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Greater Context

Tim Kowalchik, Fariha Khan, Danielle Horlacher, Shad Roundy, and Roseanne Warren*

Direct Conversion of Thermal Energy to Stored Electrochemical Energy via a Self-

Charging Pyroelectrochemical Cell

This work is focused on a novel form of energy generation we term the Pyroelectrochemical Cell 
(PEC), a type of self-charging supercapacitor. In the world of Internet of Things (IoT) and 
wireless sensing, the power sources available for use are one of the greatest limiting factor for 
practical applications. The PEC is capable of charging when exposed to a thermal input, 
gathering and storing energy in a  single device at levels suitable for low-power wireless sensing 
tasks. The self-charging cell replaces more toxic energy sources like batteries, reducing the 
environmental impact of IoT systems. This work focuses on experimental and simulated results 
validating the fundamental physics of the PEC, confirming its energy production and identifying 
possible routes for future improvement and use.
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Abstract

This work investigates a pyroelectrochemical cell (PEC) as a novel device concept for direct 

conversion of thermal energy to stored electrochemical energy. The PEC integrates a porous, 

pyroelectric separator within a supercapacitor. The pyroelectric separator induces an electric 

field within the PEC when exposed to a temperature change with time. The electric field drives 

ions into electrode double layers to charge the cell. Experimental results are coupled with 

simulations to explore PEC response when thermally cycled, with predicted pyroelectric 

orientation effects observed in two tests. When tested through amperometry, the pyroelectric 

separator showed a 155% increase in measured current upon heating compared to a 35% increase 

in measured current for a non-pyroactive separator. Under open circuit conditions, the PEC 

charged by 0.65 mV after four applications of a 20-30-20 oC thermal cycle. Finite element 

simulations confirm that the PEC self-charges by pyroelectric field-driven ion flux. With 

optimization of the pyroelectric separator, the PEC is predicted to generate >100 µJ/cm2 of 

energy from temperature fluctuations commonly found in natural and built environments, 

making the PEC an exciting new energy source for low power Internet of Things sensors.
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1. Introduction

In recent years, the concept of Internet of Things (IoT) has seen growing interest and 

technological development. IoT systems consist of interconnected sensing devices that provide 

detailed information about a zone or phenomenon of interest. Application areas implementing 

IoT systems include smart agriculture, manufacturing, healthcare monitoring, and energy 

management.1-4 A central challenge to IoT implementation is powering an array of sensors in a 

self-sustaining manner with low spatial footprint. Traditional energy storage devices, such as 

batteries, require regular charging to keep the IoT system online, while energy harvesting 

devices lack storage for on-demand power availability. The development of innovative methods 

of coupling ambient energy harvesting and energy storage in a small footprint, low volume 

device, is critical to the development of self-sufficient, real-world IoT systems. 

Self-charging power cells are a novel concept for integrating energy harvesting and 

energy storage functionalities within a single device. In these devices, traditionally inactive 

components of an electrochemical cell, such as the separator, take on new functionality as energy 

harvesting materials capable of charging the cell without an external power source. By coupling 

energy harvesting and storage materials at the cell level, self-charging power cells achieve 

smaller device footprint, reduced packaging and auxiliary systems, and simpler construction 

compared to externally-wired systems. Xue et al. first introduced the concept of a piezoelectric 

self-charging supercapacitor powered by under-shoe compressions during walking.5 This design 

consisted of a piezoelectric separator placed inside a lithium-ion battery and inserted into the 

heel of a shoe. The device was capable of storing 0.036 µAh of energy after repeated 

deformation. The concept has since been expanded to include, e.g.: supercapacitors integrated 

with flexible harvesters charged by hand compression;6 an all solid-state, piezoelectric self-
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charging power cell using solid polymer electrolytes;7 coupled photovoltaic energy harvesting 

and storage devices using magnesium oxide-polyvinylidene fluoride (MgO2-PVDF) composites;8 

and triboelectric-driven self-charging supercapacitors.9-10 

This work explores a self-charging power cell using pyroelectric energy harvesting that 

we term a “pyroelectrochemical cell” (PEC) (Figure 1). The PEC uses a porous pyroelectric 

material as the separator of an electrochemical cell, thus integrating thermal energy harvesting 

with electrochemical energy storage. Low-grade thermal energy is abundant in the environment, 

yet direct integration of thermal energy harvesting and electrochemical energy storage has only 

been explored in a limited capacity to-date. Thermogalvanic cells use a spatial temperature 

gradient between anode and cathode to generate current from temperature-dependent redox 

reactions.11 Thermally regenerative electrochemical cycles use a temperature change in time to 

charge a battery at a lower potential difference than its discharge. The approach requires high-

cost ion exchange membranes and is not well-suited to small-scale applications.12 For IoT 

systems in environments that experience temperature fluctuations in time, there are currently no 

technologies for integrating energy harvesting and storage at the device level. The PEC fills this 

gap by enabling direct conversion of thermal energy–in the form of a change in temperature with 

time–to stored electrochemical energy for IoT applications. Figure 1a illustrates potential 

applications of the PEC in, e.g.: tire pressure monitoring sensors powered by dT/dt at the exhaust 

pipe of a car, soil sensors powered by diurnal temperature fluctuations, and material health 

monitoring sensors powered by temperature fluctuations on airplanes or unmanned aerial 

vehicles (UAVs).

Figure 1 provides a conceptual schematic of the PEC device architecture (Figure 1b) and 

the theory of operation (Figure 1c). Cell construction is based on a supercapacitor or battery 
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design, with a porous, pyroelectric film as the separator. Our proposed theory of operation is as 

follows. By virtue of the pyroelectric effect, the separator in the PEC generates an electric field 

in response to temperature fluctuations with time. The relevant constitutive equation of 

pyroelectricity is:

                                                  (1)𝑑𝐷 = 𝜀𝑇𝑑𝐸 + 𝝆𝑑𝑇

where D is the electrical displacement, εT is electric permittivity at constant temperature (simply 

ε hereafter), E is electric field, ρ is the pyroelectric coefficient, and T is temperature. Assuming 

the temperature is spatially uniform throughout the pyroelectric material and that the material is 

in the open circuit condition, Equation 1 reduces to Equation 2:

                                                 (2)
𝑑𝜙
𝑑𝑥 = ―

𝝆
𝜀·∆𝑇

where ϕ is the electric potential and x is the dimension through the thickness of the separator. 

This electric field ( ) drives ion migration across the separator, with the resulting ion 𝐸 = 𝑑𝜙/𝑑𝑥

movement described by the one-dimensional Nernst-Planck equation (Equation 3):

                           (3)
∂𝑐
∂𝑡 =

𝑑
𝑑𝑥 ⋅ [𝐷

𝑑𝑐
𝑑𝑥 ― 𝑐𝒗 +

𝐷𝑧ⅇ
𝑘𝐵𝑇𝑐(𝑑𝜙

𝑑𝑥 +
∂𝑨
∂𝑡 )]

where c is concentration, D is diffusivity, v is flow velocity, z is ion valence, e is elementary 

charge, kB is the Boltzmann constant, and A is the magnetic vector potential. In an 

electrochemical double layer capacitor (EDLC), this ion flux will result in charged species 

populating the electric double layers of the cell in response to the pyroelectric field generated 

upon heating. The charging of the electric double layers will increase the energy stored in the 

EDLC, U, given by Equation 4:

                                                       (4)𝑈 =
1
2𝐶𝑑𝑙𝑉2
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where V is the electric potential across the EDLC (distinct from ϕ which is the potential across 

the separator) and Cdl is the total double layer capacitance (Figure 1c). 

In this report we experimentally and computationally validate our theory of PEC charging 

by examining the electrochemical response of cells subject to controlled heating and cooling 

cycles. A demonstration PEC is assembled using a porous, electroactive, polyvinylidene 

fluoride-barium titanate (PVDF-BT) separator and carbon electrodes. The demonstration PEC is 

a non-Faradaic, electrochemical double-layer type capacitor. Two control cells with non-

pyroactive separators (a Celgard 3501 cell and an unpoled PVDF-BT cell) are used to 

differentiate between thermal and pyroelectric effects occurring within the PEC. Thermal effects 

are defined as changes in potential or current arising purely from the temperature dependence of 

electrochemical cell properties including diffusion coefficients, ion mobility, cell capacitance 

and cell resistance. Two electrochemical measurement approaches are used to probe the PEC 

response to a thermal input: 1) amperometry, in which the cell is held at a fixed potential and 

current flow in response to a thermal input is measured; and 2) open circuit potential (OCP), to 

verify the self-charging nature of the cell in the absence of external current flow. Using these 

approaches, we investigate the effects of: 1) heating vs. cooling, 2) separator polarity (i.e. 

orientation), 3) dT/dt, 4) total temperature change (T) and 5) repeated thermal cycling on the 

PEC response as suggested by Equations 1-4. A COMSOL Multiphysics® finite element 

simulation is developed to further investigate PEC device physics. Temperature-dependent cell 

properties in the simulation are empirically determined through experiments using cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements conducted 

at fixed temperatures. The effect of a dT/dt input on electric field-driven ion movement is studied 

in-depth and found to have good agreement with experiment. Finally, we explore potential 
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improvements in PEC material selection and design to increase device performance and compare 

predicted cell energy densities with target values for IoT applications for a range of energy 

harvesting environments.
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Figure 1. a) Conceptual illustration of PEC-driven wireless IoT sensors. Potential PEC energy 

sources include soil, vehicle exhaust pipe, and airplane/UAV temperature fluctuations with time. 

b) PEC device structure including current collectors, electrodes (battery or supercapacitor), 

electrolyte, and porous pyroelectric separator. c) PEC theory of operation. A PEC at rest will 

stabilize to some distribution of ions and double layer capacitance Cdl in response to the resting 

cell state and separator field Eo=0. Upon heating, the dipoles within the separator become un-

aligned, resulting in an induced electric field E within the PEC compared to the rest state. Free 

ions in the electrolyte react to the field and are driven through the separator, packing the electric 

double layers of the PEC with more charge and increasing the stored energy.
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2. Methods

2.1 PEC Assembly

Porous, pyroelectric PVDF-BT films were fabricated by phase inversion as described in a 

previous work.13 Pure DI water was used as the phase inversion bath. Non-pyroelectric PVDF-

BT films were fabricated by the same method, without electrostatic poling. The non-pyroelectric 

films have the same pore structure as the poled, pyroelectric films. Symmetric supercapacitor 

cells were assembled using graphite on copper electrodes (BR0186, MSE Supplies) (36±0.5 cm2 

per electrode) with 0.5 M Na2SO4 electrolyte (Millipore Sigma). Three types of separators were 

used: 1) electrically poled PVDF-BT, 2) unpoled, non-pyroelectric PVDF-BT, and 3) Celgard 

3501 (25 µm microporous monolayer membrane). A custom cell design was used with 3D 

printed lid, clip and wedge to hold the cell stack together in a sealed glass container (500 ml, 

Glasslock) (Supporting Information Figure S1). A thermocouple (K-type, PerfectPrime) was 

placed in the cell adjacent to the electrode stack. Cells were sealed with plumbers’ putty around 

the lid and all connections. After construction, cells were allowed to rest for 24 hours before 

testing. 

2.2 PEC Temperature Control

An external water bath was used for cell temperature control during fixed temperature and 

temperature ramp experiments. The PEC was fully immersed in the water bath during all 

experiments to minimize in-plane temperature gradients within the cell. Fixed temperature 

experiments were performed at 20 oC and 50 oC cell temperatures. A measured cell temperature 

variation of less than 0.25 oC over a period of at least 15 minutes was required before fixed 

temperature testing began.

Temperature ramp experiments were conducted through the addition and removal of hot 

or cold water to the bath. Three temperature ramp scenarios were employed: 1) 20-30-20 oC, 2) 
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20-50-20 oC, and 3) 20-10-20 oC. Material degradation of 3D printed parts was observed above 

60 °C, so a maximum cell temperature of 50 °C was chosen to maintain experimental integrity. 

Supporting Information Figure S2 provides measured cell temperature profiles for each ramp 

scenario. Table S1 provides water bath temperatures used, and time to reach target temperature. 

In all subsequent result reporting and discussion, reported temperatures are the cell temperature 

measured by the internal cell thermocouple.

2.3 PEC Testing 

CV, EIS, and amperometry experiments were conducted using a Gamry Reference 600+ 

potentiostat; OCP experiments were conducted using a Gamry Interface 1000E potentiostat. CV 

measurements were performed at a scan rate of 100 mV/s over 0–250 mV and 0–400 mV ranges. 

For all tests conducted sequentially, the cell was discharged through shorting the electrodes for 

10 minutes. The cell then rested at room temperature for at least 20 minutes. EIS measurements 

were conducted over a frequency range of 0.1–100 kHz. Amperometry experiments were 

conducted at 50 mV and 120 mV constant applied voltage. The voltage was applied at room 

temperature for 25 minutes before any thermal cycling occurred and held for an additional 10 

minutes after the cell returned to room temperature. During OCP experiments, cell OCP was 

monitored for 24 hours before thermal cycling. 

All EIS, CV, and amperometry experiments were conducted at least three times with 

different cells. OCP experiments were repeated two times. Excellent repeatability was observed 

between cells and for repeated tests on the same cell, except in the case of the first thermally 

cycled amperometry experiment, which was excluded from reported results. Supporting 

Information Figure S3 provides additional information on repeatability of amperometry 

experiments. 
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In testing, two distinct orientations of the pyroelectric separator were used: “anode-

facing” and “cathode-facing.” In anode-facing orientation, the positive face of the separator is in 

contact with the cell anode. In cathode-facing orientation, the positive face of the separator is in 

contact with the cathode. Cathode and anode are defined according to secondary battery 

convention during charging: the negative electrode is the cathode and the positive electrode is the 

anode. Pyroelectric separator orientation was reversed in experiments by switching the electrode-

potentiostat connections. This method was found to produce fewer uncontrolled changes in the 

cell vs. physically reversing the separator (Supporting Information Figure S4). 

2.5 PEC Simulation

Finite element simulations of the PEC were conducted in COMSOL Multiphysics®. Two 

physics branches were used: Electrochemistry (Tertiary Current Distribution) and Heat Transfer 

(Heat Transfer in Solids and Fluids). A 1-D simulation approximates the cell as four distinct 

nodes: 1) electrode surface, 2) electrolyte region, 3) separator region, and 4) electrode surface 

(Supporting Information Figure S5). To match the experimental cells, cell length was 150 µm 

electrode-electrode and the separator thickness was 60 µm. The electrolyte was 0.5 M Na2SO4, 

with temperature-dependent values of ion diffusion coefficient, ion mobility, and permittivity.14-

17 The separator was PVDF with 65% porosity. A custom, graded mesh was set as follows: 1) 

ultrafine mesh near the electrode surface (> 0.5 nm), 2) course mesh in the electrolyte region (<1 

µm), 3) fine mesh near the separator-electrolyte boundary (>0.100 µm), and 4) course mesh 

within the separator (>0.75 µm) (Supporting Information Figure S5c).

Cell temperature was controlled in the simulation using time-dependent heat inputs 

replicating experimental temperature curves (Figure S2). The pyroelectric response of the 

separator was represented as a temperature-dependent voltage. Film pyroelectricity was 
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measured previously by sputtering gold electrodes onto prepared films and measuring the voltage 

response when the films were heated.18 Cell voltage was defined in the model as the potential 

difference between the electrode surfaces. Current was defined as the total current through the 

cell. Mechanical stresses, thermal expansion, leakage current, and thermal losses were neglected 

in the simulation. No external resistance or other losses were considered. The electrolyte was 

assumed to fully dissociate. Additional details regarding the simulation are provided in the 

Supporting Information.
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3. Results and Discussion

3.1 Constant Temperature Response

Figure 2 provides an overview of the PEC device used in this work. The cell consists of 

symmetric graphite on copper electrodes (anode and cathode), aqueous electrolyte, and a porous, 

pyroelectric separator (Figure 2a). The pyroelectric separator is a PVDF-BT composite film with 

65% porosity and a thickness of 50-60 µm13 (Figure 2b). PVDF-BT was chosen for its good 

pyroelectric response, high chemical resistance, and ease of fabrication as a flexible, porous film. 

Electrically poled PVDF-BT films used in this work have a measured pyroelectric coefficient of 

59 µC/m2*K.18 When heated, both the Celgard films and the unpoled PVDF-BT films employed 

as control separators show a lack of pyroelectric response (Supporting Information Table S2). 

Figure 2c provides an image of the water bath set-up used for electrochemical measurements at 

constant temperature and under controlled heating/cooling cycles. 

CV and EIS measurements of PEC cells were conducted at constant temperature to: 1) 

test the separator functionality of porous PVDF-BT films; 2) quantify thermal effects in the 

absence of pyroelectricity; and 2) establish finite element simulation parameters for PVDF-BT 

and Celgard 3501 cells. Cells constructed with porous PVDF-BT films show comparable EIS 

and CV response to Celgard 3501 cells (Supporting Information Figure S6). At 20 oC, PVDF-

BT cells have an average equivalent series resistance (ESR) of 24 Ω, compared to 18 Ω for 

Celgard 3501 cells. The results indicate that porous PVDF-BT films provide good wettability, 

ionic conductivity, and electrical insulation in their function as an electrochemical separator.

As no pyroelectric effects are present at constant temperature, changes in CV and EIS 

response of the PEC at 20 oC vs. 50 oC can be attributed to a “thermal” response of the cell. A 

small change in ESR is observed with increasing temperature, from an average of 24 Ω at 20 oC 
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to an average of 26 Ω at 50 oC (averages taken across multiple cells; Figure 2d plots one set of 

measurements per temperature condition). While the ESR of a supercapacitor is well known to 

decrease with increasing temperature, experimental reports with activated carbon electrodes have 

demonstrated that this change is most significant at temperatures below 25 oC. Above 25 oC, 

there is less variation in ESR, including some up-down fluctuations, such that the small change 

observed here is not unexpected.19 As PEC cell temperature increases from 20oC to 50oC, the 

Warburg impedance phase angle decreases below 45°. This represents a change from semi-

infinite diffusion to finite-length diffusion.20 This is due to the increase in diffusion coefficient, 

decrease in electrolyte viscosity, and increase in ion mobility as the cell temperature increases.21-

23 Average PEC capacitance increases slightly with temperature, from 3.2 mF at 20 oC to 3.8 mF 

at 50 oC, in agreement with published results24 (Figure 2e). 

COMSOL simulation parameters for poled PVDF-BT, unpoled PVDF-BT, and Celgard 

3501 cells were established using resistance and capacitance values obtained from CV and EIS 

measurements of these cells at 20 oC and 50 oC. Using empirical R and C parameters, good 

agreement was obtained between simulated CV and EIS curves and experimental measurements, 

with <5% difference in the case of CV curves (Figure 2d, e). Based on this comparison, the 

COMSOL model was deemed to have good predictive capabilities of PEC cell behavior over the 

temperature and voltage ranges to be examined in variable-temperature simulations of ion flux 

and pyroelectric cell charging/discharging phenomenon.
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Figure 2. a) Schematic of PEC device of this work, composed of copper current collectors, 

graphite electrodes, and a pyroelectrically active PVDF-BT separator. b) SEM cross-section of 

the porous PVDF-BT separator. Reproduced with permission.13 Copyright 2023, Elsevier. c) 

PEC test cell immersed in a water bath for temperature-controlled experiments. d) PEC 

experimental and simulated EIS measurements at cell temperatures of 20 oC and 50 °C. e) PEC 

experimental and simulated CV measurements at cell temperatures of 20 and 50 °C for 250 mV 

and 400 mV sweep ranges (PVDF-BT separator used in (d) and (e)).
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3.2 Variable Temperature Response: Amperometry 

We first explored the response of the PEC to changes in temperature with time (i.e., dT/dt) 

through a series of amperometry tests. Amperometry tests were conducted by applying a constant 

voltage of 50 mV or 120 mV across the cell and measuring the resulting current through the cell 

as the temperature was ramped up and down. As illustrated in Figure 3a, when a voltage is 

applied to the cell, cations are driven from anode to cathode by the applied electric field Ea and 

the resulting current external to the cell, i, is measured. The effective impedance of the electrode, 

double layer, and electrolyte is temperature dependent, as characterized in the previous section. 

Thus, even without the pyroelectric separator, the measured current will change with changing 

temperature. In addition to this basic cell thermal response, the pyroelectric separator will induce 

an electric field across the separator (shown as Es in Figure 3a) in response to a change in 

temperature. If the cell is heating and the separator is in the cathode-facing orientation, this 

electric field will be in the same direction as the externally applied driving voltage. Thus, the 

pyroelectric separator will aid the flow of positive ions from anode to cathode relative to the 

basic cell thermal response. The effect of the pyroelectric separator will be to increase the 

measured current. If the orientation of the separator is flipped to be anode-facing, we expect the 

opposite effect, i.e., the pyroelectric separator will impede ion flow. Likewise, if the separator is 

first cooled rather than heated, we expect Es to flip direction. We validated the expected PEC 

behavior by: 1) comparing the thermal response of a cell with a non-PVDF, non-pyroelectric 

separator (Celgard 3501) to the PEC with the pyroelectric PVDF-BT separator, 2) comparing the 

thermal response of a cell with an unpoled PVDF-BT (i.e., non-pyroelectric) separator to the 

response of a PEC with a poled PVDF-BT separator in both anode- and cathode-facing 
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orientations, and 3) simulating the PEC and observing changes in ion concentration as a result of 

changing temperature.

We first compared a PEC with an active PVDF-BT separator to a PEC with a commercial 

Celgard separator (Figure 3b-d). During this amperometric testing, each cell was held at 50 mV, 

the cells were subject to a 20-30-20 oC thermal cycle, and the resulting current through the cell 

was measured. Values are reported as the ratio of current under temperature excitation to the 

resting state current (designated "Current Ratio (µA/µA)" in Figure 3b-d). The use of a current 

ratio accounts for the difference in pre-cycling equilibrium current between Celgard and PVDF-

BT cells arising from the different separator materials. The Celgard cell showed an increase of 

35% comparing the resting current to the current at the maximum temperature of 30 °C. This 

serves as a measure of the basic thermal response of a supercapacitor of the same construction as 

the PEC. When a pyroactive PVDF-BT served as the separator, the current increased by 155% 

from the resting current to the current at 30 °C (Figure 3b). This behavior confirms that the cell 

with the PVDF-BT separator has a larger response to temperature. In addition to the 20-30-20 °C 

temperature cycle, we subjected both the Celgard and PVDF-BT cells to a 20-50-20 °C 

temperature cycle (Figure 3c) and a 20-10-20 °C temperature cycle (Figure 3d). As expected, 

when the cells are cycled through a higher temperature, the measured current increases in rough 

proportion to the increase in temperature (i.e., ΔT is tripled and the increase in current ratio is 

also approximately tripled for both cell types). When the cells are first cooled rather than heated, 

the measured current drops and then returns to the resting state upon reheating to 20 °C, again 

following expectations. The measured current ratio for the PVDF-BT cell drops more than for 

the Celgard cell, indicating an enhanced effect from the pyroelectric separator. 
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Figure 3. a) Schematic of the proposed PEC function during amperometry. In this ‘cathode-

facing’ orientation, when heated the separator will create an electric field Es driving negative 

ions towards the anode and positive ions towards the cathode. b-d) PVDF-BT pyroelectrically 

active separator vs. Celgard cell amperometric testing. Change in amperometric current vs. the 

value at rest for the Celgard and PVDF-BT cells during b) a heating cycle from 20-30-20 oC, c) a 

heating cycle from 20-50-20 °C, d) and a cooling cycle from 20-10-20 °C.
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To further examine the expected PEC behavior with changing temperature, amperometric 

tests were conducted with the PEC separator in two different orientations: anode-facing and 

cathode-facing (Figure 4). We expect that changing the separator orientation will reverse the 

effect of the pyroelectric separator. Specifically, during heating with the separator in the cathode-

facing orientation (Figure 4a) we expect the separator to drive more positive ions to the cathode 

and more negative ions to the anode, thus increasing the measured current relative to a cell with a 

non-pyroelectric separator. Conversely, during heating with the separator in the anode-facing 

orientation (Figure 4b), we expect the separator to drive more negative ions to the cathode and 

more positive ions to the anode, thus decreasing the measured current. Referring to Figure 4c-d, 

during cooling with the separator in the cathode-facing orientation, we expect the separator to 

hinder current flow (Figure 4c). During cooling with the separator in the anode-facing 

orientation, we expect the separator to aid current flow (Figure 4d). For these tests, the baseline 

thermal response for comparison was gathered from a PEC with an unpoled PVDF-BT separator. 

Experiments were conducted at 120 mV for a heating cycle from 20-50-20 °C and the resulting 

current was measured (Figure 4e-f). In this case, the current values are reported as an additive 

deviation (i.e., Δi) from the resting current rather than a current ratio because the resting current 

for cells containing unpoled or poled PVDF-BT separators is similar.

Figure 4e shows the experimental response of the PEC. Curves are shown for both anode- 

and cathode-facing orientations and for the cell with the unpoled PVDF-BT separator, labeled as 

the thermal response. As expected, in the cathode-facing orientation, the measured current 

increase exceeds the thermal response (an increase of 14.6 µA compared to 10 µA for the 

thermal response). In the anode-facing orientation, the measured current increase is less than the 

thermal response (an increase of 4.2 µA compared to 10 µA). Note that during these tests, the 
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pyroelectric-induced electric field across the separator increases from an initial value of zero to 

its maximum (or minimum, depending on orientation) value at 50 °C and reduces back to zero on 

the return path to 20 °C. This behavior is consistent with Equation 2. The electric field does not 

change direction when the cell shifts from heating to cooling, but simply decreases back to zero. 

To confirm that the behavior shown in Figure 4e is not an experimental artifact, we 

performed simulations of the same test (Figure 4f). Similar to the experimental results, during 

heating, the PEC in the cathode-facing orientation drew more current than the thermal response. 

In the anode-facing orientation, the PEC drew less current than the thermal response. Although 

the effect in the simulation is a little larger in magnitude than in the experimental results, the 

ratio of change is about the same with the cathode-facing orientation requiring about 40% more 

current than the thermal response and the anode-facing orientation requiring about half the extra 

current to maintain the same voltage. Differences in magnitude between experimental and 

simulated current values are attributed to thermal and electrochemical losses not accounted for in 

the idealized simulations.

If the PEC is first cooled from its resting state and then heated back up to its resting state, 

we expect the induced electric field to be in the opposite direction compared to the case in which 

it is first heated from a resting state (see Figure 4a,c). Additionally, the impedance of the 

electrode – double layer – electrolyte will increase. Thus, we expect a reduced current flow for 

the base thermal response (i.e., unpoled PVDF-BT separator). To validate this behavior, we ran 

the same amperometry tests (i.e., at 120 mV) with the cell cooled from 20 °C to 10 °C and then 

heated back to 20 °C (see Figure 5). The experimental results show the expected behavior with 

thermal response drawing 5.3 µA less current at 10 °C than at resting state, the cathode-facing 
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separator drawing 6.9 µA less current, and the anode-facing separator drawing only 4.7 µA less 

current. Furthermore, the simulated results (Figure 5b) match the experimental behavior well.
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Figure 4. a-d) Schematics of the PEC function during amperometry for the heating and cooling 

portions of the temperature cycle for both orientations of the PVDF-BT separator, where Es is the 

electric field from the separator, and Ea is the field provided by the potentiostat. a) ‘Cathode-

facing’ orientation with heating: the separator will create an electric field driving negative ions 

towards the anode. b) ‘Anode-facing’ orientation with heating: negative ions will be driven to the 

cathode. c) ‘Cathode-facing’ orientation with cooling: the direction of ion flow is reversed 
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compared to (a). The separator is driving negative ions towards the cathode. d) ‘Anode-facing’ 

orientation with cooling: the separator is now driving negative ions towards the anode. e-f) 

Experimental (e) and simulated (f) amperometric testing for a 20-50-20 °C thermal cycle for the 

anode-facing (anode-f) and cathode-facing (cathode-f) separator orientations. The thermal 

response is that of a non-pyroelectrically active PVDF-BT separator in the PEC.
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Figure 5. Experimental (a) and simulated (b) amperometric testing for a cooling cycle from 20-

10-20 °C of the same PECs as in Figure 4. The effect on amperometric current for each 

orientation reverses compared to the heating cycle.
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To further explore PEC physics during amperometric tests, we simulated the SO4
2- ion 

concentration at different locations within the cell for the anode-facing, cathode-facing, and 

thermal separator responses for the 20-50-20 °C thermal cycle. The schematic in Figure 6 shows 

the simulated ion concentration profiles from the separator to the anode during heating from 20 

°C to 50 °C and cooling back to 20 °C. During the heating phase, ions move away from the 

separator and into the electrolyte and double layer regions. Within the electrolyte and double 

layer, we observe an increasing concentration with temperature. The anode-facing orientation 

exhibits a lower SO4
2-  concentration and magnitude of change than the thermal response. The 

cathode-facing orientation exhibits a greater concentration and larger change compared to the 

thermal response. This behavior is consistent with the theory of operation in which the 

pyroelectric separator aids (cathode-facing orientation) or hinders (anode-facing orientation) 

anion flow toward the anode upon heating. At the inner Helmholtz plane, we observe a small 

change in ion concentration with temperature for all three simulations. This follows from the 

theory of the inner Helmholtz plane being set mostly by the ions within the cell and not the cell 

conditions specifically. The amperometric voltage holds this inner layer relatively stable 

throughout the heating phase. The mean anion concentration from separator to anode is shown 

by the dashed vertical lines in Figure 6. Note that all orientations exhibit an increase in the mean 

concentration with increasing temperature. This is consistent with increased current flow at 

elevated temperatures. The cathode-facing orientation shows a higher mean concentration 

relative to the anode-facing configuration, indicative of the increased current the PEC draws 

during the experimental amperometry results of Figure 4e. These results demonstrate the effect 

of the pyroelectric separator on ion movement during amperometry, where, for a given direction 
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of applied voltage, the movement of ions is either increased or decreased depending on the 

separator orientation.
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Figure 6. Geometric representation of the change in concentration of SO4
2- ions with 

temperature during the simulated 20-50-20 °C amperometric testing of Figure 4. Separator 

orientations are as defined previously. At each temperature the concentration from the separator 

(top) to the anode surface (bottom) is shown. The average concentration for each state 

throughout the entire region is shown numerically and as a dashed line. Note that distances are 

not to scale (see Figure S5 for detailed simulation layout information).
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3.3 Variable Temperature Response: Open Circuit Potential

OCP measurements were conducted to investigate the self-charging behavior of the PEC when 

subject to temperature fluctuations with time. Prior to heating or cooling, the cell is at rest with 

no pyroelectric field. With heating, the polarization of the separator decreases, inducing an 

electric field E that drives cations from the anode to the cathode, raising the OCP of the cell 

(Figure 7a). With cooling, the opposite effect occurs. 

Figure 7b provides experimental and simulation results for PVDF-BT cell OCP with 

anode- vs. cathode-facing separator orientations. The cell was subject to sequential 20-30-20 °C 

temperature cycles in both experiment and simulation. As shown in Figure 7b experimental 

results, the cell can be heated or cooled without a rest period between thermal cycles. The extent 

to which heating or cooling changes the OCP of the pyroelectric cell, and whether this change is 

positive or negative, depends on the separator orientation with respect to the cell anode or 

cathode. Differing from the observed phenomena during amperometry, here anode-facing and 

cathode-facing separator orientations will move the OCP in opposite directions instead of 

impacting current. Since the cell is symmetric, the direction of the pyroelectric field within the 

separator will move ions in different directions causing a positive or negative net change in OCP. 

This result is confirmed through COMSOL simulations, where the only difference between 

cathode-facing and anode-facing cells is the separator orientation. With both orientations, the 

OCP of the pyroelectric cell does not return to its at-rest value when the cell returns to its resting 

temperature. This is due to hysteresis in the structure of the electrochemical double layer arising 

from heating vs. cooling phases of a thermal cycle. Thus, it is possible to continuously increase 

(or decrease) the OCP with repeated applications of a thermal cycle. COMSOL simulations 

predict a larger net change in OCP after five thermal cycles than observed experimentally. This 
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may be due to leakage current in the experimental cell causing self-discharge, which is neglected 

in the idealized simulation. In the cathode-facing experiment, the OCP stabilized 0.65 mV higher 

than the at-rest value after four cycles. In the cathode-facing simulation, the OCP increased by 

3.3 mV after five cycles (Figure 7b). When the anode-facing orientation is applied, the 

experimental OCP decreases by -0.5 mV from the at-rest value vs. the simulated OCP change of 

-3.5 mV. Simulation and experimental results both show a decreasing net cycle-to-cycle change 

in OCP with each successive thermal cycle (cathode-facing and anode-facing orientation). We 

propose that this is due to capacitive nature of charging the electrochemical double layer. While 

the pyroelectric field remains constant for each thermal cycle, additional energy is needed to 

populate the double layer as the cell potential increases (Equation 4).

The OCP of a non-pyroelectric cell also fluctuates with heating and cooling, primarily 

due to changes in ESR and double layer capacitance with temperature. However, the cell returns 

to near its at-rest potential at the completion of a thermal cycle (assuming no irreversible changes 

to the cell have occurred). COMSOL simulations of a Celgard 3501 cell confirm this expected 

result (Figure 7c). Over five simulated 20-30-20 oC temperature cycles, the OCP of the Celgard 

cell fluctuates with temperature, however there is a net 0 mV change in potential over each 

thermal cycle. While the experimental Celgard cell does not perfectly return to 0 mV as in the 

simulation, this is expected due to small (mV) fluctuations in OCP that occur over time with real 

cells, as well as charge redistribution effects that arise from thermal cycling.

COMSOL simulations were used to explore the effect of heating and cooling rate on PEC 

self-charging. The pyroelectric field and total energy generated by the separator is proportional 

to dT, as described by Equation 2. If the PEC is subject to thermal cycles with the same T1 -T2-T1 

end points but varying dT/dt, we expect differences in cell OCP vs. time but the same net ΔOCP. 
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Simulation results in Figure 7d partially confirm this prediction, with minor differences in ΔOCP 

observed between the tests. PVDF-BT cells were simulated over a 20-30-20 oC thermal cycle at 

1x, 2x, and 0.5x the dT/dt rate presented in Figure 7b. These rates correspond to a peak ΔOCP of 

6.11 mV, 6.22 mV, and 6.02 mV, respectively. Post-cycling, the 2x rate returned to a slightly 

greater OCP than the 1x rate, which returned to a greater OCP than the 0.5x rate. The difference 

in peak and post-cycling cell OCP with increasing dT/dt is likely due to the electric field 

requirements of charging the electrochemical double layer. With greater dT/dt, and subsequently 

greater pyroelectric field, electrolyte ions are subject to a greater electromotive force that can 

overcome Coulombic repulsions, effectively filling the double layer with more densely packed 

ions and resulting in a greater cell voltage. Supporting Information Figure S7 provides a 

comparison of two experimental single-cycle OCP tests at heating rates corresponding to 1x 

dT/dt and 2x dT/dt rates in Figure 7d. The experiment results show similar net ΔOCP for the two 

heating rates, supporting our theory of operation.
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Figure 7. a) Schematic of the predicted ion behavior due to the pyroelectrically-induced electric 

field in OCP conditions. b) Experimental and simulated changes in OCP for both orientations of 

the separator over the heating cycles. c) For comparison, the symmetric response of the non-

pyroactive Celgard cell under the heating cycles, with no prolonged change in cell OCP seen 

upon returning to rest state. d) Simulated response of single-cycle OCP testing at different 

heating rates. The reported 20-30-20 °C heating rate is defined as the 1x rate, with 2x and 0.5x 

this rate simulated for comparison.
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3.4 Outlook and Applications

The PEC is well-suited to IoT applications where consistent thermal cycling is present, including 

transportation and smart agriculture. Significant dT/dt gradients are experienced by, e.g.: an 

airplane cargo hold during transport (ΔT ~ 50 oC);25 metallic built environment structures 

exposed to direct sunlight (e.g. playground equipment, ΔT ~ 70 oC);26 and vehicle exhaust 

components from start-up to operation (ΔT ~ 190-790 oC).27 In a typical IoT system, 

approximately 50 to 500 µJ per thermal cycle will enable a single measurement and data 

transmission event.28-31 For a broadly applicable benchmark, we use 100 µJ/cm2 as a “useful” 

amount of energy for low-power IoT purposes. 

To estimate the utility of the PEC, we calculated theoretical energy density (µJ/cm2) per 

thermal cycle as a function of ΔT for various pyroelectric separator materials and compared the 

results with IoT energy requirements and experimental measurements obtained in this work. 

Theoretical energy density per unit area (U/A) generated by the pyroelectric element and stored 

in the PEC is calculated using Equation 5, derived from Equation 2 and the relationship for the 

energy stored in a capacitor:

                                                       (5)
𝑈
𝐴 = 𝜂(ℎ(𝜌Δ𝑇)2

2𝜀 )
where ρ, ε, and h are the pyroelectric coefficient, dielectric constant, and thickness of the 

separator, respectively. The coefficient η represents the conversion efficiency of pyroelectric 

energy to stored electrochemical energy in the PEC. Figure 8 plots Equation 5 for two 

pyroelectric materials (lead zirconate titanate, PZT, and PVDF-BT) and several values of 

conversion efficiency. Average single-cycle energy values obtained during experimental OCP 

heating cycles were 2.51 µJ/cm2 for the 20-30-20 °C cycle and 12.3 µJ/cm2 for the 20-50-20 °C 

cycle (calculated using Equation 4). These values, plotted as data points in Figure 8, correspond 
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to an η value of 17% for the PVDF-BT separator. Single-cycle energy values for COMSOL 

simulation OCP results, also plotted in Figure 8, correspond to an η value of 37%. Both 

COMSOL simulation and experimental data points align well with the Equation 5 model. The 

shaded region in Figure 8 represents the optimization potential of PEC. With improvements in 

conversion efficiency, pyroelectric material selection, and expanded ΔT range of operation, the 

PEC is capable of meeting and/or surpassing the IoT target. 

Supporting Information Table S3 compares PEC energy harvesting and storage results 

achieved in this work with other self-charging power cells reported to-date. Even at the current 

performance, the average power harvested from the PEC is comparable to that of other self-

charging devices. Supporting Information Table S4 provides comparison with other thermal 

energy harvesting techniques for added context. Supercapacitor self-discharge through leakage 

current is a well-known phenomenon with a significant temperature dependence. A preliminary 

analysis of the expected effects of leakage current on PEC devices is discussed in the Supporting 

Information. The results provide confidence in the PEC's ability to achieve a net charge with 

thermal cycling in the presence of leakage current. With future iterations of PEC materials and 

refined cell construction, it is expected that workable environmental temperature ranges for PEC 

integration in IoT systems quickly become viable. Furthermore, as the PEC can be charged in 

heating or cooling mode depending on the separator orientation, there are opportunities to reduce 

leakage current through self-charging applications at reduced temperatures. 
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Figure 8. Single-cycle energy density of the PEC plotted as a function of temperature change. 

Experimentally measured and simulated PEC energy densities (circle and diamond points, 

respectively) are shown alongside theoretical energy density values calculated using Equation 5. 

The shaded blue region of the plot represents the optimization potential of the PEC, as compared 

to a 100 µJ/cm2 IoT target.
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Conclusion

The PEC is a novel device concept for the direct conversion of thermal energy to stored 

electrochemical energy. PEC theory-of-operation is based on a change in polarization of the 

pyroelectric separator producing an electric field internal to the cell which drives ion movement 

across the cell. Experimental and simulation results validate the expected change in PEC current 

or voltage response depending on the magnitude and direction of dT/dt, and the orientation of the 

pyroelectric separator relative to the cell anode and cathode. Based on an analysis of application 

targets and thermal energy availability, we propose that an optimized and well-constructed PEC 

has the potential to harvest enough energy to supply IoT devices with 100 µJ/cm2. This energy 

could be harvested and stored each thermal cycle in circumstances where ΔT is < 60 °C, safely 

below the device limit and a low enough thermal change to make application areas abundant.
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