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Water-activated disposable and long shelf life microbatteries�
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Abstract

Water-activated microbatteries with long shelf life have been demonstrated based on a one-mask micromachining process for the first
time. Magnesium is used as the anode and silver chloride or cuprous chloride is used as the cathode in the prototype demonstration. Adding
water or aqueous solutions activate the electrochemical reactions between the anode and cathode to release electricity. Experimentally, a
maximum output voltage was measured at 1.65 V using silver chloride cathode and the maximum operation capacity has been demonstrated
to be more than 1.86 mWh when an electrode area of 12 mm× 12 mm was used. As such, these microbatteries have great potential to be
integrated with micro devices as the power sources for microsystems, such as disposable diagnostics and BioMEMS chips.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The field of MEMS is emerging as an important technol-
ogy of the new millennium with the capability of creating
complex, autonomous, and low cost engineering systems
[1]. One critical issue to be addressed is the power sources
for microsystems. Although some micro devices such as
ink-jet printers may not need on-board energy supplies,
remote and distributed systems such as smart dusts do
need local power sources[2]. As more MEMS devices
are integrated with electronic circuits, the development of
micropower sources for microsystems becomes exigent
and challenging[3]. A huge amount of research efforts
have been focusing on micro power generation for the past
decade by using micro combustion and fuel cells that uti-
lize oxygen, hydrogen, or other fuels to target continuous
power supply in the range of 10–100 W[4]. Others have
investigated the possibility of fabricating low cost and high
capacity solar cells[5]. However, these micro power sources
commonly require complicated micromachining processes
that hindered the possibility of an integration solution with
MEMS for self-sustained microsystems.

Micro power sources meeting the operation lifetime of
disposable devices are attractive in contrast to the long-
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operation, miniature power sources of micro internal com-
bustion engines[6] or rechargeable, thin-film lithium micro
batteries[7]. In our previous work, an on-demand, surface
micromachined microbattery based on electrolytes of sulfu-
ric acid and hydrogen peroxide was demonstrated but the
corrosiveness of sulfuric acid prevented safe battery oper-
ation [8]. This work presents microbatteries that are acti-
vated by water for safe operation and long shelf life. Water
can be pre-stored on the system or be obtained from test
liquids, including body fluids or blood to activate the bat-
tery to power disposable microsystems. It is envisioned that
these microbatteries can be integrated with disposable mi-
crosystems such as diagnostic devices, DNA analyses chips
and other bio-medical applications.Fig. 1 shows a dispos-
able integrated microsystem. The front side of the substrate
might have power-consuming systems and the backside of
the substrate might have the disposable battery. The acti-
vation water can be obtained internally from the pre-stored
water reservoir, or externally from the environment or test-
ing liquids.

2. Operation principle

Fig. 2 shows the operation principle of the microbatter-
ies that use magnesium (Mg) as the anode on the top sub-
strate, and silver chloride (AgCl) or cuprous chloride (CuCl)
as the cathode on the bottom substrate. The two pieces are
bonded together by an adhesive (instant glue) to create the
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Fig. 1. Schematic of a disposable integrated system.

reaction chamber. Before water is added, there is no con-
tact between these chemicals and no reaction is expected
such that these microbatteries could have a long shelf-life.
When water is added into the system, surface tension force
drives it to fill the reaction chamber. Chemicals dissolve
and react to produce electricity. The chemical reactions for
the water-activated magnesium–silver chloride microbatter-
ies at the anode (oxidation) and cathode (reduction) are rep-
resented asEqs. (1) and (2), respectively[9]:

Mg→ Mg2+ + 2e− (1)

2AgCl+ 2e− → 2Ag+ 2Cl− (2)

The overall reaction is:

Mg+ 2AgCl→ MgCl2+ 2Ag (3)

Fig. 2. Working principle of the water-activated microbattery. (a) Chemi-
cals are not activated before putting water into the system. (b) Water ac-
tivates silver chloride, and the microbattery becomes functional to supply
power.

If cuprous chloride is used as the cathode,Eq. (2)is modified
as:

2CuCl+ 2e− → 2Cu+ 2Cl− (4)

and the overall reaction is:

Mg+ 2CuCl→ MgCl2+ 2Cu (5)

A side reaction also occurs between the magnesium anode
and the aqueous electrolyte, resulting in the formation of
magnesium hydroxide, hydrogen gas and heat:

Mg+ 2H2O→ Mg(OH)2+ H2 (6)

The formation of hydrogen bubbles creates a pumping ac-
tion, which helps purging the insoluble magnesium hydrox-
ide from the battery and might help the battery operation.

It is observed fromEqs. (1)–(5)that when electrons flow
through the external load resistor, ions such as Cl− and
Mg2+ flow within the electrolyte. The theoretical voltage of
a cell is a direct function of the anode and cathode materials.
The potential of a cell can be calculated from the standard
electrode potentials as the sum of the anode potential and
the cathode potential[10]:

E0 = E0
anode+ E0

cathode (7)

whereE0
anodeandE0

cathodeare the anode oxidation potential
and cathode reduction potential, respectively. The oxidation
potential of a material is the negative value of its reduction
potential. UsingEq. (7) and the data ofTable 1, the stan-
dard potential of the Mg–AgCl microbattery is calculated as
2.585 V. Similarly, the theoretical voltage of the Mg–CuCl
microbattery is calculated as 2.487 V.

The capacity of a cell, as defined by coulombs (C) or am-
pere hours (Ah), can be expressed as the total quantity of
electricity involved in the electrochemical reaction. Theo-
retically, 1 g equiv. weight of a material that is defined as
the molecular weight divided by the number of electrons in-
volved in the reaction will deliver one Faraday (96,500 C)
or 26.8 Ah. Hence, the theoretical electron capacity per unit
weight,Cel, can be defined as follows:

Cel =
∑ nF

weight of reactants
(8)

where n is the number of electrons exchanged in the re-
action andF is Faraday’s number. UsingEq. (8) and the
material properties fromTable 1, the theoretical capacity
per unit weight for the Mg–AgCl battery is 620.62 C/g

Table 1
Reduction potential and weights of chemicals

Material Balanced-half reaction Reduction
potential,
E0 (V)

Weight
(g/mol)

Mg Mg2+ + 2e− → Mg (s) −2.363 24.31
AgCl AgCl (s)+ e− → Ag(s)+ Cl− 0.222 143.34
CuCl CuCl(s)+ e− → Cu(s)+ Cl− 0.124 99.00
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Table 2
Theoretical performance of Mg–CuCl and Mg–AgCl microbatteries

Anode Cathode E0 (V) Cel (Ah/g) Cen (Wh/g)

Mg AgCl 2.585 0.172 0.445
Mg CuCl 2.487 0.241 0.599

or 0.172 Ah/g. Similarly, the theoretical capacity per unit
weight for Mg–CuCl battery is 868.20 C/g or 0.241 Ah/g.
The energy capacity per unit weight of batteries,Cen, is
derived usingCen= E0Cel, whereCen is in Wh/g,E0 is in
Volt, and Cel is in Ah/g. Consequently, the energy capaci-
ties of the Mg–AgCl and Mg–CuCl batteries are 0.445 and
0.599 Wh/g, respectively.Table 2summarizes the theoretical
performance of the microbatteries presented in this paper.

3. Fabrication

The fabrication process is illustrated inFig. 3. The water
supply openings on the top substrate (Fig. 3(a)) are fabri-
cated using the Deep Reactive Ion Etching (DRIE) process
to etch through a 4-in. silicon wafer. A 15�m-thick mag-
nesium film is then deposited by using the evaporation pro-
cess. It is expected that magnesium will also be deposited
partially onto the sidewall. InFig. 3(b), a Cr/Au layer of
200 Å/2000 Å is deposited using the sputtering process first
as the current collector. Afterwards a layer of 20�m-thick
Ag layer is deposited by sputtering and then chlorinated
to form the AgCl cathode. For CuCl, a 1.5�m-thick CuCl
is evaporated as the cathode. Alternatively, a 20�m-thick
CuCl is deposited by a screen-printing process as an inex-
pensive way to increase the amount of the chemicals for
longer battery operation.Fig. 3(c) shows that both sub-

Fig. 3. Fabrication process for the microbattery. An adhesive bonds two
wafers and creates a reaction chamber.

Fig. 4. SEM photograph of a fabricated microbattery: the electrode area
is 8 mm× 8 mm.

Fig. 5. Close view ofFig. 4 showing the chlorinated AgCl, gap of the
reaction chamber and magnesium deposition on the sidewall of the top
substrate.

strates are bonded to create a reaction chamber. The height
of the chamber was controlled to be 50, 100, and 200�m,
by using various plastic spacers in the binding process.
Moreover, microbatteries with different electrode areas have
been fabricated, including 12 mm× 12 mm, 8 mm× 8 mm,
6 mm×6 mm, and 4 mm×4 mm. These microbatteries were
tested experimentally to characterize the effects of geomet-
rical variations. The fabrication process for microbatteries
is compatible with most MEMS processes such that direct
integration could be possible for disposable microsystems
to have on-chip power sources.Fig. 4 shows an SEM of a
fabricated microbattery. The electrode area of the microbat-
tery is 8 mm× 8 mm.Fig. 5 is the close-up microphoto of
the marker “A” in Fig. 5 showing chlorinated AgCl at the
bottom, the 100�m-high reaction chamber, and that Mg
was deposited on the side wall of the top substrate.

4. Results and discussions

The output voltages of the microbatteries have been mea-
sured with respect to time under various discharge loads,
electrode areas, cathode materials, and gap widths of the
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Fig. 6. Measured voltage of the 8 mm× 8 mm microbattery with AgCl
as the cathode and a 100�m-high chamber.

reaction chamber. Placing a droplet of water of about 40�l
in all experiments activated these microbatteries.Fig. 6
shows the measured voltages of an 8 mm× 8 mm micro-
battery that has a reaction chamber of 100�m in height
and uses AgCl as the cathode. When discharged at 1 k�,
the voltage reached a maximum of 1.7 V after 1 min of
operation and the value reduced to 0.46 V after 25 min and
remained at about this value for the rest of the operation. As
noted inFig. 6, the measured voltage decreased with time
and this is due to the chemical consumption within the bat-
teries. Moreover, the voltage was lower when the batteries

Fig. 8. Measured voltage of the 12 mm× 12 mm micro-battery with a 100�m-high chamber discharged at 1 k�.

Fig. 7. Measured voltage of microbatteries with AgCl as the cathode and
a 100�m-high chamber discharged at 1 k�.

were discharged at a higher load resistance. The measured
voltage,Vm could be approximately expressed as:

Vm =
(E0+ Ep)R

R+ Ri
(9)

whereE0 is the theoretical voltage,Ep the voltage drop due
to the reaction at the electrode/solution interface,R the load
resistance, andRi is the internal resistance. It could be de-
duced fromEq. (9) that as load resistance increases, dis-
charge voltage increases.Fig. 7 shows the discharge curves
under a 1 k� load resistor for various electrode areas with
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Fig. 9. SEM photograph of the screen-printed copper chloride (CuCl).

AgCl as the cathode and the chamber height is 100�m. As
shown inFig. 7, the voltage decreases with electrode area
because batteries with larger electrode areas have less inter-
nal resistance.

The performance of the microbattery for various cathode
materials is compared inFig. 8. The measured voltage of the
AgCl microbattery was higher than that of the screen-printed
CuCl for the first 22 min after which the measured volt-
age from the screen-printed CuCl microbattery was higher
than that of the AgCl microbattery. Theoretically, CuCl
microbatteries have lower output voltage than AgCl micro-
batteries (Table 2). In addition, screen-printed CuCl–Mg

Fig. 10. SEM photograph of sputtered and chlorinated AgCl.

microbattery have a higher internal resistance in comparison
to sputtered and chlorinated AgCl–Mg microbattery due to
the presence of organic filler in the CuCl film. As a matter
of fact, it would be theoretically expected that the discharge
current of the AgCl microbattery would exceed that of
screen-printed CuCl. This was the case for the first 22 min
of discharge time. On the other hand, the rough topology of
the screen-printed CuCl shown inFig. 9 resulted in larger
electrode area than that of evaporated and chlorinated AgCl.
The latter was almost homogeneous as in shownFig. 10.
Moreover, the presence of pores within the screen-printed
CuCl film helped in water penetrating the CuCl film that
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Fig. 11. Measured voltage of the 12 mm×12 mm microbattery with AgCl
discharged under a load resistor of 1 k�.

consequently increased the rate of electrons and ions within
the chemical chamber. The higher cathode area and the
presence of pores helped in sustaining the discharge current
for the screen-printed CuCl microbattery for a prolonged
period of time. The evaporated CuCl microbattery had an
inferior performance in contrast to screen-printed CuCl
because of the difference in film thickness as well as the un-
avoidable presence of Cu atoms within the CuCl film during
the evaporation process that consequently decreased the ef-
fective cathode area. The energy capacity of AgCl–Mg mi-

Fig. 12. A microscope picture of bubbles observed at the outlet port.

Table 3
Energy capacities fromFigs. 6–8 and 11in mWh

Electrode area (mm× mm) Material Gap (�m) 100 (�) 1 (k�) 10 (k�) 100 (k�)

12 × 12 AgCl 50 ↔ 1766.5
12 × 12 AgCl 200 ↔ 543.6 ↓ ↓
12 × 12 AgCl 100 ↔ 1266.0
8 × 8 AgCl 100 808.2 999.4 254.3 28.17
6 × 6 AgCl 100 ↔ 530.2
4 × 4 AgCl 100 ↔ 337.4

12 × 12 CuCl 100 ↔ 1260.6 ←Screen printing
12 × 12 CuCl 100 ↔ 155.16 ←Evaporation

crobattery with 12 mm× 12 mm electrode area and 100�m
reaction chamber height was 1266�Wh. The energy capac-
ity of the screen-printed of CuCl–Mg microbattery with the
same conditions as the AgCl microbattery was 1260.6�Wh,
which is about the same as that of the tested AgCl–Mg mi-
crobattery. The energy capacity of the evaporated CuCl–Mg
microbattery was 155.2�Wh, about one order of magnitude
less than the other microbatteries presented in this work.

The effectiveness of the reaction chamber height on the
performance of the microbattery has also been studied.
Fig. 11 shows that the performance of the microbattery is
enhanced as the height is reduced. As the gap between the
cathode and anode is decreased, the resistance of the elec-
trolyte within the reaction chamber is reduced. This results
in a reduction in the internal resistance of the microbattery
that consequently enhances the performance.

It is worth mentioning that hydrogen bubbles shown in
Fig. 12 were observed at the outlet port during the testing
of the microbatteries. The bubbles are direct outcome of
the side chemical reaction between magnesium and water
as indicated byEq. (6). This reaction is disadvantageous in
a sense that it will inevitably erode away the magnesium
electrode that results in lowering the experimental voltage
and energy capacity per unit mass of the microbattery to their
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respective theoretical values. On the other hand, the motion
of the hydrogen bubbles throughout the reaction chamber
to the outlet port is beneficial in pumping out the reaction
byproducts such as Mg(OH)2, CuCl2, and AgCl2 to outside
the reaction chamber. Otherwise, the reaction byproducts
would have deposited on the electrode surfaces and gradually
blocked the reaction between the cathode and the anode.

Table 3compares the experimental energy capacity calcu-
lated from the numerical integration of the data inFigs. 5–8.
As noted fromTable 3, the energy capacity increased from
543.6�Wh for chamber height of 200�m to 1766.5�Wh
for chamber height of 50�m microbatteries.

5. Conclusions

We have successfully demonstrated a new class of
on-demand, and disposable microbatteries based on a safe
activation mechanism by using water. The manufacturing
process only requires one mask and is compatible with most
micromachining processes, including CMOS. The prototype
demonstrations use magnesium as the anode and silver chlo-
ride or cuprous chloride as the cathode and other material
systems may provide even better results. The experimental
data have shown that a maximum output voltage of 1.65 V
and energy capacity of 1.8 mWh is achieved for a micro-
battery with an electrode area of 12 mm× 12 mm when the
reaction chamber gap separating the cathode and anode is
50�m and the activation water droplet is 40�l. Both reduc-
ing the reaction chamber height and increasing the electrode
areas proved to provide higher voltage outputs. Furthermore,
this work demonstrated that appreciable amount of energy
can be extracted from the fabricated microbatteries with
energy scaling up linearly with the electrode area. These
microbattery might be easily integrated with microsystems
to provide suitable power for various applications, including
disposable diagnostics and BioMEMS chips.
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