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Electrolyte-Based On-Demand and
Disposable Microbattery
Ki Bang Lee and Liwei Lin, Member, IEEE, Member, ASME

Abstract—A micromachined battery based on liquid electrolyte
and metal electrodes for on-demand and disposable usages has
been successfully demonstrated. The microbattery uses gold as
the positive electrode and zinc as the negative electrode and
is fabricated by using the standard surface micromachining
technology. Two kinds of electrolytes have been tested, including
the combination of sulfuric acid/hydrogen peroxide and potassium
hydroxide. The operation of the battery can be on-demand by
putting a droplet of electrolyte to activate the operation. Theoretical voltage and capacity of the microbattery are formulated
and compared with experimental results. The experimental study
shows that a maximum voltage of 1.5 V and maximum capacity
-min have been achieved by using a single droplet of
of 122.2
of sulfuric acid/hydrogen peroxide.
[848]
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Index Terms—Battery, disposable micropower, MEMS, micromachines, microsystems.

I. INTRODUCTION

M

ICROPOWER generation aiming at generating power
directly from microstructures may greatly impact the application and architecture of microsystems. Various approaches
to supply power for microscale devices are now being investigated to enable standalone microsensors, actuators and future
nanostructures for various types of functionalities. The advantages of these MEMS systems are severely limited by the associated bulky batteries and the capability of providing power source
may well be the bottleneck for nanostructures. Some of the initial demonstrations on microfuel cells research have shown very
promising results toward the concept of “macropower from micromachinery” [1]. Most of these projects use hydrogen, oxygen
and other fuels to generate microcombustion and target 10 to
100 W of continuous power supply and aim to have better fuel
efficiency [2]. However, in order to fabricate the combustion
chambers or fuel cells for these micropower sources, it generally requires complicated micromachining processes. For example, MIT’s microturbine project uses a six-wafer bonding
process that is not compatible with most of the other MEMS
processes [3]. Furthermore, the manufacturing cost for these micropower sources appears to be high and may not be competitive
economically.
On the other hand, a low cost, high capacity microbattery
is desirable for MEMS devices [4]–[6]. Previously, solar cells
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Fig. 1. Schematic of a electrolyte on-demand and disposal microbattery: both
positive electrode (gold) and supports for forming the electrolyte cavity are
placed on the lower substrate while the negative electrode (zinc) is capped; the
microbattery works after putting liquid electrolyte (see Fig. 2).

[7] and rechargeable microbatteries [8]–[11] have been investigated by using rather complicated micromachining processes.
Furthermore, drawbacks can be identified among these microbatteries. For example, rechargeable microbattery with KOH
liquid electrolyte suffers from the self-discharge effect even if
the battery is not in use such that it has short shelf life [8],
[9]. Rechargable thin-film microbatteries commonly use solid
electrolytes but there manufacturing processes are generally not
compatible with the conventional integrated circuits (ICs) fabrication processes [10], [11]. The disposable microbattery presented in this paper is compatible with IC processing and can be
activated by adding the liquid electrolyte on-demand to supply
power. Although the power efficiency may not be great in this
prototype demonstration as compared with the state-of-art battery technology, it has good potential for disposable devices
where only limited power supply is required for limited operation and efficiency is not a big concern. For example, disposable microsystems such as diagnostic devices, DNA chips,
Labs-on-a-Chip, and even disposable microtransceivers will be
best equipped with an on-demand, disposable microbattery that
could provide limited power suitable for the lifetime of the microdevices.
II. MICROBATTERY THEORY
Fig. 1 illustrates the schematic diagram of the electrolyte
based, on-demand and disposable microbattery which consists
of a positive electrode (gold), a negative electrode (zinc),
and an electrolyte cavity. A pair of supports is used to form
the cavity between the positive and negative electrodes. The
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TABLE I
GIBBS FREE ENERGIES AND WEIGHTS OF THE CHEMICALS

(a)

Gibbs free energy change of the reaction in (4) can be written
as [13]
(5)
(b)
Fig. 2. Working principle of the microbattery: (a) upon putting a liquidelectrolyte droplet in front of the cavity, the electrolyte penetrates into the
cavity by surface tension and (b) the microbattery works to supply power.

operation of the microbattery is on-demand by putting a droplet
of electrolyte in front of the cavity as shown in Fig. 2. Surface
tension force drives the electrolyte into and fill up the cavity
quickly to power to an external load, by electro–chemical
reaction. Electrons, generated at the negative electrode (zinc),
flow through the load resister as shown in Fig. 1 and are
collected at the positive electrode (gold). In this preliminary
and
demonstration, the combination of sulfuric acid
is chosen as the liquid electrolyte.
hydrogen peroxide
The sulfuric acid and hydrogen peroxide are chosen because
they can be easily obtained and mixed up as the electrolyte for
experiments. Hydrogen peroxide is added to assist removing
hydrogen gas in the electrochemical reaction. It is noted that
gold is the electron collector and is not reactive in the process.
The electrochemical reactions of the microbattery at the zinc
electrode can be expressed as the anodic reaction (oxidation)

where subscripts and indicate products and reactants in (3),
respectively. Using (4)–(5) and the Gibbs free energy in Table I,
, in the case of tested microbattery is
the standard voltage,
.
calculated as
In order to obtain the theoretical capacity of the microbattery,
electrons per mole of the reactants are used. From (1) and (2),
two moles of electrons move from the anode (Zn) to the cathode
through the external load resister when one mole of
each reactant consumes as shown in (3). Therefore the theoret, can be expressed as
ical electron capacity (Columb/g),
follows:
(6)
The theoretical capacity is calculated from (6) and the data of
. The gravimetric energy density
Table I as
. The
(Wh/g) is obtained as
theoretical voltage and capacity of this microbattery using zinc,
sulfuric acid, and hydrogen peroxide are 2.5 V and 0.271 Ah/g
that are comparable to those of 2.8 V and 0.271 Ah/g of the
magnesium battery [12].

(1)
III. FABRICATION
the cathodic reaction (reduction) is represented as
(2)
and the overall reaction is
(3)
It is observed from (1)–(3) that the electrons flow through the
and
flow within the
external load resister and ions of
electrolyte, inside the cavity. The theoretical voltage can be obtained from the change in the Gibbs free energy between reactants and products as follows [12]
(4)
,
, and
denote the standard voltage, the
where
change in the Gibbs free energy at the standard state, the
number of moles of the changed electrons during the reaction,
and Faraday defined by 96 500 Coulombs, respectively. The

The disposable microbattery has been designed and fabricated by a standard surface micromachining process [14]. The
process starts with the growth of a 0.6- -thick low stress
low-pressure chemical vapor deposition (LPCVD) silicon
nitride layer on the silicon substrate as an electric isolation
layer. In the processing step of Fig. 3(a), a 0.5- -thick
LPCVD polysilicon (poly0) is deposited and patterned for the
basis of the electrolyte cavity support. A 2- -thick sacrificial
PSG (phosphosilicate glass) layer is deposited in the step of
Fig. 3(b). Fig. 3(c) shows that a 2- -thick polysilicon (poly1)
is deposited and patterned for constructing the support. Afterwards, a 0.75- -thick PSG2 layer is deposited and patterned
-thick polysilicon
as shown in Fig. 3(d). A LPCVD 1.5
(poly2) is deposited and patterned for the positive electrode and
the support in Fig. 3(e). A 0.5- -thick gold layer for positive
electrode and contact pads is then deposited and patterned using
lift-off in the processing step of Fig. 3(f). After the removal
[see Fig. 3(g)] of the sacrificial PSG layers using HF solution
to construct the electrolyte cavity, the microbattery is rinsed
and dried. The process is completed by bonding a sliced piece
of zinc on the top of the silicon substrate [15] of microbattery

842

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 12, NO. 6, DECEMBER 2003

Fig. 3. Fabrication process for the microbattery.

Fig. 4. SEM photograph of a fabricated microbattery before capping: the size
is 1 mm 1 mm.

2

or using adhesive for bonding as shown in Fig. 3(h). Fig. 4
shows a scanning electron microscope (SEM) photograph
of the fabricated microbattery right after the process step of
Fig. 3(g) and the chip area is 1 mm 1 mm. Gold electrode
850
and two cavity supports
with an area of 600
are constructed as shown. Fig. 5 is a close view of area C in
Fig. 4 showing a contact pad, part of cavity support and part
of gold layer used for the positive electrode. Fig. 6 shows
the SEM photograph of capped microbattery before putting a
droplet of the electrolyte. The cap substrate, cavity and wires
for experimental measurement are also shown.

Fig. 5. Close view of C in Fig. 4 showing the positive electrode (gold), a pad
and the cavity support.

IV. RESULTS AND DISCUSSIONS
The output voltage of the microbattery has been measured
with respect to time for various combinations of electrolyte concentration and load resisters at 20 . After placing a droplet of
0.5 in front of the cavity (see Fig. 2), voltage has been measured by a voltmeter. The molarity of the hydrogen peroxide is
set at 10% higher than that of the sulfuric acid in order to minimize the generation of hydrogen gas in all experiments.
Figs. 7–10 shows the measured voltages of the microbattery
when changing the concentration of sulfuric acid and the load
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Measured voltage of the microbattery with 1.5 M sulfuric acid.

Fig. 6. SEM photograph of capped microbattery before putting the electrolyte.

Fig. 7. Measured voltage of the microbattery with 0.5 M sulfuric acid.

Fig. 10. Measured voltage of the microbattery with 2.0 M sulfuric acid, where
bubble generation is observed.

1.5 V is less than the theoretical voltage of 2.5 V, obtained from
(4) and (5), it could be sufficient to drive low voltage microelectronics. The service time of this prototype microbattery that has
voltage output over 1.0 V is approximately 10 minutes in Figs. 8
and sulfuric acid moand 9 when using the resistance of 1
larity of 1 M and 1.5 M with a single droplet of electrolyte.
Fig. 11 is a battery model [12] that qualitatively explains the
output voltage reaction by Kirchhoff’s law
(7)

Fig. 8. Measured voltage of the microbattery with 1.0 M sulfuric acid.

resistance. It is noted from Figs. 7–9 that higher concentration
of sulfuric acid results in higher voltage output, and higher load
resistance results in longer service time but smaller output current. In Fig. 10, the service period of the 2.0 M (Mole/liter) sulfuric acid is shorter than that of the 1.5 M sulfuric acid in Fig. 9
due to the generation of hydrogen bubbles in the electrolyte. It
is observed from Fig. 9 that the measured maximum voltage of
this microbattery is 1.5 V in the case of 1.5 M sulfuric acid with
. Although the measured voltage of
a load resistance of 1

is the ohmic drop in the electrodes,
is the ohmic
where
is the voltage drop due to reactions at
drop in the solution,
the electrode/solution interface, and the current flowing through
depends on a number
the load resistor. The magnitude of
of effects, including charge transfer, nucleation and growth of
phases or availability of reacting species. In order to maximize
the output voltage, several approaches can be used to minimize
and
such as 1) to lessen the anode/cathode gap to lower
; 2) to ensure adequate electrode conductivity to lower
;
.
and 3) to optimize the connections to electrodes to lower
and
The current can be represented by substituting
into (7) as
(8)
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Fig. 12. Optical photo showing the bubble generation for the application of
2 M sulfuric acid. The bubbles size varies from 5  to 10  . This optical
photo was taken by charge-coupled device (CCD) camera of a probe station at
the entrance of the cavity Fig. 2(b) after placing a droplet of 0.5 l in front of
the cavity.

m

Fig. 11.

Electrical model for the microbattery.

The output voltage can be obtained from (7) and (8)

m

TABLE II
ENERGY CAPACITY OBTAINED FROM FIGS. 7–10

(9)
where

is defined as
(10)

, of the electrolyte is a function of the sulThe resistance,
furic acid conductivity, , and battery geometry [16] as follows:
(11)
(12)
, ,
, and
are the conductivity of the
where
electrolyte, the cell constant depending on battery geometries,
sulfuric acid concentration, the molar conductivity of the
electrolyte, the molar conductivity when c approaches 0, and
a constant, respectively. After substituting (11) and (12) into
(10), the resistance ratio is represented as a function of the
sulfuric acid concentration as follows:
(13)

It is noted from (9) and (10) that the resistance ratio increases
as the external load resistance increases. Therefore, the output
voltage increases under higher load resistance as observed in
Figs. 7–9. It is also known from (11) that higher concentration
.
of sulfuric acid could reduce the ohmic drop in the solution,
As a result, will increase and the output voltage increases as
observed in Figs. 7–9. Furthermore, the transient voltage drop
in Figs. 7–9 can be qualitatively explained by observing (13).
Sulfuric acid concentration is reduced as is reduced over time.
These analytical models can only qualitatively explain the trend
of the experimental observations. It will be very difficult, if possible, to obtain quantitative simulation results due to the fact that
these electro-chemical reactions at small scale are very difficult
to control and such reactions can take different pathways depending on the environment. As observed in Figs. 7–9, there

are several sudden turns in the recorded experiments and are
suspected to be the responses of local environmental changes
such as generation of hydrogen bubbles, local flow variations
and local concentration variations due to the evaporation of electrolyte. The most severe case is observed in Fig. 10 when the 2
M sulfuric acid is used in the microbattery, the output voltage is
lower than the case of 1.5 M solution. It clearly disobeys the analytical model of (13) and does not follow the trend as demonstrated in Figs. 7–9. After careful characterization, it is found
in diameter have
that hydrogen bubbles with sizes of 5–10
been generated in the electrolyte as shown in Fig. 12, which is
an optical photo taken by a CCD camera from a probe station at
the entrance of the battery cavity [see Fig. 2(b)] after placing a
droplet of 0.5 in the front of the cavity. This reaction is not accounted in the analytical model and appears to reduce the available output voltage. Issues involving the stability of the reagents,
changing chemistry and temperature during the experiment will
require further investigations.
Table II compares measured energy capacity obtained from
numerical integration of data from Figs. 7–10. Energy capacity,
, of the microbattery is calculated as follows:
(14)
where , , and denote the measured voltage, the load resistance and time, respectively. The general trend (except the
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TABLE III
MICROBATTERY EFFICIENCIES OBTAINED FROM (9), (10), AND TABLE II

2 M sulfuric acid electrolyte case) from Table II is that the energy capacity of the microbattery decreases when the load resistance increases, and increases when the concentration of the sulfuric acid increases. Possible reasons are discussed. Higher electrolyte concentration clearly provides higher energy capacity
as discussed previously. The reason for lower measured energy
capacity under higher load resistance is unclear but one possible factor is the evaporation of electrolyte. It is observed that
a droplet of electrolyte will evaporate in about 30 min. Experiments with higher load resistance generate lower output current
and extend the battery operation. But the energy capacity may
loss over longer period of operation due to the evaporation of
electrolyte such that higher load resistance results in lower caoffers
pacity. The combination of 2.0 M sulfuric acid and 10
-min.
maximum energy capacity of 122.2
Another important number to be investigated is the efficiency.
In this prototype system, it appears that the amount of electrolyte
is the dominant factor while zinc is not going to be consumed
can be defined as
totally. The volumetric energy density
(15)
In practical batteries, the energy content of the actual systems
is measured in terms of watt-hour (Wh) and the practical volumetric energy density is defined as
(16)
Therefore, the efficiency of the practical battery can be calcu. Table III compares battery efficiencies oblated as
tained from (15), (16) and Table II. From Table III, it is observed that the combination of 1.5 M sulfuric acid and 10
offers maximum efficiency of 2.0% that corresponds to 72 000J
per one liter of electrolyte. The general trend (except the 2 M
load resistor case)
sulfuric acid electrolyte case and 1.0
follows the energy capacity table. The efficiency increases as
the electrolyte concentration increases before hydrogen bubbles are generated to reduce the efficiency. Moreover, the battery efficiency reduces under high load resistance probably due
to longer operation time to loss efficiency due to the evaporation of electrolyte. It appears that the efficiency of these on-demand microbatteries is at least one order less than macroscale
batteries. The primary reason is that most of the electrolyte is

Fig. 13. Measured voltage of the microbattery with 1.0 M sulfuric acid and
load resistance of 1 M ; the second electrolyte droplet is added after 20 min.

Fig. 14. Measured voltage of the microbattery with 1.0 M potassium
hydroxide and load resistance of 100 k .

evaporated during the process and lost to the environment. Several directions may be taken to increase the battery efficiency.
First, sealing the electrolyte inside the micromachined cavity to
prevent the evaporation of the electrolyte. Second, circulating
the electrolyte to provide fresh solutions to be close to the electrodes. Third, other steps discussed previously from (7) to reand
. One particular experiduce the voltage drops of
ment is conducted to see the effect of adding fresh electrolyte
after the first droplet of electrolyte is almost consumed. Fig. 13
shows the measured voltage of the microbattery with 1 M sul. The voltage of the
furic acid and the load resistance of 1
first droplet of the sulfuric acid varies from 1.5 V to 0.1 V during
the first 20 min. After adding the second droplet, the voltage recovers back to 1.22 V and decrease afterwards in the similar pattern. Two possible effects are happening in this case. The first
one is the local disturbance of the electrolyte such that fresh
electrolyte can be supplied to the electrode area. The second
effect is the addition of new electrolyte content to support the
operation of the battery.
Fig. 14 shows the measured voltage of the microbattery with 1
M of potassium hydroxide (KOH) and the load resistance of 100
. This demonstrates the possibility of using other electrolytes
to work under the same electrode system. The voltage varies
from 0.3 V to 0.06 V in 20 min. It is noted that the maximum
voltage of 0.3 V under 1 M of potassium hydroxide with the load
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resistance of 100
is lower than that of 1.34 V of 1 M sulfuric
as shown in Fig. 8.
acid and the load resistance of 100
The prototype battery is fabricated by a simple surface micromachining process. However, the operation principle can be
extended to other processes. The battery can be constructed by
adding a top electrode cap with built-in supports to complete the
construction in Fig. 1. Furthermore, the voltage, current and capacity of the microbattery can be improved by making series or
parallel battery designs and choosing other electrode/electrolyte
systems.
As observed in all experiments under one single droplet of
electrolyte, the voltage discharge behavior would not be desirable in practical battery operation and a circulated microfluidic
system should be considered in the future development. Furthermore, it appears that the electrochemical reactions at small
scale are difficult to control and they may take different pathways depending on the environment. As a result, it becomes
very difficult to quantitatively characterize the experimental results as shown in Figs. 7–10. Alternatively, qualitative discussions are given in this paper in an effort to provide guidelines
for future studies that may involve issues of responses of local
environmental change such as generation of hydrogen bubbles,
local flow variations and local concentration variations due to
the evaporation of electrolyte.
Furthermore, these prototype microbatteries use various
chemical electrolytes as the power sources and they are generally toxic in nature and it is not desirable for practical usage.
One possible solution is to encapsulate the electrolytes with
the active devices in a separate compartment. When power is
needed, the boundaries of the electrolytes can be broken off
for operation. The potential problems for this approach are:
1) possible degradation of the electrolyte; 2) the difficulty in
encapsulating liquid for a long period of time; and 3) a proper
mechanism to encapsulate liquid. Previously, a liquid encapsulation method by means of localized heating and bonding
was successfully demonstrated for MEMS fabrication [17] and
could be applied here for electrolyte encapsulation. However,
it will still be difficult to address the chemical degradation and
the storage problems for a self-contained microbattery if wet
chemicals have to be stored in the system. Alternatively, a new
mechanism has been demonstrated to use water (instead of
toxic wet chemicals) to dissolve dry chemicals for microbattery applications [18]. Because water is benign, easy to get,
and doesn’t need encapsulation designs, the new on-demand
and disposable microbattery could lead to great promise for
practical applications.
V. CONCLUSION
A micromachined battery based on liquid electrolyte and
metal electrodes for on-demand and disposal usages has been
successfully demonstrated. Basic concepts of the battery operation are presented and the prototype microbattery is fabricated
by using the standard surface micromachining technology. In
this preliminary demonstration, sulfuric acid is chosen as the
electrolyte and hydrogen peroxide is used to remove hydrogen
gas. Gold is chosen as the positive electrode for collecting
electrons and zinc is used as the negative electrode for offering
electrons. The experimental study on the microbattery showed

that a maximum voltage of 1.5 V, energy of capacity of 122.2
-min, and the maximum efficiency of 2% have been
achieved. The microbattery also works by using potassium
hydroxide as electrolyte and offers a measured maximum
voltage of 0.3 V. It is foreseeable that the voltage, current
and capacity of the microbattery can be improved by making
series or parallel battery designs as well as by choosing other
electrode/electrolyte systems. This battery can be used for
on-demand and disposable MEMS devices that might require
low cost, small size power sources.
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