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Abstract

Renewable Polymeric Energy Harvesters from Moisture and Heat
by
Yu Long
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Liwei Lin, Chair

Electricity is indispensable in our daily life and batteries are the widely used energy sources
for portable devices in the modern world. However, harmful chemicals and wastes in
batteries can lead to serious environmental and health problems without proper dispositions.
As such, renewable energy sources such as solar cells have drawn lots of interests with
great progresses in recent years. In this work, two forms of renewable energy harvesters
based on polymers are studied based on moistures and thermal gradients in the environment.
Material properties, fundamental operation mechanisms, and application demonstrations
of these two renewable energy harvesters are investigated in the dissertation.

The moisture-based electric generators have long working time and high energy density
output by utilizing the mechanism of the proton transportation and proton concentration
oscillation. The specific polymer used in the generator has a moisture-induced oscillation
surface potential from the functional groups of the polymer. Both dynamic simulation and
oscillation theory have been developed to analyze this phenomenon. The self-oscillation
behavior help extending the operation period of the energy harvester under the constant
feeding of moistures. Experimental results show the short-circuit current density can reach
1.5 pA/cm? and a maximum open-circuit voltage of 0.4 V with a long operation period up
to 15,000 seconds with an energy density of 16.8 mJ/cm?.

The thermoelectric energy harvester has an ultra-high Seebeck coefficient and self-healing
properties, which is suitable for harvesting energy from temperature gradients such as
wearable devices between the human skin and the environment. The energy generator is
based on the material of ionogel, which has different pore sizes and polarities to results in
the very different diffusion coefficients of anions and cations. Specifically, the diffusion
coefficients are characterized and simulated by using the molecular dynamic simulation
under different temperatures and tested experimentally. The whole device has a measured
Seebeck coefficient at 298 puV/K, which is generally higher than those of traditional
thermoelectric materials. Furthermore, the prototype device is flexible, bendable and self-
healable for potential applications in harvesting electrical energy for wearable devices.
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1. Introduction

1.1 Battery wastes and green energy

Electricity has become indispensable in our daily life and many modern devices have been powered
by electricity generated from large power plants, while batteries have been the key energy sources for
portable devices [1]. However, improper disposition of batteries can cause serious environmental
problems — when they are throwed away into trash, they end up in landfills. They contain hazardous,
toxic, and corrosive materials like mercury, cadmium, lithium, and lead. After they decay and leak, the
corrosive liquids and dissolved metals will be released into air and water and soaked into soil to
contaminate groundwater and surface water. Eventually, they can turn into human bodies [2].

Besides promoting the recycling processes, renewable energy, which is derived from natural
processes and able to replenish constantly, can be a good substitute for batteries. In the past decades,
green energy have emerged as alternative power resources, such as solar cells which convert sun light
to electricity [3], [4], and piezoelectric or triboelectric energy generators which convert ambient
vibration to electrical energy [5]. In this dissertation, two green energy harvesters based on polymers
are introduced and discussed. The first is a moisture-based electric generator, which harvests energy
in a high humidity environment. The second is a thermoelectric generator, which harvests energy from
the temperature gradient. The materials, device structures, fundamentals and performances are
discussed and illustrated in later sections.

1.2 Moisture electric generator

Recently, a new class of energy harvester has been demonstrated by the moisture-electric effect based
on the mechanisms of proton transportations [6]-[15], ion transportations [16]-[ 18], and electrokinetic
reactions [19]-[22]. Usually, the devices based on electrokinetic reactions can work for a very long
time under a constant moisture feeding process, while their current density output is quite low
(typically in the nA/cm? level). On the contrary, devices based on proton/ion transportation
mechanisms have larger energy density outputs. However, the outside humidity needs to be changed
to activate the energy generation process. This is because the active ion concentration (for example,
proton concentration) reaches equilibrium at the two electrode sides during the energy generation
process and the outside humidity level has to be changed to initiate another energy generation process
[12]. In these systems, the operation time period is intermittent as it is induced by the moisture
stimulation in one hydration/dehydration cycle [22].

Since the humidity level does not quickly increase and decrease for the hydration/dehydration
cycle in the ambient environment, most reported moisture-electric devices have limited energy outputs.
One approach to increase the output energy is to use “protein nanowires”’[23] for the continuous
electric power generation in the ambient environment. This approach can limit the immigration of free
protons in the materials to increase the working period.

A very different approach is illustrated in this dissertation work based on the phenomenon of
“self-excited proton concentration oscillations” by a carefully designed material system to drastically
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improve the operation period and electrical energy outputs for the moist-electric generator. Due to the
proton concentration oscillations, the proton concentration at two electrode sides will not be at the
equilibrium state for a very long time. Therefore, the operation period has a significant improvement
as compared with the other generators based on the proton transportation mechanism without
sacrificing the energy density outputs.

1.3 Thermoelectric generator

Statistical data have shown that more than 60% of the energy generated worldwide is lost in the form
of wasted heat [24] such that harvesting energy from various heat sources could make drastic impact
to the global energy issues. A thermoelectric energy harvester is a promising solution to sustainably
produce energy directly from heat sources. They have distinctive advantages in: (1) having the
possibility to harvest energy from both hot or cold surfaces, and (2) being eco-friendly to produce
energy without using fossil fuel to result in the reduction in greenhouse gas emissions. It is well-known
that a heat source can be converted to electric power utilizing the thermoelectric effect due to the
movements of charge carriers under a thermal gradient. The ratio between the generated voltage AV
and the temperature gradient AT is defined as the Seebeck coefficient:
AV

S= = (1)

A high Seebeck coefficient is favorable for the energy conversion performances toward practical
applications in systems such as portable electronics and wearable devices [25]-[27]. A figure of merit
value, z7, at temperature, T, has commonly used to evaluate the performance as:

)

where o is the electrical conductivity and « is the thermal conductivity of the material. These two
properties are often coupled with each other by means of the transportations of electrons and holes
such that it has been challenging to increase the figure of merit value for most materials. However, the
electric carriers can be ions, and the heat carriers can be phonons. Hence, ionogel systems can be
constructed in which the transportations of electricity and heat are separated.

oS2T
K

zT =

1.4 Dissertation contributions

This dissertation research focuses on the two works related to renewable energy harvesters. One is a
moisture electric generator, and the other is a thermoelectric harvester. In both parts, the materials,
their fabrications and characterizations are introduced in detail. The fundamentals and mechanisms are
also illustrated and supported by simulations. The performances of prototype devices are discussed
and compared with other reported works.

Chapter 2 introduces the moisture electric generator based on the polymer material - poly([2-
(methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide-co-acrylic acid), which has
a unique phenomenon in moisture-induced electrical potential oscillations (Fig. 1a). To understand the
basics, chemical reactions are modeled by kinetic simulations and the stability matrix is analyzed to
show the chaotic nature of the system which oscillates with hidden attractors to induce the autonomous
surface potential oscillation. Using moisture in the ambient environment as the activation source, this
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self-excited chemoelectrical reaction could have broad influences and usages in surface-reaction based
devices and systems. As a proof-of- concept demonstration, an energy harvester is constructed and its
performances are measured (Fig. 1b). A liquid crystal display is powered with five energy harvesters
connected in series toward practical applications.

Chapter 3 introduces the thermoelectric generator. The generator is based on an ionogel, in which
both the anions and cations move under temperature gradients (Fig. 1¢). Due to the difference in sizes
and polarities, their diffusion coefficients have large differences. The molecular dynamic simulation
has been utilized to verify this phenomenon (Fig. 1d). Experimental results show the prototype devices
have very high Seebeck coefficients as compared with those of traditional metal or ceramic based
thermoelectric harvesters. Together with flexible and self-healable properties, these energy harvesters
could be suitable for the applications in flexible and wearable electronics.
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Fig. 1. (a) Illustration of the self-oscillation of the polymer under moisture. (b) A real-time current
signal output of the moisture electric generator. (¢) Schematic of the ionogel-based thermoelectric
generator. (d) The simulation results of the diffusion coefficients of anions and cations.



2. Moisture-induced autonomous surface potential
oscillations for energy harvesting

2.1 Surface potential oscillation

In practice, forced oscillation is a phenomenon to induce repetitive variations by changing the external
stimulations, such as force, temperature, light, or electricity input, etc.[28]-[32] On the other hand,
autonomous oscillations or “self-oscillating” behaviors are the alternating activities without repetitive
external stimulations.[33]-[37] Autonomous oscillations exist widely in living organisms, such as
heartbeats, brain waves, and some biochemical reactions[35]. Mimicking and applying these
autonomous oscillations in artificial systems have attracted great interests for practical applications.
For example, prior efforts have utilized the periodically swelling and de-swelling behavior of
polymeric materials caused by the moisture diffusion process induced by sunlight as actuators.[38]
Other polymer-based autonomous oscillations have also been demonstrated for applications in
artificial muscles, drug delivery systems, and biosensors, ... etc.[38]-[42]

Here, autonomous electrical potential oscillations induced by the moisture diffusion process in
P(MEDSAH-co-AA) are studied. It is found that the surface electrical potential of this polymer system
can oscillate continuously upon the exposure to moisture to result in the generation of close-circuit
alternating current (AC) outputs — this is very different from the previously reported mechanism of
direct current (DC) outputs by moisture effects.[15] Experimentally, a porotype energy harvester has
been constructed to utilize the autonomous oscillation mechanism with a maximum open-circuit
voltage and short-circuit current density of 0.4 V and 1.5 pA/cm?, respectively. Furthermore, this
device is reusable and the operation time period under one moisture excitation can achieve 15,000
seconds, with an energy density of 16.8 mJ/cm?®. The voltage output can be further increased to 2 Volts
by connecting five energy harvesters in series to light up an LCD in a bathroom.

2.2 Materials and basic mechanism

One common oscillation example in nature is the concentration of Calcium in living cells to assist the
transmission of intracellular biological information.[43], [44] The Calcium-induced Ca*" release
(CICR) process is illustrated in Fig. S1, where the inositol trisphosphate (IP3) helps the releasing of
Ca?" into the cytoplasm from the 1% pool, leading to an increase in Ca** concentration as a positive
feedback process. Some similar comparisons can be made for the observed moisture-induced surface
potential oscillation phenomenon as the H" concentration can oscillate with the help of moisture. In
the CICR process, some released Ca>" ions are pumped back to the 1% pool and a 2™ pool of Ca?* also
exists in the cytoplasm to release or absorb Ca*" in response to the concentration of the free Ca*". As
aresult, the Ca** concentration oscillates continuously. The surface potential of the polymeric material,
P(MEDSAH-co-AA) polymer as shown in Fig. 2a, also oscillates as observed in this work. The
polymer is synthesized by a free-radical polymerization method[45] with two monomers, [2-
(methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide (MEDSAH) and acrylic acid
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(AA), initiated by the ammonium persulfate (APS) and polymerized with detailed process as shown in
Fig. S2. The ratios of MEDSAH and AA monomers (MEDSAH/AA) in the prototypes are 1/2, 1/3,
and 1/4, respectively. To characterize monomer distributions inside the polymer, the energy-dispersive
X-ray (EDX) spectroscopy is performed and the N-Ka line is chosen to represent MEDSAH. Figure
S3 to illustrate that the two monomers are homogeneously distributed in the prototypes of varying
MEDSAH/AA ratios. The synthesized polymer is transparent (inset picture in Fig. 2a) and it contains
the N™, -SOs", and -COOH groups which play key roles in the surface potential oscillation process.
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Fig. 2. Materials and mechanism of proton oscillation system. (a) The chemical structure of the as-
synthesized PIMEDSAH-co-AA) polymer with key chemical groups which produce the autonomous
oscillation of the surface potential. Inset: an optical photo showing the synthesized and transparent
polymer film. (b) Schematic illustrations of the proton transportation process via the functional groups
of N, -SOs", and -COOH in P(MEDSAH-co-AA) with related chemical reactions: (rl) the proton
generation in the positive feedback process, (12, r3) the proton reduction in the negative feedback

processes, and (r4, r5) intermediate interactions. (¢) Kinetic simulation results of the H concentration
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versus time from the chemical reactions. (d) Enlarged view of the kinetic simulation result in (¢).

A detailed model is developed to qualitatively explain the electrochemical oscillation process by
the related chemical reactions from rl to r5 in Fig. 2b. The model starts with the release of protons
upon the introduction of moisture to activate the functional groups in the polymer as evidenced from
the Attenuated Total Reflectance Fourier-transform infrared (ATR-FT-IR) spectroscopy (Fig. S4).
Specifically, the carboxylic acid (-COOH) groups can generate free protons upon the exposure to
moisture (r1), which increases the polarity and attracts moistures to accelerate the ionization process.
This moisture attraction behavior is further validated in Fig. S5, where polymers with high -COOH
contents can absorb moisture at a faster speed in the hydration process and maintain higher moisture
concentrations during the dehydration process as compared with those of polymers with low -COOH
contents. As a result, the free proton concentration increases as the positive feedback process.
Moistures also helps breaking the dynamic bonds between N* and -SOj3™ groups (12), and the SO3
groups can capture protons (r3) to form the sulfonic acid (-SO3H). These two reactions are responsible
for the reduction of the proton concentration as the negative feedback processes. Furthermore, protons
are transported from the sulfonic acid to the carboxylic acid and -COOH (r4) and the dynamic bonds
between the N* and -SOj3™ groups will re-formulate (r5). The overall processes from rl to r5 (Fig. S6)
show that N, -SO3", and -COOH groups complete their individual cycles as moistures diffuse into the
P(MEDSAH-co-AA) polymer to assist the self-sustained proton concentration oscillation phenomenon,
which results in the surface electrical potential oscillation. Based on these chemical reactions, a kinetic
model is established to qualitatively explain the autonomous oscillation mechanism and the
exemplified simulation results are shown in Figs. 2¢ and 2d. It is found that the proton concentration
may oscillate while the relative intensity of the proton concentration decreases gradually over time.
The reduction of the proton concentration magnitude over time is also found in the Calcium oscillation
process in the living cells.[44] Specifically, simulation results show that the surface proton intensity
decreases to around 87% of its original value after 2,000 seconds and oscillate at about 70 seconds per
cycle for a prototype device by adjusting the parameters to match the experimental observations. By
changing the kinetic parameters in the simulation, the oscillation period and intensity degradation will
change and these parameters are studied with details in Supporting Explanation 1.
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Fig. 3. (a) A schematic diagram showing the surface potential oscillations of PAIMEDSAH-co-AA). (b)
The measured pH vs. time plot for the P(MEDSAH-co-AA) polymer surface in one cycle. (c)
Measured voltage vs. time curve in one cycle. (d) An optical photo of a fabricated energy harvester
based on PIMEDSAH-co-AA) polymer and COMSOL simulation results showing the surface potential
oscillation of an energy harvester versus time.

Figure 3a illustrates the surface potential oscillation on the synthesized polymer due to the proton
(H") concentration oscillation. Experimentally, the surface proton concentration oscillation is
characterized by using a pH sensor. Figure 3b shows the measured pH vs. time plot in one cycle and
Figure 3¢ shows the measured voltage vs. time plot of the energy harvester in one cycle. These real-
time measurement results demonstrate the proton/voltage oscillation phenomenon. This behavior is
believed to come from the chemical potential change as the moisture from the environment diffuses
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through the polymer structure. Specifically, the chemical potential of water moisture in a high humidity
environment is higher than that of absorbed moisture in the polymer. As a result, the change of Gibbs
free energy in the absorbed moisture is converted to electric energy in the chemical potential-based
energy harvester.® In another test, the KPFM analysis is used to show the surface potential oscillations
in a longer, 12-minute time period (Fig. S7).

The self-excited oscillation is further analyzed in Supporting Explanation 2 by establishing
basic equations based on chemical reactions of r1 to r5 and the conservation of matters. Afterwards,
small perturbations are added to each variable and the system dynamic equations are derived. The
stability matrix and phase portraits of the dynamic equations are then analyzed and it is found that the
system has the chaotic nature and oscillates with hidden attractors.** As a result, this moisture-induced
autonomous surface potential oscillation phenomenon is characterized as a chaotic system with no
equilibria in favor of extending the operation period. Another resemblance is utilized based on the
biological Calcium-induced Ca** release (CICR) process in Supporting Explanation 3. Specifically,
the IP3 in the CICR process plays a role similar to H>O to start the proton concentration oscillation
process. The 1% pool in the CICR process is in analogy to the -COOH group for the positive feedback
process, and the 2™ pool in the CICR process is in analogy to and -SOs™ group for the negative feedback
process to result in the Ca**oscillation process in living cells.

The moisture-induced surface potential oscillation is applicable for the energy harvesting
applications. Previously, several reports have shown moisture-enabled energy harvesters with DC
(direct current) outputs** . This work demonstrates moisture-induced AC power outputs under a
relatively constant moisture level. Figure 3d shows the top view optical photo of a prototype energy
harvester made of MEDSAH/AA with a ratio of 1/2 and 2x2 c¢cm? in size. The device has one
synthesized POIMEDSAH-co-AA) layer sandwiched by two electrodes made Au coated on a Polyimide
(PI) film and the cross-sectional view is shown in Fig. S8. The top electrode has circular holes of 2
mm in diameter to allow the direct exposure to moistures. If the POMEDSAH-co-AA) layer is replaced
with a typical copy paper, no visible electrical outputs can be identified (Fig. S9) and this result
eliminates the possible influence of the electrochemical reactions at the junctions of gold electrodes
and copper wires. The surface potential oscillations on the polymer film can induce the electrostatic
potential oscillations on the top electrode, which results in AC outputs as demonstrated in COMSOL
simulation results in Fig. 3¢ and Movie S1. The electrostatic stationary simulation is implemented here
to illustrate electrostatic potential outputs induced by the oscillation of the surface charges. The
simulated output voltage range is between -0.2 to 0.4 V, which is consistent with the experimental
results in Fig. 3c.

2.3 Moisture-induced energy harvester with AC outputs

Experimentally, a specimen has been dried at 30% RH in the ambient environment for 24 hours
(reducing the inherent moisture to boost the outputs of a chemical potential energy harvester®) before
a wetting process via an ultrasonic humidifier (Pure Enrichment Inc.). Experimental results show
electricity generations in the form of AC outputs after the introduction of 100% RH moisture at 1,400

seconds by the humidifier. It is found that the short-circuit current density increases initially to a
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maximum value of around 1 pA/cm? at 2,000 seconds (upper left inset in Fig. 4a). The average
oscillation period is about 76.7 seconds, which is used as the fitting parameter for the kinetic simulation
at 70 seconds (Fig. 2d). The open-circuit voltage versus time result is recorded in Fig. 4b with an
average voltage oscillation period of 70.3 seconds under room temperature and the short-circuit current
versus time result is recorded in Fig. 4c¢. Both tests are independently measured due to their different
setups such that minor variations are expected. Due to the chaotic nature of the process (Supporting
Explanation 2), simulations cannot precisely predict the experimental results. Nevertheless, main
experimental results are summarized as: (1) the average current and voltage oscillation periods in
experiments are at 76 and 70 seconds, respectively; and (2) statistical data show a high number of the
operation period around 70 seconds, while the non-operational period (noises with low level outputs)
is about 150 seconds (Fig. S10).

It is also observed that the current density of the outputs decreases gradually after reaching the
peak value. In this test, the humidifier is turned off at 4,500 seconds and the system experiences a
natural dehydration process to result in the decrease of the output current (upper right insert in Fig.
4a). At around 13,600 seconds, a sudden current density drop is observed. Qualitatively, the moisture
attraction and evaporation process may reach the equilibrium state over time and there will be no
moisture concentration gradient inside the device. As such, the surface potential oscillation process
may stop and the energy generation process ends. Experimentally, it is found that by increasing the
external moisture level, the electrical output level also increases (Fig. S11) and by placing a small
droplet of water on the device will also generate electricity with outputs close to those of energy
harvesters exposed to the 100% RH ambient condition (Fig. S12). In the endurance test under the 100%
RH moisture, this energy generation process can last for a long period of time from around 500 seconds
to 15,000 seconds or about 4 hours as shown in Fig. S13.
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Fig. 4. Performances of a prototype energy harvester based on surface potential oscillations. (a) Short-
circuit current density versus time of a prototype energy harvester before the introduction of the
moisture (grey color), after the moisture wetting process by a humidifier (blue color), and the
dehydration process by removing the humidifier (red color). Insets show enlarged views for the wetting
(upper left) and dehydration (upper right) processes. (b) The open-circuit voltage versus time in the
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moisture wetting process by a humidifier. (¢) The testing results of the working cycle period of the
open-circuit voltage and short-circuit current. (d) An example of replacing MEDSAH monomer with
PAA to remove the SO3™ and N* groups in the polymer, which stops the autonomous oscillations to
result in DC electrical outputs. (e) In another example, the AA monomer is replaced with acrylamide
to remove the -COOH groups and only DC outputs are observed.

Material systems without the key chemical reactions to assist the cyclic process won’t be able to
induce the self-oscillation process. For example, if the MEDSAH monomer is replaced with
poly(acrylic acid) (PAA) to remove -SO3™ and N* groups, testing results show only DC outputs as
shown in Fig. 4d. In another example, -COOH groups are removed by replacing the AA monomer with
acrylamide to result in only DC outputs in Fig. 4e. These two counterexamples suggest that the key
ingredients and reactions as proposed in the polymer system are indispensable to induce surface
potential oscillations for AC outputs of moisture-induced energy harvesters.

2.4 Parameters affecting the outputs and application demonstration

The electrical outputs of moisture-induced energy harvesters have been studied by changing the
compositions of P(MEDSAH-co-AA) polymer and the working temperature. Under a background
temperature of 28 °C, the maximum short-circuit current density and open-circuit voltage versus time
of energy harvesters with the MEDSAH/AA ratios of 1/2, 1/3, and 1/4 are shown in Fig. 5a and the
current versus time results are shown in Fig. S14. In order to reduce the influence of environmental
noises, a capacitor (4.7 uF) has been charged by prototype devices with a rectifier and its voltage
outputs have been recorded in Fig. S15a and S15b. Other energy harvesters with AC outputs such as
the piezoelectric and triboelectric energy harvesters also utilize rectifiers to accumulate the AC
electricity in the form of capacitors.*’*® It is found that by increasing the MEDSAH/AA ratios, the
maximum current density and voltage increase from 1.2 pA/cm? and 0.32 V to 1.7 pA/cm? and 0.4 V,
respectively, due to the increment of the -COOH groups in the system. The simulation results also
predict the increase of oscillation amplitude as the AA composition increases (Fig. S16). The average
current oscillation period, which is related to the reaction kinetics, is found to maintain at around 72
seconds for all tested polymers of different compositions as depicted in Fig. 5b. On the other hand,
under a MEDSAH/AA ratio of 1/2, the maximum short-circuit current density and open-circuit voltage
of a prototype energy harvester under 12 °C, 28 °C, and 60 °C are tested as shown in Fig. 5S¢ (more
details in Fig. S15¢ and current outputs in Fig. S17). When the temperature is lowered to 12°C, the
maximum current density and voltage slightly decrease to 1.1 pA/cm?and 0.30 V, while the average
oscillation period increases to 97 seconds (Fig. S17a). As the working temperature increases to 60 °C,
the maximum current density and voltage values increase to 1.6 pA/cm? and 0.33 V, and the average
oscillation period decreases to 57 seconds (Fig. S17b). Analytically, the reaction speed is increased at
a high temperature environment under energized states and this phenomenon of negative correlation
between the temperature and oscillation period is also predicted by simulations in Fig. S18.
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Fig. 5. Electrical output characterizations for moisture-induced energy harvesters with different
monomer ratios and under different temperature environments. (a) Maximum short-circuit current
density and open-circuit voltage for energy harvesters with the MEDSAH/AA ratios of 1/2, 1/3, and
1/4 at 28°C. (b) Measured average electrical oscillation output periods of energy harvesters with
MEDSAH/AA ratios of 1/2, 1/3, and 1/4, under 28 °C. (¢) Maximum short-circuit current density and
open-circuit voltage of energy harvesters at operating temperatures of 12, 28, and 60°C, respectively.
(d) Measured average electrical oscillation output periods of energy harvesters at temperatures of 12,
28, and 60 °C, respectively.
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Fig. 6. (a) Comparison moisture-induced electric generators based on artificial materials in the
operation period and energy density. This work has the long persistence time and high energy density
among moisture-based energy harvesters, and these two parameters could be further improved by using
other materials based on similar self-oscillation mechanisms. (b) The measured output current versus
time results for a prototype energy harvester remain similar in three different independent tests in
sequence.

The performances of various moisture-enabled energy harvesters using artificial materials are
summarized in Fig. 6. In general, prior works have shown that moisture-induced energy harvesters can
generate DC outputs. Here, autonomous surface potential oscillations are utilized to produce
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alternating current (AC) or voltage outputs. For example, testing results show that an operation time
of more than 15,000 seconds (about 4 hours), with an output energy density of 16.8 mJ/cm? can be
achieved. This long operation time enables sustainable energy outputs under a relatively constant
moisture source as the green energy supply. Moreover, the energy harvester is found to be reusable as
shown in Fig. 6b, where a maximum current density values at around 1.5 pA/cm? has been found to
be maintained for three independent tests.

A simple strategy to increase the output voltage of the energy harvester is to connect devices in
series. As shown in Fig. 7a, the outputs of five devices (MEDSAH/AA ratio of 1/4) are rectified and
connected in series to reach 2-Volt, which is high enough to light up an LCD (Movie S2). A
demonstration toward practical usage is implemented in Fig. 7b by connecting five devices in series
on the wall of a bathroom full of moisture during the shower time to light up an LCD. This is a direct
validation that the moisture-enabled energy harvester can be used in naturally-produced high moisture
environment to produce electrical energy.
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Fig. 7. Demonstrations of moisture-induced energy harvesters. (a) Rectified output voltage vs. time
by five devices connected in series. Inset: the electrical circuit. (b) Lighting up an LCD in a bathroom
with moisture from the shower. The inset shows the enlarged view of the system.

2.5 Experimental section

Polymer synthesis process: All chemicals are bought from Sigma-Aldrich and used without further
treatment. First, the monomers and the initiator are weighted according to the designed ratio and solved
in DI water with the weight ratio equals to 63 wt%. The initiator, APS, is 2 mol% compared with
monomers. After fully mixed, the solution is poured into a plastic petri dish and heated at 50 °C for 24
h. Since the polymers contain dynamic bonds — hydrogen bonds and ionic bonds, their mechanical
properties are stable before and after the hydration processes (Fig. S19). A rinsing process in DI water
is used to get rid of unreacted reactants.

Device fabrication: After the polymer synthesis process, an individual specimen is cut into 2x2 cm?
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pieces. A polyimide (PI) film of 20 um in thickness is sputtered with 100-nm-thick Au as electrodes.
The top electrode has 25 mechanically punched holes (diameter of 2 mm) to allow the exposure to
moistures. Finally, the electrodes are adhered to the polymer structure to complete the device
fabrication process.

Electric signal measurement: The electrical current is measured via a current amplifier (SR570), and
the output voltage is measured by a Data Acquisition system (DAQ, National Instruments).

pH measurement: The pH sensor is fabricated via the electrodeposition of aniline as reported
previously in the literature*>*°. For the pH measurement, the top surface of the polymer is first
dampened with ~100 pL of water. Then the pH sensor and an Ag/AgCl reference electrode (3 mol/L
KCl) are attached to the top surface of the polymer and the open circuit potential between pH sensor
and the reference electrode is measured with an electrochemistry workstation (Gamry Reference 600).
The pH values are calculated using a calibration curve obtained from Mcllvaine buffer solutions with
pH value ranging from 2 to 5. The pH values of Mcllvaine buffer solutions are pre-calibrated with a
commercial pH meter (Hanna Instruments, HI2210). Table 1 shows the measured potential and its
corresponding pH value. By linear fitting, it can be found that the reading potential has good linear
relationship with pH with adjacent R square equals to 0.9942: pH = 14.092 — 0.01545 * Reading.

Table 1. Measured potential (Reading) and the corresponding pH values.

pH Reading(mV)
2.51 746.3
3.57 686.4
4.47 622.2
4.78 600.7

Characterizations:

(1) EDX tests are performed on a Scanning Electron Microscope (Hitachi 2460 with KEVEX) at 40
keV and the dwelling time is 5 ps.

(2) ATR-FT-IR spectroscopy of dry and wet samples are performed on a Bruker ALPHA Platinum
ATR-FT-IR spectrometer equipped with a single reflection diamond ATR module in the ambient
atmosphere.

(3) The surface potential is measured using KPFM on an MFP-3D atomic force microscopy (AFM;
Asylum Research, Santa Barbara, CA) with Ti/Pt-coated AC250TM-R3 (Oxford Instruments) AFM
tip with a radius of ~28 nm, spring constant of ~2 N/m, and resonant frequency of ~70 kHz. All
measurements are performed at atmospheric pressure, ~20 °C, ~40 % of relative humidity.
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2.6 Summary

In summary, a surface potential oscillation phenomenon in moisture-induced P(MEDSAH-co-AA)
polymer has been characterized and an AC energy harvester has been demonstrated. Chemical
reactions responsible for the autonomous potential oscillation behavior are analyzed and modelled by
kinetic simulations to qualitatively characterize this phenomenon. By studying system dynamic
equations and the stability matrix, it is found that the system has the chaotic nature and oscillates with
hidden attractors to induce autonomous surface potential oscillation. A prototype energy harvester has
a measured maximum short-circuit current density of 1.5 pA/cm? and maximum open-circuit voltage
of 0.4 V with a long operation time up to 15,000 seconds in a moisture-rich environment to produce
an energy density of 16.8 mJ/cm?. As a practical application demo, an LCD is successfully lit up by
connecting five energy harvesters in series to produce an output voltage of 2 Volts.

16



3. Thermoelectric energy harvesters based on an 1onogel
with ultra-high Seebeck Coefficient

3.1 Ionogel systems

The ionogel developed in this work has two unique features: (1) flexible and bendable; (2) the electrical
conduction mainly by ions and the thermal conduction mainly by polymer structures. Fig. 8a illustrates
these conduction paths, where the cations and anions move between the polymer chains along the
temperature gradient with different mobility. For the material presented in this work, the mobility of
cations is higher than that of ions. These different charge carriers will accumulate at the two ends of
the material and induce charges on the electrodes to generate electricity. Fig. 8b shows the key
mechanism of the dynamic bonds to induce the self-healing property of the material. The material
satisfies two requirements of a self-healable system [52]: (1) the free ions inside the ionogel have ion-
dipole interactions with the polar functional groups on the polymer chains to form plenty of dynamic
bonds, and (2) the organic solvent remaining in the ionogel material makes the polymer chains movable.
Different electrical/thermal conduction paths in ionogel make it possible to design and construct
materials with high electrical conductivity but low thermal conductivity for large z7 values. On the
other hand, the self-healing property of the ionogel makes it possible for operations under large
deformations such as applications for flexible devices and wearable systems.
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Fig. 8. (a) Schematics illustrating the ionogel used in the thermoelectric generator and different
electrical and thermal conduction paths in ionogel make it possible to design and construct materials
with high electrical conductivity but low thermal conductivity for large zT values. (b) The ion-dipole
interaction inside the ionogel leads to its self-healing property.
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3.2 Preparation of the ionogel

The ionogel used in this work is prepared as described in Fig. 9. A fluoroelastomer, poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VDF-HFP), 3M™ Dyneon™ Fluoroelastomer FC 2230), and
one organic salt bis(trifluoromethane) sulfonimide lithium salt (LiTFSI, Sigma-Aldrich), are mixed
with the weight ratio equal to 3:2. The mixture is dissolved by the solvent: N, N-dimethylformamide
(DMF) and acetone (volume ratio = 3:7, both from Sigma-Aldrich). After getting a clear and
homogeneous solution, the mixture is poured into a mold and put under vacuum and heated to 80°C
for 24 hours to get rid of extra solvent. It is worth mentioning that DMF is a solvent with a high boiling
point at 153°C, and low vapor pressure at 350 Pa under the ambient environment. These properties
make it possible for materials to remain in the ionogel to prevent the crystallization of LiTFSI. With
free cations (Li") and anions (TFSI') staying inside the ionogel, the material can be electrically
conductive.
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Fig. 9. Preparation method used in this research.

3.3 Diffusion coefficient simulation

The diffusion coefficients of anions and cations are simulated through molecular dynamics (MD). The
simulation is performed on large-scare atomic/molecular massively parallel simulator (LAMMPS).
The system consists of 84,600 atoms totally — 600 LiTFSI, 9000 DMF and 100 polymer chains, which
corresponds with the ratio of the ionogel compositions (Fig. 10a). The inter-atom interaction is
described using optimized potentials for liquid simulations (OPLS) force field. Particularly, the OLPS-
united atoms (UA) model [53] is adopted to describe DMF molecules, meaning that DMF is treated as
one atom. Other molecules are described by the OLPS-all atoms (AA) model, meaning that the
different atoms on one molecule are treated separately. The model of TFSI is modified and optimized
according to the previously reported work [54].

After the construction, the system is relaxed under the restriction of constant molecular number,
constant pressure, and constant temperature, to get its initial configuration. After that, radical
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distribution function analysis is performed on Li" and TFSI to calculate the coordination of
ions/molecules, which influence the volume of ions in the real situation and their diffusion coefficients.
The mean square distances (MSD2) of anions and cations are simulated under different temperatures
from 285K to 310K (Fig. 10b). The diffusion coefficients (D) can be derived through the fitting curve
of MSD? and time (t) according to the equation below:
MSD? = 6Dt + Const  (3)

Fig. 10c summarizes the diffusion coefficients of Li* and TFSI in the temperature range. Clearly,
the diffusion coefficient of Li*, which is 6~10 X 10712 m?2 /s, is much larger than that of TFSI" (less
than 2 X 10712 m?/s).

System Overvie
@) TFSI anion y verview © e

o5

Polymer chain

—— L
—a— TFSI

Diffusive Coefficent [m¥s]

2 .\‘/‘-\‘_k/‘
285 290 295 300 305 310
Temperature [K]

305K 310K

il e

Fig. 10. (a) The model and the system used in the MD simulation. (b) The simulation results of MSD?
of Li" and TFSI at different temperatures (from 285K to 310K). (¢) The diffusion coefficients of anions
and cations under different temperatures. Li" has much larger diffusion coefficients in the temperature
range from 285K to 310K as compared with those of TFSI".
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3.4 Device assembly and structure

(a) Laser
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LIG electrodes showing porous structures under different magnification scales.

The structure of the thermoelectric generator is shown in Fig. 11a, where the ionogel is used as an
electrolyte. The electrodes are made of laser-induced graphene (LIG) with a dimension of 2 cm X 1
cm for the prototype device. The LIG is fabricated by a direct laser printing (CO> laser, Tek Motion,
with a wavelength of 10.6 pum) process on a polyimide (PI) film. The laser power is 12 W and the scan
rate is 25 mm/s. The LIG has a porous structure as shown in Fig. 11b and 11c to result in electrodes
with very high specific surface areas for the storage of ions in the energy harvester application. The
LIG is transferred to the 3M™ 4910 VHB via a double-sided tape by simply pasting it on the LIG and
peeling the tape off. Afterward, the electrodes are attached to both sides of the ionogel.

3.5 Device performance

The thermal energy harvester utilizes the differences in the directional movements of cations and
anions of different mobilities [55]. Specifically, both the cations and the anions will move due to
temperature gradients and carry different electrical charges. In the proposed material system, Li" has
a size of about 1 A and TFSI" has a size of about 3.9 x 8.0 A [56]. Furthermore, TFSI" has more polar
interactions with the polymer matrix such that the mobility of the cations is much larger than that of
the anions. Therefore, there will be an electric potential difference between two electrodes under a
temperature gradient. Fig. 12a shows the voltage outputs generated by the prototype device under
different temperature gradients. It is noted that the relationship is nonlinear as the competition process
of anions and cations is rather complex. In general, the temperature increases will result in the large
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movements of more anions with higher mobility for increased output voltage as shown.
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Fig. 12. (a) The open-circuit output potential under different temperature gradient (using aluminum
electrodes). (b) The output voltage of the energy harvester device under AT = 4.7 K. The inset shows
the testing platform (the red part is the heat source and the blue part is the heat sink). The 3M tape is a
thermal insulator such that the real temperature gradient of the ionogel layer is expected to be much
lower than 4.7 K to result in low voltage outputs.

Table 2. Comparison of the Seebeck coefficient among this work and other materials.

Materials Seebeck Coefficient (uV/K)
This work ~7068 (material), 298 (device), at AT =4.7K
silicide -175 (material)
Mn oxide ~ -200 (material)
Co oxide ~245 (material)
Antimony 47 (material)
Cadmium, tungsten 7.5 (material)

The voltage output of the whole device is measured by its open-circuit voltage (Gamry Reference
600) with the heat source on one side and the heat sink (both are TEC 1-12706 SR, powered by a
current source, TEKPOWER TP300ST) on the other side. The measured temperature difference
between the heat source and the heat sink is 4.7 K. Since the 3M tape acts as a thermal insulator such
that the temperature gradient on the ionogel layer is much lower than 4.7 C. Nevertheless, the output
voltage curve (Fig. 12b) still shows an obvious increase due to the temperature changes. Under this
setup, the maximum voltage output reaches 1.4 mV and the Seebeck coefficient is 298 uV/K. The
apparent Seebeck coefficient is much lower than that of the ionogel as the 3M tape blocks heat transfer
processes. After the first 500 s, the voltage output gradually decreases slightly as anions (TFSI"), which
carries different charge with low mobility, are also moving from the heat source side to the heat sink
side. However, since the anions and the cations have different mobility, voltage outputs might continue
for 12,000 s by extrapolating the curve. Table 2 compares the Seebeck coefficient between this work
and other traditional thermoelectric materials (data from one review paper [57]).. It can be found that
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the Seebeck coefficient of the ionogel is much larger than those of traditional materials.

The whole device is also flexible and self-healable, which can be demonstrated in Fig. 13a-c. Fig.
13a is the photograph of the initial device, and it can be bent with a radius of 1.25 cm (Fig. 12b). The
self-healing ability of the device has been proved by cutting through the sample and putting two parts
under the ambient environment tightly for 24 hours for the self-healing process and the red dash-line
shows the original cutting path. The cyclic voltammetry (CV) measurements are conducted on the
device at the different statuses on the electrochemical workstation (Gamry Reference 600). It can be
found that the CV curves before and after mechanical bending of the device are almost the same. The
enclosed area of the CV curve before and after the self-healing process is less than 10% to validate
excellent device performance after the self-healing process. Fig. 13d shows the device behavior during
the charging process by applying a temperature gradient of 2 K and the constant current discharging
process after removing the heat source.
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Fig. 13. Photographs of the devices: (a) initial state; (b) good bending flexibility with the radius of
curvature of 1.25 cm; (c¢) after cutting the material and self-healed in the ambient environment for 24
h with the red dash line showing the healed interface. (d) The cyclic voltammetry curves of the device
in the above three situations. (e) The charge (AT = 2 K) and discharge (current density = 5 nA/cm?)
curve of the device.

3.6 Self-healing property

The self-healing ability of the device comes from two aspects: the self-healing ability of: (1) the
ionogel electrolyte; and (2) the electrodes.
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Fig. 14. (a) The result of the extension test (Instron) of the ionogel. The insets are the photographs of
the ionogel during the test under different tensile strain. (b) The comparison of the ionogel electric
conductivity before and after the self-healing process (100% cut through and self-healed under the
ambient environment for 24 h.

Fig. 14a shows the strain-stress curve of the ionogel under the strain rate of 0.2 %/s. The ionogel
can be stretched to 1.9 times of its original length. At this range, the elastic modulus is about 94 kPa.
With strain further increased, a notch is formed and extended from one side of the ionogel to another
side and leads to failure. The electrical conductivity of the ionogel is tested through electrochemical
impedance spectroscopy (EIS) on the electrochemical station (Gamry Reference 600). The ion
conductivity of the ionogel is 33.9 uS/cm (Fig. 14b), which is at the same level as traditional polyvinyl
alcohol - orthophosphoric acid (PVA-H3PO4) electrolyte [58].

The ionogel is self-healable without heat or other treatments. A whole device is cut into two
pieces and placed together tightly in the ambient environment for one day. It is found its electric
conductivity can recover to 32.4 pS/cm (Fig. 14b) with a slightly decreased value of only about 4%.
The self-healing process is examined under the scanning electron microscope (SEM, FEI Quanta) as
shown in Fig. 15. The re-grown part (inside the yellow dash rectangle) can be seen clearly at the healed
interface, directly proving the self-healing process inside the ionogel.

(a) (b)

Fig. 15. SEM of the ionogel showing the self-healing process. (a) the photograph of the interface of
two parts; (b) an enlarged view of the self-healing interfaces (yellow dash rectangle).

The self-healing ability may come from the polar interaction between the anions and the functional
groups of the polymer backbone [59] (Fig. 9b). Both the polymer matrix and the anions contain
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fluorine atoms, which have the highest electronegativity among all elements, leading to high polarity
of anions and -CF;. These polar interactions are dynamic and reversible and the anions serve as
“bridges” between polymers, connecting polymers back again in the self-healing process.

Although LIG does not have the self-healing ability, the 3M tape is selected as the electrode
substrate for the known self-healing property, which makes it possible to achieve a self-healable device.
Fig. 16 shows the SEM results of the electrodes after the self-healing process. The electrodes were cut
through first and put back together for 24 hours under room temperature. The healing interfaces
(yellow dash lines) can be hardly observed from SEM photographs. The initial sheet resistance of the

electrode is 280 Q/[] and it increases to 317 Q/[] after the self-healing process, which is an

increment of 13% (Fig. 16d).

500 um

(b)

Initial After Self-healing

Fig. 16. SEM results of (a) and (b, ¢) LIG on a different scale, after the self-healing process (100% cut
through and self-healed in the ambient environment, 24 h). Yellow dash lines highlight the healing
interfaces. (d) The comparison of the electrode sheet resistance before and after the self-healing
process.
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3.7 Summary

In this work, we successfully designed and fabricated a thermoelectric energy harvester based on ion-
conductive and self-healable ionogel. The whole device shows a high Seebeck coefficient at 298 pV/K,
which is comparable and even much higher than those of traditional thermoelectric materials. The
whole device is also flexible and self-healable with the performance almost unchanged in different
statuses.
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4. Conclusions

A moisture electric generator and a thermoelectric harvester based on polymers are achieved. They
show promising potential on the applications in renewable energy field. The moisture electric generator
is based on the polymers, P(IMEDSAH-co-AA), which has a unique phenomenon of moisture-induced
electrical potential oscillations during the diffusion of water molecules. Chemical reactions are
modelled by kinetic simulations while system dynamic equations and the stability matrix are analyzed
to show the chaotic nature of the system which oscillates with hidden attractors to induce the
autonomous surface potential oscillation. Using moisture in the ambient environment as the activation
source, this self-excited chemoelectrical reaction could have broad influences and usages in surface-
reaction based devices and systems. As a proof-of-concept demonstration, an energy harvester is
constructed and achieved the continuous energy production for more than 15,000 seconds with an
energy density of 16.8 mJ/cm?. A 2-Volts output voltage has been produced to power a liquid crystal
display toward practical applications with five energy harvesters connected in series.

The thermoelectric energy harvester based on an ion-conductive ionogel. It has three distinctive
features as compared with the state-of-art systems: (1) self-healable in both the material and device
operations under large deformations; (2) ultrahigh Seebeck coefficient with the measured value of
7068 uV/K for the material, and 298 pV/K for a prototype energy harvester in operations; and (3)
stable performances under large bending states with little changes. As such, this energy harvester could
find potential applications by further packaging and design in wearable devices to convert the
temperature differences between human body/skin and environment to electricity.
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Supplemental Information
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Fig. S1. A schematic diagram illustrating the Calcium-induced Ca*" release (CICR) process to induce
the Ca®" concentration oscillation in a living cell.
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Fig. S2. The synthesis process of PAIMEDSAH-co-AA) polymer.
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Fig. S3. The EDX results of polymers with three different compositions: MEDSAH/AA= (a) 1/2; (b)
1/3; and (c) 1/4. Green spots are nitrogen.
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Fig. S4. ATR-FT-IR results of dry and wet POMEDSAH-co-AA) polymers with different compositions:
(a) MEDSAH/AA=1/2; (b) MEDSAH/AA=1/3; (c) MEDSAH/AA=1/4.
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Fig. S5. The water content of polymers with different compositions during: (a) the hydration and (b)
the dehydration process. It can be found that the polymer containing more -COOH can absorb more
moisture at a faster speed in (a) and maintain higher moisture concentrations in (b).
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Fig. S6. Summary of the proposed “proton oscillation” mechanism by different chemical reactions: rl
(positive feedback in the red color), r2 and 13 (negative feedback in the blue color), r4 and r5 (returning

to initial state in the green color). The dash lines suggest the participation of water molecules in r1 and
2.
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Dehydration Process: Time Increased (12 min interval)

Fig. S7. Kelvin probe force microscopy (KPFM) for surface potential oscillation results at the same
surface location of a prototype polymer during the moisture activation and dehydration process. Each
test needs about 12 minutes to complete and the white elliptical area highlights the local surface
potential oscillations. Other areas have also experience surface potential oscillations with slightly
different surface potential values.

After saturating the POMEDSAH-co-AA) polymer with water at 41 wt%, the Kelvin probe force
microscopy (KPFM) is used to measure the surface potential at a fixed area of 500x500 nm? as depicted
in Fig. S7. In general, the average surface potential is found to gradually decrease over time. However,
the time-varying oscillations in a short period of time are also observed. For example, in the white
elliptical area in Fig. S7, the surface potential is found to oscillate during a period of every 12 minutes
(this test is limited by the scanning speed of the KPFM) from 0.92 V, 0.85V, 0.96 V, to 0.74 V,
sequentially. Even though limited by scanning speed, KPFM analysis shows the general oscillation
tendency of the surface potential. The other areas also experience similar but different surface potential
oscillations as observed.

@ P(MEDSAH-co-AA)
Au PI

Fig. S8. The cross-sectional view of the energy harvester device.
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Fig. S9. The (a) close-circuit current and (b) open-circuit voltage vs. time results of a prototype device
by using a copy paper instead of the PIMEDSAH-co-AA) polymer. No visible electrical outputs are

identified.
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generation period; and (b) low electrical output periods (noises).
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Fig. S11. The measured output current density versus time of the prototype energy harvester under
various humidity levels of (a) 59% RH, (b) 80% RH, and (c) 90% RH. (d) Average peak-to-peak
current density versus relative humidity.
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Fig. S12. The output current vs. time plot by placing a water droplet on the device.
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Fig. S13. The current output under continuous moisture feeding without the dehydration process.
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Fig. S14. Output current density versus time of energy harvesters with different polymer compositions:
(a) MEDSAH/AA=1/2; (b) MEDSAH/AA=1/3; (c) MEDSAH/AA=1/4.
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Fig. S15. (a) The electrical circuit used to charge the capacitor for measuring the DC output voltage;
(b) voltage versus time plot of energy harvesters with different polymer compositions (“reference”
refers to the outside noise); (¢) voltage versus time plot of the energy harvester (MEDSAH/AA=1/4)
under different working temperatures.
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Fig. S17. Measured output current versus time of the energy harvester (MEDSAH/AA=1/2) at (a) 12
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Fig. S19. The measured stress-strain curves of the polymer (a) before and (b) after the hydration
process. The calculated Young’s modulus values are 30.6 MPa and 66.8 kPa before and after hydration,
respectively.

Supporting Explanation 1: Kinetic Simulation:
Kinetic analysis of the chemical reactions is performed based on the 5 key reactions in the system:
ri: —COOH == H*+ —C00~

r,: —SO3 Nt == —S0; + —N*

ry: —SO03 + HY == —SO0;H

r,: —SOsH+ —C00~ == —S0; + —COOH
rs: —SO03 + —N* == —SO;N*

The reaction rate constants are added as:
vy = k[—COOH]

Vra = ky[-SO3N™]

= ks[-SO3][H"]

Upy = ky[~SO5H][~COO"]

Vs = ks[—SO5][-N"]
Therefore, the concentration gradient of each species with respect to time can be expressed as:
d[H*] -

dt = k{[-COOH] — k3[-SO3][H*] €Y
d[—COOH]
— - —k,[—-COOH] + k,[—SO3H][-C0O0~] (2)
d[-S05] _ _
—p = Kal=SO3N"] = ks[=SO][H"] + ka[-SOsH][-COO"] (3)
d[—-SO;N*] _ _
——— = —ka[~SO3N"] + ks[-SO3][-N"] 4)

Furthermore, [-N*], [-SO3H] and [-C0OO0~] are corelated by the conservation of matters:
[-N*]+ [-SOsN™] = [-SO;N*] + [-S03H] + [-SO3] = cyys03-
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[-COOH] + [-C007] = Ccarboxylic acid
The concentration of water, [H,0], is controlled by vin and vou as:

[H*]
T
where [H*] is the concentration of hydrogen cation and [H*], is the initial concentration. The
concentration of water versus time can be expressed as:
d[H,0] [H*]

7t = Vour T Vin T, (5)

The water concentration affects the breaking of ionization bonds such that a factor is introduced in the
reaction rate constant of r2 when the concentration of water, [H>O], is lower than the threshold value

Vin = U

Cthreshold-

I = {e—o-s(cthreshold_[Hzo]) kg, when Cthreshold > [HZO]
5 =

0
k3, when cipresnoia < [H20]

(6)

To numerically solve the differential equations (1)-(5), the explicit 1st-upwind scheme is adopted:
df _ fE+A0—f(0) .
dt At
By matching with experimental data, an optimal set of constants: k; = 0.0000962, k2 = 0.0949,
k; =0.1118, k, = 0.0871, ks = 0.0936, timestep At = 0.01, v;, = 0.94, Cinresnota = 200
have been identified for the system, while cy1503- and Cearpoxytic acia Vvaries according to different
proportions of the total mass which is fixed as a constant at 150x10°. Other sets of constants will
produce different results in operation periods which deviate more from experimental observations. For
example, by setting k; = 0.000163, kI = 0.1606, k; = 0.1892, k, = 0.1474, ks = 0.1584, the
oscillation period is decreased to 57s. By setting k; = 0.000074, k9 = 0.073, k; = 0.086, k, =
0.067, ks = 0.072, the oscillation period is increased to 97s. Table S1 summarizes these results.

Table S1. Summary of the kinetic constants

Period (s) k, k) ks k, ks
57 0.000163 0.1606 0.1892 0.1474 0.1584
70 0.0000962 0.0949 0.1118 0.0871 0.0936
97 0.000074 0.073 0.086 0.067 0.072

The initial concentration of H', [H*], has a positive correlation with Ccqrpoxytic acia and other
initial concentration is set as follows:
[~S051o =0
[H,0], =170
The calculation script is written in python3 and resulting data are normalized by the initial proton
concentration. Based on experimental results, the oscillation period is adjusted to about 70 s, by
adjusting kinetic constants. It is also found that the oscillation period has different sensitivity on the
kinetic constants. For example, k9 and k, have minimum influences on the oscillation period (Fig.
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S20), while k4, ks and ks can affect the oscillation period strongly (Fig. S21).
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Fig. S20. Proton concentration versus time simulation results. (a) and (b) k2 values are reduced 100
times and increased 100 times, respectively. In both cases, proton concentration oscillations are
observed with a period around 70 s without obvious changes. (c) and (d) k, values are reduced 100
times (with a period about 60 s) and increased 100 times (with a period about 100 s), respectively. In
both cases, proton concentration oscillations are still observed with minor changes in the time periods.
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Fig. S21. Proton concentration versus time simulation results. (a) By increasing the k; value 5 times
larger, the proton concentration oscillation disappears completely. (b) By reducing the k5 value 5
times smaller, the proton concentration oscillation disappears very soon. (c) By reducing the ks value
5 times smaller, the proton concentration oscillation disappears very soon.

Supporting Explanation 2: System Oscillation Study

The stability matrix of the system is established by following standard methods[60], [61] and
simplifying the parameter notation as below:

[-COOH]: x; [H*]: xy; [-COO07]: x5; [—SO5H]: x4; [-SO; " N*]: xs;
[-SO37]:xs;  [-NT —]:xy;

Total [-SO3; NT]: 4;

Total [-COOH]: B;

The relationships of these variables can be derived as:

X7+ x5 =A
Xs+x4+x5 =A (8)
x1 + x3 = B
( dx,
ar kyxy — ksxex,
dx,
—_— = —k1x1 + k4x4_x3
dt
1 dx 9)
6
E = k2x5 - k3x6x2 + k4.X4.X3
de
. E = —k2x5 + k5x6x7

From Eq.(8), x7 can be derived by xs; x3 can be derived by x;, and x4 can be derived by x; and x5, and
the seven variables (x;, x2, X3 x4 X5, X5 x7) can be reduced to four variables (x;, x2, x5, X5 as
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ﬂ = —kyx; — kyBxs — kyBxg — kyAxq + kyx x5 + kyx1x6 + k4 AB

) dx, dt (10)

e koxs — k3xexy — kyBxs — kyBxg — kyAxq + kyx1x5 + kyx1x¢ + kyAB
dxs

\ dt

S _kzxs + k5A.X6 - k5X5x6

Small perturbations are added for the system oscillation study:

Xy = X9+ 6
Xy = Xpo + 02
X5 = Xg9 + 05 (11
Xg = Xgo + Op

where §; are small variations of each corresponding variables and the dynamic equations can be
written in the following form (neglecting the constant terms):

[dx,
dt
dx;
dt
dxg
dt
dxs

Here, k;

| dt

—Kk3Xe0 kq —k3x39 0 6,
_ O _kl - k4A + k4x50 + k4x60 _k4B + k4x10 _k4B + k4x10 51
O 0 k5A - k5x50 _kz - k5x60 55
The stability matrix of this system is:
—k3x60 kq —k3X50 0
0 _kl - k4A + k4.X50 + k4x60 _k4B + k4x10 _k4B + k4x10 (13)
0 O k5A - k5.X50 _kz - k5x60
, A and B are parameters in the simulation, and X1 205060 are the solutions of:
dx,
E = k1x1 —_ k3x6x2 = 0
dx,
E -_ —k1x1 - k4B.X5 - k4Bx6 - k4Ax1 + k4.X1.X5 + k4x1x6 + k4AB == O
(14)
dx
d_: = kzXS —_ k3x6x2 - k4_Bx5 - k4Bx6 - k4Ax1 + k4x1x5 + k4x1x6 + k4AB = 0
dxs
E == _k2x5 + k5A.X6 - k5x5x6 - O
d that the above equation set has no solutions and this means there is no stability matrix, such

It is foun
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that the system is chaotic with hidden attractors[62]. Figure S22 are the phase portraits for a simulation
time of 5,000 s to show the behavior of the system and the projections of those attractors. The
parameters used in this exemplified study are those listed in Supporting Explanation 1 (with an
oscillation period of 70 s). Since the system is chaotic, the phase portraits will change and cannot be
predicted with a different set of parameters.

E E
z z
[%0,]
f
=
g

Fig. S22. The phase portraits of the system, showing the oscillating and chaotic behaviors. The above
six figures are projections on different concentration coordinate systems in the four-dimensional space.
The projection planes are (a) H"and -SOs7; (b) H" and -SO3N™; (¢) H and H20; (d) H20 and -SOs7; (e)
H>0 and -SO3'N™; (f) -SOs'N" and -SO35".

Supporting Explanation 3:
Table S2. Analogy to Ca®" oscillation

Ca?" oscillation This work Similarity
IP; H>O Start the oscillation
Ca?* H* Oscillated signal
1% pool -COOH In positive feedback(s)
2" pool -SO5” In negative feedback(s)
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IPs plays a role similar to H2O to start the oscillation process; the 1% pool and -COOH groups can
execute the positive feedback part of the oscillation procedure, and the 2" pool and -SO3™ groups play
the role to complete the negative feedback part of the oscillation process.
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