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Developing novel rainwater energy harvesting beyond conventional electricity is a promising strategy to
address the problems of the energy crisis and environmental pollution. In this current work, a class of
self-powered PtNi and optimal PtNi-polyaniline (PANI) films are successfully developed to convert
rainwater into electricity for power generation. The maximized current, voltage and power of the self-
powered PtNi-PANI films are 4.95 pA per droplet, 69.85 uV per droplet and 416.54 pW per droplet,

respectively, which are attributed to the charging/discharging electrical signals between the cations
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Accepted 1st August 2023 provided by the rainwater and the electrons offered by the films. These results indicate that the

optimized signal values are highly dependent on the elevated electron concentration of films, as well as

DOI: 10.1039/d3ra03526¢ the concentration, radius and charge of ions in rainwater. This work provides fresh insights into rain
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1. Introduction

There has been a long pursuit for energy-harvesting or -con-
verting materials to address the issues of energy crisis and
environmental pollution, further realizing the sustainable
development of our society.' Many advanced technologies and
pieces of equipment have been successfully utilized to capture
energy from nature, including solar energy,*® wind energy,'***
tidal energy,"*" etc., and further convert them into electricity to
meet our living needs. Unfortunately, the total power output of
as-developed devices is limited by the weather.’® The popular
solar power provides relatively low or even zero electricity under
dark- or free-light conditions.">* In addition, the issue is even
more challenging in rain-rich countries or regions, such as in
Southeast Asia and South America, which are subjected to rain
for more than 30 percent of the year.”” Therefore, a promising
strategy to break this impasse is to design new materials and/or
technologies to harvest rain energy for supplementing the
electricity production situation.>*>*

Following this line of thought, a feasible strategy for har-
vesting energy in rainy environments has been realized by
reduced graphene oxide (rGO) material made by an easy hot-
pressing method, which opens up a novel era for the capture
and applications of rain energy.” In this way, the actual yielded
electrical signals can be collected, including currents over
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energy and enriches our knowledge of how to convert renewable energy into electricity generation.

microamperes and voltage of hundreds of microvolts, and
further power output under simulated rain. The general oper-
ating principle behind this is mainly due to interfacial charge
interactions. rGO materials with abundant m-electrons are
considered to be delocalized conjugated systems.”® Meanwhile,
there are plentiful cations (Na', Mg', NH,", etc.) and anions
(Cl™, NO; ™, SO4>, etc.) in rainwater.”’” When dropping rain on
the surface of the rGO film, the cations in the rain bind to
electrons from the rGO materials due to the electrostatic
interaction, and the migration of the anchored electrons
produces electrical signals. And subsequently, the cations are
physically desorbed at the back end of the droplet during the
raindrop shrinkage because of the hydrophobic rGO surface,
releasing the acting electrons to the rGO materials, which
establishes the discharging process and thus the reduced
signals. As the raindrops continue to fall, the processes of
charging and discharging are repeated, thus creating pulsed
electrical signals. This implementation of this proof-of-concept
indicates that it is feasible to convert rain energy into electricity.
It is noteworthy that this achievement has been widely reported
by International Daily News, Science and Technology Daily and
China's Science and Technology Daily, etc. However, the resul-
tant signal values are low and cannot meet practical applica-
tions. With this in mind, further consideration has been given
to rain-sensitive materials with abundant electrons such as
graphene,*® alloys* and polymers®* for optimal power outputs.

Based on the above-mentioned principle, a new category of
rain-sensitive materials has been realized for harvesting rain
energy by using PtNi and PtNi-polyaniline (PANI) films. In this
fashion, the overall comprehensive performances involving
raindrop speed, ionic concentration and species, etc. have been
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systematically studied by optimizing the electron-enriched
ability of the materials. Furthermore, the ultimately optimized
film can be successfully applied in practice, providing a prom-
ising opportunity to harvest waste renewable energies from
nature.

2. Experimental
2.1 Fabrication of Ni nanoparticles

In a typical fabrication of Ni nanoparticles, 0.5942 g of NiCl,-
-6H,0 powders were dissolved into 50 mL of ethylene glycol and
then 1.5 g of NaOH solution (0.75 M) was added in the above
solution under vigorous magnetic stirring for about 30 min
until completely dissolved. Subsequently, the reactants were
added into 2.7 mL of hydrazine hydrate solution (85 wt%) and
stirred for 5 min at room temperature to obtain the blue solu-
tion and then heated in the water bath pot at 70 °C for 1 h. After
natural cooling, the resultant black powders were rinsed by
deionized water and anhydrous ethanol, and dried under
vacuum at 60 °C for 24 h to form Ni nanoparticles.

2.2 Fabrication of PANI, PtNi and PtNi-PANI films

The pristine PANI was prepared by dipping 30 mL of 1 M NiCl,-
-6H,0 into 30 mL of 1 mM H,PtClg; and 0.1 M aniline solution at
room temperature. Additionally, 30 mg of as-prepared Ni nano-
particles were dispersed into 300 mL of deionized water. And
another aqueous solution comprising of 30 mL of 1 mM H,PtCl,
and 0.1 M aniline were added into the above solution dropwise
under N, atmosphere for about 2 h and the obtained production
were treated by deionized water and anhydrous ethanol, and
dried under vacuum at 60 °C for 24 h. As a reference, PtNi
nanostructures were made according to the methods similar to
that of PtNi-PANI complexes. The films were prepared by coating
homogeneous slurry including 90 wt% PtNi or PtNi-PANI, 8 wt%
carbon black, and 2 wt% poly(vinylidene fluoride) (PVDF) dis-
solved in 1-methyl-2-ethylpyrrolidone (5 mg mL™") onto the
surface of fluorine doped tin oxide (FTO) glass with an active area
of 1.5 x 1.5 cm”. As a result, the products were filtered, rinsed and
dried under vacuum at 60 °C, respectively.
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2.3 Device assembly and measurements

The rain-sensitive device was built by covering one conductive
FTO substrate film and two copper-based collecting films, as
illustrated in Fig. 1. In detail, the latter was covered by silver
paint and further protected by ethylene vinyl acetate copolymer.
A medical syringe filling with ionic solution was adopted for
simulating the state of rainfall by controlling injection velocity,
in which the tilted angle of electrode and the distance between
tip and electrode were 30° and 30 mm, respectively. The rain-
drops were injected onto the surface of PtNi or PtNi-PANI films,
and the corresponding signal values were recorded by an Elec-
trochemical Workstation (CHI660E) connected with two collect-
ing electrodes. i-t curve (sample interval: 0.05 s) and v-t curve
(sample interval: 0.1 s) were recorded to evaluate current and
voltage signal values, respectively. Besides, the linear I-V curves
(sample interval: 0.001 V) before and after dropping the simu-
lated rainwater were performed by scanning from —1.0to 1.0V at
a scan rate of 100 mV s~ to reflect the change of ohmic resis-
tances. In this fashion, all the electrical signals were obtained by
using baselines without ionic solution as benchmarks.

2.4 Electrochemical characterizations

The top-view morphologies of Ni, PtNi and PtNi-PANI films were
observed by a scanning electron microscope (SEM, TESCAN
MIRA LMS), and the elemental mapping of the optimized PtNi-
PANI was characterized. The contact angle was measured by
SDC-350KS and the angle measurement method is used to
Young-Laplace equation fitting. The active surface areas of PtNi
and PtNi-PANI materials were determined by testing the double-
layer capacitance (Cq;) at the potential window of —0.21 to
—0.11 V and subsequently back to —0.21 V, employing cycle
voltammetry (CV) characterizations at different scan rates of
20mvs ', 40mvs T, 60mvVs ', 8 mVs 'and 100 mVs .

3. Results and discussion

The structure and working principle of PtNi or PtNi-PANI films
are shown in Fig. 1. Notably, this device comprises of

1
\
\

() Raindrop

- PtNi, PtNi-PANI

Conductive substrate
& Collecting electrodes

Buipeasdg

Fig. 1 Schematic illustration of working mechanism for rain-sensitized films tailored with PtNi or PtNi-PANI material.
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a conductive substrate and two collectors to record electrical
signals and further output electricity.

The above-mentioned film possesses abundant m-electrons
as well as rainwater consists of various of ions. When dropping
rainwater onto the surface of the film, cations in rain absorb -
electrons from such film to yield electrical signals. Detailedly,
the cations firstly drag m-electrons at the spreading process,
realizing the charging process to a maximized value at the front
raindrop. And subsequently, these acting m-electrons are not
dragged backward along with the pathway of target film until
the rear of the raindrop, establishing a discharging process.
And the m-electrons are released back to the surface of the film
as well. The repeated spreading/shirking processes of raindrop
form the periodical charging/discharging effect, and therefore
electricity outputs. To intuitively reflect the influences of
various variables on the signal values, 0.6 M NaCl aqueous
solution was regarded as an ionic electrolyte instead of real
rainwater unless otherwise specified.

Comparing with the SEM images of bare Ni, PtNi and PtNi-
PANI materials, it can be found that Ni and PtNi have similar
nanowire structures (Fig. S1a, d, S1b and et), respectively. Pt-
based alloys are recognized as a promising choice attributing
to their excellent behaviors.**> Furthermore, PANI was
successfully coated on the surface of PtNi material (Fig. S1c and
ff). The common feature of PANI is that it exhibits a fully
conjugated backbone with abundant delocalized m-elec-
trons,**** which prompts us to consider combining PANI with
PtNi alloy as an alternative to further optimize the electrical
properties. Detailedly, elemental mapping (Fig. S21) evidences
the uniform distribution of Pt, Ni and N elements on the opti-
mized PtNi-PANI film.

Additionally, the contact angle was measured to characterize
the wettability differences of PtNi and PtNi-PANI films when
dropping 0.6 M NacCl droplet and pure water, respectively. For
PtNi (Fig. S3a and bt) or PtNi-PANI (Fig. S3c and df), the surface
of each film is of partial hydrophobicity due to the smaller
contact angle of 0.6 M NaCl droplet compared to pure water.
Furthermore, it can be intuitively observed that the contact
angle of the optimized PtNi-PANI film (105.4°, Fig. S3ct) is
greater than that of the PtNi (81.5°, Fig. S3at), indicating a more
prominent hydrophobicity of the former. This result confirms
that the cations are more thoroughly desorbed at the back end
of the droplets during the shrinkage process because of the
more hydrophobic PtNi-PANI surface, suggesting the depen-
dence of electricity signals on time interval. The optical videos
monitor the changes of contact angles on film's surface at all
stages (Movies S1 and S27 for PtNi by dropping 0.6 M NaCl and
pure water, respectively. Movies S3 and S4f for PtNi-PANI by
dropping 0.6 M NaCl and pure water, respectively).

This reason why the electrical signals can be generated by
dropping ionic droplets on the surface of rain-sensitive films
can be explained by the ohmic resistances of materials, as
demonstrated in Fig. S4.7 The linear I-V curves of the ohmic
resistances before and after dropping the simulated rainwater
are basically consistent, suggesting that the charge of either
current or voltage signal is not caused by the ohmic resistance.
Additionally, these films are further treated with deionized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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water to display no signal value and output power. This result
further proves that ions in rainwater have a significant effect on
electrical signal generation.

In this current work, rain-sensitive platinum (Pt)-based
material applied to generate electricity in rainy environment
is considered as an effective choice for harvesting rain energy.
Arising from the lower electronegativity of Ni (1.92) than Pt
(2.28), the free electrons in Ni atoms can tend to Pt surface to
form electron-enriched PtNi alloys.” On the other hand,
because of the difference lattice constant between Pt atom and
Ni atom, the latter enters into the lattice of the former, resulting
in the inter-atomic extrusion and further increasing the active
site of the membrane. As demonstrated in Fig. 2 and Table 1,
the electrical signals arising from the rain-sensitive PtNi alloys
are 3.20 £ 0.20 pA for current, 40.5 £+ 5.50 pV for voltage and
195.75 £ 6.15 pW for power, respectively. However, the above
data indicates that pure Pt-based materials are not suitable for
practical applications due to the limited electron densities.
Furthermore, the problems of expensive and scare reserves of
such material seriously hinder the process of electricity
production.®*=*”

Prior to this, it has been previously confirmed that the
magnitude of the electrical signal is dependent upon the electron
density of membrane.”” Therefore, an effective method of
improving electrical signals is to enrich the electron concentra-
tion on the surface of material. PANI as a typical electron-
enriched conductive polymer can bring w-electron system
along whole molecular chain depending on its conjugated
structure between the benzene ring and nitrogen,**** which can
combine Pt-based alloys for further optimization of the electricity
outputs. As a result, the corresponding electrical signals yielded
by PtNi-PANI membrane are elevated to 4.95 + 0.35 pA for
current, 69.85 £ 9.25 uV for voltage and 416.54 £ 14.02 pW for
power, respectively. Therefore, the introduction of PANI onto the
surface of PtNi material instead of pure alloy is successful in
improving the electrical signals. Besides, the active surface areas
of PtNi and PtNi-PANI were determined by testing the electric

@ o1z 12 450 ®) s P(Ni-PANI
& =
=01 H] - 3
<4 s |E] |30 o
4 2 latll® 2
-} k0 Pt =0
g . z 56 PINi
82 &} £150 s
20 3
AL LiLd 0
E T B S B 0 3 6 9 12
Materials Time (s)
(6) 10a soirant] (D soo PINI-PANI
=30 250
Z g
= \ y o,
% 0 . T 0
£100 PtNi 2500 PINi
= °
> -4
50 250
0 0
0 3 6 9 12 0 36 9 12
Time (s) Time (s)

Fig. 2 (a) Histogram of electrical signals produced by dropping 0.6 M
NaCl aqueous solution at an injection velocity of 40 mL h~* on PtNi
and PtNi-PANI films. In detail: (b) current, (c) voltage and (d) power.
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Table 1 Electrical signals produced by dropping 0.6 M NaCl aqueous
solution on PtNi and PtNi-PANI films at an injection velocity of 40 mL
[

Films Current (pA) Voltage (1V) Power (pW)
PtNi-PANI 4.95 + 0.35 69.85 £ 9.25 416.54 + 14.02
PtNi 3.20 £ 0.20 40.5 £ 5.50 195.75 £ 6.15

double-layer (EDL) capacitance (Cq;) at the potential window of
—0.21 to —0.11 V and subsequently back to —0.21 V, employing
CV characterizations at different scan rates. As demonstrated in
Fig. S5,T PtNi-PANI material exhibits a higher Cq; value (0.16 mF
cm %) compared to PtNi (0.06 mF cm™?), which means that more
active sites are exposed and the specific surface area is larger in
PtNi-PANI film. This result is one of the most important factors
in improving electricity performance.
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Fig. 3 (aand b) Current, (c and d) voltage and (e and f) power outputs
yielded by dropping 0.6 M NaCl aqueous solution onto PtNi-PANI
films. The injection velocity was controlled to tune the time interval
between two raindrops.
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Obviously, rainfall varies from region to region. Fig. 3
represents the impact of rainfall intensity on signal values. A
medical syringe filled with ionic solution is adopted for simu-
lating the state of rainfall by controlling injection velocity. The
injection velocity was controlled to tune time interval between
two raindrops. By adjusting the injection velocity from 100 to
20 mL h™', the electrical signals are collected by an Electro-
chemical Workstation (CHI660E). As summarized in Table 2,
the corresponding electrical signals increase from 2.83 + 0.53
UA to 6.55 + 0.75 pA for current, from 38.23 + 12.98 uV to 93.33
=+ 7.14 pV for voltage and from 192.30 & 54.72 pW to 722.39 +
154.31 pW for power, respectively. The results show that rain-
sensitive films tailored with PtNi-PANI material can continu-
ously yield electricity in rainy days. Notably, as the rainfall
intensity decreases, each signal value is gradually increased.
One possible explanation for this phenomenon is the effect of
the time interval between neighboring raindrops on electrical
signals. When the time interval is enough, the cations in each
raindrop can undergo a complete adsorption/desorption route
with the electrons from the film, resulting in a systematic
charging/discharging process. Therefore, the corresponding
devices can be more suitable for light-rain environments.

In addition, the concentration of cation in rainfall is also
critical for rain energy harvesting. As demonstrated in Fig. 4, the
concentration of NaCl aqueous solution is considered as 0.2, 0.6
and 1.0 M. All signal values summarized in Table 3 follow an
order of NaCl 0.2 M < NaCl 0.6 M < NaCl 1.0 M. These results
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Fig. 4 (a) A line diagram of electrical signals by dropping NaCl
aqueous solution with different concentration on PtNi-PANI films. In
detail, (b) current, (c) voltage and (d) power.

Table 2 Electrical signals created by dropping 0.6 M NaCl aqueous solution onto PtNi-PANI films. The injection velocity was controlled to tune

time intervals of two raindrops

Injection velocity (mL h™") Current (pA)

20 6.55 + 0.75
40 4.95 £ 0.35
60 4.03 £ 0.63
80 3.62 £ 0.68
100 2.83 £ 0.53

24808 | RSC Adv, 2023, 13, 24805-248T1

Voltage (1V) Power (pW)

93.33 £7.14 722.39 + 154.31
69.85 £ 9.25 416.54 £ 14.02
49.10 + 17.80 253.17 + 34.67
41.47 +£12.30 225.75 + 84.93
38.23 £ 12.98 192.30 £ 54.72

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electrical signals produced by dropping NaCl aqueous solu-
tion with different concentrations on PtNi-PANI films

Concentration

(M) Current (pA) Voltage (1V) Power (pW)

0.2 2.75 £ 0.05 36.10£0 194.59 + 7.05
0.6 4.95 £ 0.35 69.85 + 9.25 416.54 + 14.02
1.0 8.65 + 0.45 105.45 £ 7.55 1054.47 £ 5.62

suggest that the signal intensity elevates with increasing of ionic
concentration, attributing to the enhanced EDL capacitance at
rainwater/film interface. Therefore, these rain-sensitive films
are more beneficial for coastal regions.

Based on the above-mentioned working mechanism of con-
verting rain energy into electricity, the composition of rainwater
also has an important influence on electrical signals. In this
fashion, 0.6 M chloride aqueous solutions consisting of HCI,
LiCl, NaCl, KCl, NH,Cl and MgCl, are applied to experimental
research. As recorded in Fig. 5 and Table 4, all electrical signals
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Fig. 5 (a and b) Current, (c and d) voltage and (e and f) power
produced by dropping 0.6 M chlorides aqueous solution on PtNi-PANI
films.

View Article Online

RSC Advances

arising from PtNi-PANI film satisfy an order of HCI > LiCl > NaCl
> KCI > NH,CI, which is attributed to the fact that the ionic
radius meets [r(H") = 32 pm] < [r(Li") = 60 pm] < [r(Na") = 95
pm] < [f(K") = 122 pm] < [f(NH,") = 133 pm]. According to
Coulomb's effect, as the radius is gradually reduced, the cor-
responding electrostatic adsorption between electrons and
cations is improved, resulting in the higher EDL capacitance.
According to the report,** it has been found that the Hofmeister
effect and electrostatic interaction can synergistically enhance
the ionic conductivity of organohydrogels. However, the elec-
trostatic interaction between the lithium and sodium bonds
plays a more crucial role than the Hofmeister effect in
improving conductivity. This conclusion may be applicable to
our work, analogically, where the electrostatic interaction
between cations (Li*, Na', K', etc.) and electrons exceeds the
Hofmeister effect. Moreover, the electrostatic interaction
satisfies an order of Li" > Na" > K, suggesting that the electrical
signal meets LiCl > NaCl > KCI.

Furthermore, in comparison to NaCl solution, such rain-
sensitive PtNi-PANI film can convert more rain energy into
electricity from MgCl, solution. One reasonable explanation is
that not only the latter has a smaller ionic radius, but the charge
number elevates. The Hofmeister series of Mg”* is similar to
that of Li", while the former can bring two charges compared to
one charge of Li*. Thus, Mg** with two transferable electrons
exhibits the greater volume density than Li".

In addition, anions from rainwater such as Cl~ and NO; ™ are
also significant parameters in influencing the power outputs.
And the corresponding results are recorded in Fig. 6 and
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Fig. 6 (a) Histogram of electrical signals produced by dropping 0.6 M
NaCl and NaNOs aqueous solution at an injection velocity of 40 mL
h~! on PtNi-PANI films. In detail: (b) current, (c) voltage and (d) power.

Table 4 Electrical signals produced by dropping 0.6 M chlorides aqueous solution on PtNi-PANI films

Signals HCI LiCl NaCl KCl NH,CI MgCl,

Current (pA) 9.90 + 0 6.60 + 0.10 4.95 + 0.35 4.65 + 0.25 2.50 + 0.20 10.30 £ 0.10
Voltage (1V) 128.50 + 3.50 87.90 £ 6.40 69.85 £ 9.20 60.00 £ 4.00 45.42 + 4.71 166.70 + 0.10
Power (pW) 1361.25 + 34.65 736.58 £+ 8.23 416.54 + 14.02 398.55 + 47.90 154.91 + 6.24 2033.58 + 9.94

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Electrical signals produced by dropping 0.6 M NaCl and
NaNOsz aqueous solution on PtNi-PANI films

Chlorides Current (pA) Voltage (1V) Power (pW)
NaCl 4.95 + 0.35 69.85 £+ 9.25 416.54 £ 14.02
NaNO; 4.20 + 0 42.85 £ 2.15 220.56 + 13.44

Table 5. We can conclusion that the signal values follow an
order of NaCl > NaNOj. This is because the ionic radius of NO;~
is smaller than that of Cl7, leading to the adsorption capacity of
NO;~ > CI” but the opposite electrostatic adsorption capacity
between Na* and electron. Besides, the Hofmeister series of C1~
is higher than that of NO; ™, indicating the better conductivity of
the former.*”” The corresponding electrical signal of NaCl is
higher than that of NaNO;. Therefore, NaCl aqueous solution is
more suitable for forming electricity-generating capacity.
Notably, the free electrons in Ni atoms can tend to Pt surface to
form electron-enriched PtNi alloys arising from the lower elec-
tronegativity of Ni (1.92) compared to Pt (2.28). This phenom-
enon induces the aggregation of electrons around Pt, which can
effectively retard the reaction between Pt and Cl™.*™*

Long-term stability is defined as a fundamental requirement
to assess the real performances of rain-sensitive films in prac-
tical applications. To address this problem, 0.6 M NaCl aqueous
solution was persistently dropped onto such device for more
than 1000 s, as demonstrated in Fig. 7, the baselines of these
images including current and voltage have slight fluctuation,
but the overall signal values stay relatively stable. As a result,
such rain-sensitive device has excellent durability in practical
application of harvesting rain energy.

So far, all electrical and electrochemical measurements are
performed by dropping simulated rainwater onto rain-sensitive
device. To further reflect the real application of such device in
an actual rainy environment, the real rain arising from Qingdao
has been used to study the signal performances. And the
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Fig. 7 Stability of (a) current and (b) voltage by persistently dropping
0.6 M NaCl aqueous solution on PtNi-PANI films at an injection
velocity of 40 mL h~%. The durability of (c) current and (d) voltage
outputs.
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corresponding ionic components are summarized in Table S1.}
Obviously, The real rainwater is not pure water, which contains
various of cations (Na*, NH,*, Mg*", etc.) and anions (Cl~, NO; ",
S0,>”, etc.). Moreover, the composition of rainwater is closely
related to the region, environment, climate, etc. Regardless of
the ionic component of rainwater, power generation can be
achieved by stimulated the rain-sensitive films. In this fashion,
as recorded in Fig. 8 and Table S2, the electric signals are 0.27
+ 0.06 pA per drop of current, 36.20 £+ 11.70 pV per drop of
voltage and 20.87 £ 3.70 pW per drop of power, respectively. We
can conclude that although the signal values are faint due to the
low ion concentration, one promising strategy to address this
issue is to improve the system by increasing the area available
for continuously electricity output.

4. Conclusions

In summary, rain-sensitive films tailored with PtNi and further
PtNi-PANI materials have been successfully applied to yield
electricity in rainy atmosphere. According to the charging/
discharging EDL capacitances, the electric signals including
current and voltage are obtained in tens to thousands of micron
levels. These results indicate that the signal values are highly
dependent onto the concentration, radius and charges of rain-
water, as well as the concentration of electrons. Moreover, so-
called rain-sensitive films have remarkable long-term dura-
bility and potential practical applicability. Although the current
work is far from being optimized, the electron electrons and
membrane properties can be further improved for power
generation in practical application.
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