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Novel miniature fuel cells were fabricated from micromachined silicon wafers. The
cells used methanol and air as reactants, and a thin polymer electrolyte as separator.
The assembled cells had a working volume of 12 mm’® and could be scaled down in size
by three orders of magnitude by simple adjustments of the masking and etching proce-
dures. Electrodeposition of Pt-Ru as the anode catalyst (oxidation of methanol) was
successful in lowering the loading to 0.25 mg/cm? without loss of performance. Cell
performance approached that of the best, state-of-the-art, large fuel cells, when scaled
for size. In particular, single miniature cells yielded 822 Wh/kg and 924 Wh/L when
operated at 70°C. The same chip design was also used for the hydrogen/air system, and
the cell current, power, and specific energy density were higher than those of
methanol/air. Further tailoring of the chips for specific fuels could lead to further im-

provements.

Introduction

Fuel cells can be thought of as chemical reactors which are
designed to convert chemical reactant streams into electrical
energy and chemical products. In recent years, a class of small
reactors has emerged to carry out chemical reactions on a
small scale (in volumes from 10™3 to 10~ ¢ L). Reactor minia-
turization has been accomplished by fabricating microreac-
tors on inorganic substrates (such as silicon) using procedures
developed by the microelectronics industry (photolithogra-
phy, thin-film deposition, lift-off, and plasma-based etching).
Microelectronic fabrication technology is ideal for the minia-
turization of chemical systems because of its well proven
cost-effectiveness, reproducibility, and control. By control, we
mean the ability to design and fabricate structures with a high
degree of precision (the resolution of photolithography is less
than 1 pm) (Campbell, 1996).

Microchemical systems have inherent advantages over
macrosystems, including increased rates of heat and mass
transfer, increased safety as a result of smaller volume and
enhanced temperature control, on-demand consumption or
production of toxic reactants or products, reduced volume
waste streams, and production scale-up by scale-out (the cou-
pling of multiple microreactors instead of the use of one large
reactor) (Jensen, 1999; DeWitt, 1999). Microreactor systems
have been developed which contain an amazing variety of in-
tegrated microcomponents. A partial list includes: miniatur-
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ized heaters, mixers (Erfeld et al.,, 1999), filters (He et al.,
1999), pumps, valves, reaction chambers, flow sensors, tem-
perature sensors, and chemical analyzers (Jensen, 1999; De-
Witt, 1999; Pantankar and Hu (1998). To date, microreactors
have been used to: carry out reactions of commercial interest
(Srinivasan et al., 1997; Burns and Ramshaw, 1999; Cham-
bers and Spink, 1999; Hsing et al., 2000); analyze DNA (Burns
et al., 1998); release controlled amounts of drugs (Santini et
al., 1999); and fabricate microelectrodes in situ within a flow
channel (Kenis et al., 1999).

The research cited shows that the adaptation of microelec-
tronic fabrication techniques to microchemical systems can
be successful. Thus, we have used microelectronic fabrication
techniques in the present study to produce robust, miniatur-
ized fuel cells. It is possible that this approach could be used
to mass produce miniature fuel cells in the same way that
integrated circuits are manufactured on silicon chips. Before
describing the results, we compare miniature fuel cells to the
existing alternate technology of miniature or micro batteries.

To compare miniature fuel cells to miniature batteries, one
needs a basis (Vincent and Scrosati, 1997) related to the type
of application being considered (for example, portable elec-
tronics). Specific energy (¢) is defined as the amount of en-
ergy deliverable from a device, per mass of the device
(packaging plus reactants). This quantity is defined in Eq. 1
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Table 1. Miniature Electrochemical Power Source

Comparison

E i ¢
Cell Type W) (mA/cm?) (Wh/kg)
Ni/Cd battery 12 1071 60
Ni/metal hydride battery 1.2 107! 65
Li/Li Mn,0, battery 3.0 107! 130
LiC4/Li,CoO, battery 3.6 1071 90
CH,0H/O, m-PEFC 0.4 10° 921

p=I1xExt/m )

where [ is current, E is cell voltage, ¢ is service time, and m
is mass. Table 1 gives values of voltage, current density (i),
and specific energy for several types of miniature electro-
chemical power sources based on performance values pub-
lished in literature (Vincent and Scrosati, 1997; Baldauf and
Preidel, 1999; Appleby, 1995; Bates et al., 1995; Powers, 1995;
Jones et al., 1994).

All specific energy values in the table include device mass
plus the mass of the reactants. The values for the miniature
methanol /oxygen polymer electrolyte fuel cell (PEFC) are for
a 10 h operation time using state-of-the-art performance
numbers (0.1 A/cm? at 0.4 V and 60°C on 0.5M CH,OH and
ambient pressure air) (Baldauf and Preidel, 1999). The mass
used to calculate the specific energy of the fuel cell includes
the mass of the device (reactor) plus the mass of the fuel
(methanol and water) consumed assuming 100% fuel utiliza-
tion. The mass of oxygen is not included in the fuel cell spe-
cific energy calculation because it is obtained from the ambi-
ent atmosphere. The fuel cell mass and active-area used are
the same as those for the miniature PEFC developed in the
present investigation (0.0307 g and 0.25 cm?).

As Table 1 shows, the specific energy of the miniature
methanol /oxygen PEFC exceeds that of all miniature battery
types by nearly an order of magnitude. Further, the minia-
ture PEFC is able to deliver fuel cells over miniature batter-
ies include ease of recharging (by adding liquid fuel), and
lower emissions. The advantage of lower emissions comes
about because fuel cells are superior in this respect to large
power plants which supply the energy for battery recharging
(Appleby, 1995; Amann, 1996). The one disadvantage of the
miniature PEFC is its value of cell potential. Thermodynami-
cally, a methanol/oxygen fuel cell should have a cell potential
of 1.2 V. In practice, the cell potential is much lower (0.4~0.5
V) due to kinetic and ohmic limitations. Reports exist which
propose goals, in terms of energy and power densities, for the
application of miniature fuel cell systems as portable power
sources (Amann, 1996; Datta and Smilanich, 1996). The
miniature methanol/oxygen PEFC developed in the present
study already meets many of the proposed goals. Thus,
miniature fuel cells appear well suited to compete with
miniature batteries as compact power sources for portable
applications.

With the exception of a recent short publication by the
present authors (Kelley et al., 2000), there appear to be no
existing publications in the referred literature dealing with
microfabricated, miniature polymer electrolyte fuel cells

1072 May 2002 Vol. 48, No. 5

(hereafter denoted as m-PEFC). We note a recent publica-
tion on a miniature biofuel cell (Chen et al.,, 2001). Here, we
survey publications which are related to the present subject.
We have aiso listed (Wainright et al., 2000; Lee et al., 2000a,
b; Maynard et al., 2000; Savinell et al., 2000; Meyers and
Maynard, 2000; Hecht, 2000; Maynard and Meyers, 2000;
Hebling, 2000) nonpublished work presented by other re-
search groups on this topic.

Miniature fuel cells are mentioned by Savinell et al. in their
work on oxygen reduction catalysts (both iron porphyrin and
platinum based) (Gupta et al., 1998; Sun et al., 1998; Goj-
kovic et al., 1999a,b; Tokumitsu et al., 1999). Their cells con-
sisted of flow channels machined in Teflon blocks to accom-
modate the testing of 1 cm? active area, conventionally pre-
pared membrane electrode assemblies (MEAs). While small,
the Teflon blocks were not microfabricated or suitable to
serve as the basis for a miniature fuel cell power source.

Publications dealing with alternative PEFC designs, espe-
cially those that focus on planar schemes for connecting fuel
cells in series, are also related to the topic of the present
study (Dyer, 1990; Gottesfeld and Wilson, 2000; Adlhart et
al.,, 1997; Heinzel et al., 1998; Barton et al., 1998a). Planar
fuel cell stacks are well adapted to the volume constraints
present for a miniature fuel cell power source. While little or
no data has been published for a planar PEFC stack, from
papers presented at recent conferences, we know that such
designs are in the research stage prior to commercial devel-
opment.

In addition, microelectronic fabrication techniques have
previously been used to produce both electrochemical de-
vices and microchemical systems (Campbell, 1996; Kovacs et
al., 1994; Xia and Whitesides, 1998). Electrochemical devices
include microelectrodes (used for electrochemistry investiga-
tions) (Kostecki et al., 1999; Buchler et al., 2000), thin-film
lithium batteries (Jones et al., 1994; Bates et al., 1995; Li et
al., 2000), and segmented current collectors fabricated on
printed circuit boards (used to investigate the current distri-
bution in fuel cells) (Rieke and Vanderborgh, 1987; Brown et
al., 1992; Cleghorn et al., 1996; Wieser et al., 1998). Work on
microchemical systems (microreactors) is described by Jensen
(1999) and DeWitt (1999).

Finally, there is the application of small or miniature fuel
cells as sensors (Barton et al., 1998b; Narayanan et al., 2000).
Fuel cells can, in principle, be applied for the sensing of any
reactant which can be used in a fuel cell (for example, alco-
hol, oxygen, and glucose). The application of fuel cells as sen-
sors imposes many of the same size constraints as for minia-
ture fuel cell power sources. We conclude this section by not-
ing that, while related work exists, the design and testing of a
microfabricated, silicon-based miniature methanol/oxygen
PEFC remains a novel concept.

Experimental
Electrode chip fabrication

The m-PEFC electrodes were prepared on silicon using a
series of fabrication steps adapted from Kovacs et al. (1994).
Silicon was chosen as the fabrication material because of the
wealth of information available pertaining to its processing,
and its extensive use in microelectronic devices (Campbell,
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Figure 1. m-PEFC electrode fabrication steps.

(a) A bare, double-side polished silicon wafer; (b) grow
LPCVD silicon nitride layers on wafer front and back; (¢)
pattern and etch window in silicon nitride layer on wafer
back: (d) etch wafer in hot KOH solution to form silicon
membrane; (¢) pattern and deposit gold on wafer front; (f)
pattern array of holes on wafer front and etch holes through
gold, silicon nitride, and silicon membrane.

1996). Further, a clean room facility for the processing of sili-
con was readily available in the Electrical Engineering and
Computer Science Dept. of the University of Minnesota. The
fabrication process on silicon used in the present study is
shown in Figure 1.

The starting material of choice was a 10 cm, <100>-
oriented, double-side polished silicon wafer with a resistivity
value >10 € cm. First, low-pressure chemical vapor de-
posited (LPCVD) silicon nitride dielectric, SisN,, was de-
posited on the wafer surfaces (Belyi, 1988) to act as an etch
mask for the subsequent silicon wet etching. Next, using
photo-lithographic patterning and subsequent plasma-based
etching, windows were opened in the silicon nitride film on
the back of the wafer. By etching the exposed silicon in a hot
(90°C), aqueous solution of KOH (40 wt. %), the windows
formed silicon membranes approximately 150 um thick
(Bean, 1978; Petersen, 1982; Matsuoka et al., 1992; Ristic et
al., 1994).

AIChE Journal May 2002

Figure 2. Micrographs of an m-PEFC electrode chip.

(a) Optical micrograph of the chip back; (b) optical micro-
graph of the chip front; (¢) SEM micrograph close-up of the
active-area with feedholes.

Next, using an additional photo-lithographic process, the
front of the wafer was patterned and coated with gold to form
electrodes. In a final photolithography step, an array of feed-
holes was patterned and etched through the gold layer using
an iodine-based gold etch (Walker and Tarn, 1991). To com-
plete the fabrication, the feedholes were then etched through
the silicon nitride and silicon membrane using anisotropic,
plasma-based etching (Cho et al.,, 1999). Individual m-PEFC
chips were separated by manual cleavage of the finished
wafers. The thickness of the gold film was 500 nm over a 15
nm titanium adhesion layer.

Figure 2 shows micrographs of the primary chip design used
in the present investigation. The dark areas in Figures 2a and
2b are silicon nitride and the bright areas are the array of
feedholes. The recessed area in Figure 2a serves as the flow-
field for the methanol or oxygen being fed to the cell. The
checker-board-shaped region in Figure 2b is the gold current
collector. Figure 2c shows an SEM closeup of the gold cur-
rent collector and of the array of feedholes on the chip front.
In the SEM micrograph, the dark areas are the individual
feedholes and the light areas are the gold between the holes.
In order to maximize the electrode active area, the chips were
fabricated such that the gold layer was deposited up to the
edge of the feed holes. A single electrode chip is approxi-

Vol. 48, No. 5 1073



mately 1.5 by 2.0 cm and 500-600 wm thick. The square ar-
ray of feed holes, which is designated as the active area, is 0.5
cm on a side. The feedholes are nearly circular, 30 um dia.,
and with an edge-to-edge hole spacing of 40 um. The feed-
hole array shown in Figure 2 contains 5,184 feedholes. A fuel
cell catalyst was applied to the feedhole array, which for the
purpose of this investigation and for current density calcula-
tions, is considered to have an area of 0.25 cm?.

Assembly of complete miniature cells

After fabricating the m-PEFC electrode chips, two such
chips were combined with catalyst layers and a Nafion mem-
brane in the typical bi-polar cell construction. The methanol
electrode (anode) and oxygen electrode (cathode) were sepa-
rately catalyzed and then combined with the Nafion mem-
brane in a final assembly step.

The anode was prepared by electrodepositing Pt-Ru onto a
carbon ink, previously spray-coated as a slurry onto the active
area of an electrode chip. Spray-coating of the slurry was ac-
complished with an airbrush. The carbon ink was formulated
as follows: 1.0 mg Ketjen black carbon (Lion) dispersed in 3.0
mL spray diluent (21 wt. % ACS grade isopropyl alcohol +79
wt. % 18 MQ DI water) by sonication. The ink was applied
directly to an area 0.7 by 0.7 cm centered over the feedhole
array on the front of the electrode chip.

Before Pt-Ru electrodeposition, the carbon-coated elec-
trode chip active area was pre-treated by cyclic voltammetry
in a three-electrode cell. The Pt-Ru electrodeposit for
methanol oxidation was obtained from an aqueous solution
containing the following: 1.0 M H,SO, (ACS grade) + 0.016
M H,PtCl; (Aldrich) + 0.008 M K,RuCl; (Aldrich). Elec-
trodeposition was carried out in a three-electrode cell using a
potentiostat (EG&G PAR 173) to pulse the potential on the
electrode chip to —0.05 Vg, followed by holding the poten-
tial at +0.05 V. The catalyst mass loading (mg/cm?) was
controlled by measuring the charge passed during electrode-
position on a digital coulometer. The actual mass loading was
determined by chemical analysis. Electrodeposited anode
chips were rinsed thoroughly with DI water to remove resid-
ual ClI™ ions, and allowed to dry before use in a cell.

The cathode was prepared in two steps by first spray-coat-
ing a Pt ink, and later by a Teflon-treated carbon ink (a
diffusion layer), directly onto a Nafion membrane hydrated
and protonated via the standard, published procedure
(Parathasarathy et al., 1991; Ren et al., 1995). The Pt ink was
formulated as follows: 2.0 mL spray diluent, 40.0 pL 5 wt. %
Nafion (Aldrich), and 1.25 mg of unsupported Pt black (John-
son-Matthey). The Pt was dispersed in the liquid by sonica-
tion. This ink was applied by spray coating through a polymer
mask (0.7 by 0.7 cm opening) centered on the Nafion mem-
brane, drying with an ambient temperature air gun, and re-
peating the spray-dry cycle to achieve the final mass loading.
The standard mass loading of Pt was 2.5 mg/cm? controlled
by the mass of Pt added to the slurry.

After re-hydrating the Pt coated Nafion membrane in DI
water overnight, a Teflon-treated carbon diffusion layer was
applied directly over the Pt ink film of the cathode. The
Teflon-treated carbon ink was formulated as follows: 1.0 mg
XC72R carbon (Cabot), 1.0 mL of 18 MQ DI water, and 1.0
pL of 30 wt. % aqueous Teflon dispersion (E-Tek). Again,
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the carbon was dispersed in the liquid by sonication. The car-
bon ink was spray-coated over the 0.7 by 0.7 cm Pt ink film,
previously deposited on the Nafion, by alternately spraying
and drying with an ambient temperature air gun. The com-
pleted cathode was hydrated overnight in DI water before
use in a m-PEFC.

For direct comparison to the membrane electrode assem-
bly in a typical PEFC, we also prepared anode and cathode
catalyst layers where both were directly applied onto a Nafion
membrane. The fabrication was started from a Nafion mem-
brane already coated with Pt and Teflon-treated carbon ink
films (as described above). The anode catalyst ink was formu-
lated as for the cathode catalyst ink, with the substitution of
JPL-type unsupported Pt-Ru black for the unsupported
Johnson-Matthey Pt black (Surampudi et al, 1998) and ap-
plied to the Nafion membrane in a fashion analogous to that
used for the cathode ink. Before use in a m-PEFC, the dou-
ble-sided, catalyst coated Nafion membrane was hydrated in
DI water overnight.

Assembly of the m-PEFC was achieved by stacking to-
gether the anode electrode chip, Nafion membrane, and
cathode electrode chip. Lamination of the assembly was com-
pleted by hot-pressing at 30 psi and 170°C for 10 min., and
then cooling in the press to ambient temperature under pres-
sure. Before testing, insulated wire leads were soldered onto
the exposed gold contact pads, and the cell assembly was al-
lowed to hydrate overnight under DI water.

m-PEFC testing

Three types of m-PEFC results were obtained: fuel cell po-
larization, single electrode polarization, and methanol
crossover. Fuel cell polarization experiments were carried out
by scanning the cell potential at 0.001 V/s and measuring the
current produced. By means of a saturated calomel reference
electrode (SCE; Fisher, Accumet) electrode potentials of the
anode and cathode vs. the SCE were measured concurrently
during this experiment. We identify these measurements as
single-electrode measurements in the discussion to follow.
Methanol crossover rate measurements were carried out by
using an infra-red absorption analyzer (Rosemount Analyti-
cal) to measure the carbon dioxide concentration in the oxy-
gen electrode exhaust, while fixing the fuel cell potential and
measuring the current. The results of the above three tests
will be used, as appropriate, in the discussion to follow.

The variables which were explored in this investigation are
as follows: temperature, Nafion thickness, and oxygen con-
centration. In the course of relating the effect of each of the
above variables to methanol/oxygen m-PEFC performance,
unique aspects of the cell developed in the present study will
be revealed.

Results and Discussion
Electrode chip design

Figure 3 gives SEM micrographs of the active areas of the
three different electrode chip designs tested during the
present investigation. At the center of the problem of elec-
trode chip design was the manner in which to distribute ac-
tive area and feed holes. The first design (Figure 3a) was a
series of feed holes within a coil of gold wire, 5 um in width.
It was discarded because it used a long, single path for elec-
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Figure 3. Three m-PEFC electrode chip designs stud-
ied.

SEM micrographs. (a) Coil design, (b) wire grid design; (c)
feedhole array design. Dark areas are silicon nitride coated
silicon. Bright areas are gold, thin-film electrodes. A feed-
hole array is present only in (c), dark areas within gold elec-
trode.

tronic conduction which was fragile and highly resistive. The
second design (Figure 3b) was dismissed because much of the
possible active area (the space between the wires and feed-
holes) was wasted. The final and most successful electrode
chip concept (Figure 3c) placed the same array of feedholes
within a planar gold electrode. This design was advanta-
geous, because it maximized the active area and had multi-
ple, low ohmic resistance electronic pathways.

Figure 2 shows micrographs of the final electrode chip de-
sign used in the present study. Feedhole and rib size were
the primary variables in this electrode chip design, and the
size shown here was held fixed for the present study. The

sizes used here insured excellent liquid/gas handling in the
individual electrodes. Varying each of the variables could be
expected to have profound effects on methanol crossover,
catalyst utilization, and cathode flooding. These are the sub-
jects of ongoing studies and the results will be reported in
subsequent articles. The above listed feedhole and rib sizes
gave a total feedhole area of 0.0467 cm? and a total rib area
of 0.203 cm?. It should be noted that the current densities
quoted below are actually larger due to the reduction of gold
electrode area because of the feed holes (0.203 ¢cm? vs. 0.25
cm?).

Thus, the chip design developed in the present study is
simple and compact. The current design could be further
simplified by depositing the polymer electrolyte (or another
form of proton conductor) directly on one or both of the
electrode chips, thereby eliminating the need for a separate
polymer electrolyte membrane. However, the design de-
scribed here is quite successful in that it allows the explo-
ration of the effects of a wide variety of design variables on
cell performance.

Catalyst configuration on the individual electrodes

In the course of the present investigation, there were sev-
eral different types of methanol/oxygen cells tested, each dis-
tinguished by its particular type and combination of catalyst
layers. The various combinations are listed in Table 2 for il-
lustration of the range of study, but further discussion of them
will be reserved for a companion article on catalysis of
methanol oxidation, to be published shortly. The best system
(cell type D) was an electrodeposited Pt-Ru anode catalyst
supported on carbon (anode) and Pt catalyst ink spray-coated
on the cathode membrane combined with a carbon “diffusion
layer” (cathode side).

We compare the performance of cell (D) with (E) in Figure
4. In cell (E), the catalyst layers on both electrodes were inks
deposited directly onto the Nafion membrane. It can be seen
that m-PEFC configuration (D) was superior to (E) over the
entire potential range of the polarization curve. That is, a
greater cell current was produced by (D) at all values of cell
potential. The reason for this can be better explained by con-
sidering the single electrode measurements (see Figure 5).

Since the cathode catalyst layers of cells (D) and (E) were
identical, it was expected that the cathode polarization curves

Table 2. m-PEFC Configurations and Catalyst Mass Loading™

Anode Loading Cathode Cathode Loading
Designation Anode Type (mg/cm?) Type (mg/cm?)
A Planar edep. 1.56 Planar edep. 137
(on chip) (Pt-Ru, 79: 21) (on chip) (100% P1)
B Planar edep. 1.56 Sprayed ink 5.0
(on chip) (Pt-Ru, 79: 21) (on chip) (IJM Pt black)
C Planar edep. 1.60 Sprayed ink 2.5
(on chip) (Pt-Ru, 88: 12) (on Nafion) (JM Pt black)
D KIJB edep. 0.25 Sprayed ink 25
(on chip) (Pt-Ru, 85: 15) (on Nafion) (JM Pt black)
E Sprayed ink 2.5 Sprayed ink 2.5
(on Nafion) (JPL Pt-Ru black) (on Nafion) (JM Pt black)

*The different m-PEFC configurations will be referred to by the designations given below.
Anode = methanol electrode (Pt- Ru alloy).

Cathode = oxygen electrode (Pt).

AIChE Journal

May 2002 Vol. 48, No. 5

1075



0.8 rr—+rr1rrrrr T 7T T T T
8 T T T T T T 3
—e—Cetp] 3
- ClE| ]
0.6 3
> ]
3 3
8 04F 3
g2 b
= L ]
© ]
02F 3
0'0:....|....| P PP T ']

0 100 200 300 400 500 600 700

Cell current (mAIcmz )

Figure 4. Influence of catalyst configuration on cell per-
formance.

(D) Electrodeposited anode catalyst; (E) spray-coated JPL
catalyst ink. 0.2 L/min. 0.5 M aqueous methanol fuel at 70°C;
0.2 L/min. ambient air; Nafion 117.

in Figure 5 should be the same. However, it was found that
the anode of (D) was superior to that of (E). This is shown in
Figure 5, where, for any given value of current, anode (D)
had a lower potential (smaller driving force) than anode (E).
Thus, despite the mass loading of anode (D) being about an
order of magnitude less than that on (E), the anode and,
therefore, the cell performance of cell (D) was superior to
the conventionally catalyzed cell (E). This result highlights
the benefit of using the electrodeposited anode catalyst de-
veloped in the present study.

Temperature, membrane thickness, and oxygen
concentration

The experiments performed to evaluate the effect of tem-
perature on m-PEFC performance were accomplished by
changing the temperature of the aqueous methanol feed. A
methanol concentration of 0.5 M was used for all tempera-
tures evaluated, and the flow rates of both reactants
(methanol and air) were 0.2 L/min. at ambient pressure. Fig-
ure 6 shows the results of cell polarization at the three tem-
peratures tested (23, 50, and 70°C). As expected, in terms of
output current, the performance at all values of cell potential
increased with temperature. However, the increase from 23
to 50°C was much greater than the increase from 50 to 70°C.
An increase in temperature improved cell performance due
to improved rates of reaction and of mass transport on each
fuel cell electrode. Unfortunately, as will be seen, methanol
crossover rates also increased with temperature. For a fuel
cell to experience a net increase in performance with temper-
ature, the positive effects of increased mass transport and
reaction rates must be greater than the negative effect of in-
creased methanol crossover.

From the single clectrode measurements (not shown), it
was concluded that the majority of the increase in perfor-
mance of the m-PEFC with temperature was due to an in-
crease in the performance of the anode. On the other hand,
the cathode performance at 50°C was only marginally supe-
rior to that at 23°C, but the performances at 23°C and 70°C
were the same. Thus, the increase in cell performance from
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Figure 5. Influence of catalyst configuration on single
electrode performance.

(D) Electrodeposited anode catalyst; (E) spray-coated JPL
catalyst ink. 0.2 L/min. 0.5 M aqueous methanol fuel at 70°C;
0.2 L/min. ambient air; Nafion 117.

50 to 70°C was small. The increase in the methanol crossover
rate with temperature is shown clearly in Figure 7.

Changing the thickness of Nafion in a methanol/oxygen
PEFC is expected to have two effects. First, the ohmic of the
polymer electrolyte membrane (PEM) increases with thick-
ness. Second, the magnitude of the methanol crossover rate
scales inversely with the PEM thickness. The first effect tends
to improve PEFC performance for a decrease in PEM thick-
ness, while the second does the opposite. In order to evaluate
the influence of membrane thickness, a different miniature
cell was assembled for each thickness. The different cells were
of the same design and identical in all other respects. The
effect of Nafion thickness on performance was evaluated us-
ing 0.5 M aqueous methanol fuel at 70°C. The Nafion (1,100
equivalent weight) thickness values tested were 2, 4, 7, and 9
mil (50.8, 101.6, 177.8, and 228.6 pum).

Figure 8 shows the results for simultaneous measurement
of m-PEFC polarization and methanol crossover rate. As can

08

<
o

Cell potential (V)
[=1
-y

02

toaaadassadeenabovestonaaboneediiig

i bl sa s

0.0 M ST ST RS P b
0 100 200 300 400 500 600 700
Cell current (mA/cmz)

Figure 6. Effect of temperature on cell performance.

0.2 L/min. 0.5 M aqueous methanol fuel at specified tem-
peratures; 0.2 L/min. ambient air; Nafion 117.
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Figure 7. Effect of temperature on methanol crossover.

0.2 L/min. 0.5 M aqueous methanol fuel at specified tem-
peratures; 0.2 L/min. ambient air; Nafion 117.

be seen from the plot, at low values of cell current (high cell
potential), the cell behavior was dominated by methanol
crossover, so the cell performance decreased with decreasing
Nafion thickness. However, as the cell current increased, the
cell with the thinnest Nafion performed best. This was due to
the dominant influence of Nafion ohmic resistance.

To determine the influence of oxygen concentration on cell
performance, we switched from air (21% oxygen) to neat oxy-
gen. As might be expected, increasing the concentration of
oxygen in the cathode feedstream from 21 to 100% apprecia-
bly improved the overall performance. It is generally ac-
cepted that the kinetic rate of oxygen reduction has a first-
order dependence on oxygen concentration. Thus, in going
from air to oxygen (which increased the oxygen concentration
by roughly five times), we would expect a kinetically con-
trolled oxygen reduction current to increase by the same fac-
tor. The data in Figure 9 show that at high values of cell
potential, the cell current at a given potential for pure oxygen
(vs. air) was indeed close to five times greater. However, as
the cell current increased, this factor decreased to less than
two.

The smaller than expected current increase with oxygen
concentration was caused by methanol crossover as indicated
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Figure 8. Effect of Nafion thickness on cell perform-
ance and methanol crossover.

0.2 L/min. 0.5 M aqueous methanol fuel at 70°C; 0.2 L/min.
ambient air; specified values of Nafion thickness.
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Figure 9. Effect of oxygen concentration on cell per-
formance.

0.2 L/min. 0.5 M aqueous methanol fuel at 70°C; 0.2 L/min.
ambient air or oxygen; Nafion 117; OCP to 0 V,; at 0.001
Vs,

by the poor performance of the cathode in single electrode
polarization curves. At low cell currents, the cathode was able
to handle the rate of methanol crossover, and its behavior
was controlled by oxygen reduction kinetics. At high cell cur-
rents, due to the amount of methanol arriving at the cathode,
the kinetic control became mixed between the two reactions.
Thus, the apparent reaction order changed.

Methanol crossover

We have measured the rate of methanol crossover for the
miniature cell configuration, and the results have been plot-
ted in the preceding figures. In Figure 10, the measured
crossover rate (expressed as a current density) has been plot-
ted vs. the rate calculated as described below. All of the data
in Figure 10 are given for zero current conditions, and only
reflect the influence of diffusion across the membrane, that
is, the effect of electroosmotic drag is not included. The mea-
surements were carried out as a function of membrane thick-
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Figure 10. Measured crossover rates at open circuit
compared to calculated values for all elec-
trolyte thicknesses, solution concentrations
and temperatures used here.
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ness, methanol concentration, and temperature. It can be seen
that the calculated values match the measurements rather
well. In order to estimate the rate of diffusion across the
membrane, the diffusion coefficient (D) was assumed con-
stant with thickness, and it was taken from the literature along
with the partition coefficient (H) of methanol in water and
Nafion at all concentrations and test temperatures. The rate
of crossover was calculated according to the relationship

j (calculated) = nFDH ( Az/Aycive ) AC/AX  (2)

! crassover

where Ay, is the area exposed through the feed holes, A e
is the total area (0.25 cm?), Ax is the membrane thickness, F
is the Faraday constant, n is the number of electrons in-
volved in the reaction (n = 6), and

AC= Cfeed - Cca[hodc = Cfced (3)

The latter relationship is used because all the methanol that
crosses over is consumed at the cathode. It is important to
note that the correction for area must be made in order to
get agreement between measured and calculated crossover
rates. It is clear from the data shown in the previous figures
that, at non-zero current density, methanol is also trans-
ported across the membrane by electroosmotic drag, and the
crossover rate is increased. Further analysis of crossover will
not be done here, but it is an area of active interest. We are
studying other membranes in order to reduce the crossover
rate and results will be published in subsequent articles.

Comparison with large cells

Figure 11 shows the polarization results for a miniature
cell at 70°C operating on 0.5 M methanol using a Nafion 117
membrane. The m-PEFC at 70°C produced approximately 70
mA /cm? at 0.4 V,,,, with a peak power output of 15 mW at
0.2 V. The cell had a mass of 0.031 g and a volume of 0.012
cm?®. Using the above performance results, we calculated the
energy density and specific energy to be 924 Wh/L and 822
Wh/kg, respectively. These values include the volume or mass
of the methanol and water consumed during a 10 h operating
time, but neglect methanol loss due to crossover. The above
value for specific energy favorably compares to the state-of-
the-art value in Table 1.

We now turn our attention to the comparison of the m-
PEFC results with those for previously published large
methanol /oxygen PEFCs. Comparison will be made on the
basis of cell polarization, single electrode polarization. Table
3 relates the test conditions used for all fuel cells compared
(large and miniature). Not all of the cells shown in the table
were used for every comparison. Those omitted provided no
applicable data for the given comparison. Where possible,
data were chosen which originated from test conditions (tem-
perature, pressure, reactant concentration, Nafion thickness,
and catalyst loading values) that closely matched those used
for the m-PEFC. The cells listed in Table 3, besides the in-
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Figure 11. Performance and power of miniature cells at
70°C.
0.2 L/min. 0.5 M aqueous methanol; 0.2 L/min. ambient
air; Nafion 117.

house large PEFC and m-PEFC results, were taken from the
publications cited. A question mark entry in the table indi-
cates a test condition for which no data was provided.

Figure 12 compares the fuel cell polarization curves for se-
lect cells listed in Table 3 (as indicated by the legend). As can
be seen in the figure, the m-PEFC results compared well to
those for the published and in-house large PEFCs. For most
values of cell potential, the m-PEFC cell current was within a
factor of three (two in most cases) of that produced by the
large PEFCs. Certainly, the results of Arico et al. and Bal-
dauf and Preidel are exceptional. Otherwise, the m-PEFC re-
sults were equivalent or only slightly below those for the large
PEFCs.

In making comparison of m-PEFC to large PEFC perfor-
mance, there were only three sets of published large PEFC
data which gave single electrode measurements. These cells
are indicated in the legend of Figure 13. The anode polariza-
tion curves revealed that the m-PEFC anode was equivalent
to those of the large PEFCs. This equivalence came about
despite the fact that the electrodeposited Pt-Ru anode mass
loading in the m-PEFC was nearly an order of magnitude
lower than that on the large PEFC anodes. Thus, the differ-
ence in performance between the m-PEFC and the large PE-
FCs was due to the difference in cathode performance. Two
of the three sets of large PEFC results in Figure 13 origi-
nated from cells with a much higher cathode Pt mass loading
than on the m-PEFC cathode (6 and 12 mg/cm? vs. 2.5
mg/cm?). Only the cell of Ren et al. had a similar Pt loading
(1.2 mg/cm?). Thus, at least part of the reason that the m-
PEFC cathode showed lower performance (in terms of po-
tential at a given cell current) was Pt mass loading.

Miniature hydrogen/oxygen fuel cells

Up to this point, only the results for methanol/oxygen as
reactants have been reported. To illustrate the flexibility of
the chip design, we also tested an m-PEFC fueled by neat
hydrogen and air. Since a hydrogen/oxygen fuel cell system
has inherent problems with water management, the hydrogen
gas was humidified at 30°C before being fed to the cell; how-
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ever, the cell operated at room temperature (23°C). The hy-
drogen/oxygen cell was constructed using a Nafion 112 mem-
brane spray-coated with 2.5 mg/cm? Pt black for the oxygen
electrode (cathode). The hydrogen electrode (anode) was
made from 1 mg/cm® Pt electrodeposited on a spray-coated
ink of Ketjen black carbon ink on the anode chip. The hydro-
gen/oxygen mini-cell was assembled by the same procedure
as for the methanol/oxygen analogs. Figure 14 compares the
room temperature cell polarization curves and power densi-
ties for the hydrogen/oxygen and the methanol/oxygen
miniature fuel cells.

Hydrogen fuel cells have very different issues that must be
addressed in their construction, but there has been no at-
tempt here to tailor the electrode chips to the different fuel.
The presented results show that the m-PEFCs developed in

the present investigation could easily be adapted to operate
on hydrogen/oxygen.

Conclusions

Microfabrication processes have been successfully used to
form miniature fuel cells on a silicon wafer. The processes
yielded reproducible, controlled structures that performed
well for liquid feed, direct methanol/air systems. The effect
of system variables matched that expected from large cells.
The etched feed holes (30 pm dia.) handled the flow require-
ments of liquid feed/gas release at the anode with no evi-
dence of blockage. Since the fabrication can be controlled in
a straightforward way, future designs with more sophisticated
features could be easily accomplished by changing the mask

Table 3. Large-PEFC vs. m-PEFC Test Conditions

CH;0H Oxygen
Temp. (°C) Air/O,
Conc. (M) Anode Flow Rate Cathode
Electrode Flow Rate Mass (L/min.) Mass
Area (L/min.) Loading Pres. Loadin§
Cell (m?) Nafion Pres. (atm) (mg/cm*®) (atm) (mg/cm?”)
Narayanan et al. (2000) 25 117 60 12 Air 12
0.5 1
0.2 24
1
Valdez et a. (1999) 80 117 60 12 Air 12
0.5 1.75
0.2 1
1
Whitham et al. (2000) 25 117 90 0.1 0O, 12
1.0 4
(?) 24
1
Ren et al. (2000) 5 117 80 2 Air 1.2
0.5 0.6
0.0025 2.1
1
Liu et al. (1998) 5 117 70 6 0O, 6
0.5 04
0.025 1.7
1
Baldauf and Preidel (1999) 3 117 80 1 Air 4
0.5 0.1
(@) 1.48
1
Scott et al. (1999) 9 117 70 2 Air 1
0.5 @)
0.00136 1.97
1
Arico et al. (1998) 5 117 95 1 Air 1
2.0
(@] 5
1
Large-PEFC 25 117 70 4 Air 2.5
0.5 5
(Kelley et al. 2000) 0.14 2.4
1
m-PEFC 0.25 117 70 1.28 Air 2.5
(Kelley et al., 2000) 0.5 0.2
0.2 1
1
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Figure 12. Comparison of results of m-PEFC with
large-PEFC Cells (in literature).

configuration. Changes of feed hole size or separation dis-
tance may improve the behavior of the air cathode structure,
for example, to facilitate removal of product water and avoid
liquid-phase condensation within the porous electrode struc-
ture. This takes advantage of our ability to tailor the holes
and ribs to match the needs of individual reactants.

The bipolar cells studied here are simple to form and are
robust and reproducible. The volume or mass of the minia-
ture reactor are controlled by the dimensions of the feed hole
array of each electrode chip, by the reaction zone of each
electrode, and by the thickness of the polymer electrolyte
separator. One may scale the system simply by changing the
number of feed holes. For example, one may reduce the size
of the reactor by three orders of magnitude by reducing the
number of holes from 5,184 to 1, and this will change the
volume from 0.012 cm? to 12 X 10~ ¢ cm?>. Such a change would
scale the output current and power as well. At the other ex-
treme, one may scale up by replication of the individual chips.
The ability to scale up or down may facilitate integration of
sensors and pumps for complete systems.

The porous electrode structure was formed by a simple se-
ries of processes that could be adapted to repeatable mass
production. The processes are adaptations of procedures that
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Figure 13. Large-PEFC vs. m-PEFC single electrode
performance.
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23°C; 0.2 L/min. 0.5 M aqueous methanol fuel; 0.2 L /min.
30°C hydrated neat hydrogen; 0.2 L/min. ambient air;
Nafion 112.

are used to form large cells, with the exception of the elec-
trodeposition of Pt-Ru. The latter process has been studied
in previous work published in the literature, but our adapta-
tion of it to the miniature cells has several novel aspects. With
this procedure, we have achieved higher catalyst utilization
than previously reported. In addition, the size of the reaction
zone in the porous electrodes was controlled by the feed hole
geometry, as well as by the thickness of the carbon film de-
posited on the gold current collector surface. The latter di-
mension was about 2 pm, but the thickness could be changed
by altering the spray coating process. Changing the number
of feed holes in the electrode chip, as described above, would
not affect the spray coating process. Forming several porous
electrodes on a single wafer could also be accommodated for
series and parallel fuel cell “stacks” by masking, spray deposi-
tion of carbon, and electrodeposition of the catalyst. This
should lead to higher utilization of materials, and better
heat-transfer management, but this needs to be demon-
strated.

For many applications that have been proposed for mi-
croscale fuel cells, it would be necessary that they be stand-
alone systems with no external pumps or other ancillary de-
vices. In order to deliver the fuels at a desirable rate, natural
convection and stirring would be necessary. Air breathing
electrodes (cathodes) have been described in the patent liter-
ature (Wilson, 1996) for small systems, but these do not ap-
proach microscale devices. Air convection is necessary to re-
move product water from the electrode to prevent liquid-
phase condensation within the porous electrode structure that
would block access of oxygen to the reaction zone. At room
temperature, the present design has been found (data not
shown) to support modest cell currents with no artificial
pumping. As the temperature rises, however, convective stir-
ring of the air on the backside of the flow manifold is neces-
sary to support the higher currents that can be achieved. It
seems likely that smaller and more numerous feed holes on
the cathode structure will be necessary to achieve air breath-
ing operation with no artificial augmentation of air delivery.
This along with self-heating to about 50-60°C will yield per-
formance of miniature methanol/air fuel cells that could be
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attractive for many applications. Applications that seem fea-
sible include power for micro- or nano-sensors, small robots
or biomedical devices, or for distributed computing (“smart
dust”, see, for example, Warneke et al., 2001). The repro-
ducibility of the fabrication processes should shorten the time
from laboratory to commercial development. Nevertheless,
there remain significant challenges to design and to fabricate
complete systems. The present work is one step along the
way.

Finally, we will briefly discuss the miniature biofuel cell
that was recently described (Chen et al., 2001). The novel cell
used enzyme catalysts for glucose oxidation and for oxygen
reduction, respectively, and was noted to have 1/60 the size
of the present system. The current density and power density
(that is, normalized for electrode area) were about 200 times
smaller at room temperature and even smaller at elevated
temperatures. The present system could be scaled down in
size by three orders of magnitude, as noted above, but with
no decrease of current density expected.
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