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Liquid-solid contact electrification when water
droplets hit living plant leaves

Serena Armiento® !, Carlo FiIippeschi1, Fabian Meder® "2 & Barbara Mazzolai2®

Contact electrification has gained interest as a mechanism for generating charges on sur-
faces. It has also been shown that plant leaves generate electrification by both solid-solid and
liquid-solid contact. However, it is unclear how water droplets hitting a leaf causes charging
and which structural features affect this phenomenon. Here, we show how the in-situ surface
structures of leaves, droplet composition, and prior ionization of the droplet influence living
plant liquid-solid contact electrification on several superhydrophobic and hydrophilic living
plant species. We find that the hierarchical structures responsible for self-cleaning and
wetting, known as the Lotus effect, also create a specific electrification pattern. Each water
droplet causes a characteristic signal in the plant tissue depending on the structure and
composition of the epicuticular wax layer as well as the droplet composition. These findings
give insight on how contact electrification occurs in nature, suggesting the potential for
deriving new bio-based materials for sensing and energy harvesting in artificial and plant-
hybrid devices.
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the largest biointerfacel. One of the most frequent events

occurring on this interface is the impact of rain drops.
Some plants (like from genus Nelumbo) established leaf surface
structures that lead to superhydrophobic and self-cleaning
behavior upon the water droplet-leaf collision, known as the
famous Lotus effect?. Each droplet impact is connected with a
mechanical energy that is transferred to the deformation of the
liquid droplet and the elastic deformation of the leaf, petiole, and
branch. Moreover, it was recently shown that mechanical
solid-solid impacts on leaves are additionally translated into
electricity by contact electrification occurring on the cuticle (the
outermost polymeric layer expressed by the epidermis cells)
causing surface charges which are induced into the inner con-
ductive cellular tissue3=>. Depending on the materials which
contact the leaf, this creates currents that can be harvested and
used for powering low-power commercial electronics. Similar
results have been achieved, using the living plant as part of the
device and for example wind leaf fluttering as mechanical source
energy or by extracting plant components or microstructures3-10,
The mechanism is similar to what is exploited in artificial tri-
boelectric generators based on engineered materials such as
fluorinated ethylene propylene (FEP), polytetrafluoroethylene
(PTFE), silicones, and e.g., polyamides like Nylon 6 as counter
electrode, materials that create especially high contact
charges!1-14, A special case of contact or triboelectrification is
liquid-solid contact electrification: the impact of liquid droplets
on surfaces also leads to contact charging of the materials!>-21.

Recently several experimental works have shed light on the
mechanism of liquid-solid triboelectrification on artificial mate-
rials. It was suggested that the phenomenon involves both ion
transfer and electron transfer, suggesting that the former is
dominant on hydrophilic materials while the latter is dominant
on hydrophobes?2. The exchange of ions and/or electrons may
occur as part of the electric double layer (EDL) formation?2-23.

Similar to solid-solid triboelectrification, also liquid-solid tri-
boelectrification was successfully turned into triboelectric nano-
generators (TENGs). The devices use the contact between flowing
water as from raindrops, waves, or in water pipes and engineered
materials to generate energy and to power small electronics, such
as sensors and LEDs!8-24-26,

Likewise, it was shown that water drops can produce electrical
signals in plant-derived materials and on living leaves®2”. With
an electrode assembled on the top of a leaf, such as shown by Zi
et al.?7, enhanced signals could be observed as the water droplet
creates a varying capacitor during the impact. Yet, this requires
additional electrodes onto which the droplet has to fall. Inter-
estingly, the micro/nano structure of leaves have served as
inspiration to make better performing artificial triboelectric
nanogenerators, for example by imitating the surface hierarchical
structure of water-repellent leaves, such as Nelumbo
nucifera®1028-32_ The lipids on the leaf surface have been shown
to have a strong tendency to charge positively in solid-solid
contacts, resulting in a placement in the triboelectric series even
above artificial materials, like polyamides®3. However, lignin
components, interestingly, show a completely different behavior
as highlighted by Baytekin et al.34; therefore, the diverse materials
found in plants can result in different charging patterns and more
information is needed on how contact charging occurs in nature.
How liquid-contact electrification arises on the hierarchical, in-
situ leaf surface of living plants remains unclear and how prop-
erties like superhydrophobicity, surface wax layers, and droplet
properties at the water-leaf interface enhance it or reduce it.

Here, we investigated, liquid (water)-solid contact electrifica-
tion on living plants as function of leaves’ structural and wetting
properties. Most experiments were performed using Alocasia

T he outer surface of living plants especially leaves constitute

macrorrhiza and Colocasia antiquorum. Two species belonging to
the same family Araceae and sharing some features but diverging
in an important aspect: while C. antiquorum is water-repellent, A.
macrorrhiza is hydrophilic. Comparing water droplet-induced
leaf electrification revealed the fact that despite little affinity for
the water droplet on the superhydrophobic species, the
electrification by water contact is strongly increased. Selective
removal of the epicuticular waxes and treatments which change
their nanostructure strongly affected signal generation and elu-
cidated the role of the wax layer in liquid solid contact elec-
trification. The effect was confirmed by comparing other
superhydrophobic and hydrophilic plants as well as artificial
materials like fluorinated polymers. Experiments using artificially
pre-charged water droplets and solutions with varying pH and
ion concentration elucidated which factors affect liquid-solid
contact electrification on living leaves. The results outlined in this
paper give unprecedented insight into an event that occurs each
time a rain drop falls on a leaf and has fundamental relevance for
understanding liquid-solid contact electrification on complex
surfaces in living organisms. Moreover, the results may serve as
basis to develop a new generation of plant-hybrid devices such as
plant-hybrid sensors and energy harvesting systems which aim
for sustainable ecofriendly technologies for sensing plant status
and plant health and thus ecosystem monitoring®2>-35-38,

Results

Selected plant species and their specific properties. Figure la
displays properties of the two model species. A. macrorrhiza and
C. antiquorum have a similar overall leaf morphology, size, and
shape. One of the most significant differences are the leaf surface
properties and the correlated wetting behavior (Supplementary
Table 1 summarizes possible biological functions of super-
hydrophobic leaves from literature). Figure 1b shows that the
upper leaf surface of C. antiquorum has a water contact angle
(CA) of ~150° and is therefore superhydrophobic and water
repellent, whereas A. macrorrhiza leaves are hydrophilic with a
CA of ~80°. Digital microscopy images of both species (Fig. 1c)
reveal slight variations in the distribution and morphology of the
epidermis cells in terms of size and shape. Scanning electron
microscope (SEM) images show the presence of a dense layer of
papillae (average size 10.6um=+1.6) and flat-platelet-shaped
epicuticular waxes (average platelet thickness 40 nm +10) on
the surface of C. antiquorum leaves, whereas the coverage of
A. macrorrhiza is less dense consisting of single platelets (average
platelet thickness 120 nm + 50). The leaf section in which the wax
layer was selectively stained in red (Fig. le) confirms the frequent
presence of the waxes on C. antiquorum. These epicuticular
waxes contribute significantly to the wetting behavior and the
Lotus effect, described in detail elsewhere?-39-42,

The difference in the surface structure of A. macrorrhiza and
C. antiquorum has expectedly an impact on the interaction of
impinging water droplets on the leaves, as summarized by the
high-speed camera snapshots in Fig. 2 and as further shown in
Supplementary Movie 1. It is noteworthy that on both leaves,
despite their different wetting properties, the droplets, after
impact, spread to practically the same maximal expansion area
(see Supplementary Fig. 1 for droplet expansion area and
perimeter). The subsequent interaction differs for both species
as highlighted in Fig. 2.

Electric signals generated by water droplet-leaf interaction.
Figure 3a illustrates the schematic of the experimental setup for
measuring liquid-solid contact electrification on whole living
plants. A photograph of the setup can be found in Supplementary
Fig. 2. The droplets were produced by a droplet generator that
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Fig. 1 Characteristics of model species A. macrorrhiza and C. antiquorum. a Photographs of A. macrorrhiza and C. antiquorum, insets are top view images of
the leaves. All scale bars are 10 cm. b Water contact angle of both species measured at 0° inclination. Mean and standard deviation of five measurements
is given. ¢ Digital microscopy of the adaxial side of the living leaf showing the surface and epidermal cellular structure. d SEM images of the adaxial leaf side
at different magnifications showing the different distribution and density of surface wax crystals on both species. @ Microscopy of leaf cross-sections of A.
macrorrhiza and C. antiquorum and the cuticle specifically stained in red (using Sudan IV). The stronger red color of C. antiquorum samples qualitatively

confirm the larger number of stained waxes.

allowed to control droplet volume and frequency (Supplementary
Fig. 3) releasing droplets from a LDPE pipette with a metal outlet
of the same diameter connected to electrical ground to avoid
droplet charging prior to the impingement on the leaf. A Faraday
cup was used to measure the charge of each individual droplet
prior to its contact with the leaf to further check for any occur-
rence of unintended pre-charging of the droplet for example
through friction with the pipette material?3. The plant, the outlet
of the droplet generator, and the Faraday cup were placed in a
Faraday cage. The electrical signals were measured at an electrode
inserted in the leaf petiole using the circuit illustrated in Fig. 3a.
Figure 3b shows the current, charge, and voltage signals produced
by 20 droplets sequentially impinging on a leaf of both species.
High time-resolved signals of single droplets are shown in Sup-
plementary Fig. 4. Moreover, we observed how the signals evolve
with higher droplet numbers using up to 3500 droplets (Sup-
plementary Fig. 5) showing that the signal for both plants are
extremely stable (for some samples, especially artificial materials,
as described later, a signal stabilization occurred at over 3000
droplets so that data was typically compared only after previously
3000 droplets contacted the surface).

The measurements clearly show a substantial difference in the
current, charge, and voltage magnitudes generated. Typically, the
current signals are at least 8.5 times higher for C. antiquorum
than those of A. macrorrhiza. Figure 3c shows the absolute

amplitude of the signals. Also multiple tests using different plants
of the same species and different leaves reproduced this behavior
(Supplementary Fig. 6). Impedance spectroscopy of the ion-
conductive cellular tissue (Supplementary Fig. 7a) reveals that the
tissue impedance is of a comparable magnitude for both plants.
This suggests that the conduction of the signals in the tissue is
expected to be comparable and the observed difference in the
electrical signals is not caused by the tissue acting as electrode and
its impedance. Moreover, in all cases, the droplets were
uncharged prior leaf impact as confirmed by the Faraday cup
measurements (Supplementary Fig. 8) suggesting that the
electrical signals are created during the mechanical impact on
the cuticle and thus by liquid-solid contact electrification. As
previously shown in Fig. 2, the droplet behavior on the
C. antiquorum leaf is complex. In order to investigate how the
different droplet-leaf surface motion states correspond to the signal
formation, we tracked the droplet motion in high-speed and
simultaneously with the current signal (Fig. 3d). Time duration
from droplet impact to its maximum spreading, is only about 6 ms.
The signal begins to develop shortly almost simultaneously with its
maximum spreading and the current peak occurs after the
maximum spreading, when the droplet already bursts and
contracts/shrinks, reduces surface contact, and begins leaving the
leaf. This suggests the mechanism depicted in Fig. 2e. When the
droplet lands and spreads on the surface, contact electrification
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Fig. 2 Wetting behavior of the two model species. High-speed camera snapshots of the interaction between a water droplet and the surface of
A. macrorrhiza and C. antiquorum leaves and illustrations of the different behavior of the two species. Videos of the droplet impact are given in

Supplementary Movie 1.

occurs and the droplet screens the generated charges. As soon as
the droplet reduces surface contact, the charges become electro-
statically induced into the inner tissue where the current is
measured. On hydrophilic leaves the synchronization measure-
ments were unsuccessful due to the too low signal amplitudes.
Possible reason for these lower signals are (a) less charges form due
to the different surface structure and (b) charges are screened by
remaining water films as discussed later in detail.

Electric signals generated by artificially pre-charged water
droplets. We then investigated how signals in both species evolve
when the droplet itself carries a charge. Thus, the water droplet
was artificially charged positively or negatively using an air
ionizer at a distance of ~2 cm applied from the water reservoir
and removing the ground connection from the droplet outlet.
When water droplets were expelled from the pipette, a positive or
negative charge, respectively was left on the drop as indicated by
the Faraday cup analysis (Fig. 4a). Figure 4b shows the
mechanism and setup for pre-charging the droplets. It is assumed
that when water comes into contact with the charged pipette
surface, ions H;Ot, OH~ and other cations/anions, form an
electrical double layer with excess positive or negative charges,
respectively, depending on the net surface charge of the pipette?3.
As soon as a water droplet is dispensed from the charged pipette,
excess positive/negative charges are dispensed with the droplet
leaving behind the opposite negative/positive excess charge at the
source, respectively. The Faraday cup measurements clearly dis-
play the passage of a charged object providing information on the
droplet charge and the velocity of the droplet which, under these
conditions, is about 2.75 m s~1. Fig. 4a shows the current signals
caused by charged droplets impacting on the plants reaching up
to ~25nA and ~500mV (corresponding voltage and charge
measurements are given in Supplementary Fig. 8). Several effects
can be observed: if the droplet is positively charged, the current
signal has an initial larger negative peak, and vice versa, if the

droplet is negatively charged, it causes an initially positive current
peak. Moreover, the signals reduce in amplitude with the droplet
number. This correlates with the reduction of surface charge on
the droplets over time as also detected in the Faraday cup. The
scatter plots in Fig. 4c clearly show that there is a linear positive
correlation between the droplet charge amplitude and the current,
voltage, and charge signals amplitude (Cpyopiet & ILeap Vieap Cleaf)
generated in the plant. Interestingly, the signals measured in the
leaves are now almost the same for both species with similar
amplitudes, or even higher amplitudes for A. macrorrhiza
(reaching up to 25nA and 500 mV). Instead, when uncharged
water droplets were employed, A. macrorrhiza generated only
0.1 nA and C. antiquorum up to 2nA current peaks. Supple-
mentary Fig. 9 gives the results when instead of DI water pre-
charged 1 M NaCl is used, showing that introducing a high ionic
strength does not dominate the signals due to pre-charging the
droplets (different from signals caused by contact electrification
which are strongly affected by ion strength as detailed later), The
droplet pre-charge has thus a significant influence on the elec-
trical signals generated. This confirms two hypotheses: (i) charges
which transiently occur on the leaf surface (either due to
liquid-solid contact electrification or droplet pre-charging) are
induced into the ion-conductive inner leaf tissue acting as an
electrode; (ii) if the droplet is uncharged, liquid-solid contact
electrification, manifested as function of the leaf surface proper-
ties, plays the major role in the signal formation.

Influence of ion concentration and pH on the electric signals.
Next, we investigated the effect of the concentrations of mono-
valent jons (NaCl, Fig. 5a), and the pH (Fig. 5b) on the current
signals caused by C. antiqguorum (Fig. 5). Increasing the ion
concentration causes a behavior with apparently clear partitions:
for low concentrations ([NaCl] <1 mM), increasing the ion
concentration seems to enhance the signals compared to DI
water, whereas for higher concentrations ([NaCl] > 1 mM), the
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signal amplitudes are progressively suppressed. For a concentra-
tion of 1 M NaCl, the signals even switch the polarity. The lower
signals of A. macrorrhiza (Supplementary Fig. 10) were less
affected and did not show a polarity switching. Figure 5b shows
the electrical signals of C. antiquorum leaves caused by deionized
water or 1 M NaCl, respectively adjusted to pH 3, 6, and 11,

respectively. A clear effect of pH on the current signals can be
noticed (ion concentration due to pH adjustment is about 1 mM)
which may be related also to a damage of the wax layer as dis-
cussed later. No significant difference can be seen when 1 M NaCl
at different pH is used suggesting that the ion concentration
dominates the effect of the pH under these conditions.
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Fig. 3 Measuring water-droplet contact electrification in a living plant. a Schematic of the experimental setup. b Current, charge, and voltage signals
generated by twenty sequential droplet impacts on A. macrorrhiza (blue) and C. antiquorum (orange). ¢ Absolute amplitudes of current, charge, and voltage
signals of A. macrorrhiza (blue) and C. antiquorum (yellow) of 60 measurements (significantly different, @ = 0.05, Student’s T test). All experiments have
been performed with deionized water. d Time-domain synchronized analysis of droplet interaction and current signal formation in C. antiquorum. The
images on the right are frames of high-speed camera recordings corresponding to the times of the signal formation. Supplementary Movie 2 shows a high-
speed video of a synchronized recording. e Suggested mechanism for current signal formation based on liquid solid contact electrification and electrostatic
induction of signals in the inner cellular tissue. The illustration of the leaf structure, charges, and electrode, was reproduced from ref. 3 with permission
from Wiley 2018.
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Fig. 4 Effect of droplet pre-charging on the signals generated in A. macrorrhiza and C. antiquorum. a Table of graphs showing the droplet charge before
leaf impact (first column), current signals measured in A. macrorrhiza (second column) and C. antiquorum (third column). The first row corresponds to no
pre-charge condition, the second to positive pre-charge and the third to negative pre-charge. Each electrical variable was measured thrice per leaf, for a
total of 60 droplets and signals; results of 20 droplets are representatively shown. b Schematics showing the setup (upper panel) and the mechanism
(lower panel) of droplet pre-charging by pipette ionization. ¢ Scatter plots illustrating the relationship between the droplet signal in the Faraday cup and the
current, charge, and voltage amplitudes in C. antiquorum. Each point corresponds to a single droplet impact in a series of twenty sequential impacts. The
insets give the correlation coefficients between the droplet voltage signal measured in the Faraday cup and the corresponding current, charge or voltage; a
linear fit for each set is included.

Influence of selective melting and removal of epicuticular epicuticular wax layer and (2) removal of the epicuticular waxes
waxes. A specific experiment was then designed to investigate the ~ through a chloroform treatment. SEM images in Fig. 6a clearly
influence of epicuticular waxes on the electrical signals generated confirm the successful melting and removal of the epicuticular
by C. antiquorum. Therefore, the electrical signals of an untreated =~ waxes and show that the epidermis and papillae remained after
leaf were compared with that of the same leaf after (1) gentle treatment. Digital microscopy images using reflected light further
melting of the waxes nanostructure resulting in a flatter suggest the melted wax layer by showing a shinier leaf surface
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Fig. 5 Effect of liquid's monovalent ion concentration and pH on electric signals generated after contact with C. antiquorum. a Boxplot showing the
effect of NaCl concentration on the generated current amplitude. Each box represents 50 measurements recorded after previously 3000 droplets of the
same solution have been dropped on the leaf. b Effect of pH on the generated current amplitude. The boxplot summarize 20 droplet impacts on C.

antiquorum leaves for each ion concentration and pH, respectively.

(Supplementary Fig. 11). FTIR measurements (Supplementary
Fig. 12) before and after wax removal confirmed a reduction of
the vibrations at 1460 cm~!, 1470 cm™!, and 719 cm~! which
correspond to structures present in the cutin and the waxes3.
Moreover, both, the epicuticular wax melting or removal caused a
reduction of the contact angle by ~30° (Fig. 6¢) compared to the
pristine leaf. Yet, the contact angle remains high at ~120° and the
droplet interaction with the treated leaf surfaces was still hydro-
phobic and not comparable with that of the hydrophilic A.
macrorrhiza leaf (Supplementary Movie 3). Both treatments have
a clear effect on the electrical signals generated by the leafs
liquid-solid contact electrification (Fig. 6b). Removing the epi-
cuticular wax layer strongly reduces the generated voltage signals
caused by deionized water droplets from a current amplitude of
about 1nA to peaks of —0.1 nA. Just melting the waxes and
changing the nanostructure to a flatter epicuticular wax layer also
reduces the signals about twice in magnitude to an average
amplitude of ~0.5 nA. More detailed voltage, charge, and current
data of single droplets of the experiment summarized in Fig. 6b
can be found in Supplementary Fig. 13. The results clearly sug-
gests that the wax layer plays a major role in the signal formation
whereas removing the waxes affects the signals stronger than its
structural changes. It is also clear that although the treated leaves
remained hydrophobic with contact angles of ~120°, the signals
reduced and hydrophobicity alone may not play the main role in
signal formation. To assure that the variation in the signals is
indeed due to the variation in the surface waxes, we confirmed that
the treatments have only a marginal influence on the cellular tissue
acting as electrode and impedance spectroscopy already given in
Supplementary Fig. 7c reveals that the tissue impedance varies in
the same order of magnitude and is not significantly affected by
both treatments excluding a major impact on the signal magnitude.
Therefore, the drastic reduction of amplitude of the signals as
measured in the wax-modified C. antiqguorum, is most likely the
result of chemistry and structure of the surface waxes.

Comparison with other plant species and artificial surfaces.
Subsequently, we compared the behavior of further plant species:
three superhydrophobic species (C. antiquorum, Nelumbo nuci-
fera, and Tropaeolum majus) and three non-hydrophobic species
(A. macrorrhiza, Hedera helix, and Nerium oleander). Images of
surface structures and contact angles of all species can be found in
Supplementary Fig. 14 and recording of the leaf-droplet inter-
actions in Movie 4). The results in Fig. 7 confirm that super-
hydrophobic species in general produced higher current
amplitudes than hydrophilic species during droplet interaction
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while less significant variations among the superhydrophobic or
hydrophilic species, respectively occurred. Yet, due to the pre-
vious analysis on leaves with varied wax structure, the clear trend
that superhydrophobic plants have higher signals than hydro-
philic plants may not solely be caused by the hydrophobic/
hydrophilic properties but by parameters of the wax layer such as
micro/nanostructure, wax density, chemistry etc.

Moreover, we compared the electrical signals generated by
artificial materials upon droplet interaction tested under the same
conditions. Supplementary Fig. 15a shows an analysis of
polyethylene terephthalate (PET), silicone rubber, fluorinated
ethylene propylene, (FEP), and polytetrafluoroethylene (PTFE)
applied on a flexible indium-tin oxide (ITO) electrode. As
expected, different amplitudes are achieved for the different
material surfaces due to the expected material-dependency of
liquid-solid contact electrification. Interestingly, although all
artificial materials generated higher amplitudes than C. anti-
quorum, the current, voltage, and charge signals generated by this
plant were still found within the same magnitude of those of, e.g.,
highly fluorinated artificial materials like PTFE.

Discussion

Our results clearly confirm that living plant leaves are a platform
that generates electrical signals upon contact with water droplets,
either through contact electrification on the outer leaf or through
pre-charged droplets landing on the leaf. In both cases, the
charges received by the external leaf surface are electrostatically
induced in the ion-conductive tissue.

When droplets are uncharged, cuticle contact electrification is
significant cause of the electrical signal measured. Our results
clearly show which factors of the leaf lead to higher or lower
contact electrification upon droplet interaction. The effects are
often deeply interconnected and mechanisms overlay on highly
complex surfaces of the leaves. Yet, our results point to the fol-
lowing behavior.

First, clearly, the epicuticular wax layer plays an essential role.
The two features especially affecting leaf’s liquid contact elec-
trification are (a) its nanostructure and (b) its specific chemistry.
The latter was anticipated for solid-solid contact electrification of
leaves found by Kim et al.33. Our results suggest that the wax
presence and chemistry may play a more important role
compared to its micro-/nanostructure as melting the waxes to
achieve a flatter surface reduced the signals only about twice in
C. antiquorum. However, removing the epicuticular waxes from
the leaf reduced the signals tenfold. Moreover, the signals after
wax-removal are reaching similar current, voltage and charge
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Fig. 6 Influence of nanostructure and selective removal of epicuticular waxes on the water-droplet contact electrification of C. antiquorum. a Scanning
electron microscope (SEM) of a C. antiquorum leaf when pristine, when epicuticular waxes are gently melted and when the waxes are removed. b Comparison of
electric signals on a C. antiquorum leaf with intact waxes, molten wax, and removed waxes, respectively. The statistics refer to 50 droplets for the pristine and
molten leaf, while for the wax removal case they refer to 20 droplets. Single-droplet signals for current, charge, and voltage are given in Supplementary Fig. 12.
The schematics on top of the graph illustrate the different morphology of the waxes in the three cases reported: intact wax crystals in the pristine leaf, molten
waxes forming a flatter, continuous layer, and complete absence of epicuticular waxes. ¢ Effect of the wax melting and wax removal on the water contact angle
(N=5) of a C. antiquorum leaf. Standard deviation of five measurements is given.

magnitudes to those obtained from plants that do not have a
similarly dense wax layer. This suggests that the removal has
clearly a more significant effect than just morphological changes
in the wax layer.

Second, another important aspect is the superhydrophobicity.
Testing three superhydrophobic species showed that the signals
obtained from those are generally higher than those obtained
from the three hydrophilic species tested. However, super-
hydrophobicity/hydrophobicity alone is not a guarantee for high
leaf-droplet contact electrification: experiments with removed
wax layers in C. antiqguorum still showed hydrophobic behavior
(contact angels 120°) but signals were low and similar to
hydrophilic plants. This shows that, again, the presence of a

dense, nanostructured wax layer is more important than hydro-
phobicity even if these two properties are often connected in
natural conditions. However, there is another crucial feature of
superhydrophobic surfaces, this is their ability for self-cleaning
and complete removal of water from the surface. On hydrophilic
plants, instead, water layers remain and may partially screen
charges affecting signal formation and induction?16:27:44:45
Indeed, the contact time of the water droplet, the bouncing-off
rates, and the remaining water films also play a role in liquid solid
contact electrification*¢-48. Moreover, although the droplet
spreading area on the hydrophilic A. macrorrhiza and the
superhydrophobic C. antiquorum was similar, it is expected that
the water-surface contact area is higher on the hydrophilic leaf
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Fig. 7 Comparison of water droplet contact electrification on different plant species. Boxplot summarizing currents measured in fresh leaves of

N. nucifera, T. majus, C. antiquorum, H. helix, N. oleander and A. macrorrhiza upon impact of DI water droplets. The statistics for all experiments have been
obtained from 50 measurements of 50 droplets per datapoint (except for T. majus 20 droplets) recorded after initially 3000 droplets have sequentially
been dropped onto the leaf to assure stable signals. Leaf photographs and contact angle for each species are reported as insets. Leaf-droplet interactions of

the different species are given in Supplementary Movies 2 and 3.

surface especially on the microscale/nanoscale*>>0. Increasing
contact area is usually associated with higher leaf contact elec-
trification and related signals®>!. There may be several reasons
why this was not observed in our case, for example the remaining
water layers screening charges as mentioned above or the fact that
efficient contact with few points on the surface is already suffi-
cient to create high contact charges (one fundamental charge in
about 100°000 surface atoms (~1000 nm?) can yield thousands of
volts as highlighted by Lacks et al.”2). Here, again, the wax layers
nanostructure with multiple sharp edges which are transiently
contacted by the droplet could provide such points/hot spots.

Next, to the leaf properties, also the properties of the droplet
played an essential role in the leaf liquid-solid contact electrifica-
tion. The role of pre-charged droplets, as occurring for example in
thunderstorms is discussed later. The signals generated by
uncharged water droplets on C. antiquorum leaves were strongly
affected by the ion strengths and the pH following thereby trends
also reported for artificial materials?2>3->4, Ton-rich solutions
typically cause charge reduction by screening effects®»>>. The
previous increase with the ion concentration that we observed in
the C. antiquorum leaves below 1 mM, seemed to be beneficial, e.g.,
an increasing droplet conductivity compared to deionized water as
suggested in ref. >*. Whereas then higher molarities caused a
progressive decrease of the signals probably due to charge screen-
ing. Thus, superimposing effects may occur that do not always
show a linear behavior and would need deeper investigation
especially on complex leaf surfaces. Our results also show that the
pH affects the signals amplitude. Whereas basic pH did not have a
significant effect, at pH 3 (corresponding to an HCI concentration
of 1 mM) signals significantly reduced. The pH expectedly has an
influence on the liquid-solid contact electrification?*>4, However,
on leaves this is more complex. It was shown that exposure to pH 3
can significantly damage the epicuticular wax layer leading to a
melted appearance as reported in ref. >°. Thus, as we showed the
strong effect of the wax layer on the signals when melting or
removing the waxes, the signal reduction at low pH can be due to
the damage of the wax layer. Yet, also in regards of occurrence of
acidic rain in natural environments, a dedicated study of the
complex effect of the pH in future would be interesting.

In addition, we observed that a solution of 1 M NaCl produced a
polarity switch of the signals at all pHs. A possible explanation for

polarity switching could reside in the fact that electron and ion
transfer could both contribute to the signal generation (yet it is not
fully clarified which mechanism dominates in liquid-solid contact
electrification even in less complex artificial materials)?2->3,
Increasing ion strengths were suggested to decrease the electron
transfer whereas the ion transfer may not be significantly affected
by the NaCl concentration?2. Thus, this change in the contributions
of both charge generation mechanism at high ionic strengths may
manifest in a polarity change.

The comparison with artificial materials showed that plant leaves
signals especially those of some superhydrophobic plants occur in a
similar magnitude as signals obtained on artificial materials under
the same conditions. The signals related to single rain drop impin-
gements lead to voltage and current peaks of up to ~0.2 £ 0.02 V and
~2 % 0.2 nA corresponding to ~0.4 nW peak power while the current
peak duration is about 60 ms at FWHM. These values suggest suit-
ability for, e.g,, sensing rain®’. Moreover, if signals from multiple
droplets add up, also energy harvesting may be considered, possibly
by combining the output of multiple leaves and plants which will be
part of a dedicated future study. Several further factors need to be
taken into account, especially under outdoor conditions. The mea-
surements were done under shielded, low noise conditions. Low
signals, would be more difficult to distinguish without shielding or
noise-filtering. However, under outdoor conditions a frequent phe-
nomenon could be particularly beneficial and interesting to evaluate.
Water droplets may charge®® due to diffusion of atmospheric ions?
and especially droplets in thunderstorms, are accompanied by for-
mation of electric fields due to charge separation®® Moreover, the
friction with the surrounding air produces charges on the surface of
droplets®!. We indeed showed that pre-charged droplets generate
higher signals largely independent of the plant species and charges
on the droplets are induced into the tissue where they can be har-
vested. The results thus clearly suggest the potential to derive new
sustainable and eco-friendly, and plant-hybrid materials and solu-
tions for such energy harvesters and sensors.

Conclusions

Leaf-raindrop interactions are amongst the most frequent inter-
actions that natural leaves experience. We have demonstrated
using a bare, living plant without additional components except a
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single electrode inserted in the stem that each droplet impact
causes a characteristic electrical signal in the tissue especially on
superhydrophobic plants. The results clearly demonstrate the
fundamental role of the leaf epicuticular waxes on the signal
generation, the droplet ion concentration, and pH. When droplets
are uncharged and of low ion concentration, contact electrifica-
tion causes the signals and signals are larger on densely wax-
coated superhydrophobic plants. Yet, hydrophobicity alone does
not enhance signals. Pre-charged droplets as they may occur in
nature lead to even higher signals compared to those obtained
from contact electrification. The results provide a base for further
understanding the origin of liquid-solid contact electrification
signals in living organisms like plants but also as inspiration for
bioinspired artificial, or biohybrid energy harvesters and sensors.

Methods

Plant species and preparation. A. macrorrhiza and C. antiquorum were pur-
chased online from a plant nursery (Vivai Le Georgiche, Italy). The plants were
kept in a growth chamber (MG322, Monti & Co., Italy) at average temperature of
27 °C, relative humidity (RH) of 47% and a photoperiod of 16 h. N. nucifera and N.
oleander were purchased from a local plant nursery (Azienda Agricola Nymphaea
Alba, Italy). Plants of T. majus were cultivated from seeds in soil for a period of
about 5-6 weeks in the growth chamber. The leaves had reached full expansion at
the time of the experiments. Plants of H. helix were derived from cuttings of
existing plants in the area.

Dedicated measurement set-up. A Faraday cage was custom built using alumi-
num T-slot profiles and covered with copper mesh for electromagnetic shielding
(Thorlabs Inc., NJ, USA). The cage was connected to electrical ground through an
external cable. A Faraday cup of dimensions h =11 cm, diy =4 cm and dey =
2.5 cm was assembled using a sheet of brass and one of copper for the external and
internal cylinders and silicone rubber for the separator. A droplet generator was
designed and implemented in the setup as follows: a Peleus valve was connected to
one end of a silicone rubber tube while the other end was connected to a PE
pipette, equipped with an optional metal tip that allows electrical grounding of the
outlet. The pipette and the tube were placed in the Faraday the cage in a way that
the height could be modified according to the plant size.

Electric measurements and droplet application. A pin electrode connected
through a cable to a high input impedance electrometer (6517B, Keithley, USA)
was inserted in the petiole of the leaf chosen for stimulation. The Faraday cup was
connected to an oscilloscope (MSO7014A, Agilent Technologies, USA) equipped
with a passive 10 MQ probe. Drops of deionized (DI) water (Elix” Advantage 10,
Millipore SAS, FR) and sodium chloride (NaCl) solutions were employed for the
experiments. When DI water and NaCl solutions were not pre-charged, the pipette
outlet was grounded. The current (nA), charge (nC) and voltage (V) signals
obtained from typically 20-60 droplets were recorded in a resolution of 20,000
datapoints per second. To assure that the signal of a sample stabilized at its
maximum, we recorded how the signal develops over up to 5000 droplets, showing
that after 3000 droplets the signals typically stabilized. Several samples (especially
in C. antiquorum and A. macrorrhiza) showed stable signals over the whole range.
Thus, to compare data between different samples, measurements were performed
after 3000 droplets have impacted the surface. Signals of the Faraday cup and the
leaf were recorded simultaneously. When performing saturation experiments or
when stabilizing the output before some experiments, the Faraday cup was
removed and a different droplet generator was employed: this was constituted by a
drip-infuser connected on one side to a reservoir and on the other side to a metal
outlet which was always grounded. A mechanical device allowed the regulation of
the speed of droplets out of the outlet. In all experiments that used this setup the
frequency set was of 1 drop per second, for a total of 50 droplets in a single set.

Different droplet compositions. NaCl (Analytical grade, ThermoFisher Scientific,
Inc., USA) was mixed in indicated concentrations with DI water (Milli-Q® 1Q
7003, Merck, Germany). The pH was adjusted with 0.1 M HCI (Fluka Analytical,
USA) and 0.1 M NaOH (Sigma Aldrich, Germany) and measured with a pH meter
(PC650, Eutech Instruments, ThermoFisher Scientific, Inc., USA).

Tissue impedance spectroscopy. Impedance spectroscopy was performed using
an E4980A Precision LCR Meter (Keysight Technologies, USA). Two gold-coated
pin electrodes were inserted in the plant tissue, one in the leaf tissue and one in the
stem tissue. The position of the electrode in the stem to measure at different
distances. The electrodes were penetrating the cuticle and contacting the inner ion-
conductive cellular tissue. The complex impedance was measured at indicated
frequencies (between 0.1 kHz to 1 MHz) applying a 1V bias.

Droplet pre-charging procedure. In order to imprint an either positive or
negative charge on the water droplets, an air ionization gun (Zerostat 3, Sigma
Aldrich, Germany) was triggered and pointed towards the pipette containing the
water causing the emission of a stream of positively (or negatively) ionized air. This
was repeated three times before the experiment was conducted maintaining a
constant distance between the gun and the pipette.

Selective wax removal or melting. To remove the epicuticular waxes of C.
antiquorum, the upper leaf surface was washed multiple times with chloroform
(99.8%, Sigma Aldrich, Germany) for a total period of ~30s. A whole plant con-
taining the treated leaf was then immediately used for experiments. To melt the
waxes, a hot air gun (Multicomp Pro, Leeds, UK) was pointed perpendicular to the
upper side of a C. antiquorum leaf for three seconds. The time was determined by
preliminary experiments that showed that three seconds is the minimum time
required to melt the waxes imparting as little damage as possible to the underlying
leaf structure. For the experiments shown in this paper only a small portion of the
lamina was treated and immediately tested or cut and observed under the scanning
electron microscope.

High-speed camera acquisition. Droplet impacts on the subject leaves were
recorded using a high-speed camera (Miro C110, Phantom High Speed, New
Jersey, USA or MC1302, EOSense, Mikrotron GmbH, Germany) at over 1000
frames per second (fps) controlled by using a custom software programmed in Lab-
VIEW (2018, National Instruments, USA). The videos were recorded with the
camera in top and side view. Since the camera records monochrome frames, a drop
of black water-based ink was used to increase the contrast.

Synchronized tracking of droplet motion and voltage signal generation. To
track droplet motion states and signal formation, synchronization of high-speed
videos and voltage registration was done as follows: when a droplet hits the leaf,
part of its kinetic energy is transferred into the elastic deformation of the leaf blade.
We positioned an electrode (1) under the leaf blade (fixed with dielectric double-
sided tape to avoid electrical contact with the plant tissue) aligned with another
electrode (2) fixed on a support in a distance of a few hundred micrometers from
electrode (1). When the leaf is hit by a droplet, the two electrodes almost instan-
taneously touch due to the leaf deformation and close a circuit that generates a
signal. This signal is recorded simultaneously with the triboelectric signals in the
plant tissue using a multichannel oscilloscope. At the same time, we recorded the
droplet interaction with a high-speed camera (Miro C110, Phantom High Speed,
NJ, USA) at a framerate of ~1000 fps and observed (a) droplet spreading and (b)
the moment when electrode 1 and 2 touch. The frame (when touch of electrodes 1
and 2 occurred) was used to synchronize video and electrical signals and could give
real-time information on droplet deformation state and electrical signal.

Fourier transform infrared spectroscopy. Either fresh or dried leaves were
analyzed with attenuated total reflection infrared spectrometer (MIRacle 10, Shi-
madzu, Japan) in the 4000-600 cm~! range. The measurements were repeated ten
times for each sample.

Digital microscopy. Fresh leaves of A. macrorrhiza and C. antiquorum were
imaged through a KH-8700 digital microscope (Hirox, Japan). The same leaves
were also cut in thin sections which were then stained for 10 min with 0.1% (w/v)
solution of Sudan IV in isopropyl alcohol diluted 1:1 in water, then gently washed
in 50% isopropyl alcohol. Afterwards the sections were mounted and immediately
imaged.

Scanning electronic microscopy. Freshly picked leaves of A. macrorrhiza and C.
antiquorum were cut in 1 cm? pieces and glued to SEM stubs with conductive
carbon tape, which was also used to seal the edges, following a procedure described
by Barthlott et al.®2. The so-prepared leaf samples were then sputter-coated with a
thin layer of gold in a Gold/Carbon Sputter Coater (Q150RES, Quorum Tech, UK)
and then imaged in two Scanning Electron Microscopes (EVO MAL10, Zeiss,
Germany and Helios NanoLab 600i, ThermoFisher Scientific, Inc., USA).

Contact angle measurements. Static contact angles were measured using an
optical tensiometer (Attension Theta, Biolin Scientific AB, Sweden) after placing DI
water droplets of diameter 500 pum (V = 0.5 mL) on freshly picked leaf samples that
were taped with double-sided tape on microscope glass slides.

Data and statistical analysis. The measurement data was analyzed using
MATLAB (2021 version, MathWorks, USA). Each experiment was repeated at least
three times. One of the repeats containing typically 20-60 single droplets each was
then selected for analysis for each acquisition (current, charge and voltage). A
simple moving average over 50 points (on a total of a million datapoints) was
applied to each file to remove background noise. This procedure did not influence
signal peaks and amplitude analyzed here. The signal peaks were identified and
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their amplitude was evaluated. Mean amplitude and standard deviation of the at
least 20 peaks (corresponding to 20 droplets) were calculated.

For all the electric signal plots the average peak amplitude over 20 peaks was
extracted together with its standard deviation. Box and whisker plots of all current
signals were plotted to better visualize the differences between experimental
conditions. Two-sample t tests (19 degrees of freedom) were carried out to evaluate
the difference in the mean current between the two model species (under some
experimental conditions) with a significance level of 5%. As described above, the
charge of all droplets used for impingement during the experiments was measured
using a Faraday cup. This was connected to an oscilloscope; therefore its raw data
showed a voltage signal corresponding to the voltage difference caused at the two
layers of the Faraday cup when a droplet (charged or uncharged) was passing
through it. By using elementary concepts of charge induction in a cylinder (the
external part of the cup is connected to ground), it was possible to estimate the
corresponding droplet charge from the voltage signal read by the oscilloscope®.

Data availability
The data supporting the findings of this study are available from the corresponding
authors.
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