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Varying Power Generation in Ultra Low-Frequency Mechanical
Energy Harvesting of Piezoelectrochemical Materials
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Piezoelectrochemical (PEC) materials convert mechanical energy into electrochemical energy through Faradaic charge transfer, al-
lowing energy harvesting at very low frequencies. Electric power is generated through micro-Hz cyclical compression of commercially
available lithium-ion batteries with varying PEC effects. Difference in power generation between different PEC systems is analyzed
based on standard charge/discharge curve and the relationship between the coupling of mechanical stress and voltage. This study
experimentally demonstrates the varying energy converting properties between three different types of PEC systems and explores an
important parameter space for controlling power generation behavior in ultra-low-frequency mechanical energy harvesting of PEC
materials.
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Energy harvesting from nonconventional sources is increasingly
important for applications such as portable electronics and micro-
devices, where a physical connection to a traditional power source
is impractical.1,2 As a solution, energy harvesting through conversion
of ambient mechanical energy to electrical energy has been explored in
a variety of material systems such as piezoelectric,3,4 flexoelectric,5,6

electrokinetic7,8 or triboelectric.9,10 While these materials are most
effective for relatively high vibrational frequency (∼20–100 Hz) ap-
plications, they have limitations in the low-frequency regime (less than
5Hz).

To overcome this limitation, few developments have been made
from a new class of materials that exhibit piezoelectrochemical (PEC)
phenomena.11–13 The PEC effect converts mechanical energy into elec-
trochemical energy and vice versa through a volume change as a result
of an electrochemical reaction. The volume change associated with the
PEC effect leads to a variation in energy harvesting properties that de-
pend on electrochemical potential or state of charge (SOC) of the PEC
material. An increased understanding of the volume changing mechan-
ical properties in regards to the electrochemical potential behavior can
help find better ways to convert mechanical energy into electrochem-
ical energy for energy harvesting. In addition, the high energy density
associated with Faradaic charge transfer enable PEC materials to pro-
duce orders of magnitude more energy per volume than conventional
mechanical energy harvesters at very low frequencies.14 Recent devel-
opments in PEC energy harvesting show promising results however,
they lack studies in the diversity of PEC materials or overlook the
feasibility of PEC energy harvesting over an extended period of time
for applications where power-output control is required.11–13

In this paper we use various PEC material systems and characterize
their energy harvesting behavior. From three different types of PEC
cells, we investigate the relationship between the coupling of mechan-
ical stress and voltage, at varying SOCs. We cyclically compress the
cells at ultra-low frequencies and analyze the generated electric power
output. The results give new insights to optimizing the PEC energy
harvesting process for varying power consumption requirements and
selecting the optimal PEC materials.

Experimental

To harvest mechanical energy, we use an experimental setup as
illustrated in Figure 1a. The choice of our setup is based on our pre-
vious work14 that eliminates the electrode material constraint and the
need for an external circuitry. The setup uses a thermodynamic cycle
equivalent model for harvesting energy and no other form of energy
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was applied to the setup other than mechanical forces to complete
the cycle. The setup consists of two PEC energy harvesting cells con-
nected together, initially at an identical electrochemical state, with
cyclic-mechanical stress applied to the working cell (Figure 1b). The
PEC energy harvesting cells are comprised of ion intercalating and
deintercalating electrodes separated by electrolyte-soaked membrane
that can drive ion flux from mechanical strain to create chemical po-
tential (voltage) difference. When mechanical stress σ is applied to
the working cell, voltage of the working cell increases due to the cou-
pling between mechanical stress and electrochemical potential. Next,
in order to achieve electrochemical equilibrium in the connected cells,
current starts flowing from the working cell to the reference cell. The
generated current flow is measured with a potentiostat across a resistor
in the form of voltage. Similarly, when the applied stress is released,
the voltage of the working cell decreases and the current flow is re-
versed, which completes one cycle.

Cell characterization.—Three varying types of commercially
available lithium-ion pouch cells were used for the experiment. The
first type of lithium-ion pouch cells is 500-mAh cells with lithium
cobalt oxide (LiCoO2) cathode and graphite (LiC6) anode, referred to
as LCO/Graphite in the text. The second type is 1200-mAh cells with
lithium nickel manganese cobalt oxide (LiNiMnCoO2) cathode and
silicon (LiSi) anode, referred to as NMC/Si in the text. The third type
is 1100-mAh cells with lithium phosphate iron (LiFePO4) cathode
and graphite (LiC6) anode, referred to as LFP/Graphite in the text. For
differential expansion and differential voltage analysis in Figure 3, all
cells are initially characterized at a 0.05C charge-rate with a voltage
range of 2.75−4.2V for LCO/Graphite cells, 2.5−4.2V for NMC/Si
cells and 2.3−3.65V for LFP/Graphite cells respectively. The coupling
factor as a function of SOC in Figure 3a is determined by measuring the
expansion of each cell with a linear variable differential transformer
(LVDT) sensor in a universal compression testing machine (Instron
5969) and converting the units into mV/MPa using the relationship in
Equation 1.

Energy harvesting cycling.—The desired initial state of charge
(SOC) or voltage is selected based on the process described in the paper
to maximize the energy yield.14 The cells are charged and set to the
same voltage by connecting the two cells in a parallel configuration.
The cells are then configured into the dual-cell harvester configuration
by shorting the positive terminals together and joining the negative
terminals with a 10-� resistor (which is approximately impedance
matched with the harvester) to simulate an electrical load. The voltage
across the 10-� resistor is monitored and confirmed to exhibit a stable
0 V output (indicative of no power output) for 4 hours. A cyclic 27.8-
μHz compressive stress square wave is applied to a single cell of the
couple using a universal compression testing machine (Instron 5969)
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Figure 1. Energy harvesting study with PEC cells. (a) Schematic of the energy harvesting experimental setup. Cathodes of the working cell and the reference
cell are connected and a 10-� resistor load is connected in between the anodes. The initial voltage of the coupled cell across the resistor is 0 mV and the voltage
difference occurring from the mechanical work is recorded with a potentiostat. (b) Stress vs. time plot of mechanical load applied to the working cell. For every
cycle 5 hours of constant 8-MPa load is applied to the working cell with the Instron. 10 hours per cycle (5 hours loaded and 5 hours unloaded) refers to a cycling
frequency of 27.8 μHz. (c) Schematic of the experiment setup for coupling factor measurement; the expansion of each cell is measured with an Instron while
charging at a rate of 0.05C. (d) Energy harvesting thermodynamic plot of voltage vs charge, depicting the energy harvesting procedure. During process i (mechanical
load step) and iii (mechanical unload step), a voltage difference of Κ�σ is generated. During steps ii and iv, energy is dissipated across the resistor to estimate the
amount of energy.

containing spherically seated platens to maintain good alignment. 8-
MPa of load is chosen to avoid damaging the cell. Stresses in excess
of 20 MPa have been shown to result in internal shorting and general
mechanical damage in the cells due to separator deformation.15 During
mechanical cycling, the voltage across the resistor is monitored with
a potentiostat (Solartron 1287a) and used to determine the electrical
output of the harvester.

Results and Discussion

To demonstrate the varying behavior of PEC energy harvesting,
we consider the following. First, studies have demonstrated that elec-
trochemical strain response depends on the potential or capacity of
the electrodes with a few lithium-ion cell materials.16,17 To quantify
this response, Cannarella et al. proposed a PEC coupling factor K that
relates the change in applied stress σ and chemical potential Uo, which
can also be expressed in terms of the mechanical strain ɛ produced from
an electrochemical reaction involving volumetric charge qv

14. Schiffer
et al. further performed a theoretical study on the PEC energy conver-
sion efficiency through an electric-circuit analysis.18 Based on these
studies we can include a material dependent PEC coupling-efficiency
γ(M) to acquire Equation 1.

Ke f f = γ (M ) Ko [1]

where Ke f f = ∂Uo

∂σ
, Ko = ∂ε

∂qv

This relationship shows the coupling between stress and voltage as
a consequence of the work of mechanical expansion due to the electro-
chemical motion of charged species. The original coupling constant Ko

becomes an important parameter in the choice of PEC materials, which
can be determined experimentally by using a compression testing ma-
chine to measure strain during a standard charge/discharge process
(Figure 1c). The effective coupling constant Keff is ultimately deter-
mined experimentally by measuring the generated voltage from the
energy harvesting configuration. Keff is related to Ko by a factor γ(M)
which includes the PEC material dependent conversion efficiency be-
tween the mechanical work and the electrochemical work along with
any inefficiency occurring during energy conversion into electric work
in the experiment setup.

Second, we consider standard electrochemical charge/discharge
curves as another influential factor in choosing PEC materials for en-
ergy harvesting. The curve determines how the generated current flows
in and out from a PEC material. The slower the change in the voltage,
the longer the current will flow to reach an electrochemical potential
equilibrium, which will result in an extended power output.

Last, prior to the energy harvesting cycling experiment we deter-
mine the SOC values that can maximize the energy yield through a
mathematical analysis of the energy harvesting process.14 We per-
form the analysis from a thermodynamic point of view to calculate
the single-cycle energy density output (Figure 1d). In step i, 8-MPa
of stress σ is applied to the working cell. Due to PEC coupling the
voltage of the working cell increases by Κ�σ. In this step, reversible
mechanical work is done on the working cell due to elastic deforma-
tion. In step ii, the working cell is discharged by �qv, resulting in
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Figure 2. Characteristics of three off-the-shelf lithium ion pouch batteries (a) Lattice structures of the four electrode materials: lithium cobalt oxide cathode
(LixCoO2), lithium iron phosphate cathode (LixFePO4), graphite (LixC6) and silicon (LixSi). (b) experimental voltage vs. state of charge (SOC) plot.

a standard discharge behavior of decreasing voltage measured in the
form of electric work. In step iii, the applied stress is released which
causes a decrease in cell voltage by K�σ and represents reversible
mechanical work done by the working cell. In step iv, the cell re-
turns to the original voltage and strain due to charging of the working
cell by �qv, and the cycle is completed. This thermodynamic cycle
will result in net electrical work, as indicated by the area bound by
the curve in Figure 1d which represents a single-cycle energy density
output. Under the current experimental setup all harvested energy is
dissipated across the resistor as it is being harvested and thus after a
full mechano-electrochemical cycle, the cells maintain their original
SOCs prior to the cycling process. The generated voltage measured
across the resistor is then used to determine the amount of energy that
has been harvested.

In sum, both the PEC coupling behavior and the standard
charge/discharge electrochemical behavior should be fully explored
to select the PEC materials, and the energy yield can be maximized
by applying a higher stress σ and optimizing the SOC value through
the thermodynamic mathematical analysis. We expect a larger har-
vested energy density to be associated with materials with a high cou-
pling constant and a longer power generation for materials with a flat
charge/discharge voltage curve.

Accordingly, three types of commercial lithium ion pouch
cells were chosen with electrodes that exhibit varying strain and
charge/discharge properties during lithium insertion and de-insertion.
The first type of cell is composed of a lithium cobalt oxide cathode
(LCO) and a graphite anode. Lithium cobalt oxide is a common cath-
ode material with a unique volume expansion property during charging
of the battery.19 Despite lithium de-insertion during charging, lattice
constant of LCO increases due to the repulsion of oxygen atom sheets
as they get closer from delithiation.20 Meanwhile, graphite experiences
a volume expansion of around 10% during lithium insertion.21 The
second type of cell is composed of a lithium nickel manganese cobalt
oxide cathode (NMC) and a silicon (Si) anode. Si changes its struc-
ture more drastically than graphite which results in a larger volume
expansion up to 400%22,23 making volume change in the NMC elec-
trode negligible. In addition, Si electrode batteries have been shown
to exhibit a steeper voltage characteristic curve.24 The third type is
composed of a lithium iron phosphate cathode (LFP) and a graphite
anode. LFP exhibits a flat voltage characteristic curve representing
a distinct two-phase transition25 and delithiation from LFP induces
a 6.81% volume reduction.26 Figure 2a shows lattice structures of
the four electrodes (LCO, LFP, graphite, Si) and the plots in Fig-
ure 2b shows the different charge curves experimentally measured for
the three types of cells chosen, corresponding well with the studies
mentioned.24–26

Experimentally determined values of Ko and differential voltage
for the three types of cells are plotted in Figure 3. Largest Ko val-
ues were acquired for NMC/Si cells corresponding to the large vol-
ume expansion of silicon as shown in Figure 3a. For LCO/Graphite
and LFP/Graphite cells, the plots show a similar trend due to the ex-
pansion from graphite. However, the Ko values for LFP/Graphite are
smaller demonstrating the contraction of LFP during delithiation, in
contrary to the expansion of LCO. The characteristics features of a
charge/discharge curve are represented in a differential voltage ( dV

dQ )
vs. SOC plot as shown in Figure 3b. The flat voltage characteristic
curve of LFP/Graphite gives rise to the lowest ( dV

dQ ) values, represent-
ing the slowest change in voltage during charge or discharge. From the
observations of the Ko value and the differential voltage ( dV

dQ ), we ex-
pect the largest voltage to be generated with NMC/Si cells and a longer
time of current flow with LFP/Graphite cells. Finally, the SOC values
that maximize the energy yield according to the mathematical analysis
were SOC of 10% for LCO/Graphite cells, 30% for LFP/Graphite cells
and 46% for Si/NMC cells. The SOCs corresponding to voltages at
which the cells were cycled are marked with yellow circles in Figure 3.

We compare the 4-consecutive-cycle energy-harvesting experi-
ment result from the three cells in Figure 4 and we present a sum-
mary of the important experiment data in Table I. Despite the fact that
the Ko values for the NMC/Si cells are higher in general, the high-
est Ko value at the experimental SOC (marked with yellow circles
in Figure 3a) belongs to the LCO/Graphite cells. Therefore, we ex-
pect the largest voltage to be generated with the LCO/Graphite cells
and this was confirmed by the highest generated-voltage peak from
the LCO/Graphite cells in Figure 4a, also shown with the highest Ko

and Keff values in Table I. By comparing the differential voltage ( dV
dQ )

values at which the cells were cycled at marked by yellow circles in
Figure 3b, we expect the most extended time of current flow with
the LFP/Graphite cells. This was demonstrated by the slowest drop
in the generated power in Figure 4b. The slowest power drop for the
LFP/Graphite cells can also be observed from the smallest variance
between the peak power and the average power Table I. The generated
power was calculated using P = V2/R. The power for NMC/Si drops
the fastest and is completely depleted relatively soon after the harvest-
ing process begins. This is shown by the fastest drop in the generated
power in Figure 4b and from the largest variance between the peak
power and the average power in Table I. From these results, we confirm
that PEC materials with higher Ko values generate higher peak power,
whereas materials with smaller ( dV

dQ ) values result in a more uniform
power output. Furthermore, the highest PEC coupling efficiency γ(M)
was acquired with the LCO/Graphite cells. We hypothesize that the
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Figure 3. Cell characteristic comparison plots of NMC/Si, LFP/Graphite and LCO/Graphite cells. (a) Experimental coupling factor, Ko vs. SOC plot. (b)
Experimental differential voltage

( dV
dQ

)
vs. SOC plot. Yellow dots represent the voltage at which the cells were cycled for energy harvesting.

disparity between the Ko and Keff leading to different values of γ(M)
occurs from a material dependent nonlinear coupling phenomenon
suggesting that the LCO/Graphite system may have the highest PEC
effect. Other possible energy losses leading to variance in γ(M) may
occur due to unoptimized cell design, friction, heat, and other re-
sistive losses in the system from increased resistance during cell
compression.18

Conclusions

In summary, we analyzed three different types of commercial PEC
cells with varying PEC coupling and electrochemical charge/discharge
properties. Through cyclically compressing the PEC cells at low
frequencies, we report a successful conversion of mechanical en-
ergy into electrochemical energy, which is demonstrated by mea-

suring the electric power generated. We conclude that both the
PEC coupling behavior, represented by constant K, and the standard
charge/discharge electrochemical behavior, represented by differen-
tial voltage, should be fully explored to understand the energy har-
vesting process. For applications where a high initial peak power
is required, choosing PEC material systems with higher K values
is recommended, while for applications where a more consistent
supply of power is required, choosing PEC material systems with
a flatter voltage curve (i.e. smaller ( ∂V

∂Q ) values) would be benefi-
cial. Our results give new suggestions for selecting PEC materials
to optimize the energy harvesting behavior for device applications
with various power rate requirements. We hope the increased under-
standing of the PEC energy harvesting process can give new path-
ways to realizing unprecedented designs in energy harvesting device
applications.

Figure 4. PEC energy harvesting from three lithium-ion pouch cells with constant 8MPa load frequency of 27.8 μHz. Experiment result of energy harvesting.
Each step corresponding to the thermodynamic cycle in Figure 1d is shown on top of the graph. Voltage generated across the resistor load is plotted as function of
time for the three types of cells. 10 hours per cycle (5 hours loaded and 5 hours unloaded) refers to a frequency of 27.8 μHz cycling. (a) Voltage generated across
the 10-Ohm resistor vs. time. (b) Power generated vs. time. Power is calculated from data in (a).
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Table I. Summary of PEC energy harvesting result.

PEC system Ko [mV/MPa]
Average max

�Vgenerated [mV] Keff [mV/MPa] γ(M) dV
dQ [mV/mAh]

Average peak
power [nW] Average power [nW]

NMC/Si at 46% SOC 0.076 0.37 0.046 0.61 630 13.7 0.66
LFP/Graphite at 30%

SOC
0.045 0.19 0.024 0.53 91.7 3.66 0.90

LCO/Graphite at
10% SOC

0.082 0.63 0.079 0.96 382 40.8 5.05

Acknowledgments

The research described in this paper was supported by Princeton
University.

ORCID

SeungYeon Kang https://orcid.org/0000-0003-3331-3866
Craig B. Arnold https://orcid.org/0000-0002-0293-5411

References

1. K. A. Cook-Chennault, N. Thambi, and A. M. Sastry, Powering MEMS portable
devices - A review of non-regenerative and regenerative power supply systems with
special emphasis on piezoelectric energy harvesting systems. Smart Mater. Struct.,
17, (2008).

2. X. Pu, W. Hu, and Z. L. Wang, Toward Wearable Self-Charging Power Systems: The
Integration of Energy-Harvesting and Storage Devices. Small, 14, 1 (2018).

3. S. R. Anton and H. A. Sodano, A review of power harvesting from vibration using
piezoelectric materials. Smart Mater. Struct., 16, R1 (2007).

4. H. Li, C. Tian, and Z. D. Deng, Energy harvesting from low frequency applications
using piezoelectric materials. Appl. Phys. Rev., 1, (2014).

5. X. Jiang, W. Huang, and S. Zhang, Flexoelectric nano-generator: Materials, structures
and devices. Nano Energy, 2, 1079 (2013).

6. J. K. Han et al. Nanogenerators consisting of direct-grown piezoelectrics on multi-
walled carbon nanotubes using flexoelectric effects. Sci. Rep., 6, 1 (2016).

7. J. K. Moon, J. Jeong, D. Lee, and H. K. Pak, Electrical power generation by mechan-
ically modulating electrical double layers. Nat. Commun., 4, 1486 (2013).

8. P. Yang et al. Electrokinetic Supercapacitor for Simultaneous Harvesting and Storage
of Mechanical Energy. ACS Appl. Mater. Interfaces, 10, 8010 (2018).

9. C. Sano et al. Triboelectric energy harvesting with surface-charge-fixed polymer based
on ionic liquid. Sci. Technol. Adv. Mater., 19, 317 (2018).

10. S. Lee et al. Triboelectric energy harvester based on wearable textile platforms em-
ploying various surface morphologies. Nano Energy, 12, 410 (2015).

11. S. Kim et al. Electrochemically driven mechanical energy harvesting. Nat. Commun.,
7, 10146 (2016).

12. N. Muralidharan, M. Li, R. E. Carter, N. Galioto, and C. L. Pint, Ultralow Frequency
Electrochemical−Mechanical Strain Energy Harvester Using 2D Black Phosphorus
Nanosheets. ACS Energy Lett. 2, 1797 (2017).

13. E. Jacques, G. Lindbergh, D. Zenkert, S. Leijonmarck, and M. H. Kjell, Piezo-
Electrochemical Energy Harvesting with Lithium-Intercalating Carbon Fibers. ACS
Appl. Mater. Interfaces, 7, 13898 (2015).

14. J. Cannarella and C. B. Arnold, Toward Low-Frequency Mechanical Energy Har-
vesting Using Energy-Dense Piezoelectrochemical Materials. Adv. Mater., 27, 7440
(2015).

15. C. Peabody and C. B. Arnold, The role of mechanically induced separator creep in
lithium-ion battery capacity fade. J. Power Sources, 196, 8147 (2011).

16. H. Tavassol, E. M. C. Jones, N. R. Sottos, and A. A. Gewirth, Electrochemical stiff-
ness in lithium-ion batteries. Nat. Mater., 15, 1182 (2016).

17. Z. J. Schiffer, J. Cannarella, and C. B. Arnold, Strain Derivatives for Practical Charge
Rate Characterization of Lithium Ion Electrodes. J. Electrochem. Soc., 163, A427
(2016).

18. Z. J. Schiffer and C. B. Arnold, Characterization and Model of Piezoelectrochemical
Energy Harvesting Using Lithium ion Batteries. Exp. Mech., 58, 605 (2018).

19. J. N. Reimers and J. R. Dahn, Electrochemical and In Situ X-Ray Diffraction Studies
of Lithium Intercalation in LixCoO2. J. Electrochem. Soc., 139, 6 (1992).

20. A. Basch, L. De Campo, J. H. Albering, and J. W. White, Chemical delithiation and
exfoliation of LixCoO2. J. Solid State Chem., 220, 102 (2014).

21. J. R. Dahn, Phase diagram of LixC6. Phys. Rev. B, 44, (1991).
22. A. J. Louli, J. Li, S. Trussler, C. R. Fell, and J. R. Dahn, Volume, Pressure and Thick-

ness Evolution of Li-Ion Pouch Cells with Silicon-Composite Negative Electrodes.
J. Electrochem. Soc., 164, 2689 (2017).

23. W. Luo et al. Surface and interface engineering of electrode materials for lithium-ion
batteries. Adv. Eenergy Mater. Mater., 7, 1701083 (2017).

24. M. N. Obrovac and L. Christensen, Structural Changes in Silicon Anodes during
Lithium Insertion/Extraction. Electrochem. Solid-State Lett., 7, A93 (2004).

25. V. Srinivasan and J. Newman, Discharge Model for the Lithium Iron-Phosphate Elec-
trode. J. Electrochem. Soc., 151, A1517 (2004).

26. A. Yamada, S. C. Chung, and K. Hinokuma, Optimized LiFePO4 for Lithium Battery
Cathodes. J. Electrochem. Soc., 148, 224 (2001).

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 140.180.251.239Downloaded on 2019-05-29 to IP 

https://orcid.org/0000-0003-3331-3866
https://orcid.org/0000-0002-0293-5411
http://dx.doi.org/10.1088/0964-1726/17/4/043001
http://dx.doi.org/10.1002/smll.201702817
http://dx.doi.org/10.1088/0964-1726/16/3/R01
http://dx.doi.org/10.1063/1.4900845
http://dx.doi.org/10.1016/j.nanoen.2013.09.001
http://dx.doi.org/10.1038/ncomms2485
http://dx.doi.org/10.1021/acsami.7b18640
http://dx.doi.org/10.1080/14686996.2018.1448200
http://dx.doi.org/10.1016/j.nanoen.2015.01.009
http://dx.doi.org/10.1038/ncomms10146
http://dx.doi.org/10.1021/acsenergylett.7b00478
http://dx.doi.org/10.1021/acsami.5b02585
http://dx.doi.org/10.1002/adma.201502974
http://dx.doi.org/10.1016/j.jpowsour.2011.05.023
http://dx.doi.org/10.1038/nmat4708
http://dx.doi.org/10.1149/2.0091603jes
http://dx.doi.org/10.1007/s11340-017-0291-1
http://dx.doi.org/10.1149/1.2221184
http://dx.doi.org/10.1016/j.jssc.2014.08.011
http://dx.doi.org/10.1103/PhysRevB.44.9170
http://dx.doi.org/10.1149/2.1691712jes
http://dx.doi.org/10.1002/aenm.201701083
http://dx.doi.org/10.1149/1.1652421
http://dx.doi.org/10.1149/1.1785012
http://dx.doi.org/10.1149/1.1348257
http://ecsdl.org/site/terms_use

