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It is well known that heat is generated when an electric current passes through an electrical conductor.
While various applications in our daily lives and industries utilize the heating of electronic conductors,
little attention has been paid to the potential of ionic conductors for heating purposes. This is because
of the ‘‘inevitable” electrochemical reactions, which can result in unwanted electrolysis of conductors,
corrosion of electrodes, and surface fouling. This paper reports the Joule heating of ionic conductors with-
out electrochemical reactions. Electricity with a zero-phase frequency is employed to suppress the elec-
trolysis of ionic conductors at high voltages. Demonstrations with various ionic conductors, both liquids
and solids, show highly efficient energy conversion free of electrochemical reactions. This heating
method is simple, direct, fast, clean, and uniform, and it has great potential in numerous industrial
and household applications.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
When an electric current passes through an electrical conduc-
tor, it generates heat by converting electrical energy into thermal
energy. The conversion was discovered to follow Joule’s law in
1841. Since then, electrical heating has been widely used in many
aspects of our daily lives and industries, and it has been taken for
granted for centuries [1–5]. However, it must be noted that both
free electrons and ions are current carriers; therefore, there are
both electronic conductors and ionic conductors [6–11]. Interest-
ingly, Joule heating is entirely based on electronic conductors,
and minimal attention has been paid to the potential of ionic con-
ductors for heating purposes. This is because of electrolysis,
although various ionic conductors (electrolytes) have been
explored for electrochemical reactions that generate useful
chemical products, unwanted electrochemical reactions can cause
damage, such as corrosion, fouling, and contamination [12–15].
Furthermore, many electrochemical applications for chemical pro-
duction are limited to direct current (DC) and low voltage (typi-
cally < 5 V) conditions to avoid the decomposition of ionic
conductors [16–21]. It remains considerably challenging to
develop practical Joule heating with ionic conductors that is free
of electrochemical reactions.
Broadly, there are numerous types of ionic conductors in both
liquid and solid forms, including various types of water (pure
water, tap water, river water, sea water, and wastewater), ionic liq-
uids, salts, and polyelectrolytes, as well as biological ionic systems
(nerves, muscles, tissues, and body fluids). In an ionic conductor,
transportable ions serve as current carriers. The heating effect
can be observed for all the above ionic conductors and is known
as ohmic or Joule heating. However, the heating process is inevita-
bly accompanied by electrochemical reactions. In 2006, Bansal and
Chen [22] compared the heating of milk with a power supply at
two frequencies (10 kHz vs 50 Hz) and found a significant reduc-
tion in electrode corrosion and fouling for the lower frequency.
While this phenomenon has been observed, the mechanism for
the optimized frequency has not yet been elucidated.

Electrochemical reactions occur at the electrode/electrolyte
interface. Ions accumulate and concentrate to form an electric
double-layer capacitor (EDLC), which can break down (electron
transfer) given adequate time [23–26]. It is clear that the key to
suppressing electrochemical reactions is to minimize the ion con-
centration at the interfaces. This analysis inspired us to explore
the potential of heating with an alternating current (AC) in an opti-
mized frequency range.

We propose heating ionic conductors with a zero-phase fre-
quency, which is the frequency at which the phase angle of the
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heating system is close to zero. At this frequency, the ionically con-
ductive system behaves as a pure resistor [5,11,23]; ions have
insufficient time to form an EDLC, blocking electron transfer and
thus inhibiting electrochemical reactions. At the zero-phase fre-
quency, an ultrahigh voltage (> 100 V) can be applied to ionic con-
ductors, yielding a high heating power; power at the kilowatt level
was tested without any apparent electrochemical reactions. Ionic
Joule heating is simple, direct, fast, and highly efficient for energy
conversion. Both liquid and solid electrolytes, including saline
solutions, tap water (even pure water), milk, ionic liquids, hydro-
gels, ionogels, and ionic conducting ceramics, are demonstrated
in this work.

Fig. 1(a) illustrates the ionic Joule heating mechanism at a zero-
phase frequency, and Fig. 1(b) compares it to other current heating
methods based on the AC frequency range. At a low frequency
(Fig. 1(a), left), the electrolyte is heated, but ions migrate and accu-
mulate at the electrode–electrolyte interface to form an EDLC,
resulting in severe electrochemical reactions. At the zero-phase
frequency (Fig. 1(a), middle), the electrolyte is heated with mini-
mal electrochemical reactions. Because the electric field switches
very fast, ions travel back and forth over a short distance and have
insufficient time to reach the electrodes to form an EDLC, thus sup-
pressing electrochemical reactions. However, at an ultrahigh fre-
quency (Fig. 1(a), right), the movement of ions cannot match the
switching of the electric field. Consequently, dipoles start to polar-
ize and store the electrical energy, which restricts the conversion
to heat.

We studied the impedance properties of saline solutions with
various concentrations in a U-type tube with 304 steel electrodes.
As shown in Figs. 2(a) and (b), the impedance modulus (|Z|) and
phase angle (�/), respectively, greatly depended on the test fre-
quency. In the low-frequency range (from 10 Hz to 1 kHz), |Z|
decreased sharply by over an order of magnitude with increasing
frequency, and �/ decreased from over 60� to nearly 0� because
of the influence of the EDLC at the electrode–electrolyte interface.
As the frequency increased to the zero-phase region (approxi-
mately from 10 kHz to 1 MHz), the electric field began switching
very fast. The ions in the electrolyte travelled only a short distance
and had insufficient time to migrate to the electrode–electrolyte
interface to form an EDLC; that is, the ions experienced resistance
Fig. 1. Schematic of ionic Joule heating. (a) Illustration of the ionic Joule heating mechani
the AC frequency range. f: frequency; V: voltage; t: time.
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to movement. Thus, the zero-phase frequency is optimal for heat-
ing the electrolyte.

We also tested the voltage–current behavior of a 1 mol�L�1 NaCl
solution in a U-type tube at 100 kHz. The data in Fig. 2(c) show a
highly linear correlation between the resulting current and applied
voltage (R2 = 0.9999), demonstrating that the saline solution
behaved as a pure resistor at the zero-phase frequency. The volt-
ages far exceeded the theoretical decomposition onset (1.23 V) of
water. Thus, high-power heating of ionic conductors without elec-
trochemical reactions was achieved. The Joule heating behaviors of
the 1 mol�L�1 NaCl solution were compared at different frequencies
and 110 V. The solutions were heated to their boiling points, and
Figs. 2(d) and (e) show photographs of the resulting heating tubes.
At 60 Hz, severe electrochemical reactions clearly occurred. The
electrode was visibly corroded, and the solution was seriously pol-
luted. In contrast, at the zero-phase frequency (100 kHz), both the
solution (Fig. 2(d)) and electrodes (Fig. 2(e)) were clean, indicating
that no electrochemical reactions occurred. This conclusion was
verified by scanning electron microscopy (SEM) images of the
304 steel electrodes after heating (Fig. 2(f)). The electrode operated
at 100 kHz was clean, while the one at 60 Hz was dirty.

The zero-phase frequency is not universal for all ionic conduc-
tors. Many factors can affect the impedance spectra, such as the
types of electrodes and electrolyte, ion concentration, shape of
the heating device, and temperature. It must be noted that regard-
less of changes in the above factors, a frequency with a phase angle
near zero is a prerequisite for Joule heating of ionic conductors. It is
only at a zero-phase frequency that the electrochemical reactions
can be greatly suppressed. Different heating systems have different
zero-phase frequencies that must be screened in advance (see
Figs. S1 and S2 in Appendix A).

Fig. 3 shows the design and demonstration of ionic Joule heat-
ing for several liquid electrolytes. Fig. 3(a) is a schematic of a rect-
angular heating device with a 10�2 mol�L�1 NaCl heating solution
and 304 steel electrodes. The parallel electrodes help to generate
a uniform electric field. It is evident from the infrared images in
Fig. 3(b) that the heating was uniform without a noticeable tem-
perature gradient. The impedance spectrum showed that the
zero-phase of 10�2 mol�L�1 NaCl was near 10 kHz, which was sub-
sequently applied to heat the solution. The heating rate was varied
sm. (b) Comparison of ionic Joule heating to other current heating methods based on



Fig. 2. Demonstration of the ionic Joule heating method. (a) Impedance modulus and (b) phase angle spectra of NaCl aqueous solutions with various concentrations.
(c) Applied voltage versus current of the 1 mol�L�1 NaCl solution at a zero-phase frequency (100 kHz). (d, e) Photographs of the resulting heating tube and electrodes. (f) SEM
images of the electrodes after Joule heating at 100 kHz (left) and 60 Hz (right).

Fig. 3. Ionic Joule heating of liquid electrolytes. (a) Schematic of a heating device with a 10�2 mol�L�1 NaCl heating solution. (b) Infrared images of the heating solution.
(c) Heating curves at various applied voltages. (d) Current versus time at various applied voltages. (e) Schematic (upper) and infrared image (lower) of a designed wipe-type
heating device. (f) Heating curves of a flowing 1 mol�L�1 NaCl solution (307 mL�min�1) at a zero-phase frequency. (g) Schematic of a heating device designed for liquids with a
low ionic conductivity. (h) Heating curves of flowing tap water (150 lS�cm�1) at a zero-phase frequency. (i) Photograph of a designed 200 mL milk heating device.
(j) Temperature and current versus time of the milk. (k) Schematic of a chemical vessel with steel annuli serving as the electrodes and water as the medium. (l) Heating curves
of a designed ionic Joule heating device and traditional jacket-circulating water heating device.
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by changing the applied voltage (Fig. 3(a)). A high voltage resulted
in a high initial power, the heating curves were smooth, and the
heating process was easily controlled. Fig. 3(d) shows the heating
current curves. The current increased as time progressed, indicat-
ing an increasing heating power. This is because as the tempera-
ture increases, the ions in the solution can move more freely,
resulting in an increased ionic conductivity and a decreased resis-
tance. This tendency is opposite to that of electronic conductors, in
which the resistance increases and conductivity decreases with
increasing temperature. At a fixed voltage, the resistance decreases
as the temperature increases with time. Thus, the current increases
with increasing time. The heating uniformity of the ionic liquid is
also demonstrated in Fig. S3 in Appendix A.

Fig. 3(e) presents a schematic (upper) of a designed wipe-type
heating device, which was used to heat flowing liquid electrolytes.
In the demonstration, a 1 mol�L�1 NaCl solution with a flow rate of
307 mL�min�1 was heated. By simply applying a voltage through
the steel wipe electrodes, the flowing solution was directly heated,
as evident from the infrared image of the heating device. Fig. 3(f)
shows the heating curves of the output solution. Upon voltage
application, the temperature of the output solution increased to
its equilibrium temperature in seconds, and the equilibrium tem-
perature could be controlled by varying the applied voltage. This
Fig. 4. Ionic Joule heating of solid-state electrolytes. (a) Ionic Joule heating of a cylindrica
the heating was uniform. (b) Heating curve of a ceramic ionic conductor Li1.5Al0.5Ge1.5(
heating of a smart hydrogel membrane. (d) Heating curve of the smart hydrogel; the hydr
images of ionogel membranes during ionic Joule heating with different electrode config
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design has proven to be a powerful tool for flow chemistry and
engineering [27–29]. A temperature-sensitive color-change flow-
ing system is demonstrated in Fig. S4 and Movie S1 in Appendix A.

For solutions with low ionic conductivity, we designed
another flowing Joule heating device to decrease the driving volt-
age (P = U2�R�1). As shown in Figs. 3(g) and (h) and Appendix A
Fig. S5, tap water (10�4–10�5 S�cm�1) and even pure water
(10�6–10�7 S�cm�1) were successfully heated using this design,
suggesting that Joule heating can be achieved with a trace amount
of ions. The experiment reveals potential applications in kitchens,
showering, washing, and hot drinking water. Figs. 3(i) and (j)
demonstrate the heating of pure milk, which contains charged pro-
teins and inorganic salts that are also ionically conductive and pro-
vide impedance properties similar to those of saline solutions.
Heating in this system was also plausible, showing potential appli-
cations in food engineering and even direct heating of some biosys-
tems. Further developments in medical applications, such as
surgical operations, could also be anticipated where precision
heating is desired.

Heating is an important unit operation widely used in chemical
industries for both reaction and separation purposes. It is often
achieved through jacket heating, which is indirect, nonuniform,
time-consuming, and accompanied by the loss of heat via transfer.
l agar hydrogel; the infrared images indicate that the gel generated heat directly, and
PO4)3 (LAGP); inset is an infrared image during the heating process. (c) Ionic Joule
ogel became opaque when the temperature exceeded its LCST. (e) Patterned infrared
urations.
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A simple Joule heating chemical vessel was designed in this study,
which is shown in Fig. 3(k). With steel annuli serving as the elec-
trodes, the current passed through the liquid medium (water as a
model) and directly generated heat. Fig. 3(l) shows the heating
curves of the designed ionic Joule heating system versus a tradi-
tional jacket-circulating water heating system. Water in a 1 L ves-
sel was heated from 25 to 80 �C in 6 min by applying an initial
power of �500 W. The heating time was shortened by four to five
times compared to that of jacket heating. The advantages of ionic
Joule heating over traditional jacket-circulating heating would be
more profound in larger-volume heating applications. It must also
be noted that, in theory, ionic Joule heating achieves complete con-
version from electrical energy to thermal energy. A small energy
loss could be caused by the volatilization of water from open con-
tainers and vessels to the environment. Based on the energy bal-
ance, we calculated the energy conversion efficiency to be
approximately 94% in the U-tube heating experiments with the
NaCl solution.

Heating is also fundamental in material processing, which often
involves heating solids. In addition to the above liquid electrolytes,
we also demonstrated ionic Joule heating of solid-state ionic con-
ductors. Fig. 4(a) shows infrared images of a heated agar hydrogel.
The gel generated heat directly, and the heating was uniform.
Because heat convection in the gel is restricted, it is challenging
to realize uniform heating by conventional heating methods
(Movie S2 in Appendix A). Therefore, the ionic Joule heating devel-
oped in this work has a clear advantage over existing heating
methods. Fig. 4(b) shows the heating of an ionic conductive cera-
mic, Li1.5Al0.5Ge1.5(PO4)3 (LAGP). Again, heating was quick, uni-
form, and well controlled, showing great potential for ceramic
and salt processing.

The recent advent of thermally responsive polymers provides a
good opportunity to develop smart materials with on–off switching
properties, such as shape, color, strength, conductivity, and solubil-
ity. However, precise heating remains challenging. Figs. 4(c) and (d)
show the switching of a smart hydrogel membrane, assisted by
powerful ionic Joule heating. Based on the infrared images (Fig.
4(c)), the temperature distribution was clearly uniform during the
heating process. The hydrogel became opaque (Fig. 4(d)) when
the temperature exceeded its lower critical solution temperature
(LCST) (Movie S3 in Appendix A). In addition, by configuring the
electric field lines, we obtained patterned heating or precise local
heating. Fig. 4(e) shows the patterned infrared images obtained
during ionic Joule heating of ionogel membranes with different
electrode configurations (Movie S4 in Appendix A). Heat was gener-
ated from the movement of ions, which resulted from the external
electric field. Therefore, the infrared image of heating exhibited the
same configuration as that of the electric field.

A final point is that there is a fundamental difference between
this work and the work published in Nature Nanotechnology
2017. These two works are not in the same field. Dudchenko
et al. [5] used a carbon nanotube (CNT) membrane as a heating
device to heat salty water, which is traditional Joule heating using
an electronic conductor (CNT membrane) to generate heat and
then transfer the heat to salty water. The present work focused
on ionic Joule heating, in which electric current directly passes
through salty water to generate heat. In this method, the ions in
the water serve as heat generators, and the electron heat genera-
tors are eliminated.

In conclusion, by applying a zero-phase frequency, ultrahigh
voltages (> 100 V) were used to heat ionic conductors free of
noticeable electrochemical reactions, and heating powers at the
kilowatt level were obtained. Joule heating of both liquid and solid
electrolytes was demonstrated, including saline solutions, tap
water (even pure water), milk, ionic liquids, hydrogels, ionogels,
and ionically conductive ceramics. The method of ionic Joule heat-
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ing is simple, direct, fast, uniform, and clean, without energy loss
during conversion from electricity to heat. It shows great potential
in a wide range of applications, such as food processing, domestic
water heating, chemical reactions and separation, ceramic process-
ing, salt making, and even medical operations and surgeries where
precise heating is required.

Acknowledgments

This work was supported by the Program for the Guangdong
Introducing Innovative and Entrepreneurial Teams
(2017ZT07C291); Shenzhen Science and Technology Program
(KQTD20170810141424366); National Natural Science Foundation
of China (22078276 and 22005260); 2019 Special Program for Cen-
tral Government Guiding Local Science and Technology Develop-
ment: Environmental Purification Functional Materials Research
Platform, Shenzhen Key Laboratory of Advanced Materials Product
Engineering (ZDSYS20190911164401990); and China Postdoctoral
Science Foundation (2019TQ0307).

Authors’ contributions

Lei Shi conceived the idea and designed the research. Lei Shi,
Zongyi Han, and Yixuan Feng performed the experiments. Lei Shi,
Changgeng Zhang, Qi Zhang, and He Zhu analyzed and interpreted
the results. Lei Shi and Shiping Zhu drafted the manuscript, and
Shiping Zhu supervised the project, and all authors contributed
to the writing of the manuscript.

Compliance with ethics guidelines

Lei Shi, Zongyi Han, Yixuan Feng, Changgeng Zhang, Qi Zhang,
He Zhu, and Shiping Zhu declare that they have no conflict of inter-
est or financial conflicts to disclose.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eng.2022.03.004.

References

[1] Wang C, Ping W, Bai Q, Cui H, Hensleigh R, Wang R, et al. A general method to
synthesize and sinter bulk ceramics in seconds. Science 2020;368
(6490):521–6.

[2] Balandin AA. Thermal properties of graphene and nanostructured carbon
materials. Nat Mater 2011;10(8):569–81.

[3] An BW, Gwak EJ, Kim K, Kim YC, Jang J, Kim JY, et al. Stretchable, transparent
electrodes as wearable heaters using nanotrough networks of metallic glasses
with superior mechanical properties and thermal stability. Nano Lett 2016;16
(1):471–8.

[4] Zhu X, Xu Q, Li H, Liu M, Li Z, Yang K, et al. Fabrication of high-performance
silver mesh for transparent glass heaters via electric-field-driven microscale
3D printing and UV-assisted microtransfer. Adv Mater 2019;31(32):1902479.

[5] Dudchenko AV, Chen C, Cardenas A, Rolf J, Jassby D. Frequency-dependent
stability of CNT Joule heaters in ionizable media and desalination processes.
Nat Nanotechnol 2017;12(6):557–63.

[6] Keplinger C, Sun JY, Foo CC, Rothemund P, Whitesides GM, Suo Z. Stretchable,
transparent, ionic conductors. Science 2013;341(6149):984–7.

[7] Rustomji CS, Yang Y, Kim TK, Mac J, Kim YJ, Caldwell E, et al. Liquefied gas
electrolytes for electrochemical energy storage devices. Science 2017;356
(6345):aal4263.

[8] Xu K. Nonaqueous liquid electrolytes for lithium-based rechargeable batteries.
Chem Rev 2004;104(10):4303–418.

[9] Manthiram A, Yu XW, Wang SF. Lithium battery chemistries enabled by solid-
state electrolytes. Nat Rev Mater 2017;2(4):16103.

[10] Bachman JC, Muy S, Grimaud A, Chang HH, Pour N, Lux SF, et al. Inorganic
solid-state electrolytes for lithium batteries: mechanisms and properties
governing ion conduction. Chem Rev 2016;116(1):140–62.

[11] Shi L, Zhu T, Gao G, Zhang X, Wei W, Liu W, et al. Highly stretchable and
transparent ionic conducting elastomers. Nat Commun 2018;9(1):2630.

[12] Sakr M, Liu SL. A comprehensive review on applications of Ohmic heating
(OH). Renew Sustain Energy Rev 2014;39:262–9.

https://doi.org/10.1016/j.eng.2022.03.004
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0005
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0005
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0005
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0010
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0010
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0015
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0015
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0015
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0015
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0020
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0020
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0020
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0025
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0025
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0025
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0030
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0030
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0035
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0035
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0035
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0040
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0040
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0045
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0045
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0050
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0050
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0050
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0055
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0055
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0060
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0060


L. Shi, Z. Han, Y. Feng et al. Engineering 25 (2023) 138–143
[13] Jaeger H, Roth A, Toepfl S, Holzhauser T, Engel KH, Knorr D, et al. Opinion on
the use of Ohmic heating for the treatment of foods. Trends Food Sci Technol
2016;55:84–97.

[14] Cappato LP, Ferreira MVS, Guimaraes JT, Portela JB, Costa ALR, Freitas MQ, et al.
Ohmic heating in dairy processing: relevant aspects for safety and quality.
Trends Food Sci Technol 2017;62:104–12.

[15] De Mello AJ, Habgood M, Lancaster NL, Welton T, Wootton RCR. Precise
temperature control in microfluidic devices using Joule heating of ionic
liquids. Lab Chip 2004;4(5):417–9.

[16] Suo L, Borodin O, Gao T, Olguin M, Ho J, Fan X, et al. ‘‘Water-in-salt” electrolyte
enables high-voltage aqueous lithium-ion chemistries. Science 2015;350
(6263):938–43.

[17] Li JC, Ma C, Chi MF, Liang CD, Dudney NJ. Solid electrolyte: the key for high-
voltage lithium batteries. Adv Energy Mater 2015;5(4):1401408.

[18] Wang J, Yamada Y, Sodeyama K, Chiang CH, Tateyama Y, Yamada A.
Superconcentrated electrolytes for a high-voltage lithium-ion battery. Nat
Commun 2016;7(1):12032.

[19] Read JA, Cresce AV, Ervin MH, Xu K. Dual-graphite chemistry enabled by a high
voltage electrolyte. Energy Environ Sci 2014;7(2):617–20.

[20] Li SY, Zhao DN, Wang P, Cui XL, Tang FJ. Electrochemical effect and mechanism
of adiponitrile additive for high-voltage electrolyte. Electrochim Acta
2016;222:668–77.
143
[21] Shi L, Jia K, Gao Y, Yang H, Ma Y, Lu S, et al. Highly stretchable and transparent
ionic conductor with novel hydrophobicity and extreme-temperature
tolerance. Research 2020;2020:2505619.

[22] Bansal B, Chen XD. Effect of temperature and power frequency on milk fouling
in an Ohmic heater. Food Bioprod Process 2006;84(4):286–91.

[23] Winter M, Brodd RJ. What are batteries, fuel cells, and supercapacitors? Chem
Rev 2004;104(10):4245–70.

[24] Mei BA, Munteshari O, Lau J, Dunn B, Pilon L. Physical interpretations of
Nyquist plots for EDLC electrodes and devices. J Phys Chem C 2018;122
(1):194–206.

[25] Silva VLM, Santos LMNBF, Silva AMS. Ohmic heating: an emerging concept in
organic synthesis. Chemistry 2017;23(33):7853–65.

[26] Samaranayake CP, Sastry SK, Zhang H. Pulsed Ohmic heating—a novel
technique for minimization of electrochemical reactions during processing. J
Food Sci 2005;70(8):e460–5.

[27] Plutschack MB, Pieber B, Gilmore K, Seeberger PH. The Hitchhiker’s guide to
flow chemistry II. Chem Rev 2017;117(18):11796–893.

[28] Wegner J, Ceylan S, Kirschning A. Flow chemistry—a key enabling
technology for (multistep) organic synthesis. Adv Synth Catal 2012;354
(1):17–57.

[29] Wiles C, Watts P. Continuous flow reactors: a perspective. Green Chem
2012;14(1):38–54.

http://refhub.elsevier.com/S2095-8099(22)00155-2/h0065
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0065
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0065
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0070
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0070
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0070
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0075
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0075
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0075
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0085
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0085
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0090
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0090
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0090
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0095
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0095
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0100
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0100
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0100
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0105
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0105
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0105
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0110
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0110
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0115
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0115
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0120
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0120
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0120
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0125
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0125
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0130
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0130
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0130
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0135
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0135
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0140
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0140
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0140
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0145
http://refhub.elsevier.com/S2095-8099(22)00155-2/h0145

	Joule Heating of Ionic Conductors Using Zero-Phase Frequency Alternating Current to Suppress Electrochemical Reactions
	ack2
	Acknowledgments
	Authors’ contributions
	Compliance with ethics guidelines
	Appendix A Supplementary data
	References


