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Micro-power sources that are comparable to or smaller than the size of the micro-devices needing power
are needed for many applications. This paper introduces an integrated millimeter scale power source
based on a micro-silicon fuel cell and a MEMS hydrogen generator, with passive control. The integrated
devices are fabricated from silicon wafers using conventional MEMS fabrication processes. In this design,
the hydrolysis reaction of calcium hydride and water is used to generate hydrogen, and the hydrogen
generation rate is controlled by a microfluidic self-regulating mechanism, which can control the hydrolysis
reaction based on the load. Design, fabrication, and testing results of a prototype system are described.
One of the devices can produce 90 pW for 6 h with a maximum power of 0.17 mW, and another one can
produce 30 wW for 26 h with a total energy density of 100Wh L.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

There is a growing need for micro-power sources, which are
comparable to the size of the micro-devices that they are pow-
ering, due to the fast growth of Micro Electromechanical System
(MEMS) devices. For instance, sub-millimeter sized sources pro-
ducing micro-watts of steady-state power with peaks to milli-watts
are needed for many types of micro-sensors, cognitive arthro-
pods, subdermal drug delivery systems, and other applications.
Generally, the devices have mission durations of an hour to a
few months. To this end, sub-millimeter power sources with such
power and energy densities have not yet been demonstrated
due to constraints on packaging, fuel storage, fuel delivery, and
power generation. Most MEMS devices are still powered by exter-
nal macroscopic power supplies, and in some cases, the large
power supplies eliminate the advantages of the reduction in device
size.

In order to solve this problem, many small power sources have
been explored, such as biofuel cells [1-10], energy harvesting
devices [11,12], ultra-capacitors [13,14], micro-batteries [15-24],
etc. Typical millimeter sized biofuel cells and miniature energy
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harvesting devices produce peak powers of a few micro-watts or
less, which is usually not sufficient for most applications. Ultra-
capacitors produce high peak powers, but their energy density
is low and usually less than 10Whkg~!. Their main applications
include boost components for supporting batteries and fuel cells.
Micro-batteries have also been widely explored to build millimeter
scale power sources and some efforts have been done to minia-
turize the power sources to sub-millimeter scale. For instance, the
all solid-state thin film lithium battery is a highly promising and
mature system already under development by a number of enti-
ties with ties to the original work at Oakridge National Laboratory
[15,17]. Although planar thin film micro-batteries have relatively
high power per unit volume, the current density per unit area is
low (1-10 mA cm~2) due to the size of the surface area (centimeter
scale). If the area of the thin film battery is decreased to the millime-
ter scale, the maximum power would be in the micro-watt range.
Therefore, multiple thin film cells have to be stacked in the z direc-
tion to meet the peak power requirement. This process could cause
challenging in fabrication and packaging, as well as increasing the
internal resistance, which drops the power density nonlinearly. A
3-D integrated all-solid-state rechargeable micro-battery has been
proposed [25], but this battery is still in the early stages of devel-
opment.

Recently, micro-fuel cells have attracted lots of attention as mil-
limeter scale power sources due to their inherently higher energy


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lzhu@illinois.edu
dx.doi.org/10.1016/j.jpowsour.2008.09.028

1306 L. Zhu et al. / Journal of Power Sources 185 (2008) 1305-1310

/

Hydrophobic
porous membrane

Spiral microchannel

3
£
g
=]
3
£
g
o

0.34 mm| |0.1 mm
1.74 mm

Fig. 1. Schematic of the all silicon integrated micro-power source based on self-regulating MEMS hydrogen generator and micro-silicon fuel cell. SEM images of the water
chamber, control layer with spiral microchannel, and hydride chamber are shown on the left side of the schematic. The dimension of the device is 2.5 mm x 2.5 mm x 1.74 mm,

and the whole volume of the device is 10.9 p.L.

and power densities. Most of the current research work is focused
on the development of portable proton exchange membrane (PEM)
fuel cells that meet the demand of portable electronic devices with
1-10W electric power [26-28]. Millimeter scale silicon fuel cells
have been explored by several groups [29-32]. In a previous paper,
we presented a micro-fuel cell integrated to a MEMS hydrogen gen-
erator, that produced a low output power [33]. In this paper, we
present the design, fabrication, and initial testing results of an inte-
grated micro-power source based on a micro-silicon fuel cell and a
MEMS hydrogen generator with a different design than in our pre-
vious paper. This design produces much higher peak powers than
our previous design.

This paper first presents the fabrication processes of the micro-
silicon fuel cell, the MEMS hydrogen generator, and the integration
process between the two components. The performance of the
micro-power source is also presented and compared with the
performance of the micro-fuel cell before integration. The mech-
anisms that limit the performance of the integrated micro-device
are detailed, and the microfluidic self-regulating mechanism for
controlling hydrogen generation from metal hydride is discussed.
Finally lifetime test results of two fabricated devices are presented
and discussed.

A,
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Fig. 2. Schematic of Si based hybrid membrane hydrogen fuel cell. The micro-silicon
fuel cell dies are fabricated from a double-sided polished SOI wafer with a 300 wm
thick handle wafer, 40 wm thick device layer and 0.5 wm thick buried oxide using
conventional MEMS fabrication processes. Nafion® ionomer 1100 EW was applied
to the membrane area to fill the channels for proton conduction. The platinum black
catalyst inks were painted onto the Nafion® layer to form the membrane electrode
assembly.

QL

2. Experimental

The device schematic is shown in Fig. 1 and the volume of
the whole device is 10.9mm3 (2.5 mm x 2.5mm x 1.74 mm). Both
the micro-silicon fuel cell and the MEMS hydrogen generator are
fabricated from silicon wafers using standard MEMS fabrication
processes, which enable the miniaturization of the micro-system
down to a sub-millimeter power source. In this work, calcium
hydride (CaH,) is used as the fuel due to its high energy density,
fast and complete reaction, and low volume expansion [34]. CaH; is
not typically used for large scale mobile hydrogen generators due to
its higher weight per hydrogen stored, but for the device described
here, small volumes are more important than low weight. As shown
in Fig. 1, amicrofluidic self-regulating mechanism is integrated into
the MEMS hydrogen generator to control the hydrogen generation
based on the load. The self-regulating mechanism is fully passive
and does not cause any parasitic power loss. The current work inves-
tigates a feasible approach to a fully functioning sub-millimeter
power source in the future.

2.1. Microfabrication of micro-silicon fuel cell dies

The micro-silicon fuel cell depicted in Fig. 2 is fabricated
from a 100 mm P type boron-doped double-sided polished prime
(1-0-0y SOI wafer (Ultrasil Corp., Hayward, CA) with a 300 wm
thick handle wafer (0.1-1.0 €2 cm resistivity), 40 wm thick device
layer (1-10 €2 cm resistivity), and 0.5 pm thick buried oxide using
conventional MEMS fabrication processes. Square windows of
2.4mm x 2.4 mm were patterned on the handle wafer (anode side)
while a 6 x 6 array of circular windows of 100 wm diameter and
100 wm apart were patterned on the device layer (cathode side).
Fig. 3 shows the microfabrication process for the Si dies: (A) The
native oxide layer was removed by immersion in buffered oxide
etch (BOE) solution and the wafer was cleaned using piranha etch
(3:1 sulfuric acid and 30 wt% hydrogen peroxide); (B) approxi-
mately 100 nm thick silicon nitride layer was grown on both sides of
the wafer by low pressure chemical vapor deposition (LPCVD); (C)
AZ 4620 photoresist (Clariant Co., Somerville, NJ) was used to pat-
tern the silicon nitride of the handle wafer (anode side) to make the
square windows (2.4 mm sides); (D) Dry etching using inductively
coupled plasma-deep reactive ion etching (ICP-DRIE) was done to
create square windows in the nitride layer on the anode side; (E)
Photoresist was removed by photoresist stripper AZ-400T (Clariant
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Fig. 3. Microfabrication processes for silicon fuel cell dies.

Co.), then the exposed silicon substrate was wet etched down to
the oxide layer using a 35% potassium hydroxide (KOH) solution at
85 °Cwithsilicon nitride as the mask; (F) Again, using standard pho-
tolithography, a 6 x 6 array of circular windows (100 um diameter)
was patterned on the silicon nitride of the device layer (cathode
side); (G) Dry etching using ICP-DRIE was done to create the cir-
cular windows in the silicon nitride on the cathode side; (H) Dry
etching using the BOSCH process was done to etch 40 wm of the
exposed silicon substrate down to the oxide layer; (I) Dry etch-
ing using a Freon reactive ion etcher system (Freon RIE, PlasmaLab)
was done to etch through the oxide layer; (J) Using a DC-Magnetron
sputtering system, roughly 150 nm of gold with 50 nm of chrome as
an adhesion layer was sputtered (on both sides of the wafer except
the openings) to serve as the current collector. Fig. 4 shows the SEM
images of the fabricated micro-silicon fuel cell dies.

2.2. Preparation of membrane electrode assembly

The membrane electrode assembly (MEA) was fabricated on
the silicon structure as shown in Fig. 2. To prepare the MEA,
~28 L of 5wt.% Nafion® ionomer 1100 EW (Solution Technology
Inc., Mendenhall, PA) was applied to the membrane area to fill the
channels for proton conduction as well as to serve as an adhesion

layer for the anode and cathode catalyst layers. The Nafion® layer
was then allowed to dry. Catalyst inks were prepared by dispers-
ing platinum black (HiSPEC 1000, Alfa Aesar, Ward Hill, MA) with
Nafion® solution, Millipore water, and isopropanol via sonication.
Using the direct paint method, the catalyst inks were painted onto
the Nafion® layer of the anode and cathode to form the membrane
electrode assembly. The resulting catalyst loading was approxi-
mately 20mgcm~2. In addition to the membrane area, a small
amount of catalyst ink was painted onto the gold current collectors
to provide electrical connection.

2.3. Microfabrication of MEMS hydrogen generator

As shown in Fig. 1, the MEMS hydrogen generator was
fabricated from three silicon wafers. The water reservoir and
hydride reservoir were fabricated from 650 pum thick, double
side polished prime wafers using ICP-DRIE. The hydride reser-
voir is 1.7mm x 1.7mm x 0.65mm and the water reservoir is
1.7 mm x 1.7 mm x 0.55mm with a 200 wm through hole at the
corner. The microfluidic self-regulating mechanism was fabricated
from a 100 pm thick, double-sided polished prime wafer. A 100 wm
wide, 30 wm deep, and 11.9 mm long spiral microchannel and a
200 wm diameter hole at center end of the spiral microchannel

Channel

KV 10.4mm x700 SE(M

50.0um

Fig. 4. SEM images showing fabricated micro-silicon fuel cell dies from cathode side and anode side views. Square windows of 2.4 mm x 2.4 mm were patterned on the
handle wafer (anode side) while a 6 x 6 array of circular windows of 100 m diameter and 100 wm apart were patterned on the device layer (cathode side).
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MEMS
hydrogen
generator

Fig.5. Pictures of the MEMS hydrogen generator and integrated micro-power source
with micro-silicon fuel cell.

were fabricated on this wafer using ICP-DRIE. To make the surface
of water reservoir and microchannel hydrophilic, 0.5 wm of sili-
con dioxide was grown on the surface in an 1100 °C oxidation tube
furnace for 12 h. The water reservoir was aligned and bonded to
the microfluidic control layer by adhesive bonding [35] to seal the
microchannel and make fluidic connection. A 50 wm thick porous
hydrophobic PTFE membrane (GE Osmonics Labstore, Minnetonka,
MN) was bonded to the control layer to prevent liquid water flowing
into the hydride reservoir through the microchannel. The hydride
reservoir was then bonded to the stack (water reservoir and control
layer) to complete the fabrication of the MEMS hydrogen genera-
tor. Finally, CaH, powder (Aldrich Chemical Company, St. Louis, MO)
was loaded into the hydride reservoir in a nitrogen glove box, and
the MEMS hydrogen generator was bonded to the micro-fuel cell
separated by a porous PTFE membrane. A photograph of a fabricated
device using this approach is shown in Fig. 5.

2.4. Fuel cell testing

The micro-silicon fuel cell was tested using a potentiostat
(Solartron SI 1287, Solartron Analytical, Hampshire, UK). In order
to compare the fuel cell performance before and after integration,
the fuel cell was tested before integration in a Teflon holder, which
was fabricated in house as shown in Fig. 6. The Teflon holder con-
sisted of two pieces. The bottom piece allowed hydrogen to flow
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Fig. 7. Polarization curve and power density plot of the micro-silicon fuel cell before
integration. This micro-silicon fuel cell has an open cell potential of 0.98 V and a peak
power density of 237 mW cm~2. Hydrogen was supplied from a hydrogen tank.

over the anode, while the top piece allowed quiescent air to diffuse
to the cathode. The fuel cell was placed in the Teflon housing and
connected to the potentiostat. Dry hydrogen from a hydrogen tank
was passed over to the anode with a flow rate of 1 sccm, and oxygen
was allowed to diffuse to the cathode from ambient air. Once the
fuel cell reached a steady open cell voltage (OCV), the potential was
then stepped from the open cell voltage to 0.1 V and the current was
recorded at each step.

3. Results and discussion

Fig. 7 shows the polarization curve and current density plot of a
micro-silicon fuel cell before integration. The fuel cell testing set-
up shown in Fig. 6 was used for this testing. The hydrogen is from a
hydrogen tank, and the oxygen is from the ambient air. This micro-
silicon fuel cell has an open cell potential (the voltage output of
the fuel cell in the zero current density limit) of 0.98 V and a peak
power density of 237 mW cm~2 (0.46V, 520 mAcm~2).

Two prototype devices were fabricated to evaluate the perfor-
mance of the integrated micro-power source. A hydrogen purging
system was built and the device was purged with hydrogen for
three cycles to replace trapped nitrogen with hydrogen. The water

Fig. 6. Teflon housing for silicon fuel cell testing. The Teflon holder consisted of two pieces. The bottom piece allowed hydrogen to flow over the anode, while the top piece

allowed quiescent air to diffuse to the cathode.
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Fig. 8. Polarization curve and power density plot of the integrated device. Mass
transfer limit was reached at 0.3V due to the limited hydrogen generation rate.

reservoir was filled with Millipore water and sealed by Parafilm. The
device was operated by vapor diffusion. Water flows from the water
reservoir into the hydrophilic micro-channel where the water was
in contact with the porous hydrophobic membrane. Water vapor
diffuses through the membrane and spontaneously reacts with
CaH; to release hydrogen (CaH,+2H,0— Ca(OH),+2H,). The
hydrogen then flows to the anode of the fuel cell. The cathode
of the fuel cell is exposed to ambient air to breath oxygen. The
polarization curve and power density plot of one of the integrated
micro-power sources are shown in Fig. 8. The device has an open
cell potential of 0.95V and a peak power density of 16.8 mW cm—2
(0.41V, 411 mAcm~2). The mass transport limit was reached at
0.3V with current density of 48 mA cm—2.

Chemical hydrides have been used to generate hydrogen for fuel
cell applications for decades [36-38]. In this design, hydrogen pro-
duction from CaH, is controlled by a microfluidic self-regulating
mechanism. As shown in Fig. 9, water flows from the water reser-
voir into the hydrophilic microchannel and a hydrophobic porous
membrane can prevent liquid water flowing into the hydride reser-
voir. Instead, the water vapor diffuses into the hydride reservoir
through the hydrophobic porous membrane and reacts with the
hydride to generate hydrogen. When hydrogen is being consumed
atalowrate at the anode under alow load, the water-gas interface is
forced to move back to the water reservoir. Therefore, the hydrogen
generation rate decreases due to the longer water vapor diffusion
length. As hydrogen is consumed by the fuel cell during periods

Water-gas
interface

Hydrophobic
membrane

- Hsto
fuel cell

)

T

Water
reservoir

Microchannel

Hydride

reservoir

Fig. 9. Schematic of the microfluidic self-regulating mechanism for controlling
hydrogen generation. Water flows from the water reservoir into the hydrophilic
microchannel and a hydrophobic porous membrane can prevent liquid water flow-
ing into the hydride reservoir. Water vapor diffuses into the hydride reservoir
through the hydrophobic porous membrane and reacts with the hydride to generate
hydrogen.
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Fig. 10. Current density curve of the integrated device at 0.8, 0.6, and 0.4V alterna-
tively. The device was operated at each voltage for 5 min.

of load, the water-gas interface self-regulates to generate only the
required amount of hydrogen. However, this self-regulating mecha-
nism has both minimum and maximum hydrogen generation rates,
when the water-gas interface is at the two ends of the microchan-
nel, respectively. The integrated device was operated at 0.8, 0.6,
and 0.4V alternatively to test the self-regulating mechanism. Fig. 10
shows the current density plot of the integrated device at each volt-
age. Although the current density can quickly change when the
voltage was changed, it stabilizes in about 5 min. This data indi-
cates that the self-regulating mechanism can regulate the hydrogen
generation with the load.

Lifetime tests were also performed at constant voltage (0.6 V)
with the two fabricated devices. As shown in Fig. 11, one of the
devices ran at 0.6V for more than 6 h until the reaction was com-
plete. Another device ran at 0.6V with lower current density for
more than 26 h. A summary of the testing results for the two devices
is provided in Table 1. Device 1 has power density of 15.6 WL,
which is equal to an average power of 0.17 mW. Device 2 showed an
energy density of 100 Wh L1, which s close to the energy density of
current microbatteries [17]. The energy density can be improved if
the fuel volume to device volume ratio (32% for current device) and
fuel utilization rate (about 35% for current device) can be increased.
Thinner fuel cell, control layer, and chamber walls can be fabricated
in the next generation design to increase the fuel volume to device
volume ratio and the energy density.
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Fig. 11. Lifetime test for the integrated micro-power source. The micro-fuel cell was
running at constant voltage 0.6V for more than 6h, and the total energy density
(based on the volume of the whole device) is 61.3 WhL1.



1310 L. Zhu et al. / Journal of Power Sources 185 (2008) 1305-1310

Table 1

Summary of the testing results for two fabricated devices based on micro-silicon fuel cell and MEMS hydrogen generator.

Device volume (mm?)

Open cell potential (V)

Energy density (WhL1) Maximum power density (WL™")

Device 1 10.9 0.99 61.3 15.6
Device 2 10.9 1.01 99.9 5.1
Compared with the fuel cell performance before integration References

shown in Fig. 6, the performance of the integrated device is about
one order of magnitude lower. This reduction in power is because
the Nafion® membrane was dehydrated by the strongly hygroscopic
calcium hydride powder that is located on top of the Nafion® mem-
brane. Most of the water in the Nafion® membrane from ambient air
or from the cathode reaction can permeate through the membrane
and react with the calcium hydride to release hydrogen. However,
the proton conductivity of Nafion® is related to the water content
within it [39]. Low water concentration in Nafion® can result in
low fuel cell performance. On the other hand, the hydrogen gen-
eration rate is not high enough to produce high current. Several
design approaches can be used to solve this problem. For instance,
the water vapor can be delivered to the hydride by passing through
the anode of the fuel cell, then the Nafion cannot be dehydrated.
Another approach is to decrease the water vapor permeation rate
from Nafion to the hydride by increasing the diffusion channel
length or decreasing the cross-section area of the diffusion chan-
nel. The port on the microfluidic control layer separating liquid
water and hydride water can be increased to get higher water vapor
diffusion rate and higher hydrogen generation rate.

4. Conclusions

An integrated micro-power source based on a micro-silicon fuel
cell and a MEMS hydrogen generator has been demonstrated in this
paper. Two integrated devices were fabricated using MEMS fab-
rication processes. A microfluidic self-regulating mechanism has
been successfully integrated into the micro-system, and this mech-
anism can control the hydrogen generation with changes in the
applied electrical load. The performance of the integrated device
is one order of magnitude lower than the micro-silicon fuel cell
before integration due to the drying out of the Nafion® membrane
by the hygroscopic calcium hydride in contact with it. One of the
devices still has energy density of 100 WhL-1, which is close to
the energy density of current microbatteries. The performance is
expected to be improved in future designs that mitigate the dryout
of the Nafion®.
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