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FABRICATION THEREOF 

CLAIM OF PRIORITY TO RELATED 
APPLICATION 

This application claims priority to U.S. provisional appli­
cation entitled "THIN-FILM MEMBRANES FOR FUEL 
CELLS" having Ser. No.: 60/584,104, filed on Jun. 30, 2004, 
which is entirely incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

The U.S. govermnent may have a paid-up license in this 
invention(s) and the right in limited circumstances to require 
the patent owner to license others on reasonable terms as 
provided for by the terms of MD A awarded by DARPA (Grant 
# 1906Z18) of the U.S. Govermnent. 

TECHNICAL FIELD 

The present invention(s) is generally to related fuel cells, 
and, more particularly, is related to fuel cell membranes, 
micro-fuel cells, and methods of making fuel cell membranes 
and micro-fuel cells. 

BACKGROUND 

Portable electronic devices, including those for mobile 
communications, microsensors, micro-electromechanical 
systems (MEMS), andmicrofluidic devices will benefit from 
advances in energy storage. The availability of power sources 
with higher energy density and lower cost will enable a wider 
range of usage and functionality. One possible higher energy 
density source is the fuel cell. 

For electronic devices with small power requirements, 
microfabricated power sources, including fuel cells, are being 
investigated. Issues to consider include reducing size and 
weight, improving signal integrity with fewer interconnects, 
increasing processing efficiency, and lowering cost. 

Some fuels of interest in micro-fuel cells for devices 
include hydrogen, methanol, and other hydrocarbons (e.g., 
ethylene glycol or formic acid). Hydrogen fuel cells and 
direct methanol fuel cells (DMFCs) operate at relatively low 
temperature (e.g., ambient to 120° C.). They employ a solid 
proton exchange membrane (PEM) to transport the protons 
from the anode to the cathode. Hydrogen can be stored as a 
pressured gas or in a metal hydride form. It requires humidi­
fication for high membrane conductivity. 

2 
performance. Therefore, there is a need in the industry to 
overcome at least some of the aforementioned inadequacies 
and deficiencies. 

SUMMARY 

Briefly described, embodiments of this disclosure, among 
others, include fuel cells, fuel cell membranes, micro-fuel 
cells, and methods of fabricating each. One exemplary fuel 

10 cell, among others, includes a membrane comprising a mem­
brane material selected from organic conducting materials, 
inorganic conducting materials, and combinations thereof; a 
catalyst layer disposed on a first side of the membrane; and a 
concentrated methanol fuel having a concentration of greater 

15 than about 3M methanol. 
Another exemplary fuel cell, among others, includes: a 

membrane comprising a membrane material selected from 
organic conducting materials, inorganic conducting materi­
als, and combinations thereof, wherein the membrane has a 

20 thickness of about 0.01 to 10 µm, wherein the membrane has 
a permeability of about 10-s to 10-14 g/cm*s*Torr. 

Another exemplary fuel cell, among others, includes: a 
membrane comprising a membrane material selected from 
organic conducting materials, inorganic conducting materi-

25 als, and combinations thereof, wherein the membrane 
includes at least a first membrane layer and a second mem­
brane layer, wherein the first membrane layer is about 10 to 
100 A thick; and a catalyst layer disposed on a first side of the 
membrane, wherein the catalyst layer includes a plurality of 

30 layers of catalyst having the first layer of membrane material 
disposed between each layer of the catalyst. 

Another exemplary micro-fuel cell, among others, 
includes: a substrate having anode current collectors disposed 
thereon; a membrane disposed on the anode current collec-

35 tors, wherein the membrane comprises a material selected 
from silicon dioxide, doped silicon dioxide, silicon nitride, 
doped silicon nitride, silicon oxynitride, doped silicon oxyni­
tride, metal oxides, doped metal oxides, metal nitrides, doped 
metal nitrides, metal oxynitrides, doped metal oxynitrides, 

40 and combinations thereof, wherein the membrane includes at 
least a first membrane layer and a second membrane layer, 
wherein the first membrane layer is about 10 to 100 A thick; 
a hollow channel substantially defined by a portion of the 
substrate and a portion of the membrane, wherein a catalyst 

45 layer is disposed on a side of the membrane exposed to the 
hollow channel, wherein the catalyst layer includes a plurality 
oflayers of catalyst having the first layer of membrane mate­
rial disposed between each layer of the catalyst; a cathode 
current collector disposed on the membrane on the side oppo-

50 site the substrate; wherein there is an electrically conductive 
path between the catalyst layer and the anode current collec-A methanol-water mixture can be oxidized at the anode in 

either liquid or vapor form. Methanol is an attractive fuel 
because it can be stored as a liquid, is inexpensive, and has a 
high specific energy. Compared with other fuel cell systems, 
the liquid-feed DMFC is relatively simple and could be easily 55 

miniaturized since it does not need a fuel reformer, compli­
cated humidification, or thermal management system. Fur­
thermore, methanol has a high energy density in comparison 
with lithium polymer and lithium ion polymer batteries. 

tor. 
Methods of fabricating a micro-fuel cell are also provided. 

One exemplary method includes, among others: disposing a 
sacrificial polymer layer onto a substrate; removing portions 
of the sacrificial material to form sacrificial material portions; 
disposing a first porous catalyst layer onto the sacrificial 
material portions; disposing a first layer of a membrane mate­
rial onto the sacrificial material portions, and the first porous 
catalyst layer; disposing a second porous catalyst layer onto 
the first layer of a membrane material; disposing a second 
layer of a membrane material onto the second porous catalyst 
layer; and removing the sacrificial material portions to form 
hollow channels substantially defined by the substrate, mem­
brane material, and the first porous catalyst layer. 

Proton exchange membranes can be used in low-tempera- 60 

ture fuel cells that operate with either hydrogen or methanol. 
The solid membrane in conventional fuel cells is usually a 
perfluorinated polymer with sidechains terminating in sul­
fonic acid moieties, such as Nation™. Membranes in PEM 
fuel cells generally contain water to keep the conductivity 65 

high. Methanol crossover causes a mixed potential and poi­
soning of the oxygen reduction reaction, leading to decreased 

Other structures, systems, methods, features, and advan­
tages will be, or become, apparent to one with skill in the art 
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upon examination of the following drawings and detailed 
description. It is intended that all such additional structures, 
systems, methods, features, and advantages be included 
within this description, be within the scope of the present 
disclosure, and be protected by the accompanying claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Many aspects of this disclosure can be better understood 
with reference to the following drawings. The components in 
the drawings are not necessarily to scale, emphasis instead 
being placed upon clearly illustrating the principles of this 
disclosure. Moreover, in the drawings, like reference numer­
als designate corresponding parts throughout the several 
views. 

FIG. 1 illustrates a cross-sectional view of a representative 
fuel cell membrane. 

FIG. 2 illustrates a cross-sectional view of another repre­
sentative fuel cell membrane. 

FIGS. 3A through 3D illustrate four embodiments of 
micro-fuel cells. 

FIGS. 4A through 4H are cross-sectional views that illus­
trate a representative method of fabricating the micro-fuel 
cell illustrated in FIG. 3A. 

4 
FIG. 23 is a plot that illustrates the performance of the 

micro fuel cells with Nafion™/glass composite membrane 
and single layer and dual layer anode catalyst at room tem­
perature: (a) current-potential curve; (b) current-power curve. 

FIG. 24 is a plot that illustrates the electrochemical imped­
ance of the micro fuel cell with Nafion™/Si02 composite 
membrane and single layer or dual layer anode catalyst at 
room temperature and 0.45 V. 

FIG. 25 is a plot that illustrates the performance of the 
10 hydrogen micro fuel cell at different temperatures with 1 psig 

inlet hydrogen pressure. 
FIG. 26 is a plot that illustrates the current and total charge 

passed with time for a sealed microfabricated fuel cell cross 
56 kQ resistance operating on a limited supply of hydrogen at 

15 room temperature. 
FIG. 27 is a plot that illustrates the pressure data for a 

microfabricated fuel cell operating on a limited supply of 
hydrogen. 

FIG. 2S is a plot that illustrates the performance of the 
20 direct methanol micro fuel cell with different 1 M methanol 

flow rate at room temperature. 

FIG. 5 illustrates a cross-sectional view of a representative 25 

fuel cell membrane. 

FIG. 29 is a plot that illustrates the performance of the 
direct methanol micro fuel cells with different methanol con­
centration at room temperature: (a) current-potential curve; 
(b) current-power curve. 

FIG. 30 is a plot that illustrates the performance of the 
direct methanol micro fuel cell operating at different tempera­
tures on 8 M methanol with a flow rate of0.1 ml/hr. 

FIG. 6 illustrates a cross-sectional view of a representative 
fuel cell membrane. 

FIGS. 7A through 7C illustrate four embodiments of 
micro-fuel cells. 

FIGS. SA through SF are cross-sectional views that illus­
trate a representative method of fabricating the micro-fuel 
cell. 

FIG. 31 is a plot that illustrates the current density-time 
30 curves at 250 m V of the direct methanol micro fuel cell 

operating at room temperature on 1.0 M methanol with a flow 
rate of 2 µL/hr. 

FIG. 9 is an XPS scan of sputtered platinum/ruthenium 
(Pt/Ru). 35 

FIG. 10 is a plot of the measured and calculated resistances 
for sputtered platinum films. 

FIG. 11 is a plot of the ionic conductivity of Si02 films 
measured through impedance spectroscopy. 

40 
FIG. 12 is a plot of a half-cell performance of microchan-

nels with humidified hydrogen. 
FIG. 13 is a plot of a half-cell performance of microchan­

nels with methanol-water and acid-methanol-water solutions. 
FIG. 14 is a plot of a micro-fuel cell performance with 

45 
sputtered anode and cathode. 

FIG. 15 is a plot of a micro-fuel cell performance of sample 
B at different temperatures. 

FIG. 16 is a plot of ambient temperature micro-fuel cell 
performance of samples B, C, and D with different amounts 50 
of sputtered anode catalyst. 

FIG.17 is a plot of current density of the imbedded catalyst 
sample held at constant potential for about 10 minutes. 

FIG. lS is a plot of a comparison between steady-state (at 
10 minutes) and linear voltametry polarization data for 55 
sample D with humidified hydrogen at room temperature. 

FIG. 19 is a plot of a microcharmel fuel cell performance 
with 1.0 M acidic methanol at 1 mL/hr. 

FIG. 32 is a plot that illustrates the variations in (A) ionic 
conductivity of P-doped C•) and undoped (0) Si02 films and 
(B) P concentration with deposition temperature. 

FIG. 33 is a plot that illustrates typical XPS survey scan 
spectrum of a PSG film. 

FIG. 34 is a plot that illustrates the core level XPS spectra 
of Si, P, and 0 peaks for PSG film. 

FIG. 35 is a plot that illustrates the room temperature I-V 
and power characteristics of fuel cells with undoped Si02 and 
two different PSG proton exchange membranes. 

DETAILED DESCRIPTION 

In general, fuel cell membranes, micro-fuel cells, and 
methods of fabrication thereof are disclosed. Embodiments 
of the fuel cell membranes are made of a glass or glassy 
metal-oxide (e.g., silicon dioxide, doped silicon dioxide, tita­
nium dioxide, and the like) and the membranes are relatively 
thin and have comparable area resistivities as thicker polymer 
membranes. The thinner the membrane, the easier it is for 
protons to move through it, thus increasing the amount of 
electrical current that can be generated. Meanwhile, the mate­
rials used to make the membranes are superior to currently 
used proton exchange membranes (PEMs) in preventing reac-
tants from passing through the membrane, a common prob­
lem particularly in direct methanol fuel cells. In addition, the 
membranes can be fabricated using well-known micro-elec-FIG. 20 is a cross-section of a composite membrane fuel 

cell with parallel microcharmels. 
FIG. 21 is a plot that illustrates the performance of the 

micro fuel cells with Si02 and Nafion™/Si02 as membranes 

60 tronic fabrication techniques. In this regard, the membrane 
can be fabricated onto the micro-electronic structure to which 
the fuel cell is going to be used. 

at room temperature: (a) current-potential curve; (b) current-
power curve. 

FIG. 22 is a plot that illustrates the electrochemical imped- 65 

ance of the micro fuel cells with and without Nation™ on the 
Si02 membrane at room temperature and 0.45 V. 

In an embodiment, the fuel cell membrane and the micro­
fuel cell can be directly integrated into the electronic device. 
For example, the fuel cell membrane and the micro-fuel cell 
can be integrated by placing the fuel cell membrane or the 
micro-fuel cell on the semiconductor chip, integrating the 
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fuel cell membrane or the micro-fuel cell in the electronic 
package, chip-substrate, or printed circuit board, and inter­
posing or attaching the fuel cell membrane or the micro-fuel 
cell to the chip as a separate part that is bonded to the chip. 

In general, the fuel cell membranes and micro-fuel cells 
can be used in technology areas such as, but not limited to, 
microelectronics (e.g., microprocessor chips, communica­
tion chips, and optoelectronic chips), micro-electromechani-
cal systems (MEMS), microfluidics, sensors, and analytical 
devices (e.g., microchromatography), communication/posi- 10 

tioning devices (e.g., beacons and GPS systems), recording 
devices, and the like. 

The fuel cell can actively and/or passively deliver fuel to 
the fuel cell membrane. For example, a pump or other deliv­
ery mechanism can be used to deliver a fuel to the fuel cell 15 

membrane. In another example, a fuel can be stored adjacent 
the fuel cell membrane. In the later embodiment, the fuel cell 
is sealed and non-flowing so that natural convection moves 
the fuel within the channel adjacent the fuel cell membrane. 
Also, combinations of these two embodiments can be used as 20 

well. In addition, the chemical products produced while using 
the fuel cell are released through an open vent, in embodi­
ments of an open fuel cell system, and through a permeable 
membrane, in embodiments of a closed fuel cell system. 

6 
be noted that the length and width are dependent on the 
application and can be adjusted accordingly. 

The membrane 12 has an area resistivity of about 0.1 to 
1000 ohms cm2

, about 0.1 to 100 ohms cm2
, about 0.1 to 10 

ohms cm2
, about 1 to 100 ohms cm2

, and about 1 to 10 ohms 
cm2

. The area resistivity is defined as the resistivity across the 
area of the membrane exposed to the fuel (e.g., resistance 
times area or resistivity times thickness). 

The membranes 12 can be formed using methods such as, 
but not limited to, spin-coating, plasma enhanced chemical 
vapor deposition (PECVD), screen printing, doctor blading, 
spray coating, roller coating, meniscus coating, and combi­
nations thereof. 

The catalyst layer 14a and 14b can include a catalyst such 
as, but not limited to, platinum, platinum/ruthenium, nickel, 
palladium, alloys of each, and combinations thereof. In gen­
eral, in one embodiment a platinum catalyst is used when the 
fuel is hydrogen and in another embodiment a platinum/ 
ruthenium catalyst is used when the fuel is methanol. The 
catalyst layer 14a and 14b can include the same catalyst or a 
different catalyst. The catalyst layer 14a and 14b is typically 
a porous catalyst layer that allows protons to pass through the 
porous catalyst layer. In addition, there is an electrically con-

Part A 
25 ductive path between the catalyst layer and the anode current 

collector. 
FIG. 1 illustrates a cross-sectional view of a representative 

fuel cell membrane 1 Oa. The fuel cell membrane 1 Oa includes 
a membrane 12 (or membrane layer) and a catalyst layer 14a 
and 14b disposed on each side of the membrane 12. As 30 
depicted in FIG. 1, a fuel (e.g., H2 , methanol, formic acid, 
ethylene glycol, ethanol, and combinations thereof) are con­
tacted with one side of the fuel cell membrane lOa (e.g., on 
the anode side of the membrane (not shown)), while air is 
contacted on the opposite side of the fuel cell membrane lOa 35 
(e.g., on the cathode side of the membrane (not shown)). For 
example, the following reactions occur on the anode and 
cathode side of the fuel cell membrane, respectively, when 
using methanol: CH30H+H2 0--;.C02 +6H+ +6e- and 3/202 + 
6H+ +6e---;.3H20. 

40 
The membrane can include materials such as, but not lim­

ited to, organic conducting materials and inorganic conduct­
ing materials. For example, the membrane can include mate­
rial such as, but not limited to, silicon dioxide, doped silicon 
dioxide, silicon nitride, doped silicon nitride, silicon oxyni- 45 
tride, doped silicon oxynitride, metal oxides (e.g., titanium 
oxide, tungsten oxide), metal nitrides (e.g., titanium nitride), 
doped metal oxides, metal oxynitrides (e.g., titanium oxyni­
tride ), doped metal oxynitrides, and combinations thereof. In 
general, the membranes can be doped with about 0.1 to 20% 50 
of dopant in the membrane and about 0.1 to 5% of dopant in 
the membrane. 

The catalyst layer 14a and 14b can have a thickness ofless 
than 1µ, about 0.01to100 µm, about 0.1 to 5 µm, and about 
0.3 to 1 µm. 

The catalyst layer 14a and 14b can include alternative 
layering of catalyst and the membrane material, which builds 
a thicker catalyst layer 14a and 14b (e.g., two or more layers). 
For example, two layers improve the oxidation rate of the 
fuel. This is advantageous because it can increase the anode 
catalyst loading and keep the catalyst layer porous. The high 
surface area will allow a high rate of oxidation of the fuel. A 
higher rate corresponds to higher electrical current and 
power. 

The membrane can be further processed by post-doping. 
The dopants can be diffused or implanted into the membrane 
to increase the ionic conductivity. The dopants can include, 
but are not limited to, boron and phosphorous. Each dopant 
can be individually diffused into the membrane from a liquid 
or from a solid source, or can be ion implanted using a high 
voltage ion accelerator. The conductivity of the membrane 
can be increased by diffusion of acidic compounds (e.g., 
carboxylic acids (in the form of acetic acid and trifluoracetic 
acid) and inorganic acids such as phosphoric acid and sulfuric 
acid) into the membrane. 

FIG. 2 illustrates a cross-sectional view of a representative 
fuel cell membrane 1 Ob. The fuel cell membrane 1 Ob includes 
a composite membrane 18 and a catalyst layer 14a and 14b. 
The composite membrane 18 includes two membrane layers 

The doped silicon dioxide can include, but is not limited to, 
phosphorous doped silicon dioxide, boron doped silicon 
dioxide, aluminum doped silicon dioxide, arsenic doped sili­
con dioxide, and combinations thereof. In general, the doping 
causes atomic scale defects such as M-OH (Mis a metal) and 
distort the lattice so that protons can be transported there­
through. The amount of doping can be from 0.1 to 20% by 
weight of dopant in membrane, 0.5 to 10% by weight of 
dopant in membrane, and 2 to 5% by weight of dopant in 
membrane. 

55 12 and 16 (polymer layer 16). In another embodiment, the 
fuel cell membrane 1 Ob can include three or more layers. One 
catalyst layer 14a is disposed on the polymer layer 16, while 
the second catalyst layer 14b is disposed on the membrane 
layer 12. The membrane layer 12 and the catalyst layers 14a 

The membrane 12 has a thickness of less than about 10 
micrometers (µm), about 0.01 to 10 µm, about 0.1 to 5 µm, 
about 0.1 to 2 µm, about 0.5 to 1.5 µm, and about 1 µm. The 
length of the membrane 12 can be from about 0.001mto100 
m, and the width can be from about 1 µm to 1000 µm. It should 

60 and 14b are similar to those described in reference to FIG. 1. 
In addition, the fuel cell membrane 1 Ob operates in a manner 
that is the same or similar to, that described above. 

Although the membrane layer 12 and polymer layer 16 are 
separate layers, they both operate as a fuel cell membrane. 

65 The combination of properties (e.g., ionic conductivity, fuel 
crossover resistance, mechanical strength, and the like) of the 
dual-layer membrane may be superior in some instances than 
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either layer individually. For example, the polymer layer 16 
may add additional mechanical support and stability to the 
membrane layer 12. 

In addition, in embodiments where the membrane layer 12 
is silicon dioxide, this material is similar to the other insula­
tors being used to fabricate the device, for example, when the 
membrane 12 is used with a semiconductor device. 

8 
24 can include, but is not limited to, platinum, gold, silver, 
palladium, aluminum, nickel, carbon, alloys of each, and 
combinations thereof. 

The cathode current collector 26 collects electrons. The 
cathode current collector 26 can include, but is not limited to, 
platinum, gold, silver, palladium, aluminum, nickel, carbon, 
alloys of each, and combinations thereof. 

The various anode current collectors 24 and the cathode 
current collector 26 can be electronically connected in series 
or parallel, depending on the configuration desired (e.g., the 
wiring could be from anode-to-cathode (in series) or anode-
to-anode (in parallel)). In one embodiment, the individual 
micro-fuel cells can be connected electronically in series to 
form fuel cell stacks to increase the output voltage. In another 

The polymer layer 16 can include polymers such as, but not 
limited to, Nation™ (perfluorosulfonic acid/polytetrafluoro­
ethylene copolymer), polyphenylene sulfonic acid, modified 10 

polyimide, and combinations thereof. For example, when 
Nation™ is used as the polymer layer 16, the open circuit 
potential has been shown to increase without loss to current 
density, resulting in an increase in power density and effi­
ciency. 15 embodiment, the connections can be made in parallel to 

increase the output current at the rated voltage. The polymer layer 16 has a thickness of about 1 to 50 µm, 
5 to 50 µm, and 10 to 50 µm. The length of the polymer layer The charmels 32a, 32b, and 32c are substantially defined 

(e.g., bound on all sides in the cross-sectional view) by the 
membrane 28, the first porous catalyst layer 14a, and the 

16 can be from about 0.01mto100 m, and the width can be 
from about 1 µm to 500 µm. It should be noted that the length 
and width are dependent on the application and can be 
adjusted accordingly. The polymer can be deposited using 
techniques such as, but not limited to, spin-coating, and there­
fore, the polymer can completely cover the substrate, and/or 
can be selectively deposited into a desired area. 

20 substrate 22. A fuel (e.g., hydrogen and methanol) is flowed 
into the charmels and interacts with the first porous catalyst 
layer 14a in a manner as described above. The charmels 32a, 
32b, and 32c, can be in series, parallel, or some combination 
thereof. The anode current collector 24 is disposed adjacent 

The polymer layer 16 has an area resistivity of about 0.001 
to 0.5 ohms cm2

. 

25 the channels 32a, 32b, and 32c, but is electrically connected 
to the porous catalyst layer 14a. 

In an embodiment, the channels 32a, 32b, and 32c are 
formed by the removal (e.g. decomposition) of a sacrificial 
polymer layer from the area in which the charmels 32a, 32b, 

FIGS. 3A through 3D illustrate four embodiments of 
micro-fuel cells 20a, 20b, 20c, and 20d. FIG. 3A illustrates a 
micro-fuel cell 20a having a membrane 28, a substrate 22, an 
anode current collector 24, a cathode current collector 26, a 
first porous catalyst layer 14a, a second catalyst layer 14b, 
and three channels 32a, 32b, and 32c. The membrane 28 can 
include the same chemical composition, dimensions, and 
characteristics, as that described for membrane 12 described 
above in reference to FIG. 1. The thickness of the membrane 
28 is measured from the top of the channels 32a, 32b, and 32c. 

30 and 32c are located. During the fabrication process of the 
structure 20a, a sacrificial polymer layer is deposited onto the 
substrate 12 and patterned. Then, the membrane 28 is depos­
ited around the patterned sacrificial polymer layer. Subse­
quently, the sacrificial polymer layer is removed, forming the 

35 channels 32a, 32b, and 32c. The processes for depositing and 
removing the sacrificial polymer are discussed in more detail 
hereinafter. The substrate 22 can be used in systems such as, but not 

limited to, microprocessor chips, microfluidic devices, sen­
sors, analytical devices, and combinations thereof. Thus, the 
substrate 22 can be made of materials appropriate for the 40 

system under consideration (e.g., for printed wiring board, 
epoxy boards can be used). Exemplar materials include, but 
are not limited to, glasses, silicon, silicon compounds, ger­
manium, germanium compounds, gallium, gallium com­
pounds, indium, indium compounds, other semiconductor 45 

materials and/or compounds, and combinations thereof. In 
addition, the substrate 12 can include non-semiconductor 
substrate materials, including any dielectric material, metals 
(e.g., copper and aluminum), or ceramics or organic materials 
found in printed wiring boards, for example. Furthermore, the 50 

substrate 22 can include one or more components, such as the 
particular components used in certain systems described 
above. 

Although a rectangular cross-section is illustrated for the 
channels 32a, 32b, and 32c, the three-dimensional bound­
aries of the charmels can have cross-sectional areas such as, 
but not limited to, rectangular cross-sections, non-rectangular 
cross-sections, polygonal cross-sections, asymmetrical 
cross-sections, curved cross sections, arcuate cross sections, 
tapered cross sections, cross sections corresponding to an 
ellipse or segment thereof, cross sections corresponding to a 
parabola or segment thereof, cross sections corresponding to 
a hyperbola or segment thereof, and combinations thereof. 
For example, the three-dimensional structures of the charmels 
can include, but are not limited to, rectangular structures, 
polygonal structures, non-rectangular structures, non-square 
structures, curved structures, tapered structures, structures 

The first porous catalyst layer 14a is disposed on the bot­
tom side of the membrane closed to the substrate 22. The 55 

corresponding to an ellipse or segment thereof, structures 
corresponding to a parabola or segment thereof, structures 
corresponding to a hyperbola or segment thereof, and com­
binations thereof. In addition, the channels can have cross­
sectional areas having a spatially-varying height. Moreover, second porous catalyst layer 14b is disposed on the top side of 

the membrane on the side opposite to the substrate 22. The 
micro-fuel cell 20a includes a first porous catalyst layer 14a 
and a second porous catalyst layer 14b, which form electri­
cally conductive paths to the anode current collector 24 and 
the cathode current collector 26, respectively. The first porous 
catalyst layer 14a and the second porous catalyst layer 14b 
can include the same catalysts as those described above, and 
also have the same thickness and characteristics as those 
described above. 

The anode current collector 24 collects electrons through 
the first porous catalyst layer 14a. The anode current collector 

multiple air-regions can be interconnected to form micro­
channels and microchambers, for example. 

The channels 32a, 32b, and 32c height can be from about 
60 0.1to100 µm, about 1to100 µm, 1to50 µm, and !Oto 20 µm. 

The channels 32a, 32b, and 32c width can be from about 0.01 
to about 1000 µm, about 100 to about 1000 µm, about 100 to 
about 300 µm. The length of the charmels 32a, 32b, and 32c 
can vary widely depending on the application and configura-

65 tion in which they are used. The channels 32a, 32b, and 32c 
can be in series, parallel, serpentine, and other configurations 
that are appropriate for a particular application. 
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In an embodiment, the sacrificial polymer used to produce 
the sacrificial material layer can be a polymer that slowly 
decomposes and does not produce undue pressure build-up 
while forming the channels 32a, 32b, and 32c within the 
surrounding materials. In addition, the decomposition of the 
sacrificial polymer produces gas molecules small enough to 
permeate the membrane 28. Further, the sacrificial polymer 
has a decomposition temperature less than the decomposition 
or degradation temperature of the membrane 28. 

The sacrificial polymer can include compounds such as, 10 

but not limited to, polynorbomenes, polycarbonates, poly­
ethers, polyesters, functionalized compounds of each, and 
combinations thereof. The polynorbomene can include, but is 
not limited to, alkenyl-substituted norbomene (e.g., cyclo­
acrylate norbornene). The polycarbonate can include, but is 15 

not limited to, norbomene carbonate, polypropylene carbon­
ate, polyethylene carbonate, polycyclohexene carbonate, and 
combinations thereof. 

In addition, the sacrificial polymer can include additional 
components that alter the processability of the sacrificial 20 

polymer (e.g., increase or decrease the stability of the sacri­
ficial polymer to thermal and/or light radiation). In this 
regard, the components can include, but are not limited to, 
photoinitiators and photoacid initiators. 

The sacrificial polymer can be deposited onto the substrate 25 

using techniques such as, for example, spin coating, doctor­
blading, sputtering, lamination, screen or stencil-printing, 
melt dispensing, evaporation, CVD, MOCVD, and/or 
plasma-based deposition systems. 

The thermal decomposition of the sacrificial polymer can 30 

be performed by heating to the decomposition temperature of 
the sacrificial polymer and holding at that temperature for a 
certain time period (e.g., 1-2 hours). Thereafter, the decom­
position products diffuse through the membrane 28 leaving a 
virtually residue-free hollow structure (channels 32a, 32b, 35 

and 32c). 
FIG. 3B illustrates a micro-fuel cell 20b having a mem­

brane 28, a substrate 22, an anode current collector 24, a 
cathode current collector 26, a first porous catalyst layer 14a, 
a second catalyst layer 14b, a catalyst layer 34, and three 40 

channels 32a, 32b, and32c. Themembrane 28 can include the 
same chemical composition, dimensions, and characteristics, 

10 
dimensions, and characteristics, as that described for mem­
brane 12 described above in reference to FIG. 1. The thick­
ness of the membrane 28 is measured from the top of the 
channels 32a, 32b, and 32c. 

The substrate 22, the anode current collector 24, the cath­
ode current collector 26, the second catalyst layer 14b, the 
catalyst layer 34, and the three channels 32a, 32b, and 32c are 
similar to those described above in reference to FIGS. 3A and 
3B. 

In this embodiment, the micro-fuel cell 20c does not 
include a first porous catalyst layer, however, the catalytic 
reaction and activity can be created by the catalyst layer 34. 

FIG. 3D illustrates a micro-fuel cell 20d having a mem­
brane 28, a substrate 22, an anode current collector 24, a 
cathode current collector 26, a first catalyst layer 14a, a sec­
ond catalyst layer 14b, and three channels 32a, 32b, and 32c. 
The membrane 28 can include the same chemical composi­
tion, dimensions, and characteristics, as that described for 
membrane 12 described above in reference to FIG. 1. The 
thickness of the membrane 28 is measured from the top of the 
channels 32a, 32b, and 32c. 

The polymer layer 36 is disposed on the top side of the 
membrane 28 opposite the substrate 22. The second porous 
catalyst layer 14b and the cathode current collector 26 are 
disposed on the top side of the polymer layer 36 on the side 
opposite the membrane 28. 

The substrate 22, the anode current collector 24, the cath-
ode current collector 26, the second catalyst layer 14b, first 
catalyst layer 14a, and the three channels 32a, 32b, and 32c 
are similar to those described above in reference to FIGS. 3A 
and 3B. It should be noted that a catalyst layer as described in 
FIGS. 3B and 3C can be included in an embodiment similar to 
micro-fuel cell 20d. 

The polymer layer 36 is similar to the polymer layer 16 
described in FIG. 2. The polymer layer 36 can include the 
same polymers as described in reference to FIG. 2, and also 
include the same dimensions. In addition, the dimensions are 
partially limited to the overall dimensions of the micro-fuel 
cell 20d and the dimensions of the membrane 28. 

Now having described the structure 10 having micro-fuel 
cells 20a, 20b, 20c, and 20d in general, the following 
describes exemplar embodiments for fabricating the micro­
fuel cell 20a, which could be extended to fabricate micro-fuel 
cells 20b, 20c, and 20d. It should be noted that for clarity, 

as that described for membrane 12 described above in refer­
ence to FIG.1. The thickness of the membrane 28 is measured 
from the top of the channels 32a, 32b, and 32c. 

The substrate 22, the anode current collector 24, the cath­
ode current collector 26, the first porous catalyst layer 14a, 
the second catalyst layer 14b, and the three channels 32a, 32b, 
and 32c are similar to those described above in reference to 
FIG. 3A. 

45 some portions of the fabrication process are not included in 
FIGS. 4A through 4H. As such, the following fabrication 
process is not intended to be an exhaustive list that includes all 
steps required for fabricating the micro-fuel cell 20a. In addi­
tion, the fabrication process is flexible because the process 

50 steps may be performed in a different order than the order 
illustrated in FIGS. 4A through 4H, or some steps may be 
performed simultaneously. 

The catalyst layer 34 is disposed on the substrate 12 within 
each of the channels 32a, 32b, and 32c. In another embodi­
ment, the catalyst layer 34 can be disposed in less than all of 
the channels, which is determined by the micro-fuel cell 
configuration desired. The catalyst layer 34 can be a porous 
layer or can be a large surface area layer. The catalyst layer 34 
can cover the entire portion of the substrate that would oth­
erwise be exposed to the fuel in the channels 32a, 32b, and 
32c, or cover a smaller area, as determined by the configura­
tion desired. The catalyst layer 34 can include catalysts such 60 

as, but not limited to, platinum, platinum/ruthenium, nickel, 
palladium, alloys of each, and combinations thereof. 

FIGS. 4A through 4H are cross-sectional views that illus­
trate a representative method of fabricating the micro-fuel 

55 cell 20a illustrated in FIG. 3A. It should be noted that for 

FIG. 3C illustrates a micro-fuel cell 20c having a mem­
brane 28, a substrate 22, an anode current collector 24, a 
cathode current collector 26, a second catalyst layer 14b, a 65 

catalyst layer 34, and three channels 32a, 32b, and 32c. The 
membrane 28 can include the same chemical composition, 

clarity, some portions of the fabrication process are not 
included in FIGS. 4A through 4H. As such, the following 
fabrication process is not intended to be an exhaustive list that 
includes all steps required for fabricating the micro-fuel cell 
20a. In addition, the fabrication process is flexible because 
the process steps may be performed in a different order than 
the order illustrated in FIGS. 4A through 4H and/or some 
steps may be performed simultaneously. 

FIG. 4A illustrates the substrate 22 having an anode current 
collector 24 disposed thereon. FIG. 4B illustrates the forma­
tion of the sacrificial material layer 42 on the substrate 22 and 
the anode current collector 24. The sacrificial polymer layer 
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22 can be deposited onto the substrate 22 using techniques 
such as, for example, spin coating, doctor-blading, sputtering, 
lamination, screen or stencil-printing, melt dispensing, CVD, 
MOCVD, and/or plasma-based deposition systems. In addi­
tion, a mask 38 is disposed on the sacrificial material layer 42 
to remove portions of the sacrificial material layer 42 to 
expose the anode current collector 24. FIG. 4C illustrates the 
removal of portions of the sacrificial material layer 42 to form 
sacrificial portions 44a, 44b, and 44c. 

FIG. 4 D illustrates the formation of the first porous catalyst 
layer 14a on the sacrificial portions 44a, 44b, and 44c. The 
first porous catalyst layer 14a can be formed by sputtering, 
evaporation, spraying, painting, chemical vapor deposition 
and combinations thereof. 

FIG. 4E illustrates the formation of the membrane layer 28 
on the porous catalyst layer 14a, the sacrificial portions 44a, 
44b, and 44c, and the anode current collectors 24. The mem­
brane can be formed using methods such as, but not limited to, 
spin-coating, plasma enhanced chemical vapor deposition 
(PECVD), chemical vapor deposition, sputtering, evapora­
tion, laser ablation deposition, and combinations thereof. The 
temperature at which the membrane 28 is formed should be 
from about 25 to 400° C., about 50 to 200° C., or about 100 to 
150° C. It should be noted that temperature is limited to the 
range at which the other materials are stable (e.g., decompo­
sition temperature). 

FIG. 4F illustrates the removal of the sacrificial portions 
44a, 44b, and 44c to form the channels 32a, 32b, and 32c. The 
sacrificial portions 44a, 44b, and 44c can be removed using 
thermal decomposition, microwave irradiation, uv/visible 
irradiation, plasma exposure, and combinations thereof. It 
should be noted that the sacrificial portions 44a, 44b, and 44c 
can be removed at a different step in the fabrication process, 
such as after the step illustrated in FIG. 4G and/or FIG. 4H. 

FIG. 4G illustrates the formation of the second porous 
catalyst layer 14b on the sacrificial portions 44a, 44b, and 
44c. The second porous catalyst layer 14b can be formed by 
sputtering, evaporation, spraying, painting, chemical vapor 
deposition, and combinations thereof. 

FIG. 4H illustrates the formation of the cathode current 
collector 26 on the second porous catalyst layer 14b and the 
membrane 28. 

As mentioned above, a step can be added between the steps 
illustrated in FIGS. 4F and 4G to add a polymer layer as 
shown in FIG. 2 and FIG. 3D, and the second porous catalyst 
layer and the cathode current collector can be formed on the 
polymer layer. The polymer layer can be formed by methods 
such as, but not limited to, spin coating, doctor-blading, sput­
tering, lamination, screen or stencil-printing, melt dispens­
ing, CVD, MOCVD, and plasma-based deposition systems. 
Likewise, the step ofadding the first porous catalyst layer 14a 
can be omitted to form the micro-fuel cell 20c illustrated in 
FIG. 3C. In addition, the catalyst layer 34 (for FIGS. 3B and 
3C) can be disposed at some step prior to forming the mem­
brane layer. 

Part B 
In another embodiment, a fuel cell can include a fuel cell 

membrane including a high-surface area catalyst layer. The 
catalyst layer is multi-layered in that the catalyst layer 
includes a plurality of catalyst layers. The catalyst layers are 
at different depths and enhance the surface area upon which a 
fuel can contact. 

12 
102. As depicted in FIG. 5, a fuel (e.g., H2 , methanol, formic 
acid, ethylene glycol, ethanol, and combinations thereof) are 
contacted with one side of the fuel cell membrane lOOa (e.g., 
on the anode side of the membrane (not shown)), while air is 
contacted on the opposite side of the fuel cell membrane 1 OOa 
(e.g., on the cathode side of the membrane (not shown)). 

The membrane 1 OOa can include materials such as, but not 
limited to, organic conducting materials and inorganic con­
ducting materials. For example, the membrane lOOa can 

10 include material such as, but not limited to, silicon dioxide, 
doped silicon dioxide, silicon nitride, doped silicon nitride, 
silicon oxynitride, doped silicon oxynitride, metal oxides 
(e.g., titanium oxide, tungsten oxide), metal nitrides (e.g., 
titanium nitride), doped metal oxides, metal oxynitrides (e.g., 

15 titanium oxynitride ), doped metal oxynitrides, and combina­
tions thereof. In general, the membrane lOOa can be doped 
with about 0.1 to 20% of dopant in the membrane and about 
0.1 to 5% of dopant in the membrane lOOa. 

The doped silicon dioxide can include, but is not limited to, 
20 phosphorous doped silicon dioxide, boron doped silicon 

dioxide, aluminum doped silicon dioxide, arsenic doped sili­
con dioxide, and combinations thereof. In general, the doping 
causes atomic scale defects such as M-OH (Mis a metal) and 
distort the lattice so that protons can be transported there-

25 through. The amount of doping can be from 0.1 to 20% by 
weight of dopant in membrane lOOa, 0.5 to 10% by weight of 
dopant in membrane, and 2 to 5% by weight of dopant in 
membrane lOOa. 

The membrane 102 has a thickness of less than about 10 
30 micrometers (µm), about 0.01 to 10 µm, about 0.1 to 7 µm, 

about 0.5 to 7 µm, about 2 to 7 µm, about 5 to 7 µm, about 0.1 
to 2 µm, about 0.5 to 1.5 µm, and about 1 µm. The length of the 
membrane 102 can be from about 0.001 m to 100 m, and the 
width can be from about 1 µm to 1000 µm. It should be noted 

35 that the length and width are dependent on the application and 
can be adjusted accordingly. 

The membrane 102 has an area resistivity of about 0.1 to 
1000 ohms cm2

, about 0.1 to 100 ohms cm2
, about 0.1 to 10 

ohms cm2
, about 1 to 100 ohms cm2

, and about 1 to 10 ohms 
40 cm2

. The area resistivity is defined as the resistivity across the 
area of the membrane 102 exposed to the fuel (e.g., resistance 
times area or resistivity times thickness). 

The membrane 102 can be formed using methods such as, 
but not limited to, spin-coating, plasma enhanced chemical 

45 vapor deposition (PECVD), screen printing, doctor blading, 
spray coating, roller coating, meniscus coating, and combi­
nations thereof. 

The membrane 102 could be further processed by post­
doping procedures. The dopants can be diffused or implanted 

50 into the membrane 102 to increase the ionic conductivity. The 
dopants can include, but are not limited to, boron and phos­
phorous. Each dopant can be individually diffused into the 
membrane from a liquid or from a solid source, or can be ion 
implanted using a high voltage ion accelerator. The conduc-

55 tivity of the membrane can be increased by diffusion of acidic 
compounds (e.g., carboxylic acids (in the form of acetic acid 
and trifluoracetic acid) and inorganic acids such as phospho­
ric acid and sulfuric acid) into the membrane 102. 

The catalyst layer 104a and 104b can include a catalyst 
60 such as, but not limited to, platinum, platinum/ruthenium, 

nickel, palladium, alloys of each, and combinations thereof. 
In general, in one embodiment a platinum catalyst is used 
when the fuel is hydrogen and in another embodiment a 

FIG. 5 illustrates a cross-sectional view of a representative 
fuel cell membrane lOOa. The fuel cell membrane lOOa 65 

platinum/ruthenium catalyst is used when the fuel is metha­
nol. The catalyst layer 104a and 104b can include the same 
catalyst or a different catalyst. The catalyst layer 104a and includes a membrane 102 (or membrane layers) and a catalyst 

layer 104a and 104b disposed on each side of the membrane 104b is typically a porous catalyst layer that allows protons to 
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pass through the porous catalyst layer. In addition, there is an 
electrically conductive path between the catalyst layer and the 
anode current collector. In general, the catalyst layer 104a 
and the catalyst layer 104b are formed using different tech­
niques. For example, in an embodiment, the catalyst layer 
104b could be thicker than the catalyst layer 104a, so different 
techniques can be used to apply each layer. 

The catalyst layer 104a can include alternative layering of 
the catalyst (catalyst layers 104a' and 104a") and the mem­
brane material (the same or a different material), which builds 10 

a thicker catalyst layer 104a. In another embodiment, the 
membrane material is a different type of material as the mem­
brane, and the result is a composite membrane. 

For example, two or more layers of catalyst can be fabri­
cated (two layers are depicted in FIG. 5, catalyst layers 104a' 15 

and 104a"), where one of the layers is on the surface, while 
the other layer(s) is embedded in the membrane material. As 
discussed in more detail below, the plurality of catalyst layers 
can be formed by applying a catalyst layer (catalyst layer 
104a") on a layer of membrane material, applying a thin layer 20 

(e.g., about 10 to 100 A) of membrane material on the catalyst 
layer, and then dispose another catalyst layer (catalyst layer 
104a') (e.g., about 10 to 100 A). This process can be repeated 
as determined for a particular application. The thickness of 
each catalyst layer and the thickness of each thin layer of 25 

membrane material can be varied as determined for a particu-

14 
membrane 102 is about 10-s to 10-14 g/cm*s*Torr, about 
10-9 to 10-14 g/cm*s*Torr, about 10-10 to 10-14 g/cm*s*Torr, 
about 10-11 to 10-14 g/cm*s*Torr, and about 10-12 to 10-14 

g/cm*s*Torr, for the thickness range of the membrane 102 
noted above. 

FIG. 6 illustrates a cross-sectional view of a representative 
fuel cell membrane lOOb. The fuel cell membrane lOOb 
includes a composite membrane 108 and a catalyst layer 104a 
and 104b. The composite membrane 108 includes two mem­
brane layers 102 and 106 (polymer layer 106). In another 
embodiment, the fuel cell membrane lOOb can include three 
or more layers. One catalyst layer 104a is disposed on the 
polymer layer 106, while the second catalyst layer 104b is 
disposed on the membrane layer 102. The membrane layer 
102 and the catalyst layers 104a and 104b are similar to those 
described in reference to FIG. 5. In addition, the fuel cell 
membrane lOOb operates in a manner that is the same or 
similar to, that described above. 

Although the membrane layer 102 and polymer layer 106 
are separate layers, they both operate as a fuel cell membrane. 
The combination of properties (e.g., ionic conductivity, fuel 
crossover resistance, mechanical strength, and the like) of the 
dual-layer membrane may be superior in some instances than 
either layer individually. For example, the polymer layer 106 
may add additional mechanical support and stability to the 
membrane layer 102. 

lar application. The actual or effective surface area could be 
calculated by dividing the observed current, as obtained for a 
multi-layered catalyst, by the current observed for a single­
layer catalyst. 

In addition, in embodiments where the membrane layer 
102 is silicon dioxide, this material is similar to the other 
insulators being used to fabricate the device, for example, 

30 when the membrane 102b is used with a semiconductor 
Having a plurality oflayers can improve the oxidation rate 

of the fuel. This is advantageous because it can increase the 
anode catalyst loading and keep the catalyst layer porous. The 
high surface area will allow a high rate of oxidation of the 
fuel. A higher rate corresponds to higher electrical current and 35 

power. In addition, a more concentrated fuel (e.g., concen­
trated MeOH can be used). In embodiments where a concen­
trated fuel such as MeOH can be used, a higher electrical 
current and power can be generated relative to fuel cells using 

device. In addition, the membrane layer 102 can be made of 
other materials as described above in reference to membrane 
layer 12. 

The polymer layer 106 is similar (e.g., materials, dimen­
sions, characteristics, and properties) to the polymer layer 16 
described above. The catalyst layer 104a and 104b are similar 
to those described above in reference to FIG. 5. 

FIGS. 7A through 7C illustrate four embodiments of 
micro-fuel cells 120a, 120b, and 120c. FIG. 7A illustrates a 

an unconcentrated fuel (i.e., IM MeOH). 
In general, the catalyst layer 104a and 104b can each have 

a thickness ofless than 1 µm, about 0.01 to 100 µm, about 0.1 

40 micro-fuel cell 120a having a membrane 128, a substrate 122, 
an anode current collector 124, a cathode current collector 
126, a first porous catalyst layer 104a, a second catalyst layer 
104b, and three hollow chamiels 132a, 132b, and 132c. The to 5 µm, and about 0.3 to 1 µm. The catalyst layer 104a' and 

104a" can each have a thickness of about 50 to 250 A and 
about 50 to 150 A. The thickness of the membrane material 45 

disposed between each layer can be about 10 to 100 A. 
As mentioned above, the fuel used in the fuel cell depends, 

in part, on the catalyst in the catalyst layer 104a. In an 
embodiment, the fuel can include, but is not limited to, a 
concentrated MeOH (e.g., concentrated as compared to 50 

MeOH used in the fuel cell, which is about IM MeOH). The 
concentration of the MeOH that can be used is about 2M, 
about3M,about4M,about5M,about6M,about7M,about 
SM, about 9M, about !OM, about llM, and about 12M. In 
addition, the concentration of the MeOH can be from about 55 

2Mto 12M, about 3M to 12M, about4Mto 12M, about 5Mto 
12M, about 6M to 12M, about 7M to 12M, about SM to 12M, 
about9Mto 12M, about lOMto 12M, and about 1lMto12M. 

Typical proton exchange membrane fuel cells using MeO H 
need a large amount of water because highly-hydrated pro- 60 

tons are transplanted across the polymer membrane through 
relatively large chamiels in the polymer membrane (e.g., 
Nation™). Without the water (S to 12 water molecules per 
proton), transport is suppressed. In contrast, embodiments of 
the present disclosure can use relatively higher concentra- 65 

tions ofMeOH because the membrane 102 has a low molecu-
lar permeability. In an embodiment, the permeability of the 

membrane 128 can include the same chemical composition, 
dimensions, and characteristics, as that described for mem­
brane 102 described above in reference to FIG. 5. The thick­
ness of the membrane 128 is measured from the top of the 
channels 132a, 132b, and 132c. 

The substrate 122 can be used in systems such as, but not 
limited to, microprocessor chips, microfluidic devices, sen­
sors, analytical devices, and combinations thereof. Thus, the 
substrate 122 can be made of materials appropriate for the 
system under consideration (e.g., for printed wiring board, 
epoxy boards can be used). Exemplar materials include, but 
are not limited to, glasses, silicon, silicon compounds, ger­
manium, germanium compounds, gallium, gallium com-
pounds, indium, indium compounds, other semiconductor 
materials and/or compounds, and combinations thereof. In 
addition, the substrate 122 can include non-semiconductor 
substrate materials, including any dielectric material, metals 
(e.g., copper and aluminum), or ceramics or organic materials 
found in printed wiring boards, for example. Furthermore, the 
substrate 122 can include one or more components, such as 
the particular components used in certain systems described 
above. 

The first porous catalyst layer 104a is disposed on the 
bottom side of the membrane closed to the substrate 122. The 
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second porous catalyst layer 104b is disposed on the top-side 
of the membrane 128 on the side opposite to the substrate 122. 
The micro-fuel cell 120a includes a first porous catalyst layer 
104a and a second porous catalyst layer 104b, which form 
electrically conductive paths to the anode current collector 
124 and the cathode current collector 126, respectively. The 
first porous catalyst layer 104a and the second porous catalyst 
layer 104b can include the same catalysts as those described 
above, and also have the same thickness and characteristics as 
those described above. 

The anode current collector 124 collects electrons through 
the first porous catalyst layer 104a. The anode current collec-
tor 124 can include, but is not limited to, platinum, gold, 
silver, palladium, aluminum, nickel, carbon, alloys of each, 
and combinations thereof. 

The cathode current collector 126 collects electrons. The 
cathode current collector 126 can include, but is not limited 

16 
corresponding to an ellipse or segment thereof, structures 
corresponding to a parabola or segment thereof, structures 
corresponding to a hyperbola or segment thereof, and com­
binations thereof. In addition, the channels can have cross­
sectional areas having a spatially-varying height. Moreover, 
multiple air-regions can be interconnected to form micro­
channels and microchambers, for example. 

The channels 132a, 132b, and 132c height can be from 
about 0.1 to 100 µm, about 1 to 100 µm, 1 to 50 µm, and 10 to 

10 20 µm. The channels 132a, 132b, and 132c width can be from 
about 0.01 to about 1000 µm, about 100 to about 1000 µm, 
about 100 to about 300 µm. The length of the channels 132a, 
132b, and 132c can vary widely, depending on the application 
and configuration in which they are used. The channels 132a, 

15 132b, and 132c can be in series, parallel, serpentine, and other 
configurations that are appropriate for a particular applica-
ti on. 

to, platinum, gold, silver, palladium, aluminum, nickel, car­
bon, alloys of each, and combinations thereof. In another 
embodiment, the positions of the anode current collector 124 20 

and the cathode current collector 126 could be switched. 

In an embodiment, the sacrificial polymer used to produce 
the sacrificial material layer can be a polymer that slowly 
decomposes and does not produce undue pressure build-up 
while forming the channels 132a, 132b, and 132c within the 

The various anode current collectors 124 and the cathode 
current collector 126 can be electronically connected in series 
or parallel, depending on the configuration desired (e.g., the 
wiring could be from anode-to-cathode (in series) or anode­
to-anode (in parallel)). In one embodiment, the individual 
micro-fuel cells can be connected electronically in series to 
form fuel cell stacks to increase the output voltage. In another 
embodiment, the connections can be made in parallel to 
increase the output current at the rated voltage. 

The channels 132a, 132b, and 132c are substantially 
defined (e.g., bound on all sides in the cross-sectional view) 
by the membrane 128, the first porous catalyst layer 104a, and 
the substrate 122. In other embodiments, other components 
could be present that also define the channels. A fuel (e.g., 
hydrogen or methanol) is flowed into the channels and inter­
acts with the first porous catalyst layer 104a in a manner as 
described above. The channels 132a, 132b, and 132c, can be 
in series, parallel, or some combination thereof. The anode 
current collector 124 is disposed adjacent the channels 132a, 
132b, and 132c, but is electrically connected to the porous 
catalyst layer 104a. 

In an embodiment, the channels 132a, 132b, and 132c are 
formed by the removal (e.g. decomposition) of a sacrificial 
polymer layer from the area in which the channels 132a, 
132b, and 132c are located. During the fabrication process of 
the structure 120a, a sacrificial polymer layer is deposited 
onto the substrate 122 and patterned. Then, the membrane 
128 is deposited around the patterned sacrificial polymer 
layer. Subsequently, the sacrificial polymer layer is removed, 
forming the channels 132a, 132b, and132c. The processes for 
depositing and removing the sacrificial polymer are discussed 
in more detail hereinafter. 

Although a rectangular cross-section is illustrated for the 
channels 132a, 132b, and 132c, the three-dimensional bound­
aries of the channels can have cross-sectional areas such as, 
but not limited to, rectangular cross-sections, non-rectangular 
cross-sections, polygonal cross-sections, asymmetrical 
cross-sections, curved cross sections, arcuate cross sections, 
tapered cross sections, cross sections corresponding to an 
ellipse or segment thereof, cross sections corresponding to a 
parabola or segment thereof, cross sections corresponding to 

surrounding materials. In addition, the decomposition of the 
sacrificial polymer produces gas molecules small enough to 
permeate the membrane 128. Further, the sacrificial polymer 

25 has a decomposition temperature less than the decomposition 
or degradation temperature of the membrane 128. 

The sacrificial polymer can include compounds such as, 
but not limited to, polynorbornenes, polycarbonates, poly­
ethers, polyesters, functionalized compounds of each, and 

30 combinations thereof. The polynorbornene can include, but is 
not limited to, alkenyl-substituted norbornene (e.g., cyclo­
acrylate norbornene). The polycarbonate can include, but is 
not limited to, norbornene carbonate, polypropylene carbon­
ate, polyethylene carbonate, polycyclohexene carbonate, and 

35 combinations thereof. 
In addition, the sacrificial polymer can include additional 

components that alter the processability of the sacrificial 
polymer (e.g., increase or decrease the stability of the sacri­
ficial polymer to thermal and/or light radiation). In this 

40 regard, the components can include, but are not limited to, 
photoinitiators and photoacid initiators. 

The sacrificial polymer can be deposited onto the substrate 
using techniques such as, for example, spin coating, doctor­
blading, sputtering, lamination, screen or stencil-printing, 

45 melt dispensing, evaporation, CVD, MOCVD, and/or 
plasma-based deposition systems. 

The thermal decomposition of the sacrificial polymer can 
be performed by heating to the decomposition temperature of 
the sacrificial polymer and holding at that temperature for a 

50 certain time period (e.g., about 1-2 hours). Thereafter, the 
decomposition products diffuse through the membrane 28 
leaving a virtually residue-free hollow structure (channels 
132a, 132b, and 132c). 

FIG. 7B illustrates a micro-fuel cell 120b having a mem-
55 brane 128, a substrate 122, an anode current collector 124, a 

cathode current collector 126, a first porous catalyst layer 
104a, a second catalyst layer 104b, a catalyst layer 134, and 
three channels 132a, 132b, and 132c. The membrane 128 can 
include the same chemical composition, dimensions, and 

60 characteristics, as that described for membrane 102 described 
above in reference to FIG. 5. The thickness of the membrane 
128 is measured from the top of the channels 132a, 132b, and 
132c. a hyperbola or segment thereof, and combinations thereof. 

For example, the three-dimensional structures of the channels 
can include, but are not limited to, rectangular structures, 65 

polygonal structures, non-rectangular structures, non-square 
structures, curved structures, tapered structures, structures 

The substrate 122, the anode current collector 124, the 
cathode current collector 126, the first porous catalyst layer 
104a, the second catalyst layer 104b, and the three channels 
132a, 132b, and 132c are similar to those described above in 
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reference to FIG. 7 A. In another embodiment, the positions of 
the anode current collector 124 and the cathode current col­
lector 126 could be switched. 

The catalyst layer 134 is disposed on the substrate 122 
within each of the channels 132a, 132b, and 132c. In another 
embodiment, the catalyst layer 134 can be disposed in less 
than all of the channels, which is determined by the micro­
fuel cell configuration desired. The catalyst layer 134 can be 

18 
based deposition systems. The sacrificial material layer can 
be patterned using a mask, for example. 

FIG. SB illustrates the formation of the first porous catalyst 
layer 104a on the sacrificial material layer 142. The first 
porous catalyst layer 104a can be formed by sputtering, 
evaporation, spraying, painting, chemical vapor deposition, 
and combinations thereof. 

FIG. SC illustrates the formation of a thin layer of a first 
membrane material 12Sa. The first membrane material 12Sa a porous layer or can be a large surface area layer. The catalyst 

layer 134 can cover the entire portion of the substrate that 
would otherwise be exposed to the fuel in the channels 132a, 
132b, and 132c, or cover a smaller area, as determined by the 
configuration desired. The catalyst layer 134 can include 
catalyst such as, but not limited to, platinum, platinum/ruthe­
nium, nickel, palladium, alloys of each, and combinations 
thereof. 

10 can be formed using methods such as, but not limited to, 
spin-coating, plasma enhanced chemical vapor deposition 
(PECVD), chemical vapor deposition, sputtering, evapora­
tion, laser ablation deposition, and combinations thereof. The 
temperature at which the first membrane material 12Sa is 

FIG. 7C illustrates a micro-fuel cell 120c having a mem­
brane 12S, a substrate 122, an anode current collector 124, a 
cathode current collector 126, a first catalyst layer 104a, a 
second catalyst layer 104b, and three channels 132a, 132b, 
and 132c. The membrane 12S can include the same chemical 
composition, dimensions, and characteristics, as that 
described for membrane 122 described above in reference to 
FIG. 5. The thickness of the membrane 2S is measured from 
the top of the channels 132a, 132b, and 132c. 

15 formed should be from about 25 to 400° C., about 50 to 200° 
C., or about 100 to 150° C. It should be noted that temperature 
is limited to the range at which the other materials are stable 
(e.g., decomposition temperature). The thin layer of the first 
membrane material 12Sa can have a thickness of about 10 to 

20 100 A. The thickness can be adjusted depending, at least in 
part, on the catalyst, membrane material, fuel, and the like. 

The polymer layer 136 is disposed on the top-side of the 
membrane 12S opposite the substrate 122. The second porous 
catalyst layer 104b and the cathode current collector 126 are 
disposed on the top-side of the polymer layer 136 on the side 

FIG. SD illustrates the formation of the second porous 
catalyst layer 104b on the first membrane material 12Sa. The 
first porous catalyst layer 104b can be formed by sputtering, 

25 evaporation, spraying, painting, chemical vapor deposition, 
and combinations thereof. 

opposite the membrane 12S. 30 

The substrate 122, the anode current collector 124, the 
cathode current collector 126, the second catalyst layer 104b, 
first catalyst layer 104a, and the three channels 132a, 132b, 
and 132c are similar to those described above in reference to 
FIGS. 7A and 7B. It should be noted that a catalyst layer as 35 

described in FIG. 7B could be included in an embodiment 
similar to micro-fuel cell 120c. 

FIG. SE illustrates the formation of the second membrane 
layer l2Sb on the second porous catalyst layer 104a. The 
second membrane layer l2Sb can be formed using methods 
described above in reference to the first membrane layer 
l2Sa. The first membrane layer 12Sa and the second mem-
brane layer l2Sb form the membrane layer. 

FIG. SF illustrates the removal of the sacrificial material 
layer 142 to form the channels 132. The sacrificial material 
layer 142 can be removed using thermal decomposition, 
microwave irradiation, uv/visible irradiation, plasma expo­
sure, and combinations thereof. It should be noted that the 
sacrificial material layer 142 could be removed at a different The polymer layer 136 is similar that the polymer layer 106 

described in FIG. 6. The polymer layer 136 can include the 
same polymers as described in reference to FIG. 6, and also 
include the same dimensions. In addition, the dimensions are 
partially limited to the overall dimensions of the micro-fuel 
cell 120c and the dimensions of the membrane 12S. 

40 step in the fabrication process. 
It should be noted that other features of the micro-fuel cell 

can be included in the fabrication process, such as the forma­
tion of the anode current collector, cathode current collector, 
a porous catalyst layer disposed on the top-side of the mem-

45 brane opposite the side of the membrane 12Sa and 12Sb as the 
substrate 122, catalyst layer disposed on the substrate 122 on 
the bottom of the channel 132, a polymer layer, and the like. 
The steps of fabrication process can be altered to add these 
features. 

Now having described micro-fuel cells 120a, 120b, and 
120c in general, the following describes exemplar embodi­
ments for fabricating a micro-fuel cell with a channel 134. 
This fabrication could be extended to fabricate micro-fuel 
cells 120a, 120b, and 120c. It should be noted that for clarity, 
some portions of the fabrication process are not included in 50 
FIGS. SA through SF. As such, the following fabrication 
process is not intended to be an exhaustive list that includes all 
steps required for fabricating the micro-fuel cell. In addition, 
the fabrication process is flexible because the process steps 
may be performed in a different order than the order illus- 55 
trated in FIGS. SA through SF, or some steps may be per­
formed simultaneously. 

FIGS. SA through SF are cross-sectional views that illus­
trate a representative method of fabricating the micro-fuel 
cell. It should be noted that for clarity, some portions of the 60 

fabrication process are not included in FIGS. SA through SF. 

FIG. SA illustrates the substrate 122 having a sacrificial 
material layer 142 disposed on the substrate 122. The sacri­
ficial polymer layer 122 can be deposited onto the substrate 
122 using techniques such as, for example, spin coating, 65 

doctor-blading, sputtering, lamination, screen or stencil­
printing, melt dispensing, CVD, MOCVD, and/or plasma-

EXAMPLE 1 

Now having described the embodiments of the fuel cells in 
general, Example 1 describes some embodiments of the fuel 
cells and uses thereof. The following is a non-limiting illus­
trative example of an embodiment of the present disclosure 
that is described in more detail in "Microfabricated Fuel Cells 
with Thin-Film Silicon Dioxide Proton Exchange Mem­
branes", Journal of the Electrochemical Society (in press) 
which is incorporated herein by reference. This example is 
not intended to limit the scope of any embodiment of the 
present disclosure, but rather is intended to provide some 
experimental conditions and results. Therefore, one skilled in 
the art would understand that many experimental conditions 
can be modified, but it is intended that these modifications be 
within the scope of the embodiments of the present disclo­
sure. 



US 7,875,404 B2 
19 

Microfabricated fuel cells have been designed and con­
structed on silicon integrated circuit wafers using many pro­
cesses common in integrated circuit fabrication, including 
sputtering, polymer spin coating, reactive ion etching, and 
photolithography. Proton exchange membranes (PEM) have 
been made by low-temperature, plasma-enhanced chemical 
vapor deposition (PECVD) of silicon dioxide. Fuel delivery 
channels were made through the use of a patterned sacrificial 
polymer below the PEM and anode catalyst. Platinum-ruthe­
nium catalyst was deposited by DC sputtering. The resistivity 
of the oxide films was higher than traditional polymer elec­
trolyte membranes (e.g., Nation™) but they were also much 
thinner. 

Experimental Method 
The design and fabrication of the micro-fuel cells is based 

20 
All electrochemical measurements, including impedance 

spectroscopy (IS) and linear voltamagrams, were performed 
with a PerkinElmer PARS TAT 2263 (EG&G, Princeton, N.J.) 
electrochemical system. The scan rate for linear sweep vol­
tametry was 1 mV/s. Ionic conductivity was measured with 
impedance spectroscopy through Si02 films deposited onto 
aluminum-coated substrates and contacted with a mercury 
probe, as well as with actual cells. The frequency range forthe 
impedance measurement was from 100 mHz to 1 MHz, with 

10 an AC signal amplitude of 10 mV. Half-cell devices were 
fabricated with the fuel delivery channels and sputtered cata­
lyst under the Si02 PEM. Instead of a cathode, epoxy was 
used to form a well on top of the devices and filled with a 1 M 
sulfuric acid solution. Measurements were made with a satu-

15 rated calomel electrode (SCE) and a Pt wire as the reference 
and counter electrodes, respectively, placed in the sulfuric 
acid solution. A PHD 2000 Prograrnniable Syringe Pump 
(Harvard Apparatus, Holliston, Mass.) delivered liquid fuels 
and controlled the flow rates. Hydrogen was supplied with a 

on a technique of using a sacrificial polymer to form the fuel 
delivery channels for the anode. This sacrificial polymer, 
Unity 2000P (Promerus LLC, Brecksville, Ohio), was pat­
terned by ultraviolet exposure and thermal decomposition of 
the exposed areas. The membrane and electrodes coat the 
patterned features in a sequential buildup process. One of the 
last steps in the fabrication sequence is the thermal decom­
position of the patterned Unity features, leaving encapsulated 
microchannels (e.g., similar to process shown in FIGS. 4A 25 
through 4H). Unity decomposition took place in a Lindberg 
tube furnace with a steady nitrogen flow. The final decompo­
sition temperature and time was about 170° C. for about 1.5 
hours. The micro fuel cell fabrication included deposition of 
catalytic electrodes and current collectors before and after the 30 
encapsulating material, which served as the PEM, was depos­
ited. A schematic cross section of the device built on an array 

20 pressurized tank of ultra high purity grade gas that passed 
through a bubbler to humidify the feed. 

Results and Discussion 
Microfabricated fuel cells were successfully fabricated 

using many materials and processes common to integrated 
circuit fabrication. The performance of the micro-fuel cells 
with different fuels and temperatures was measured for cells 
with different features, including half-cells and full cells. The 
purpose was to investigate the individual fuel cells compo-
nents (e.g., anode, cathode, and PEM) as a function of pro­
cessing conditions. 

In addition to catalytic activity, the key properties that were 
of parallel microchannels is shown in FIG. 3A. 

Silicon dioxide was used as the encapsulating material and 
PEM. The deposition of Si02 took place in a Plasma-Therm 35 
PECVD system (Plasma-Therm, St. Petersburg, Fla.) at tem­
peratures of 60-200° C. The reactant gases were silane and 
nitrous oxide with a N20:SiH4 ratio of 2.25 and operating 
pressure of 600 mTorr. Deposition times of 60-75 minutes 
produced film thicknesses, measured with an Alpha-Step sur- 40 
face profilometer (KLA-Tencor, San Jose, Calif.), between 
2.4 and 3.4 µm. 

desired for the sputtered catalyst layers were porosity and 
electrical conductivity. The catalyst layer that contacts the 
membrane must be porous so that the protons generated dur­
ing oxidation can come in contact with the PEM and pass to 
the cathode. The electrons generated at the anode catalyst 
need a path to the metal current collectors. Different amounts 
of Pt were sputtered onto substrates containing two solid 
electrodes patterned on opposite sides of an insulator. The 
sheet resistance of the Pt layers across the space between the 
electrodes was measured. FIG. 10 shows the measured resis­
tance (Q/square) of sputtered Pt films as a function of thick­
ness and the calculated values for smooth, continuous films of 

The catalyst layers were sputter deposited using a CVC DC 
sputterer (CVC Products, Inc., Rochester, N.Y.). A 50:50 
atomic ratio platinum/ruthenium target (Williams Thin-Film 
Products, Brewster, N.Y.) was used as the source target. FIG. 
9 shows an X-ray photoelectron spectroscopy (XPS) scan 
confirming that the sputtered films have equal amounts of the 
two metals. Porous films with an average thicknesses ofabout 
50-200 A were deposited on the sacrificial polymer, and then 
coated with the membrane, to serve as anode catalysts. In 
addition, an about 600 A thick layer of Pt/Ru was deposited 
on the bottom of the anode microchannels opposite the mem­
brane to serve as both additional catalyst and for current 
collection. This additional catalyst improved the performance 
of the microchannel fuel cells, particularly when using acidic 
methanol. 

Porous catalytic cathodes were also fabricated by sputter­
ing of Pt or Pt/Ru on the top, oroutside, of the PEM. However, 
the cathodes on some samples were made by painting a pre­
pared catalyst ink containing carbon-supported Pt in 
Nation™ on the PEM, followed by coating with a porous gold 
current collector. This thick-film approach increased the cata­
lyst loading and performance on the cathode side of the PEM. 
This was especially useful in studying the anode performance 
by eliminating the oxygen reduction at the cathode from 
being the rate-limiting step. 

45 the indicated thickness. Above about 300 A, the measured 
values correspond to the expected values, indicating that the 
films were contiguous. Below about 150 A the resistance 
increased more dramatically with decreasing thickness. This 
corresponded to a porous, discontinuous film, which was 

50 desired. Roughening of the Unity sacrificial polymer's sur­
face through RIE increased the amount of metal that could be 
sputtered before making a solid layer. In this work, Pt/Ru 
layers with an average thickness of about 50-200 A were used 
as porous, conducting layers on roughened Unity sacrificial 

55 polymer. 
A titanium adhesion layer was deposited on top of the 

Pt/Ru before Si02 deposition. The amount of Ti needed for 
adhesion was minimized. About 45 A (average thickness) of 
Ti was deposited between Pt/Ru and Si02 in the sputtered 

60 electrodes. 
Sputtering about 600 A, or approximately 100 µg/cm2

, of 
Pt/Ru prior to the deposition and patterning of the Unity 
sacrificial polymer produced a relatively solid (non-porous) 
layer on the substrate that increased the total amount of anode 

65 catalyst in the cell that could be utilized by a conducting 
analyte (e.g., acidic methanol). It also seemed to somewhat 
improve performance with hydrogen. Therefore, all results 
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are discussed herein for cells fabricated with a solid layer of 
Pt/Ru on the bottom of the microchannels. 

10 

The requirements for the proton exchange membrane are 
different from the traditional PEM (e.g., Nation™) due to the 
mechanical properties and thickness required in microfabri­
cated fuel cells. Here, Si02 is shown to work as a stand-alone 
membrane. Si02 films were deposited by PECVD and the 
ionic conductivity was measured with impedance spectros­
copy at room temperature. FIG. 11 shows the ionic conduc­
tivity of silicon dioxide vs. deposition temperature. As the 
deposition temperature decreased, the conductivity increased 
due to higher silonol concentration and lower density. The 
conductivity of the films was much lower than for other 
commonly used PEMs, such as Nation™, but they are also 
much thinner than other fuel cell membranes. Extruded 15 

Nation™ membranes (equivalent weight of 1100) have area 
resistances of0.1-0.35 Q-cm2

. The area resistance of a 3 µm 
thick Si02 film deposited at 100° C. is 1200 Q-cm2 at room 
temperature. The relatively high resistance leads to a decrease 

22 
here to demonstrate the key parameters (anode and cathode 
construction) that affect cell performance for these power 
devices. 

TABLE 1 

Processing characteristics of micro-fuel cell samples 

Anode catalyst Si02 membrane 
Sample weight* (µg/cm2

) thickness (µm) Cathode catalyst 

A 31 3.2 Sputtered 
B 17 3.2 thick-film 
c 34 3.2 thick-film 
D 43** 3.2 thick-film 
E 17 2.4 thick-film 

*Weight at membrane surface (100 µg/cm2 at bottom ofmicrochannels) 

**Total weight of two Pt/Ru layers with 400 A Si02 deposited between 

FIG. 14 shows polarization (top) and power (bottom) 
curves for one cell, sample A, that had sputtered catalyst with 
a loading of 31 µg/cm2 at both the anode and cathode. 
Humidified hydrogen with an inlet pressure of 1 psig served 
as the fuel and oxygen from the air was reduced at the cath­
ode. The performance at 60° C. was approximately four times 
greater than at ambient conditions with a measured peak 

in cell voltage at higher current. The Si02 films used in these 20 

devices were adequate to investigate the other parameters, 
such as the anode and cathode catalyst loading. While they are 
sufficient for the lower current devices used in this example, 
improved Si02 PEMs are being investigated and will be 
reported in the future. 

Half-cell devices were fabricated and tested to evaluate the 
anode performance with different fuels and provide a com­
parison for the full cell tests. FIGS. 12 and 13 show the 
half-cell results for hydrogen and methanol, respectively. A 
solid layer of Pt/Ru was deposited before the sacrificial poly- 30 

mer was patterned, as well as a porous layer on top of the 
patterned features to be in contact with the membrane. The 
catalyst weight at the membrane surface was 17 µg/cm2

. 

25 power density of 4 µW/cm2
. The lower current densities of 

these devices with sputtered catalyst on the cathodes com­
pared to the results from the anode half-cells run with hydro­
gen shown in FIG. 11 demonstrate that their performance is 
limited by the catalytic activity of the air cathode. This agrees 
with the expectation that ambient oxygen reduction at the 
cathode would be performance limiting when pressurized 
hydrogen was used at the anode. 

Hydrogen was supplied with a pressurized tank of ultra 
35 

high purity grade gas that passed through a bubbler to 
humidify the feed. FIG. 12 shows the results for inlet pres­
sures ofl-4 psig (15.7-18.7 psia). The current densities of the 
half-cells scale with the partial pressure of the humidified 
hydrogen. This indicates that the performance is chiefly lim-

40 
ited by the catalytic reaction kinetics at the anode, that is, 
proportional to hydrogen partial pressure. Further improve­
ments in current density are possible with improved activity 

A thick-film ink catalyst was coated onto the air-breathing 
cathode to improve its area and catalyst activity. When using 
the painted catalyst ink on top of the membrane, the full cell 
performance increased dramatically due to the increase in 
cathode catalyst loading. Because of the significant improve­
ment to the oxygen reduction at the cathode, it was no longer 
the limiting electrode. The performance of cells with the 
thick-film cathode was a function of the anode composition. 
FIG. 15 shows the polarization (top) and power (bottom) 
curves at ambient temperature, 40° C., and 60° C. for sample 
B. This sample had an anode and membrane similar to sample 
A, but used the catalyst ink and porous gold current collector of the anode catalyst. 

The methanol in water concentration was 1 M. The acidic 
methanol mixture contained 1 M sulfuric acid with 1 M 
methanol. FIG.13 shows the half-cell polarization curves for 
methanol and acidic methanol. Adding sulfuric acid to the 
fuel made the solution conductive to protons. The higher 
active surface area, due to the conductivity of the acidic 
methanol solution, improved the current density. The Pt/Ru 
catalyst that was deposited on the walls of the channel not in 
contact with the membrane was utilized to increase the 
amount of methanol oxidation. Increasing the flow rate of the 
acidic methanol fuel improves the current density and open­
circuit potential. The main detriment to performance at lower 
flow rates appears to be the formation of carbon dioxide 
bubbles at the anode that must be pushed out of the micro­
channels. With the current densities observed at 0.25 V vs. 
SCE (2 and 7 mA/cm2 for 1 and 5 mL/hr, respectively), the 
production of gaseous C02 bubbles cover catalyst sites and 
may also restrict the proton conductance through the fuel 
from the bottom of the microcharmels to the PEM. 

Microfabricated full-cells were fabricated and tested with 
linear voltametry at a scan rate of 1 mV/sec from the open­
circuit potential. Table 1 of Example 1 compares the differ­
ences in process between five sets of cells that are presented 

45 for the cathode. Hydrogen with an inlet pressure of 1 psig was 
the fuel and the cathode was air-breathing. The room-tem­
perature polarization curve shows current densities very simi­
lar to the hydrogen half-cell results from FIG. 11. The per­
formance was approximately one order of magnitude greater 

50 than sample A with a peak power density of 42 µW/cm2 at 
0.23 V and 60° C. These two results indicate that the anode 
limits the sample's performance when using the painted cata­
lyst instead of the sputtered catalyst at the cathode. 

The temperature dependence was such that greater power 
55 output could be achieved at elevated temperatures. Waste heat 

is produced in fuel cells, however, the size of these devices 
and the amount of power generated suggest that they would 
not be able to retain enough heat for operation at an elevated 
temperature. Integrated fuel cells could also use some heat 

60 released from the circuit (or other electronic devices) that 
they are built on. 

Improvements in the activity and surface area of the anode 
can lead to higher currents and power densities. The anode 
performance was improved with a higher catalyst loading. 

65 FIG. 16 shows the room temperature polarization (top) and 
power (bottom) curves of three samples with different 
amounts of sputtered catalyst at the anode. Humidified hydro-



US 7,875,404 B2 
23 

gen with an inlet pressure of 1 psig was the fuel and the 
thick-film cathodes were air-breathing. A solid layer of 
approximately 100 µg/cm2 of Pt/Ru was deposited on the 
bottom of the microchannels on each sample. At the mem­
brane surface, sample B had 17 µg/cm2 of Pt/Ru and sample 
Chad 34 µg/cm2

. With twice as much sputtered Pt/Ru at the 
membrane, sample C shows an improvement in performance 
of less than 50% over sample B. Sputtering twice as much 
Pt/Ru does not double the catalyst surface area because the 
deposited islands are getting bigger, forming a more continu- 10 

ous (less porous) film. 

To improve the electrode performance, the catalyst surface 
area, particularly the catalyst that is in direct contact with the 
electrolyte, must be increased. A thin layer ofSi02 electrolyte 

15 
could be deposited between two catalyst depositions because 
it was deposited through PECVD. Sample D had the same 34 
µg/cm2 layer as C deposited on the patterned sacrificial poly­
mer, followed by a deposition of 400 A of Si02 , and then an 
additional 8.5 µg/cm2 of catalyst, before the thicker Si02 20 
PEM layer was deposited. The second layer of sputtered 
Pt/Ru was embedded in Si02 , increasing the catalyst/electro­
lyte contact area. With only 25% more Pt/Ru at the mem­
brane, the peak power density of sample D was over four 
times greater than sample C at room temperature. This dra-

25 
matic improvement in current and power density was due to 
the Si02 -encapsulated layer of Pt/Ru that allowed for more 
membrane/catalyst contact in addition to the increase in total 
catalyst weight. The two thin layers of Pt/Ru and the small 
amount of Si02 between them most likely form a mixed 

30 
matrix of catalyst and electrolyte that is conductive to both 
protons and electrons while increasing the overall catalyst 
surface area, particularly the area in contact with the electro­
lyte. 

24 
the conductivity of the films to an acceptable level for the 
current densities achieved with the fabricated electrodes used 
in this study. 

Repeated alternate catalyst sputtering and Si02 deposition 
steps to build up a catalyst matrix will provide an electrode 
with increased catalyst and membrane-catalyst contact area. 
Additional catalyst that is not in contact with the membrane 
can be utilized when using a conductive analyte, such as 
acidic methanol. 

EXAMPLE2 

Now having described the embodiments of the fuel cells in 
general, Example 2 describes some embodiments of the fuel 
cells and uses thereof. The following is a non-limiting illus­
trative example of an embodiment of the present disclosure 
that is described in more detail in "Development of P-doped 
Si02 as Proton Exchange Membrane for Micro-Fuel Cells", 
Electrochemical & Solid-State Letters (submitted), which is 
incorporated herein by reference. This example is not 
intended to limit the scope of any embodiment of the present 
disclosure, but rather is intended to provide some experimen­
tal conditions and results. Therefore, one skilled in the art 
would understand that many experimental conditions can be 
modified, but it is intended that these modifications be within 
the scope of the embodiments of the present disclosure. 

In microfabricated fuel cells, fuel delivery channels were 
made through the use of a patterned sacrificial polymer and a 
thin (about 3-6 µm) glass proton exchange membrane. The 
membranes were deposited using low-temperature plasma­
enhanced chemical vapor deposition (PECVD) of silicon 
dioxide. Either Pt/Ru or Pt was sputtered on the membrane 
inside the microchannels as the anode catalyst. 

The proton conductivity of the glass Si02 can be improved 
The performance of the hydrogen fuel cells was studied as 35 by phosphorus doping the Si02 to form phosphosilicate glass 

(PSG). The conductivity of PECVD PSG was higher by 
almost 2 orders of magnitude compared to undoped Si02

5
. 

The possible reason for higher proton conductivity is that 
phosphorus doping changes the Si02 structure and leads to a 

a function of time to determine ifthe data collected through 
linear voltanimetry matches steady-state values at constant 
potential. FIG. 17 shows the current density of sample D 
when a constant potential is held for ten minutes. The data 
show a relatively constant performance that is very close to 
the values collected for a linear sweep ofl mV/s, as shown in 
FIG. 18. Tests over longer periods of time, such as a few 
hours, with different devices have shown similar results. The 
Si02 did not swell with water like Nation™ films, making 
them less susceptible to changes with time, such as a drop in 45 
performance from drying out. 

FIG. 19 shows the polarization and power curve for the 
acidic methanol solution run at room temperature with a flow 
rate of 1 mL/hr in sample E, a microchannel full cell with the 
thick-film cathode. The solid layer of catalyst at the bottom of 
the microcharmel is utilized in addition to the porous Pt/Ru at 
the membrane in the oxidation of methanol because the fuel 
solution can conduct protons. While the open-circuit poten­
tial is lower than when using hydrogen, the peak current and 
power densities are much higher than the same device with 
hydrogen as the fuel. 

The experiments have shown trends that are being used to 
further enhance the performance of microfabricated fuel 
cells. Adding catalyst to the bottom of microchannels is an 
effective technique for use with conductive fuels. 

Conclusions 
Micro-fuel cells utilizing sacrificial polymer-based micro­

channels and thin-film Si02 membranes have been success­
fully fabricated and tested. Low-temperature PECVD silicon 
dioxide shows promise for use in integrated thin-film devices. 
Lowering the deposition temperature dramatically increased 

40 reduction in the strength of 0-H bonding in the glass5
. The 

higher conductivity of PSG, compared to pure Si02 , allows 
the membrane to be thicker to increase the mechanical 
strength without sacrificing cell performance through higher 
cell resistance. 

It has been shown that the design and materials for the 
integrated glass-membrane micro fuel cell are effective for 
either methanol or hydrogen fuels 6

-
7

. However, since the thin 
glass membrane is relatively brittle, defects and cracks can 
form during the fuel cell fabrication process, resulting in high 

50 fuel crossover and low reliability of the microfabricated fuel 
cells. One possible approach to overcoming this drawback is 
to cast a layer of polymer on the top of the membrane to form 
a composite membrane with the glass. The prerequisites for 
the polymer layer are acceptable proton conductivity (area 

55 conductivity>0.1 S/cm2
), good mechanical properties, and 

adequate adhesion between the polymer and glass. In a con­
ventional proton exchange membrane (PEM) fuel cells, 
Nation™ (a perfluorinated polymer with sidechains termi­
nated with sulfonic acid) polymer is often used as the PEM8

-
9

. 

60 Although Nation™ polymer has some shortcomings, such as 
cost, methanol crossover rate, and modest operating tempera­
tures, Nation™ is still a suitable membrane for use in the 
PEM fuel cells because of its high ionic conductivity, 
mechanical strength, chemical stability, and low water swell-

65 ing at operating conditions10
-
12

. In this example, a layer of 
Nation™ polymer was cast on top of silicon dioxide or PSG 
in the microfabricated fuel cells. The performance and dura-
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bility of the fuel cells with the composite membranes were 
studied using hydrogen and methanol as the fuels. 

Experimental: 
Porous platinum or platinum/ruthenium layers that served 

26 
by forming a composite membrane. For the composite PEM 
a thin Si02 glass film was used as the first layer and the~ 
coated with a layer ofNafion™ cast from solution. The glass 
protected the sacrificial polymer from being dissolved by the 
solvent used to cast the polymer layer during the micro fab­
rication process. The electrochemical characteristics of the 
fuel cells with and without Nation™ on the glass were inves­
tigated using electrochemical impedance spectroscopy (EIS) 
at room temperature to elucidate the performance improve-

as the anode catalyst were sputter deposited on the sacrificial 
5 

polymer by DC sputtering (CVC Products, Inc., Rochester, 
N.Y.). The average thickness of this catalyst layer was 200 A 
(34 µg/cm2

). For the fuel cells with a dual-layer anode cata­
lyst, an additional 50 A of Pt or Pt/Ru was deposited after a 
very thin (750 A) PECVD deposition of glass was deposited 
over the first anode catalyst layer. Also, a 600 A-thick layer of 

10 ment of the fuel cells with the composite membranes. The 
Nyquist diagrams at 0.45 V cell potential are shown in FIG. 
22. The diameter of the depressed semicircle corresponds to 
the total charge transfer resistance Re, (including anode and 
cathode) whereas the intercept with the real axis at high 

Pt or Pt/Ru alloy was deposited on the bottom of the anode 
microchannels opposite the membrane to serve both as addi­
tional catalyst and for current collection. Unity 2000P 
(Promerus LLC, Brecksville, Ohio) was used as the sacrificial 
polymer to form the microchannel structures. 

15 frequency represents the resistance of the membrane13
-
14

. 

The area resistance of the Si02 membrane in the cell was 
reduced from 1.67 Q·cm2 to 1.00 Q·cm2 by casting a layer of 
Nation™ on it to form a composite membrane. The R forthe 
fuel cell with the composite membrane is much smaller than 

Sili.con dioxide or PSG was used as the encapsulating 
matenal and PEM. The deposition of Si02 took place in a 
Plasma-Therm PECVD system (Plasma-Therm, St. Peters­
burg, Fla.) at 100° C. The reactant gases were silane and 
nitrous oxide with a N20:SiH4 ratio of 2.25 and operating 
pressure of 600 mTorr. Deposition times of 60-75 minutes 
were used to produce film thicknesses, measured with an 
Alpha-Step surface profilometer (KLA-Tencor San Jose 
Calif.), between 2.4 and 3.4 µm. ' ' 

20 that with the single glass membrane leading to better fuel cell 
performance. The cathode electrochemical reaction was 
accelerated by the higher proton concentration of Nation™ 
compared to the glass film. The improvement in the electro­
~hemical reaction on the cathode in the cell with the compos-

25 1te membrane plays an important role in increasing the cell 
performance. 

Deposition of PSG took place in a Unaxis PECVD system 
(Unaxis, St. Petersburg, Fla.) at temperatures of 100-250° C. 
T~e reactant gases were nitrous oxide and a silane/phosphene 
mixture. The amount of phosphene in the mixture was 6% of 
the silane. Other parameters, such as N 20: SiH4/PH3 ratio and 
RF power were varied and resulted in different deposition 
rates. 

The Nation™ solution (containing less than 10% perfluo­
rosulfonic aci.d/PTFE copolymer resin manufactured by 
~upon9 and d1ethylene glycol (99% from Aldrich Chemical) 

35 

m a rat10 of 5: 1 was cast on the surface of the silicon dioxide 
after treatment with an adhesion promoter. The sample was 
baked on a hot plate at 85° C. for 5 hr and a 40 to 50 µm-thick 
Nation™ film was formed on the Si02 or PSG. 

. In the microfabricated fuel cells, the anode catalyst load­
mgs were very low compared with conventional PEM fuel 
~ells. The anode catalyst loading has been adjusted to 

30 improve the catalyst layer porosity. If the catalyst loading on 
th~ men_ibrane ~s too high, the porosity of the catalyst layer 
will be msuffic1ent for proton transport into the membrane. 
T~e key issue t~ improving the surface area of the catalyst 
without decreasmg the porosity was to increase the anode 
~atalys~. Multiple layers of Pt or Pt/Ru catalyst were depos­
ited to mcrease the catalyst loading. A very thin layer ofSi02 

electrolyte was deposited between the two catalyst layers to 

The cathode catalyst was made by painting a prepared 
40 

catalyst ink containing carbon-supported Pt (from E-TEK) in 
Nation™ on the PEM, followed by coating with a porous gold 
current

2 
collector. The cathode catalyst loading was 0.1 

mg/cm . Oxygen from the air was reduced at the cathode. A 
schematic. cross sectio~ of the device built on an array of 

45 

parallel m1crochannels 1s shown in FIG. 20. 
All electrochemical measurements, including impedance 

spectroscopy (IS) and linear sweep voltammagrams, were 
pe~formed with a PerkinElmer PARSTAT 2263 (EG&G, 
Pnnceton, N.J.) electrochemical system. The scan rate for 

50 

linear sweep voltammetry was 1 mV/s. The frequency range 
for the impedance measurement was from 1 Hz to 1.25 MHz 
w~th an.AC signal amplitude of 10 mV. Hydrogen was sup~ 
phed with a pressurized tank of ultra high purity grade gas 
that passed through a bubbler to humidify the feed. A PHD 

55 

~000 Programmable Syringe Pump (Harvard Apparatus, Hol­
liston, Mass.) delivered methanol fuel and controlled the flow 
rate. 

form three-dimensional network structure 7. 
. FIG. 23 shows the performance ofNafion™/Si02 compos­
ite PEM fuel cells with single and dual-layer anode catalyst at 
room temperature. Humidified hydrogen was supplied at a 
pressure of 1 psig. After depositing another 50 A of Pt, the 
total anode catalyst was increased by 11 µg/cm2 and the 
performance increased significantly. FIG. 24 shows the 
Nyquist diagrams for the Nafion™/Si02 fuel cells with dif­
ferent anode catalyst loadings at the potential 0.45 V and 
room temperature. It indicates that the R for the fuel cell 
w!th d.ual-layer anode catalyst was small;; than the sample 
with smgle layer anode catalyst. Since the remainder of the 
~onfiguration, such as membrane and cathode catalyst load­
mg, w~re the same, the decrease in Re, can only be attributed 
to the mcrease in the anode catalyst loading. Thus, the multi­
layer anode catalyst fabrication is an effective way to increase 
th~ an?de catalys.t. loading and active site for the hydrogen 
ox1dat10n. In add1t10n, the capacitive impedance for the cell 
with dual layer anode catalyst is lower than that with single 
layer anode catalyst due to the higher anode surface area. 

FIG. 23 also shows the current and power for a cell with 
Nafion™/PSG (6 µm) composite PEM and dual layer anode 

Results: 
FIG. 21 shows the room temperature polarization and 

P?wer curves for microfabricated fuel cells with 3 µm single 
S102 film and Nafion™/Si02 composite film as the PEM. 
Humidified hydrogen with an inlet pressure of 1 psig served 
as the fuel at the anode and oxygen from the air was reduced 
at the cathode. The performance (open-circuit potential and 
current density) of the fuel cells were improved dramatically 

60 catalyst. The performance was better than that of the cell with 
the Nafion™/Si02 PEM and dual layer anode catalyst 
because of the higher proton conductivity of the PSG. The 
maximum power density attained was 0.81 mW/cm2

. The 
PSG membrane was thicker than the Si02 membrane and 

65 provided additional mechanical strength with improved 
membrane conductivity and less diffusion of unreacted 
hydrogen from the anode to the cathode. Thus, all of the 
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following results are based on cells with the Nafion™/PSG 
composite membrane and dual layer anode catalyst. 

FIG. 25 shows the polarization curves at 5° C., 25° C., 40° 
C., and 80° C. for the cell with an inlet humidified hydrogen 
pressure of 1 psig. The performance of the cell, especially the 
open-circuit potential, decreased dramatically with the 
increasing operating temperature. When the temperature 
dropped back to room temperature, the open-circuit potential 
returned to 1.012 V and the fuel cell performance recovered. 

10 
EIS was performed on the cell at different temperatures at the 
open-circuit potential. Table 1 lists the area resistance of the 
composite membrane in the cell at different temperatures. 
The area resistance of the composite membrane for proton 
transfer increases significantly with the temperature. The rea- 15 

son for the inferior performance and area resistance at 
elevated temperature is not clear, but it is specific to the cell 
components constructed in the microfabrication process. The 
expansion of the substrate with temperature is greater than 
that of the glass membrane (higher coefficient of thermal 20 

expansion), which could lead to poorer electrode-to-mem­
brane conductivity. 

TABLE 1 

28 
time shows that the cell needs to be operated with the hydro­
gen pressure greater than one atmosphere to produce higher 
power density. 

Methanol provides a more convenient fuel for use in por­
table applications. 15 FIG. 28 shows the polarization curves 
for the cell (Nafion™/PSG composite membranes and dual 
layers anode catalyst) operated at room temperature and dif­
ferent fuel flow rates. The 1 M methanol fuel was fed by a 
syringe pump. The open circuit potential of the cell was 0.4 V 
and the performance was similar for fuel flow rates from 2 
µI/hr to 1 ml/hr. In the micro channel, C02 evolution at the 
anode could collect and block the methanol from reaching the 
active catalytic sites on the anode. A flow rate of above 2 µI/hr 
was adequate for keeping the co2 from blocking the channel. 
The low voltage, as compared to Nation™ membranes with a 
traditional membrane assembly is most likely due to the poor 
activity of the anode catalyst. 

FIG. 29 shows the performance of the micro fuel cell with 
different methanol concentrations at room temperature. The 
fuel flow rate was 100 µI/hr. The current density increased 
with higher methanol concentration, from 1 M to 8 M result-
ing in an increase in the maximum power density of the cell 
increased from 0.16 mW/cm2 (at 1 M methanol) to 0.25 
m W/cm2 (at 8 M methanol). The low moisture content of the 

The area resistance at open-circuit potential of the 
Nation ™/PSG PEM fuel cell with 1 psig inlet 

hydrogen pressure as a function of temperature. 

Temperature (° C.) Area resistance of membrane (Q · cm2
) 

25 glass membrane does not require that the water concentration 
in the fuel be high. The high methanol concentration results in 
a higher energy density for the fuel. The methanol crossover 
through the glass membrane is also expected to be smaller 
than for polymer-based membranes due to the low permeabil-

25 
40 
80 

1.25 
2.42 
7.43 

30 ity of glass 16
. Thus, at low power levels, the higher concen­

tration of methanol can be used without a drop in cell perfor­
mance. 

The fuel cells with the N afion ™/PSG membrane and dual- 35 

FIG. 30 shows the polarization curves of one of the cells 
with a N afion ™/PSG composite membrane using 8 M metha­
nol (100 µL/hr), and dual-layer anode catalyst at 2.5° C., 25° 
C., and 35° C. The performance of the direct methanol micro 
fuel cell was inferior at higher temperature, similar to when 
hydrogen was used as the fuel. The best performance was at 
2.5° C. FIG. 31 shows the current density of the cell over a 12 

layer anode catalysts have been operated at steady-state for a 
period of months. In a typical experiment using humidified 
hydrogen with inlet pressure of 1 psig at the room tempera­
ture, the cell current under constant-resistance load was 0.26 
mA/cm2 and the cell voltage was 0.4 V over a 7 day period. 40 hour period at a constant potential of 250 m V using 1.0 M 

methanol at a flow rate of 2 µL/hr. The cell produced a con­
sistent current density of 0.4 mA/cm2

. The one-pass fuel 
utilization was 11.2%. It was not possible to reliably flow the 
fuel at lower rates. 

In order to test the consumption of the hydrogen at the 
anode, the anode was charged with humidified hydrogen gas 
and sealed (with no exit, since only protons are produced 
upon oxidation of the hydrogen). The hydrogen was charged 

45 
in the microchannel to a pressure of3 psig (17. 7 psia ). A valve 
placed between the hydrogen source and the pressure trans­
ducer in the line was shut limiting the hydrogen available to 
the fuel cell to what was already in the tube and fuel cell 
channel. The total volume of this system, including the tub- 50 
ing, two valves, and the pressure transducer was 0.42 mL. At 

Discussion: 
The performance of the microfabricated fuel cell was 

improved by using a layerofNafion™ on the glass membrane 
forming a composite structure. The anode catalyst was also 
improved by layering the anode catalyst. However, the per­
formance of the thin-film structure was still considerably 

3 psig, the total amount of hydrogen was 22.3 µmoles. 

A 56 kW resistor was placed across the cell to serve as the 
as the load and the potential was monitored throughout the 
discharge experiment. FIG. 26 shows the discharge current 
vs. time. Also plotted is the total calculated coulombs passed 
as the fuel cell discharged. After seven days, approximately 
53% of the available hydrogen had been used. The pressure 
during the discharge test was recorded and is plotted in FIG. 
27. The pressure at the end point of the experiment was -8.5 
psig and remained constant at that value after the fuel cell load 
was removed (returned to open circuit conditions). The fact 
that the pressure fell below atmosphere conditions as hydro­
gen was consumed and did not change after the run indicated 
that the system was well sealed. The fuel utilization was 82%, 
as determined by the difference in initial and final hydrogen 
pressure. A comparison of the current and pressure data with 

below that of the conventional, membrane assembly fuel cell. 
Since the electrode and membrane structures are limited by 
the construction methods in order to integrate them on silicon 

55 with other electronic circuits present. While the low proton 
conductivity of the glass can be compensated for by making it 
thin, the modest catalytic activity of sputter-deposited anode 
is a function of its thinness needed for noncatalytic titanium, 
needed for adhesion. It is necessary to deposit a titanium 

60 adhesion layer on top of the Pt/Ru or Pt before glass deposi­
tion because the glass does not adhere well to Pt/Ru or Pt. 
Although, the amount of Ti needed for adhesion has been 
minimized in order to keep the interface area between the 
catalyst and electrolyte as high as possible, further improve-

65 ments would likely improve the open circuit potential and 
current density. For example, it can be seen in FIG. 23 thatthe 
improvements in open-circuit potential and current density 
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are dramatic even though the increase in catalyst loading 
during the second layer of catalyst deposition was small (8.5 
µg/cm2 in comparison with the 34 µg/cm2 of the first layer). 
One of the reasons for low catalyst utilization is the carbon­
aceous residue that could result from the decomposition of 5 

the sacrificial polymer at the catalyst surface used to form the 
microchannels. In contrast, the surface of the second layer of 
catalyst, which is embedded in the glass electrolyte, is free 
from polymer residue and has greater contact with the elec­
trolyte leading to the increase in performance. Removing the 10 

sacrificial polymer residue from the anode catalyst surface is 
one of the cell improvements. 

14. T. Romero-Castanon, L. G. Arriaga and U. Cano-Castillo, 
J. Power Sources 118 (2003) 179-182. 

15. L. Schlapbach and A. Zuttel, Nature 414 (2001) 353-358 
16. Z. Shao and I. Hsing, Electrochem. Solid-State Lett. 5 

(2002) Al 85-187. 

EXAMPLE3 

Now having described the embodiments of the fuel cells in 
general, Example 3 describes some embodiments of the fuel 
cells and uses thereof. The following is a non-limiting illus­
trative example of an embodiment of the present disclosure 
that is described in more detail "Microfabricated Fuel Cells 
with Composite Proton Exchange Membranes" Journal of Conclusion: 

Casting a layer ofNafion™ on the Si02 or PSG to form a 
dual-layer, or composite, PEM improved the overall device 
performance, particularly the long-term reliability and power. 
The conductivity of the PSG films was greater than the un­
doped low-temperature Si02 . Due to this increase in conduc­
tivity, thicker PEM layers could be deposited to improve the 
mechanical strength of the devices while still having a lower 
resistance to proton transport. The thicker films also 
improved the open-circuit potential, leading to better overall 
performance. 

The anode catalyst in the fuel cell was a porous, solid film 
sputter-deposited between the sacrificial polymer (used to 
form the fuel channels) and the membrane. Thus, the anode 
catalyst loading was limited by its porosity and not commen­
surate with the cathode catalyst loading. Electrochemical 
testing indicated that the performance of the fuel cells with 
composite membranes was limited by the effectiveness of the 
anode catalyst. Depositing a multi-layered anode was an 
effective way of improving the electrode and the fuel cell 
performance. 

The fuel cells with Nafion™/PSG composite membranes 
and dual-layer anode catalyst showed the best performances 
and reliability with hydrogen or methanol as the fuel. The 
glass layer reduces the crossover of methanol from anode to 
cathode. A high concentration of methanol could be used as 
the fuel resulting in high energy density. 

References, each of which are included herein by reference: 
1. C. K. Dyer, J. Power Sources 106 (2002) 31-34. 
2. T. j. Yen, N. Fang, X. Zhang, G. Q. Liu, and C. Y. Wang, 

Applied Physics Letters 83 (2003) 4056-4058. 
3. C. Moore and P. Kohl, ECS Proceedings Volume 2002-6: 

Microfabricated Systems and MEMS VI (2002) 183-189. 
4. C. Moore, J. Li and P. Kohl, 204'h Meeting of The Electro­

chemical Society. Orlando, Fla., Oct. 12-16 (2003). 
5. D. Bhusari, J. Li, C. Moore, and P. Kohl, Electrochem. 

Solid-State Lett. submitted, (2005). 
6. J. Li, C. W. Moore, and P.A. Kohl, J. Power Sources 136 

(2004) 211-215. 
7. C. W. Moore, J. Li, and P.A. Kohl, Journal of the Electro­

chemical Society (Submitted). 
8. M. Cappadonia, J. W. Erning, S. M. Saberi Niaki, U. 

Stimming, Solid State Ionics 77 (1995) 65-69. 
9. Y. Yin, J. Fang, T. Watari, K. Tanaka, H. Kita, and K. 

Okamoto, J. Mater. Chem. 14 (2004) 1062-1070. 
10. J. D. Halla, M. Mamak, D. E. Williams, and G. A. Ozin, 

Adv. Funct, Mater. 13 (2003) 133-138. 
11. Q. Guo, P. N. Pintauro, H. Tang, S. O'Connor, Journal of 

Membrane Science 154 (1999) 175-181. 
12. T. Kobayashi, M. Rikukawa, K. Sanui, N. Ogata, Solid 

State Ionics 106 (1998) 219-225. 
13. B.Andreaus,A. J. McEvoy, G. G. Scherer,Electrochimica 

Acta 47 (2002) 2223-2229. 

15 the Electrochemical Society (submitted), which is incorpo­
rated herein by reference. This example is not intended to 
limit the scope of any embodiment of the present disclosure, 
but rather is intended to provide some experimental condi­
tions and results. Therefore, one skilled in the art would 

20 understand that many experimental conditions can be modi­
fied, but it is intended that these modifications be within the 
scope of the embodiments of the present disclosure. 

Phosphorus-doped silicon dioxide (PSG) thin films with 
improved ionic conductivity were deposited via PECVD for 

25 application as thin film proton exchange membrane (PEM) in 
micro-fabricated fuel cells. More than three orders of magni­
tude improvement in the ionic conductivity is obtained by P 
doping of low temperature deposited Si02 . The area resis­
tance of 3 µm thick film of PSG is comparable to a 200 µm 

30 thick film of Nation™. Application of these PSG films as 
PEM in micro-fuel cells yielded more than one order of 
magnitude improvement in power density compared to low­
temperature, undoped Si02 membranes. 

Some fuel cells use Nation™ as the fuel cell membrane. 
35 One reason for replacing Nation™ with low-temperature 

Si02 as the PEM is the incompatibility ofNafion™ (greater 
than 100 µm thick) with the thin film integrated processing 
sequence. The ionic conductivity of low-temperature Si02 

was of the order of 10-5 _10-7 Siem, which is 3-5 orders of 
40 magnitude lower than that ofNafion™, and very sensitive to 

the deposition temperature. 6 Some of the conductivity 
decrease was compensated by decreasing the thickness of the 
PEM by a factor of nearly 100. The low temperature Si02 

membrane, therefore, is the major performance-limiting fac-
45 tor in the micro-fuel cells. Development of a thin film PEM 

with improved ionic conductivity and compatibility with the 
CMOS processing sequence is desirable for micro fabrication 
of fuel cells on Si substrates. 

Alkaline-earth metal doped phosphate glasses (P 2 0 5 ) are 
50 well known for their high ionic conductivity.7

•
8 The mobility 

of protons in P 2 0 5 doped with alkaline earth metals such as 
Be, Mg, Ca, Sr, Ba, La etc. has been reported to be up to 108 

times higher than in the silica glass (Si02 ).
9 The reason for 

this high mobility of protons in P 20 5 glasses is the reduction 
55 in the strength ofO-H bonding in these glasses compared to 

that in Si02 . This is due to hydrogen bonding between the 
hydroxyl groups that are attached to a network-forming cat­
ion (X) such as Si4

+ or p5
+ and a counter oxygen (X-0-H 

. .. 0-X). The extent of this reduction in the 0-H bonding 
60 strength due to formation of the hydrogen bond is much 

higher in phosphate glasses compared to silicate glasses, 
giving them a higher ionic conductivity. The strength of 
hydrogen bonding also depends on the oxygen bonding, 
which is weaker in the case where a bridging oxygen exists 

65 (X-0-X) compared to the case where the oxygen is non­
bridging (X-0-). 10 The type ofnetwork modifying cations 
also modifies the hydrogen bond strength, allowing further 
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improvement in the ionic conductivity through substitution of 
the network-forming cation with other element, such as alka­
line earth metals as mentioned before, which improve the 
ionic conductivity by up to 8 orders of magnitude.9 In this 
example, the ionic conductivity of the low temperature 
PECVD Si02 has been improved through substitutional dop­
ing with phosphorus. 3-4 orders of magnitude higher ionic 
conductivity in the phosphorus doped Si02 (PSG) has been 
obtained compared to undoped glass under optimized growth 
conditions. Consequently, the micro-fuel cells fabricated 10 

using PSG as the PEM have shown more than one order of 
magnitude higher current density than undoped Si02 mem­
branes. 

intermediate range order than the dopant concentration itself, 
as mentioned earlier. Further, this result is important for the 
application of PSG films as PEM in micro-fuel cells because 
depositing the glass at high-temperature is more desirable 
than at low-temperature owing to its higher mechanical 
strength and density, resulting in lower fuel cross-over. The 
highest ionic conductivity obtained under baseline growth 
conditions (given in the experimental section) at 100° C. was 
1.lxl0-5 Siem. The water content of these films has not been 
determined yet, but is expected to be greater than 5 wt. % 
based on previous results reported in the literature. The 
growth rate of these PSG films was 20-25 A/sec without a 
systematic dependence on the deposition temperature. The 
growth rate of the undoped Si02 films was 12-13 A/sec under 

Experimental: 
Undoped Si02 films were deposited on crystalline Si sub­

strates in a Unaxis RF PECVD system using semiconductor 
grade gasmixtureofSiH4 (5% SiH4 inHe) andN2 0. The PSG 
films used a mixture of SiH4 and 0.3% PH3 as the feed gas. 
Other baseline deposition parameters were: substrate tem­
perature 100° C., deposition pressure 600 mTorr, RF power 
400 W, N20 gas flow rate 450 seem, and SiH4 gas flow rate 
(with or without premixed PH3 ) 200 seem. The ionic conduc­
tivity of PSG films was optimized by varying the above depo­
sition parameters from their baseline values. 

The chemical composition (phosphorus concentration in 
the film) and local bonding environments of Si, 0 and P were 
studied with x-ray photo-electron spectroscopy (XPS), while 
the ionic conductivity was measured by impedance spectros­
copy. The thickness of the films deposited on bare Si sub­
strates for XPS measurements was 2-3 µm, measured with an 
alpha-step profilometer. For the electrochemical impedance 
spectroscopy measurements, Al coated Si substrates were 
used. The XPS spectra were recorded using a Perkin Elmer 
XPS system (Model PHI 1600). The ionic conductivity of the 
films was measured by impedance spectroscopy using EG&G 
PARSTAT 2263 electrochemical system with a mercury 
pro be. The frequency range for impedance measurement was 
from 100 mHz to 1 MHz, with an AC signal amplitude of 10 
m V. These measurements were carried out at room tempera­
ture at the relative humidity of 22%, using a 4-probe mea­
surement. Fuel cells were fabricated on Si substrates using the 
sacrificial polymer process described herein. Thickness of the 
PSG and undoped Si02 PEM in the fuel cells was 3 µm. 
Humidified hydrogen at an inlet pressure if 1 psig was used as 
the fuel. 

Results and Discussion: 
The ionic conductivity of low temperature deposited 

undoped Si02 is known to depend on the deposition tempera­
ture to a great extent, decreasing rapidly with increase in 
temperature above 100° C. FIG. 32 shows the variation in 
ionic conductivity and P concentration in PSG films with 
increase in deposition temperature from 75° C. to 150° C. For 
comparison, the ionic conductivity of undoped Si02 as a 
function of deposition temperature is also plotted in FIG. 32. 
FIG. 32a shows that the conductivity of undoped Si02 

decreases rapidly by about 2 orders of magnitude from 1o-7 

Siem to 10-9 Siem with increase in deposition temperature 
from 100° C. to 130° C. However, the conductivity of PSG is 
higher by almost 2 orders of magnitude compared to undoped 
Si02 . Also, the conductivity of P-doped glass is nearly inde­
pendent of the deposition temperature. Interestingly, the con­
ductivity of PSG remains nearly independent of the deposi­
tion temperature despite the reduction in its P content from 
0.64 at% at75° C. to 0.5 at% at 150° C., as can be seen in FIG. 
32b. This behavior underscores the hypothesis that ionic con­
ductivity in doped glasses is controlled more by the structural 

15 otherwise identical growth conditions. Thus, in addition to 
the higher ionic conductivity, the PSG also has a higher depo­
sition rate by almost a factor of two, which is beneficial for 
high fabrication throughput. 

Further optimization of the growth parameters yielded 
20 PSG films with ionic conductivity as high as 1.2xl 0-4 Siem, 

an order of magnitude improvement over the baseline growth 
conditions. This optimized ionic conductivity in PSG 
obtained here is two orders of magnitude lower than that of 
Nation™. Since the glass thickness is also two orders of 

25 magnitude less than Nation™ when used as a PEM, the two 
will have comparable area-conductivity values (Slcm2

). 

(Area-conductivity is the figure of merit for membrane resis­
tance and is conductivity divided by thickness or resistance 
times area). The optimized growth conditions included a 

30 reduced N2 0 flow rate of80 seem (from 450 seem in baseline 
condition) and reduced pressure of 200 mTorr (from 600 
mTorr in baseline conditions). 

A typical XPS survey scan spectrum for PSG film grown at 
100° C. is presented in FIG. 33. In addition to the expected Si, 

35 0, and P peaks, small amounts of C and N are present as 
impurities, due presumably to the cross-contamination of the 
deposition chamber. The overall chemical composition of the 
films was Si 29-30 at%, 0 69-70 at%, and P 0.5-0.7 at%. The 
SilO ratio in the films was found to be nearly independent of 

40 the deposition temperature, while the P concentration 
decreases with increase in deposition temperature (see FIG. 
32b). 

The local bonding configurations of Si, 0, and P were 
studied from their respective core level photo-electron peaks, 

45 which are presented in FIG. 34. The Si 2p peak can be seen to 
be fitted adequately with a single Gaussian peak centered at 
103.6 eV, indicating that Si is present in the Si---0 bonding 
only. The absence of a contribution at 99 .3 e V confirms that 
no Si-Si bonding is present. The P 2p photo-electron peak 

50 can also be fitted adequately with a single Gaussian peak 
centered at 134.8 eV, again indicating that Pis present in the 
P---0 bonding only, and that P is indeed present in the sub­
stitutional state. The 0 1 s peak, on the other hand, displays 
two components at 531.2 eVand 533.1 eV, corresponding to 

55 0-P and 0-Si bonding, respectively. Consistent with this 
result, the relative fraction of the 531.2 e V component in the 
0 peak that corresponds to the 0-P bonding is also found to 
be directly proportional to the P concentration in the film. 
Thus, the core level photo-electron spectra in FIG. 34 show 

60 that the PSG films grown in this example are chemically 
homogeneous and maintain stoichiometry even at low depo­
sition temperatures. 

Micro-fuel cells were fabricated on Si substrates incorpo­
rating 3 µm thick PSG films as proton exchange membrane. 

65 The typical room temperature I-V characteristics of two cells 
with humidified hydrogen fuel, one with the membrane 
deposited at the baseline conditions, and another with the 
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membrane deposited at optimized growth conditions, are 
shown in FIG. 35a. For comparison, the room temperature 
I-V characteristics of a similar cell but with an undoped Si02 

membrane are also shown. The fuel cell with an undoped 
Si02 membrane shows an open circuit voltage of 670 m V and 5 

the highest current density of 27 µA/cm2 at 60 m V. The fuel 
cell with a PSG membrane deposited at baseline conditions 
(as given in the experimental section) that yielded ionic con­
ductivity of 1.1x10-5 Siem, on the other hand, shows an open 
circuit voltage of 780 mV and a current density of 437 10 

µA/cm2 at 200 m V. Thus, substitutional doping of Si02 with 
P under otherwise identical deposition conditions improved 
the open circuit voltage by more than 100 m V as well as 
improving the current density. The fuel cell with PSG mem­
brane deposited under optimized growth conditions (lower 15 

N2 0 flow rate and lower deposition pressure than baseline 
conditions) yielded a film with higher ionic conductivity of 
1.2xl0-4 Siem, which further improved the current density by 
a factor of two. The power density curves of these three cells 
are compared in FIG. 35b. The cell with undoped Si02 mem- 20 

brane yielded a power density of3.9 µWlcm2
, the cell with 

baseline PSG membrane had a power density ofl 04 µ Wlcm2
, 

and the cell with PSG grown under optimized conditions had 
a power density of 200 µWlcm2

, an improvement of a factor 
of 50 over undoped Si02 membrane. In order to test their 25 

lifetime, these cells have been operated at 0.4 to 0.6 V for 
longer than lOOs of hours. The cells with a single layer PSG 
membrane were found to be stable (no decrease in current 
density) for a few !Os of hours. On the other hand, fuel cells 
with a composite membrane (a thin layer ofNafion™ over the 30 

PSG membrane) were found to be stable for several lOOs of 
hours. 

Conclusion: 
Phosphorus doped Si02 films deposited by PECVD at low 

35 
temperatures are shown to display higher ionic conductivity 

34 
It should be noted that ratios, concentrations, amounts, 

dimensions, and other numerical data may be expressed 
herein in a range format. It is to be understood that such a 
range format is used for convenience and brevity, and thus, 
should be interpreted in a flexible manner to include not only 
the numerical values explicitly recited as the limits of the 
range, but also to include all the individual numerical values 
or sub-ranges encompassed within that range as if each 
numerical value and sub-range is explicitly recited. To illus­
trate, a range of "about 0.1 % to about 5%" should be inter­
preted to include not only the explicitly recited range of about 
0.1% to about 5%, but also include individual ranges (e.g., 
1 %, 2%, 3%, and 4%) and the sub-ranges (e.g., 0.5%, 1.1 %, 
2.2%, 3.3%, and 4.4%) within the indicated range. 

It should be emphasized that the above-described embodi­
ments of this disclosure are merely possible examples of 
implementations, and are set forth for a clear understanding 
of the principles of this disclosure. Many variations and modi­
fications may be made to the above-described embodiments 
of this disclosure without departing substantially from the 
spirit and principles ofthis disclosure. All such modifications 
and variations are intended to be included herein within the 
scope of this disclosure and protected by the following 
claims. 

The invention claimed is: 
1. A fuel cell, comprising: 
a membrane comprising a membrane material selected 

from organic conducting materials, inorganic conduct­
ing materials, and combinations thereof, wherein the 
membrane includes at least a first membrane layer and a 
second membrane layer, wherein the first membrane 
layer is about 10 to lOOA thick and the second mem­
brane layer is about 0.01 to 10 µm thick; 

a first catalyst layer disposed between the first and the 
second membrane layers, wherein the first catalyst layer 
has a thickness of about 50 to 250 A; 

a second catalyst layer disposed on the first membrane 
layer on the side opposite the second membrane layer, 
wherein the second catalyst layer has a thickness of 
about 50 to 250 A; and 

a third catalyst layer disposed on the second membrane 
layer on the side opposite the first membrane layer. 

by three to four orders of magnitude compared to the undoped 
Si02 films. Furthermore, the ionic conductivity of PSG is 
almost independent of the deposition temperature, making 
them suitable candidates for micro-fabricated fuel cells. 

40 
Micro-fuel cells fabricated incorporating the PSG films as 
proton exchange membrane have been shown to yield power 
density as high as 200 µWlcm2 at room temperature, com­
pared to only 4 µWlcm2 yielded by the undoped Si02 mem­
brane cells. 

2. The fuel cell of claim 1, wherein the catalyst is selected 

45 from at least from one of the following: platinum, platinum/ 
ruthenium, nickel, tellurium, titanium, alloys of each, and 
combinations thereof. 

References, each of which are incorporated herein by refer­
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3. The fuel cell of claim 1, wherein the membrane has a 
thickness of about 0.01to10 µm, and wherein the membrane 

50 has an area resistivity of about 0.1 to 1000 ohms cm2
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4. The fuel cell of claim 1, wherein the membrane has a 
permeability of about 10-s to 10-14 glcm*s*Torr. 

5. The fuel cell of claim 1, wherein each catalyst layer has 
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60 nitrides, metal oxynitrides, doped metal oxynitrides, and 
combinations thereof. 

7. The fuel cell of claim 6, wherein the doped silicon 
dioxide is selected from at least from one of the following: 
phosphorous doped silicon dioxide, boron doped silicon 

65 dioxide, and combinations thereof. 
8. The fuel cell of claim 1, wherein the catalyst comprises 

platinum/ruthenium. 
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9. The fuel cell of claim 1, further comprising a concen­
trated methanol fuel having a concentration of greater than 
about SM methanol. 

10. The fuel cell of claim 1, wherein the first membrane 
layer and the second membrane layer are different materials. 

11. The fuel cell of claim 1, wherein the first membrane 
layer and the second membrane layer are same material. 

36 
oxides, doped metal oxides, metal nitrides, doped metal 
nitrides, metal oxynitrides, doped metal oxynitrides, and 
combinations thereof. 

19. The fuel cell of claim 18, wherein the doped silicon 
dioxide is selected from at least from one of the following: 
phosphorous doped silicon dioxide, boron doped silicon 
dioxide, and combinations thereof. 

12. A fuel cell, comprising: 
a membrane comprising a membrane material selected 

from organic conducting materials, inorganic conduct­
ing materials, and combinations thereof, wherein the 
membrane has a thickness of about 0.01 to 10 µm, 
wherein the membrane has a permeability of about 1 o-8 

20. The fuel cell of claim 12, further comprising a concen­
trated methanol fuel having a concentration of greater than 

10 about 3M methanol. 

to 10-14 g/cm*s*Torr; 
wherein the membrane includes at least a first membrane 15 

layer and a second membrane layer, wherein the first 
membrane layer is about 1 o to 1 ooAthick and the second 
membrane layer is about 0.01 to 10 µm thick; 

a first catalyst layer disposed between the first and the 
second membrane layers, wherein the first catalyst layer 20 

has a thickness of about 50 to 250 A; 
a second catalyst layer disposed on the first membrane 

layer on the side opposite the second membrane layer, 
wherein the second catalyst layer has a thickness of 
about 50 to 250 A; and 

a third catalyst layer disposed on the second membrane 
layer on the side opposite the first membrane layer. 

13. The fuel cell of claim 12, wherein the membrane has a 
permeability of about 10-9 to 10-14 g/cm*s*Torr. 
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14. The fuel cell of claim 12, wherein the membrane has a 30 

permeability of about 10-10 to 10-14 g/cm*s*Torr. 
15. The fuel cell of claim 12, wherein the membrane has a 

permeability of about 10-11 to 10-14 g/cm*s*Torr. 
16. The fuel cell of claim 12, wherein the membrane has a 

permeability of about 10-12 to 10-14 g/cm*s*Torr. 35 

17. The fuel cell of claim 12, wherein the membrane has an 
area resistivity of about 0.1 to 1000 ohms cm2

. 

21. A fuel cell, comprising: 
a membrane comprising a membrane material selected 

from at least from one of the following: organic conduct­
ing materials, inorganic conducting materials, and com­
binations thereof, wherein the membrane includes at 
least a first membrane layer and a second membrane 
layer, wherein the first membrane layer is about 10 to 
1 ooAthick and the second membrane layer is about 0.01 
to 10 µm thick; 

a first catalyst layer disposed between the first and the 
second membrane layers, wherein the first catalyst layer 
has a thickness of about 50 to 250 A; 

a second catalyst layer disposed on the first membrane 
layer on the side opposite the second membrane layer, 
wherein the second catalyst layer has a thickness of 
about 50 to 250 A; 

a third catalyst layer disposed on the second membrane 
layer on the side opposite the first membrane layer; and 

a concentrated methanol fuel having a concentration of 
greater than about 3M methanol. 

22. The fuel cell of claim 21, wherein the concentration of 
the methanol fuel is greater than 5M methanol. 

23. The fuel cell of claim 21, wherein the concentration of 
the methanol fuel is greater than SM methanol. 

24. The fuel cell of claim 21, wherein the concentration of 
the methanol fuel is greater than !OM methanol. 

25. The fuel cell of claim 21, wherein the membrane has a 
permeability of about 10-3 to 10-14 g/cm*s*Torr. 

18. The fuel cell of claim 12, wherein the membrane mate­
rial is selected from at least from one of the following: silicon 
dioxide, doped silicon dioxide, silicon nitride, doped silicon 
nitride, silicon oxynitride, doped silicon oxynitride, metal 

26. The fuel cell of claim 21, wherein the membrane has an 
40 area resistivity of about 0.1to1000 ohms cm2

. 

* * * * * 
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