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HIGHLIGHTS

PEC harvesters exhibit high

energy density at low frequency

Optimization of PEC harvesters is

challenging without standardized

metrics

A unifying framework is proposed

to quantify PEC devices for

optimal performance
Piezoelectrochemical (PEC) materials use the coupling of mechanical and

electrochemical energy to harvest low-frequency mechanical energy, which is

possible even in systems such as commercial lithium-ion pouch cells. However, as

it is relatively recently discovered in the literature, there has yet to be significant

standardization for comparing the efficacy of different PEC harvesters. This article

seeks to rectify this problem and proposes several metrics to consistently compare

these harvesters, in hopes that using thesemetrics will enable the design of better-

quality harvesters.
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Context & Scale

Increasing demand for low-energy

sources for microelectronics

requires energy harvesters that

can squeeze energy from ambient

sources in the environment.

Mechanical energy harvesting has

long been a promising ambient

energy source, but most

conventional mechanical energy

harvesters are low in energy

density and do not operate

effectively below 1 Hz. However,

mechanical energy harvesters

called piezoelectrochemical or

mechano-electrochemical

harvesters provide high

theoretical energy density and the
SUMMARY

Mechanical micro-energy harvesting is a promising technology that
could provide energy to small-scale sensors and other microelec-
tronics without the need for traditional power sources. One such
mechanism, called the piezoelectrochemical (PEC) effect, is of
particular interest because many PEC systems have higher theoret-
ical energy densities than other mechanical energy harvesters. This
energy-harvesting mechanism has been demonstrated in multiple
systems, including commonly used electrodes for lithium-ion batte-
ries. However, due to the large variety of materials, it is difficult to
consistently compare the utility of PEC systems, which makes the se-
lection and optimization of PEC energy harvesters challenging.
Here, we propose using figures of merit including short-circuit cur-
rent (DISCÞ, open-circuit voltage (DVOCÞ; fill factor (FF), and efficiency
(hEC ), which provide a unifying scheme to quantify the performance
of different PEC systems. We experimentally validate this approach
and demonstrate ways to increase voltage and current outputs of
these harvesters.
potential to tap low-frequency

mechanical vibrations that cannot

be utilized by other mechanical

harvesters. Such devices are not

commercially viable at this time,

but by developing metrics to

characterize the efficacy of new

piezoelectrochemical harvesters,

one can create a framework for

selection and optimization

leading to improved

piezoelectrochemical systems.
INTRODUCTION

Mechanical energy harvesting converts mechanical energy into a usable electro-

chemical micro-energy source that could potentially power microelectronics or sen-

sors.1–4 However, conventional mechanical energy harvesting materials, including

piezoelectrics,3,4 typically do not perform well at low frequencies of less than 1 Hz

and are usually low-energy density. Nonetheless, there are a number of ambient me-

chanical energy sources that have frequencies of less than 1 Hz,3,5,6 which cannot be

harvested easily by conventional mechanical harvesters. Therefore, there is a desire

for high-energy-dense, low-frequency mechanical energy harvesters. A recently

identified mechanical micro-energy-harvesting mechanism, called the piezoelectro-

chemical (PEC) effect, is used in one such harvester.5–18 PEC systems, also known as

mechano-electrochemical systems or strain energy harvesters, among other names,

have higher theoretical energy densities and much lower harvesting frequencies

than other mechanical energy harvesters.5 This makes them ideal for harvesting ap-

plications that require higher energy densities and lower frequencies than piezoelec-

trics can provide.

Piezoelectric harvesters require the crystal structure of the material to be changed,

creating permanent dipoles that create an electric field.3,4 Whereas in mechano-

electrochemical devices, it is believed that applying stress changes the thermody-

namic equilibrium state of the material, which drives ion flux to return the system

to equilibrium.5,10 Therefore, the chemical potential of the mobile ions in a PEC
Joule 4, 1893–1906, September 16, 2020 ª 2020 Elsevier Inc. 1893

http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2020.07.019&domain=pdf


ll
Report
material is coupled to mechanical stress, allowing direct conversion of mechanical

energy to electrochemical potential. An example of a PEC material is graphite

with intercalated mobile ions: as stress is applied, the potential of the intercalated

ions changes, making it favorable for ions to move to reach equilibrium. The high

theoretical energy density and slow harvesting frequencies of PEC materials are

due to the energy-dense faradic reactions and relatively slow kinetic transport of

these mobile ions.5 PEC materials are characterized by a significant volume change

during an electrochemical reaction.

As such, it is technically possible that any material that undergoes a volume change

during an electrochemical process would be a PEC material. However, in practice,

only a fewmaterials that harvest energy in this fashion have been evaluated in recent

literature.5–18 Experimental demonstrations of this effect have been reported in

lithium-cobalt-oxide-graphite,5,7,8 sodium-phosphorus,6 lithium-carbon,9 lithium-

silicon,10,11 and lithium-aluminum systems,12 among others. Our group has previ-

ously demonstrated that commercially available lithium-ion pouch cells exhibit this

effect and can be used in an energy-harvesting cycle by mechanically loading and

unloading the cells.5,7,8,15 The voltage and current outputs of these harvesters are

not high enough for most practical energy-harvesting applications. Significant

work needs to be done to design a practical harvester that can be commercially

viable. The materials that have been tested so far are likely only a small subset of ma-

terials that exhibit this effect and might not be the most effective PEC harvesters

possible. For a more systematic search for better PEC harvesters with higher current

and voltage outputs, better guidelines are required on how to compare new and ex-

isting PEC harvesters.

Still, there is currently no standardized way to compare the energy-harvesting

effectiveness of different PEC systems. To address this, we propose figures of

merit to compare the performance of different mechano-electrochemical energy

harvesters. We derive these figures of merit for PEC systems from the results from

our system of commercially available pouch cells, where both the lithium cobalt

oxide (LCO) and graphite are PEC materials. Then using these metrics, we compare

existing literature values and show that PEC systems, without substantial optimiza-

tion, are already competitive with piezoelectric systems in terms of normalized

energy density. We propose additional parameters analogous to photovoltaic

metrics that characterize these systems under practical operating conditions.

Finally, we experimentally demonstrate how we can improve the voltage and current

output of our pouch cell harvesters by connecting multiple cells together in series or

parallel.
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RESULTS AND DISCUSSION

Deriving Figures of Merit for PEC Systems

To compare mechanical energy harvesters, we begin with figures of merit such as

open-circuit voltage (VOC ) and short-circuit current (ISC ), which are typically used to

characterize energy harvesters like photovoltaic systems and are commonly reported

for piezoelectric and PEC systems. Open-circuit voltage is the highest voltage the

cell can achieve, and short-circuit current is the current output of the cell at zero

voltage, and these values are used in photovoltaics to directly compare systems.

For mechano-electrochemical harvesters, we need to define the voltage and current

outputs of the PEC effect as the change in potential and current as opposed to the

nominal outputs. This way, we can isolate the open-circuit voltage and short-circuit

current responses due to added stress from the electrochemical reactions inherent
1894 Joule 4, 1893–1906, September 16, 2020
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to the harvester. However, unlike photovoltaic systems, there are no standardized

experimental testing conditions to characterize the performance of a mechanical

harvester. Therefore, to reliably compare open-circuit voltage and short-circuit cur-

rent outputs, we need to account for the input mechanical work.

Previous research has suggested a coupling factor K , which linearly relates the sys-

tem’s change in potential DU0 with applied stressDs.5,7 Previously, this coupling fac-

tor was defined as an effective change in voltage with respect to stress, but this fac-

tor was dependent on many variables5,7,15:

Keff ðSOC;SOH;R;f; f Þ = DU0

Ds
(Equation 1)

With this effective coupling factor, state of charge (SOC) and state of health (SOH) of

the cell, frequency f , and external resistances R used to measure signal will all affect

the coupling factor, in addition tomaterial parameters f. We would like to isolate the

effect of material parameters f to determine which PECmaterial system is better. To

do this we fix SOC and SOH of the system, andmodify the open-circuit voltage figure

of merit and define the open-circuit coupling factor, KOC , as the change in open-cir-

cuit voltage with respect to stress:

KOCðfÞ = DVOC

Ds
(Equation 2)

Note that this is still a function of SOC and SOH, but in this paper, we assume

that researchers have chosen the optimal SOC and SOH when they present

their harvesters, as some papers mention the SOC of their device.11,12 This coupling

factor is not a function of frequency because there is no ion mobility at open-circuit

voltage, so ion kinetics are not at play. This figure of merit quantifies the maximum

voltage output per unit of the stress of a PEC system and could be used to determine

whether the system can provide enough voltage for a specific application.

It has also been shown that current outputs of mechano-electrochemical harvesters

are proportional to the applied stress,6,11 so to compare between different experi-

mental setups, a similar current density coupling factor is needed. We propose a

short-circuit current coupling factor GSC ; which correlates the change in short-circuit

current density DJSC (DISC=A) with applied stress Ds, where A is the active area of the

harvester:

GSCðf ;fÞ = DJSC
Ds

(Equation 3)

As stress is applied, the current peaks and then decays to zero as the system equil-

ibrates.19 Short-circuit current density DJSC is defined from the peak current value

DISC (see Figure 1). Note that this is still a function of frequency due to ion kinetics,

but here, we make a simplifying assumption that harvesting frequency is sufficiently

slow enough for the short-circuit current to fully decay to zero. In our system, we have

made sure that the frequency is low enough for the short-circuit current to decay to

zero, but other systems6,12,17 operated at too fast a frequency for this to be true.

However, the dependence of DISC on frequency is still unknown, so we do not yet

have the tools to account for frequency; hence this assumption is needed.

While short-circuit current and open-circuit voltage outputs are important for the

operation of a device, we usually want to compare power and energy densities for

micro-energy sources to determine their usefulness as a harvester. Mechano-electro-

chemical systems6,11–13,17 sometimes define a theoretical power output as the prod-

uct of the short-circuit current and open-circuit voltage. Even though the actual
Joule 4, 1893–1906, September 16, 2020 1895
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Figure 1. Current and Voltage Measurement Method for PEC Harvesters

(A) Schematic of a commercial pouch cell, connected to a potentiostat and compressed by an

Instron.

(B) Profile of the Instron-applied stress for a single cycle at 120 mHz.

(C) The current output of a single harvesting cycle (positive current corresponding to being under

stress). FWHM (tw ) and peak current DISC are labeled.

(D) Open-circuit voltage output of a single cycle. The voltage difference DV is with reference to

initial open-circuit voltage. The change in open-circuit voltage with stress, DVOC , is also labeled.
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power density of the device must be lower than this product due to loss and

inefficiency, this theoretical power output is a good first approximation for

comparing the performance of different devices. Following this logic, we can calcu-

late a normalized theoretical peak power density Lth using the two coupling factors,

calculated as:

Lth =
DJSCDVOC

Ds2
=GSCKOC (Equation 4)

This normalized peak power density signifies how quickly the system can charge

or discharge per unit of stress squared. Like all energy storage devices, there is a

trade-off between power and energy density; it is expected that PEC systems would

have poor power density but good energy density due to their low operating

frequencies.

To estimate normalized energy density per half-cycle, we use the normalized theo-

retical peak power density Lth multiplied by an estimated decay time. This decay

time is a measure of how quickly the current decays to zero as the cell equilibrates

and is related to the differential voltage of the system.8,19 In principle, we could

use the decay rate to calculate energy density; most papers only report a full-
1896 Joule 4, 1893–1906, September 16, 2020
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width-half-max (FWHM) of the short-circuit current, which we will call tw , and use this

to estimate energy density:

Eh =
DJSCDVOCtw

Ds2
=GSCKOCtw (Equation 5)

This is not the theoretical maximum energy per half-cycle, because using tw as a

decay time will not equal the area under the current-time curve, but it works as an

approximation. This figure of merit will tell us the amount of charge the system

can store, normalized by stress squared. A higher normalized energy density corre-

sponds to a system that will provide power to a system for a longer period of time,

meaning the system can harvest very low-frequency vibrations. If a system can oper-

ate at low stresses, this normalized energy density will be larger. This could be useful

for many low-stress applications.

To measure these figures of merit for our system, we used an Instron compressive

testing machine to uniaxially compress commercially available LCO and graphite

pouch cells, as depicted in Figure 1A. The cells were cyclically compressed from

0 to 13 MPa at a frequency of 120 mHz (about 2.3 hours per cycle), and the corre-

sponding short-circuit current or open-circuit voltage response of the cells was

measured using a potentiostat. A single cycle of the applied stress profile is plotted

in Figure 1B. A characteristic single cycle output of the short-circuit current is plotted

in Figure 1C. We have defined the sign convention of the current such that an in-

crease in compressive stress corresponds to an increase of current. Because the cur-

rent response to stress and the release of stress is symmetric, the peak current (DISC )

was taken as half the peak-to-peak current, even though most literature reports the

full peak-to-peak values. We found there is a slight asymmetry between the positive

and negative peaks, likely due to instrumentation internal resistances, which is why

we take the entire peak-to-peak range and divide by two (see Figure S2). Addition-

ally, as depicted in Figure 1C, the FWHM can also be found for each current

response (labeled as tw ). A larger FWHM means that the harvester can operate in

lower frequencies and will result in a higher Eh. Finally, a characteristic single cycle

for an open-circuit measurement is plotted in Figure 1D, where the y axis represents

the change in open-circuit voltage. We define the open-circuit voltage response

here not as the nominal open-circuit of the battery (around 3.7 V) but as the change

in open-circuit voltage due to the application of stress. The voltage response is not

symmetric with stress, so the entire peak-to-peak voltage difference is taken as the

change in open-circuit voltage due to stress (DVOC ). To account for expected varia-

tions between pouch cells, we averaged DVOC and DISC for at least three cells.

Now, we can quantify the performance of our pouch cell harvester using our derived

figures of merit. For our system, DVOC = 1:4G0:11 mV and DISC = 2:53G0:077 mA

(plus or minus a standard deviation). Given an applied stress of Ds= 13 MPa, the

open-circuit voltage coupling factor is KOCðLiyCoO2;LixC6Þ = 0:107 mV
MPa. The short-

circuit current coupling factor for our cells is GSC = 1:85 mA
cm2MPa (for our cells, A =

105 cm2, which is the approximate area of the jelly-rolled cathode). Therefore, the

normalized theoretical peak power density is 0:199 nW
cm2MPa2

. The FWHM of ISC is

tw = 300G20 s, so our harvester has a normalized energy density of 59:6 nJ
cm2MPa2

.

Comparing Low-Frequency Mechanical Harvesters Using Figures of Merit

With these figures of merit, we can now compare our system to a selection of other

mechanical energy harvesters.6,11–13,17,20–24 Table 1 presents only a subset of PEC

harvesters6,11–13,17 reported in the literature because not all mechano-electrochem-

ical harvesters report the required data to calculate the figures of merit.9,10,14,16,18 A
Joule 4, 1893–1906, September 16, 2020 1897



Table 1. Comparison of Selected PEC and Piezoelectric Harvesters Using PEC Figures of Merit

Systema f (Hz) A
ðcm2Þ

s (MPa) tw (s) GSC�
mA

cm2MPa

� KOC�
mV

MPa

� Lth�
nW

cm2MPa2

� Eh�
nJ

cm2MPa2

�

LiyCoO2=
LixC6

b
120e-6 105 13 300 1.85 0.107 0.199 59.6

NaxBP
6 0.005 2.25 0.2 100c 2.25 50.0 113 11,300

LixSi
11 0.07 0.63 81d 3 0.179 0.278 0.0498 0.149

LixAl
12 0.05 1 0.2 10c 4.00 45.0 180 1,800

Ionic diode13 0.014 4.52 0.25 5 2.72 28.0 76.2 381

Prussian blue17 0.05 4.5 530d 10c 0.0519 0.037 0.00192 0.0192

PMN-PT20 0.3 2.89 479 0.1e 0.0722 34.2 2.47 0.247

ZnO21 0.3 3 40 0.1e 4.17e-4 100 0.0417 0.00417

BaTiO3
22 2 1 1 0.1e 0.25 1.00e4 2,500 250

PVDF23 5 1.22 0.0052 0.1e 0.0158 3.84e4 549 54.9

PZT24 0.3 0.01 243 0.1e 0.494 39.2 19.4 1.94

The first six harvesters are PEC; the last five are piezoelectric.
aNot all PEC harvesters are compiled here; just the ones which reported DVOC , DISC , and s.
bResults from this paper.
cFWHM is defined as the total time stress was applied, but it might be higher if the device was operated at a slower frequency.
dStress is hydrostatic stress, not uniaxial.
eFor all piezoelectric systems, it is assumed tw = 0:1.11
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selection of piezoelectric harvesters that can operate under 10 Hz are also

compared.20–24 For papers that reported multiple device performances, the device

in which the applied stress could be calculated was chosen. The detailed calculations

for each system and all assumptions made are reported in the Supplemental Infor-

mation (see Note S1).

In addition to the figures of merit, other important parameters are included in Table

1, such as active area A and applied stress s: Also reported is the harvesting fre-

quency f , which is calculated as the inverse of the total cycle time, which gives an

idea of how low a frequency is at which this harvester is known to operate. However,

this frequency might not be the lowest frequency possible for operation, so to get an

idea for how low frequency the harvester can be, the FWHM of the short-circuit cur-

rent is also reported (tw ). Figures of merit GSC , KOC , Lth; and Eh reported in Table 1

are normalized to a single harvester. Because PEC harvesters must have two elec-

trodes to work for ion movement, but piezoelectric harvesters typically only have

one, the voltage outputs of the piezoelectric harvesters were scaled by a factor of

2 for a fair comparison.

As seen in Table 1, PEC systems, due to their higher FWHM values, can operate at

much lower frequencies than piezoelectrics. Piezoelectric systems typically have

higher KOC and lower GSC than PEC systems, indicating that PEC systems can outper-

form piezoelectric systems in normalized current density but need to be further opti-

mized before they can compete with normalized voltage outputs. Since the stress

needed to operate PEC systems is usually lower, normalized peak power density for

PEC systems can be competitive with some piezoelectric systems, even though the

actual peak power densities are much lower. Normalized half-cycle energy density,

as expected due to higher theoretical energy densities, is typically higher for PEC sys-

tems than for piezoelectric systems. These results further highlight that PEC systems

can fill a niche of low-frequency, high-energy-dense mechanical harvesters.
1898 Joule 4, 1893–1906, September 16, 2020
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Our system has the highest reported FWHM and lowest harvesting frequency, but it

does not perform as well in terms of energy density compared to other PEC har-

vesters. This is not surprising because LCO and graphite pouch cells are optimized

for use as a battery, not for use as a mechanical harvester. A pouch cell is a well-stud-

ied, quality-assured system that produces a measurable PEC effect reliably and

reproducibly, and as such is a good model system for this study. Nonetheless, the

cells have a particularly low KOC , which is as expected because the voltage coupling

factor should correlate to the amount of expansion of the electrode during an elec-

trochemical reaction,5,7,15 and graphite and LCO have relatively low expansions,5,25

which is more favorable for battery operation. Additionally, it is likely that the poly-

meric components in the pouch cell dissipate most of the mechanical energy7,8 so

the effective stress felt on the active materials might be much lower.

Comparing PEC harvesters, we can see that the decay rate of the short-circuit current

(represented by the inverse of FWHM here) makes a major difference in the resulting

energy density. This supports the claim that PEC harvesters need to maximize both

coupling factors and minimize the decay rate.5,15 However, there are not enough ex-

isting mechano-electrochemical harvesters to use these metrics to suggest new and

better materials for researchers to try. We hope that as more researchers use these

figures of merit to characterize their new harvesters, the field can gain insight into

how to design and optimize better PEC energy harvesters.

Measuring the IV Curve for LCO and Graphite Pouch Cells

While these metrics use commonly reported information to compare mechanical

harvesters’ performance, they do not fully characterize the actual performance of

the device under actual energy harvesting. To transfer power, harvesters will not op-

erate at a open-circuit voltage (where there is no current flow) or short-circuit current

(where voltage is zero) and instead will need to transfer charge across some finite

impedance. Commercially viable harvesters might try to maximize power transfer

by using impedance matching, which minimizes signal reflection from the load.

Other applications might have external loads that are higher or lower impedances

than the device impedance or even have impedances that change with time. A

PEC harvester will not perform the same for different impedances, so it is important

to understand how the system outputs will vary given any external load. To charac-

terize the performance of our system under realistic operating conditions, we can

look at another photovoltaic figure of merit called the fill factor (FF), which describes

how the current and voltage outputs of the cell change with resistive loads.

FF is defined as the ratio of max power output to max theoretical power output

(short-circuit current multiplied by open-circuit voltage). To calculate FF, photovol-

taic systems measure an IV curve, which describes the change in current output with

applied voltage bias. Graphically speaking, the FF is a measure of how square the IV

curve of the system is (ideally, the system canmaintain the short-circuit current at any

applied voltage less than VOC ). Any deviation from a square indicates that, at that

resistive load, the harvester’s performance will be less than ideal; thus FF is a mea-

sure of the quality of the harvester. The max power output reported for PEC systems

is usually theoretical max power, and not actual max power, which does not give any

information on how the systemwill perform under realistic loads. Here, wemeasure a

FF for our PEC harvester.

Mechanical energy harvesters must measure discrete points along an IV curve,

instead of continuously changing the voltage bias, because the voltage and current

outputs change with time. By using different-valued resistors (or applying different
Joule 4, 1893–1906, September 16, 2020 1899
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Figure 2. Measurement of an IV Curve for PEC Harvesters

(A) Current responses from representative half-cycles for each resistor.

(B) IV curve, with voltages calculated from Ohm’s law. Colors on the potentiostatic measurements correspond to the resistors in 2A. Open-circuit

voltage is marked as a triangle. Error bars mark plus or minus a standard deviation.

(C) The average charge per half-cycle, with corresponding resistor colors and standard deviation error bars.

(D) Average FWHMs at each resistance, with standard deviation. Open-circuit voltage is not included because it did not appreciably decay.

(E) Average peak power, with standard deviation.

(F) Average energy per half-cycle, with standard deviation.
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current densities), which is analogous to putting a variable load on our harvester, we

can approximate an IV curve. We soldered the positive terminal of our pouch cells to

a resistor R with a value of 0.01, 0.1, 0.44, 1.1, 10, or 1,000 U. Using the same stress

profile plotted in Figure 1B, we compressed the cells and the current response of the

cells IR was measured potentiostatically. The peak current for each resistor DIR was

defined similarly to DISC as the half peak-to-peak current.

A typical half-cycle current response with different resistors is plotted in Figure 2A

(see Figure S2 for the full current response). As expected, different resistors yield

different DIR values and different decay rates. From the peak current outputs DIR
the corresponding voltage output was calculated from Ohm’s law (DVR = DIRRÞ.
The resulting IV curve is shown in Figure 2B (each point’s color corresponds to the

color of the resistor labeled in Figure 2A). The error bars represent plus or minus

the standard deviation of multiple cycles and multiple cells to account for the ex-

pected variation between pouch cells. Open-circuit voltage DVOC is the only point

on this curve that was measured in open-circuit mode, so it is marked separately

in Figure 2B. The discrepancy between DVOC and the voltage outputs for the larger

resistors is due to an effect of frequency. To understand why DV1;000U is lower than

DVOC , we need to look at the charge of each half-cycle (calculated as the numerical

integral of the current overtime) plotted in Figure 2C. It has been shown that the ex-

tracted charge from each cell should be the same, regardless of the resistor.8 This is

only true if we allow infinite time. From Figure 2C, we can see that the extracted
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charge of the higher-valued resistors is much less than the extracted charge from the

lower resistors, and this is likely responsible for the lower current outputs for these

resistors. The full effect of frequency, however, requires further study.

To estimate the decay rate, the FWHMof each resistance is plotted in Figure 2D. The

higher resistances (10 and 1,000 U) decayed too slowly for the half max to be

reached; so FWHM for these resistances was just defined as the half-cycle time,

even though it would likely bemuch higher. The lower resistors are able to decay suf-

ficiently within the 120 mHz frequency. Finally, the peak power output of a half-cycle

(calculated as PR = DI2RR) and the total energy per half-cycle (calculated as the nu-

merical integral of power over time) is plotted in Figures 2E and 2F (open-circuit

voltage is excluded because the power and energy are zero). See Figure S5 for

peak power plotted against a load (as is customary for piezoelectric harvesters).

The max peak power, from Figure 2E, is 0.99 mW, so using DISC = 2:53 mA and

DVOC = 1:4 mV, we calculate that the FF for these cells is 28%. This FF is significantly

lower than most commercial silicon photovoltaic systems (which usually have at least

a FF of 80%26). While the theoretical limit of FF for silicon photovoltaics is known,26

the limit for PEC systems is not known, meaning we cannot determine whether a FF

of 28% indicates a harvester approaching the limits of quality or one that requires

more optimization. So FF can be used as a comparison of the relative quality be-

tween different PEC systems. It is still important to quantify because it will indicate

how the system will perform under different loads.

While ideal power output is important for photovoltaic systems and piezoelectric

systems, which have high power densities, PEC systems will primarily operate in en-

ergy density applications, so we also need to look at the energy performance of the

system under realistic operating conditions. We can define an energy conversion ef-

ficiency (hEC ) that is analogous to the power conversion efficiency of photovoltaic

systems and is the ratio of max energy per cycle to the input net mechanical energy

per cycle. Note that this efficiency is distinct from the idealized bending energy ef-

ficiency that some harvesters report.6,11 This idealized bending efficiency compares

the ratio of the hydrostatic strain to the total strain energy as a function of Poisson’s

ratio. However, the efficiency we are proposing actually compares the input me-

chanical energy to the output electrochemical energy, as this is the more relevant

conversion efficiency for the system9 and is analogous to the k2 metric used for

piezoelectric harvesters.27 This efficiency reveals the practicality of the system:

how much energy one can get out for a given input energy.

For our pouch cells, the max energy per cycle is 0.844 mJ (twice the max energy per

half-cycle in Figure 2F). We measure that the net mechanical work done by the Ins-

tron onto the pouch cell is 0.85 J for a full cycle (see Note S5 and Figure S4). There-

fore, our energy conversion efficiency is 0.1%. Expected values for similar pouch cell

systems range from 0.01 to 0.2 %.5,8 For a similar LCO/graphite system at a faster

frequency, the conversion efficiency was 0.01 %,8 which suggests that frequency

has a significant impact on the efficiency of the system. While these efficiencies

are very low, it is important to keep in mind that a pouch cell is not an optimized sys-

tem, as discussed earlier, and most of the input mechanical energy is likely dissi-

pated in the non-active components of the pouch cell. A more optimized system

would be able to withstand higher stresses, have higher coupling factors, and

have minimal non-active material. What efficiencies an ideal system could reach is

unknown—a thermodynamic limit for this process has not yet been derived. Due

to the high possible efficiencies of Faradaic processes, the limit is expected to be
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orders of magnitude higher than what we achieve with a pouch cell. Regardless, the

relatively low efficiency of these pouch cells indicates that there is the opportunity

for significant optimization of these systems.

A summary of all proposed figures of merit is shown in Figure 3. As can be seen in

Figure 3A, Lth is the upper limit to the possible max peak power (Pmax ). Though

Lth is a still good approximation to compare different harvesters, FF is very impor-

tant because it reveals how close the system is to ideal power production. Similarly,

in Figure 3B, Eh can estimate themaximum energy per half-cycle (note it is not neces-

sarily an upper-bound because the decay rate might be slower than 1/tw ). To really

characterize the practicality of the harvester, conversion efficiency hEC is needed to

tell how close the harvester is to ideal energy production.

A system could have high normalized current and voltage outputs and still not be

commercially viable if its performance changes drastically with impedance. Both

hEC and FF are very low for our system, which is further confirmation of the conclu-

sions from Table 1 that a pouch cell is not the best PEC energy harvester. Regardless,

we can still use these pouch cell systems to study the PEC effect because they are

convenient, have factory-level quality, and are easily combined into multiple config-

urations. As we show below, one can combine multiple pouch cells together to

obtain higher device-wide current and voltage outputs than the fundamental mate-

rial properties recorded in Table 1, which are normalized to a single harvester.
Combining PEC Harvesters in Series and Parallel Increases Voltage and

Current

It has been speculated that the voltage output of mechano-electrochemical

harvesters should add in a series configuration,12 much like the voltages of serial-

connected cells do (which has also been demonstrated in some piezoelectric

devices24). Similarly, the current output of the harvesters should add in parallel.

This has not yet been shown experimentally in PEC systems, so here, we demonstrate

the effects of serial and parallel connections on DISC and DVOC with our pouch

cells. Note that it is vital to choose reference cells with a large enough capacity so

that the current output of these harvesters is not limited. The parallel- and series-con-

nected cells were two cells with the appropriate terminals shorted against one
1902 Joule 4, 1893–1906, September 16, 2020
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another, with the potentiostat acting as an infinite capacity reservoir (in place of refer-

ence cells) to maximize current output.

Figure 4A plots five characteristic cycles of short-circuit current of a single cell

compared to two cells connected in series or parallel (the first cycle is excluded

because it is a formation cycle). Note that the coupling factors GSC and KOC are

the same as in Table 1 because they are defined as coupling factors for a single sys-

tem. However, the nominal current and voltage outputs are different in this setup. As

expected, we see an improvement in DISC for the parallel setup over a single cell or

series setup. Similarly, Figure 4B plots five characteristic cycles of the change in

open-circuit voltage of the three configurations. Once again, as expected, we see

the voltage increases with a series setup compared to a single cell or parallel setup.

To quantify how much a series or parallel connection raises the outputs, Table 2

shows the average (with standard deviation) DISC and DVOC for each configuration.

The average FWHM for each is also tabulated (with standard deviation). Note that

these standard deviations represent deviations within a single experiment, and

not typical deviations between different pouch cells (see Figure S3).

With two cells in parallel, we get nearly double theDISC output compared to single or

series configurations. Similarly, with two cells in series, we get double the DVOC

(within instrument error) compared to single or parallel. As seen in Table 1, PEC sys-

tems tend to have low KOC ; which limits their possible power densities. Table 2 indi-

cates that PEC devices can overcome the problem of a low nominal voltage output if

enough systems were connected in series. Also, cells connected in parallel have a

larger FWHM (tw ), which indicates that systems in parallel could harvest even lower

frequency mechanical vibrations and reach even higher energy densities.
Joule 4, 1893–1906, September 16, 2020 1903



Table 2. Comparison of the Performance of a Single Working Cell to Two Working Cells

Connected in Series or Parallel

Configuration DISC (mA) DVOC (mV) FWHM (s)

Single 2:58G0:028 1:48G0:057 290G31

Parallel 4:05G0:038 1:52G0:087 370G52

Series 2:89G0:018 2:94G0:17 240G31
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Altogether, this proves promising because as higher KOC andGSC mechano-electro-

chemical systems are developed, serial and parallel connections will enable these

devices to be viable for low-frequency mechanical-energy-harvesting applications.

Conclusions

Conventional mechanical energy harvesters such as piezoelectrics can provide

low-energy sources to microelectronics by converting high-frequency mechanical

vibrations to electrochemical energy at low-energy densities. Conversely, PEC energy

harvesters can capture very low-frequency vibrations at high energy densities, but the

current and voltage outputs are not yet comparable to other mechanical energy

harvesters. To select and optimize mechano-electrochemical systems so that they

become competitivewith othermechanical harvesters, we needmetrics to evaluate their

applicability. Although photovoltaic figures of merit give us guidance on how to charac-

terize PEC harvesters, we need to account for other experimental factors that affect PEC

systems. To provide amethodology to consistently compare differentmechano-electro-

chemical harvesters, we propose the following parameters: coupling factors GSC and

KOC , and normalized power and energy densities (Lth and Eh),FF and energy conversion

efficiency ðhECÞ. FF and efficiency are especially important parameters as they determine

the efficacy of the PEC harvester under realistic operating conditions. We find that even

our system, though not optimized, demonstrates the very low operating frequencies

(tw = 300 s) and high energy densities (Eh = 59:6 nJ
cm2MPa2

) that make PEC systems

desirable mechanical energy harvesters. We believe that more optimized PEC systems

might be commercially viable for low-energy applications, especially if serial and parallel

connections are used.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to the Lead Con-

tact, Craig B. Arnold (cbarnold@princeton.edu).

Materials Availability

This work did not generate new unique reagents.

Data and Code Availability

This work did not generate or analyze any datasets or codes.

Pouch Cell Preparation

Commercially available LCO and graphite 500-mAh pouch cells (GMB Power�

652535) were used for these experiments. It has been shown that there is an optimal

SOC for energy harvesting7,9 due to the highly nonlinear rate of expansion of the

electrodes during lithiation.25,28–30 To select the SOC for the pouch cells, we fol-

lowed the procedure outlined in previous work15,19 by measuring the differential

expansion and differential voltage of the pouch cells (see Figure S1). The highest

harvested energy corresponds to a high differential expansion and low differential
1904 Joule 4, 1893–1906, September 16, 2020
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voltage. The SOC of the cells was chosen to be 12.5%. Cells were initially charge-

cycled twice, and then after a rest step of at least 12 h, fully discharged, and then

charged at a constant current of 50 mA (C/10) for 4,500 s to reach the selected

SOC. Then, after another rest step of 12 h to allow for charge equilibration, the

resistor was soldered to the positive terminal of the cell. Electrochemical measure-

ments were performed with a 1287a Solartron potentiostat. The current output of

the cells under compression was measured potentiostatically. Additionally, short-

circuit current and open-circuit voltage outputs were measured with no added

resistor.
Applied Stress Profile

The pouch cells weremechanically compressed in cycles using a compressive testing

machine (Instron� 5969). The maximum stress placed on the cells was 13 MPa, even

though a higher stress would have yielded a higher voltage.5,7 Limiting the stress

prevents mechanical failure of the polymer separator due to shorting and battery ca-

pacity fade due to the reduced pore size of a compressed separator.31,32 A mechan-

ical loading frequency of 120 mHz was used, with a mechanical loading and unload-

ing rate of 13 MPa/min. For each experiment, three to six cycles were applied to the

pouch cell, and three different cells were measured at each resistance, to account for

the expected variation between different pouch cells.
Parallel and Series Preparation

After charging, two working cells were connected in series or parallel, and the charge

between the two was allowed to stabilize for at least 12 h. Then both cells were com-

pressed in the Instron, and short-circuit current or open-circuit voltage was

measured with the potentiostat.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
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