, Micromeritics, USA). Samples were degassed at 80 ºC for 10 h in nitrogen environment prior
to the SA analyses. Thermal Gravimetric Analyses (Q500, TA instruments, USA) were conducted for the
walnut shell samples in a nitrogen environment within the temperature range from RT to 700 °C.

Electricity generation setup

For the electrical performance evaluations, high purity, flexible graphite sheets with a thickness of 0.05
mm, a density of 1-1.5 g/cm³, and carbon content of 99.9% were used as electrode, making a sandwich
structure of graphite-nutshell-graphite (G-NS-G). The high-purity graphite sheet was selected because of
its non-polarization property and cost effectiveness. On top of that, these thin, flexible graphite sheets can
be adhered to the surface of the NSs when wet. The top graphite electrode covers less than 20% of the
entire top surface, allowing the available free surface for effective water evaporation. A unique 3D printed
setup, illustrated in Figure-S 4, had been constructed for the reliable electric connection. A small drop
of Deionized (DI) water (1 ml) was used as water reservoir. The nutshell-based WEGs were connected
to the multimeter (Agilent 34411A, Keysight, USA), SourceMeter (model B2901BL, Keysight, USA) and
Potentiostat / Galvanostat (Interface 1010 E, Gamry, USA) to record the output voltage and current.

Supporting Information :

Supporting Information is available from the Wiley Online Library.
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