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Abstract: Transient electronics is an emerging class of innovative technology wherein electronic devices undergo
controlled degradation processes after a period of stable operation, leaving no toxic products behind. This
technology offers exciting opportunities in research areas of green electronics, temporary biomedical implants,
data-secure hardware systems, and many others. However, one major challenge with these devices is their rigid
and bulky batteries that contain toxic chemicals and are not at all degradable. So, to realize autonomous and self-
sufficient transient electronics, the development of transient batteries is a pre-requisite. This review provides an
overview of the advancements in the field of transient batteries, their materials, output performance, transience
behavior, and a few potential applications.
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1. Introduction
Rapid technological progress in consumer electronics has

profoundly affected people’s lives and work. Electronic devices
are designed to bring as much comfort as possible to their users.
But another aspect of this rapid development is the generation of
a large amount of electronic waste. The new consumer trends,
faster obsolescence, and the advent of the Internet-of-Things have
resulted in an unprecedented increase in household and industrial
electronic waste. To quantify, the global waste from electrical and
electronic equipment (WEEE) production is expected to increase

from 53.6 Mt in 2019 to 74.7 Mt by 2030.[1] Moreover, in 2019,
only 17.4% of this generated WEEE was recycled.[1] The where-
abouts of the remainder pose serious environmental concerns as a
large portion of it probably ends up in oceans or landfills, causing
severe damage to our ecosystem.

So, an effective solution to this exacerbating problem is the
development of electronics that can physically vanish at the end
of their life in a controlled fashion. Such devices have recently
emerged under the name of ‘transient electronics’: electronic
devices that can undergo controlled degradation processes after
a period of stable operation, leaving no toxic degradation prod-
ucts behind.[2] Such electronics would have a massive effect on
a vast array of interesting applications, such as the development
of waste-free technology wherein green electronics can simply
degrade into the surroundings with minimum to no impact, thus
addressing the environmental challenge.[3,4]

In addition, transient electronics offers new opportunities in
biomedicine, such as a transient medical device that can be im-
planted inside the body to treat/diagnose a disease and after its
function ends, it can disappear without requiring a second surgery.
This can reduce the cost, potential risks, and chronic inflamma-
tion caused by the permanent device. Finally, this technology can
be of great use in secure hardware systems, especially for military
application as it can self-destruct on demand and prevent access
to sensitive information to an enemy.

The practical applications of transient electronics are limited
mainly by the slow growth of energy storage devices that also need
to degrade within the designed lifetime of the device. Among dif-
ferent electrochemical energy storage systems such as capacitors,
supercapacitors, batteries, and fuel cells, we are mostly interested
in transient batteries. They are a stable source of energy supply
and deliver high energy density with excellent energy conversion
efficiency.[5] Transient batteries can be either primary batteries
that are made for single-use applications or secondary batteries
that can be recharged multiple times before degrading. The funda-
mental operation and structure of the transient batteries are simi-
lar to traditional batteries; they are also made up of positive and
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Besides corrosion reactions, transient batteries that rely on the
principle of reversibly binding to different metal ions like Na+, Li+

and Zn2+ have also been designed. Sodium-ion batteries (NIBs) uti-
lize organic electrodes like activated carbon, biologically derived
redox-active polymers such as polydopamine and melanin in ad-
dition to well-known metal oxides (Fig. 2b).[15–17] For developing
rechargeable transient batteries, lithium-ion and zinc-ion chemis-
tries (LIBs and ZIBs) are most exciting and the materials for these
batteries are chosen considering their ex vivo applications. Lithium
(Li)metal as anode and vanadium oxide (V

2
O

5
) as cathode are used

in transient LIBs (Fig. 2c) because of their excellent dissolution
behavior under aqueous conditions, a well-used trigger in transient
electronics.[18] To boost the electrochemical performance of V

2
O

5
cathode, many promising approaches such as use of origami de-
sign,[19] making paper-like electrodes,[20] and metal doping[21] are
adopted that eventually provide higher capacity and good cyclabil-
ity. In the case of ZIBs, cathode materials like MnO

2
and Prussian

blue analogues are paired with Zn metal as anode.[22,23]

negative electrodes (denoted as cathode and anode, respectively),
separator/electrolyte, current collectors, and packaging (Fig. 1).
But unlike traditional batteries that are built to stay for a long
period, transient batteries are the complete opposite.Accordingly,
all their battery components need to be redesigned such that they
can degrade after their stable operation but without compromising
on the electrochemical performance. Notably, the programmed
degradation of such batteries is desired to occur without causing
any adverse biological or environmental effects.

To design and fabricate transient batteries, there is a scarcity
of materials to choose from as it is mostly restricted to degrad-
able, water-soluble, and nontoxic polymers, metals, and metal
oxides. From this limited materials toolbox, one must be very
careful in selecting the materials depending on the intended ap-
plication of transient batteries. For consumer electronics, the
degradability is aimed at reducing the contaminant accumula-
tion in the environment and hence a partial disintegration is
acceptable, as long as the end products are harmless. On the
other hand, for batteries powering biomedical devices, biocom-
patibility is a must and complete disintegration is an essential
requirement as non-degraded deposits may result in undesired
biological responses.[6] The next critical challenge includes the
development of new battery designs and fabrication methods
that must satisfy completely different requirements than tradi-
tional batteries. And finally, the seamless integration of such
batteries in functional transient devices is essential to make the
transition from the laboratory to industry. In the following sec-
tion, we present some key advances in the field of transient bat-
teries, focusing on materials, full cell performance, transience
behavior, and applications.

2. Green Materials for Transient Batteries
Transient primary batteries are typically galvanic cells built by

combining two biocompatible metals with different electrochemi-
cal potentials. Biodegradable metals such as Mg, Mg alloys, Fe,
Mo, W, Zn, but also metal oxides like MoO

3
are commonly em-

ployed electrode and current collector materials in primary bat-
teries.[7,8] They possess the merits of excellent biocompatibility,
low electronic resistance, acceptable degradation rates and harm-
less degradation products. These batteries release energy from the
corrosion reaction of Mg anode and hydrogen evolution reaction
(HER) on the cathode side.[9] To achieve better control over the
corrosion reaction of Mg, different strategies are employed, such
as alloying of Mg with other biocompatible metals,[10] coating
its surface with biomaterials,[11] and optimizing its microstructure
using different fabrication techniques.12 On the cathode side, the
release of hydrogen gas inside the human body, in some cases, can
lead to blood clotting. So, replacing HER with oxygen reduction
reaction (ORR) is more advantageous and this has been achieved
using conductive polymers like polypyrrole and noble metals like
Au as cathode materials (Fig. 2a).[13,14]

Fig. 1. Scheme of the typical structure of a transient battery, including
both primary and secondary batteries.

Fig. 2. Materials used in primary and secondary transient batteries: a)
Schematic of a transient primary battery containing Mg alloy (AZ31) as
an anode, gold nanoparticles deposited onto a silk film as a cathode,
silk fibroin-ionic liquid polymer electrolyte, and a crystallized silk casing.
Adapted with permission from the publisher from ref. [14]. Copyright
2017 American Chemical Society. b) Schematic illustration of a tran-
sient sodium-ion battery (NIB) containing sodium titanium phosphate
as an anode and a composite cathode composed of melanin and silver
nanowires operating in an aqueous electrolyte. Reproduced with per-
mission from the publisher from ref. [15]. Copyright 2016 John Wiley and
Sons. c) Optical photograph of a transient secondary lithium-ion battery
(LIB) that contains Li metal as an anode, V2O5 nanofibers as cathode,
PVA/cellulose nanocrystals-based separator soaked in ionic liquid as
electrolyte, Al and Cu as current collectors, and PVA as packaging.
Reproduced with permission from the publisher from ref. [18]. Copyright
2021 John Wiley and Sons.
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The concept of transience relies on the clever design of pack-
aging that provides a delicate balance between device operation
lifetime and dissolution rate. It is desired that the packaging protects
the inner battery components from the outside world, but at the
same time, it is stable against the conditions present inside the bat-
tery and ultimately, it should be able to degrade after a stable opera-
tion. To date, few biodegradable polymers such as polyanhydrides,
PVA, polylactide-co-glycoside (PLGA), sodium alginate (Na-AG),
gelatin, silk and cellulose have been applied as casing materials
for transient batteries.[9,14,16,18,24,25,29] The transience behavior of
these polymers is directly related to their morphological, structural,
and chemical features. By simply tuning the thickness, molecular
weight, and crystallinity degree of encapsulant polymers, a more
tailored and programmed degradation of batteries can be achieved.
Their effectiveness can be further enhanced by employing a mul-
tilayer packaging strategy wherein a given polymer film is coated
with different layers of metal oxides or other polymers that provide
a particular advantage such as better waterproof or airproof proper-
ties.[30]

3. Full Cell Performance and Transience Behavior
A transient primary battery constructed by coupling 50 µm

thick Mg foil as anode, 25 µm thick Mo foil as cathode, phos-
phate-buffered saline (PBS) as electrolyte and polyanhydride cas-
ing was reported by the Rogers group.[9] The battery delivered a
low voltage of around 0.45 V for 24 h which was increased to
1.6 V by stacking the cells in series, sufficient to power a light-
emitting diode (LED) and a wireless radio circuit. Its transiency
was demonstrated in PBS solution at 37 °C during which the poly-
anhydride encasing degraded first, followed by a slow degradation
ofMg andMo foils for 11 days and then an accelerated dissolution
of both foils in the next 8 days as the temperature of the solution
was increased to 85 °C (Fig. 3a).

So far, we have only explored electrode materials and so now
let us discuss the other three crucial battery components: the current
collector that provides mechanical support to electrode materials
and collects electrons from them; the separator soaked in a liquid
electrolyte which physically separates anode and cathode while
allowing ionic conduction between them; and the packaging that
protects the entire battery from its surroundings. In the case of tran-
sient primary batteries, electrode materials also act as current col-
lectors due to their excellent mechanical and electrical properties.
And since these batteries are primarily designed to power implant-
able medical devices, body fluids are predestined to be electrolytes.
For transient secondary batteries, including NIBs, LIBs and ZIBs,
the current collectors are developed by depositing a thin layer of
relatively inert metals like Cu, Al, and Ni onto degradable poly-
meric substrates, thus achieving a bilayer structure.[24]Additionally,
synthesizing conducting polymer blends or composites by mixing
conductive additives like Ag nanowires, carbon black, or graphene
within a biodegradable polymer matrix is equally popular.[25] The
conductivity and degradability of the blends are controlled by ad-
justing the proportion of conductive additive within the host matrix.

The electrolytes used in rechargeable transient batteries can be
classified into organic electrolytes, aqueous electrolytes, ionic liq-
uids, and polymer electrolytes.[26] The organic electrolyte is made
up of ametal salt dissolved in carbonate solvents and added/infused
into a porous separator, made up of water-soluble polymers like
polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), and poly-
ethylene oxide (PEO) or naturally occurring polymers like cellulose
and agarose.[18,19,24,27,28] As greener alternatives, aqueous electro-
lytes and ionic liquids are preferred, but they suffer from issues
such as narrow electrochemical window, leakage, high cost, and
volatilization.[26] Polymer electrolytes can solve the leakage and
volatilization problems by confining the salt and solvent molecules
within the degradable polymer matrix.[14]

Fig. 3. Transience behavior in
batteries. a) Left: discharging be-
havior of the Mg-Mo battery pack
that contains four cells connected
in series at a current density of
0.1 mA cm–2. Right: optical im-
ages showing the degradation of
the battery pack in phosphate-
buffered saline at 37 °C and
85 °C. Reproduced with permis-
sion from the publisher from ref.
[9]. Copyright 2014 John Wiley
and Sons. b) Optical images
showing in vivo degradation of
Mg-MoO3 battery in the subcu-
taneous area of rats at different
time intervals. The complete deg-
radation occurred within 4 weeks.
Adapted with permission from the
publisher from ref. [29]. Copyright
2018 John Wiley and Sons. c)
Optical images showing the rapid
degradation of a LIB in water at
room temperature. Reproduced
with permission from the publish-
er from ref. [18]. Copyright 2021
John Wiley and Sons.
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LIB can be cycled over 400 times and degraded in 15 min once an
aqueous trigger was applied (Fig. 3c).

4. Towards Applications of Transient Batteries
Here we present a few inspiring examples of transient batter-

ies that have been integrated into an electronic device and worked
successfully. Recently, a fiber-shaped and rechargeable NIB
was developed that consisted of a biodegradable fiber conduc-
tor coated with polydopamine/polypyrrole composite material as
anode, MnO

2
as cathode, chitosan as separator and body fluid as

electrolyte.[31] Due to its one-dimensional configuration and high
flexibility, it could be easily injected into the body with minimal
invasion. The fiber battery was shown to power a biosensor that
detected pressure changes in vivo and then biodegraded within 10
weeks after completing its function. In another example, a stretch-
able and biodegradable Mg-Mo battery was designed to further
extend the application of transient batteries to wearable electron-
ics (Fig. 4a).[32] The battery showed good mechanical tolerance to
bending and stretching while powering an electronic watch and
wearable healthcare devices for pulsation sensing and low-noise
surface electromyography applications (Fig. 4b,c). Importantly,
the battery exhibited complete degradation in PBS/cellulase solu-
tion after 32 days, as shown in Fig. 4d. Lastly, a biocompatible Zn-
Cu galvanic cell that used gastric fluid as electrolyte was reported
to power a temperature sensor and wireless communication sys-
tem located within the gastrointestinal tract of pigs for 6.1 days.[33]

4. Outlook
Transient batteries represent a step forward in developing

greener alternatives to traditional batteries. Even though the field
is growing slowly, we have already seen a few examples of fully
functional electronic devices that are being powered by transient
batteries. To boost further development in the field, it is necessary
to design and synthesize new classes of biodegradable electronic
components that can offer novel functionalities and degradation
properties. In this regard, developing biopolymers that can un-
dergo selective depolymerization back to their initial constitu-
ent’s feedstock may offer exciting opportunities. Transient battery
technology must focus on substituting individual battery compo-
nents with abundant, environmentally safe, or biodegradable ma-
terials. Ideally, transiency can also be coupled with recycling to
recover critical battery components if eco-friendly solutions are

To extend the battery lifetime from 24 h to 250 h while still
achieving similar output voltage, Huang et al. developed a Mg-
MoO

3
battery that contained alginate hydrogel electrolyte and

polyanhydride /PLGA packaging.[29] The battery was shown to
be fully degradable in PBS solution at 37 °C and 85 °C within
19 days and when implanted inside the subcutaneous area of
Sprague-Dawley rats for in vivo degradation study, the battery
showed no toxic effects and exhibited excellent biocompatibility
(Fig. 3b). Both in vitro and in vivo tests confirm the feasibility of
this battery technology and provide a critical step forward towards
fabricating fully functional transient devices.

Despite the excellent biodegradability and decent electro-
chemical performance of the reported batteries, a particular chal-
lenge still exists in controlling the battery lifetime in accordance
with implantable medical devices. As a solution, Jia et al. de-
signed a silk-based thin film Mg battery using an anode com-
posed of Mg alloy, Au nanoparticles deposited onto a silk film
as a cathode, silk fibroin-ionic liquid polymer electrolyte and a
crystallized silk casing.[14] The battery delivered a voltage above
1.21 V for 64 min under physiological conditions that was ex-
tended to 109 min by simply adding an extra layer of crystallized
silk on top of the encapsulated battery. This result confirms that
the degradation profile of batteries can be tuned by controlling the
thickness or the number of layers of its casing material. Regarding
the transiency, the battery was shown to be fully degraded after 45
days in buffered protease solution at 37 °C.

The Liangbing group demonstrated the first rechargeable tran-
sient LIB that consisted of Li andV

2
O

5
electrodes, PVP separator

soaked in organic electrolyte, thin films of Cu and Al deposited
onto a Na-AG substrate as current collectors and Na-AG as pack-
aging.[24] The battery delivered a working voltage of 2.8 V with
a lifetime of 4 cycles and showed rapid dissolution in an aque-
ous solution. The degradation reaction occurred as follows: upon
contact with water, the encapsulation and separator of the battery
dissolved first, followed by the reaction of Li metal with water to
produce a basic lithium hydroxide solution. The basic solution
favored the dissolution of V

2
O

5
and Al, resulting in the complete

dissolution of the battery.
Recently, we reported a transient Li-V

2
O

5
battery with similar

transience concept but replaced the toxic organic electrolyte with
a biocompatible ionic liquid.[18] By carefully designing and opti-
mizing the ionic liquid–separator pair, the as-fabricated transient

Fig. 4. An example of the po-
tential applications of transient
batteries. a) Schematic illustration
of the kirigami pattern-inspired
stretchable and degradable
Mg-Mo battery. Optical images
showing the integration of the
Mg-Mo battery with b) a piezo-
resistive sensor as a wearable
wristband and c) a wearable skin
electromyography (sEMG) device
attached to the human arm that
contains two customized copper
sEMG sensing electrodes
and elastomeric dressing.
d) Digital photographs showing
the degradation of Mg-Mo bat-
tery in phosphate-buffered saline/
cellulase solution for 32 days.
The length of the scale bar is
1 cm. Reproduced with permis-
sion from the publisher from ref.
[32]. Copyright 2021 The Hong
Kong Polytechnic University and
John Wiley and Sons, Australia.
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not viable. Currently, the electrochemical and degradation perfor-
mance of transient batteries are mostly measured in vitro. But the
fundamental studies under in vivo conditions analyzing battery
performance and its interaction with biotic systems like tissues
are required. Similarly, for batteries powering eco-friendly elec-
tronics, it is critical to examine their environmental impact by
studying their biodegradation processes using standardized tests.
Further research efforts are required in device designs and fabrica-
tion methods to translate the technology to industry.
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