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Abstract

An integrated fuel reformer and fuel cell system for microscale (10-500 mW) power generation is being developed and demonstrated
as an alternative to conventional batteries. In this system, thermal energy is transformed to electricity by stripping the hydrogen from the
hydrocarbon fuel (reforming) and converting the hydrogen to electricity in a proton exchange membrane (PEM) fuel cell. The fabrication
and operation of a mesoscale fuel cell based on phosphoric acid doped polybenzimidazole (PBI) technology is discussed, along with tests
integrating the methanol processor with the fuel cell. The PBI membrane had high ionic conductivity at high temperatufés) (ah80
sustained the high conductivity at low relative humidity at these temperatures. This high-temperature stability and high ionic conductivity
enabled the membrane to tolerate extremely high levels of carbon monoxide up to 10% without significant degradation in performance.
The combined fuel cell/reformer system was successfully operated to enable the production of 23 mW of electrical power.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction processor has been discussed in depth previd@$lyThis
paper focuses primarily on the mesoscale fuel cell.

The potential for creating new, miniature, power supplies  One of the major challenges to PEM fuel cell/fuel proces-
that operate with higher energy densities than batteriessor systems has been the low tolerance to carbon monoxide
has prompted a range of research into alternative poweron the fuel cell anode. For conventional fuel cells, the car-
sourceg[1-9]. One technique under investigation involves bon monoxide levels need to be below 10 pfi@], which
converting the high thermal energy contained in hydro- in turn requires the use of additional reactors, such as
carbons (5.6 kWh/kg for methanol and 12.6kWh/kg for water—gas shift (WGS) and preferential oxidation (PrO
diesel) into electrical energy through direct methanol fuel or membrane purifier. Compared to processors using higher
cells or through proton exchange membrane (PEM) fuel hydrocarbon fuels, methanol processors have an advantage:
cells operating on pure hydrogen or on reformed hydro- their product stream often contains 1% or less CO on a dry
carbons. With this approach, only about 4% efficiency is gas basis. In that case, the WGS reactors can be eliminated.
required to develop devices with energy densities equivalentHowever, further clean-up using either a membrane or,PrO
to current Li-ion batteries; higher efficiencies would result reactor is still required. These additional reactors increase
in still greater energy densities. The technology discussedthe size and complexity of the reformer system while often
here comprises a mesoscale PEM fuel cell that works in lowering the efficiency.
conjunction with a microscale fuel processor (reformer). In. The PEM fuel cell CO tolerance has been improved to
this system, the fuel processor generates a hydrogen-rich100 ppm by raising the fuel cell temperature to 70280
product stream that is fed to the fuel cell—all within an and by adding ruthenium to the anoffe0]. It has been
anticipated 10-20 cfnpackage. A miniature methanol fuel shown that raising the operating temperatures to 3000

would improve the CO tolerance even further; however, at

the higher temperatures the ionic conductivity of the mem-
mpondmg author. Present address: P.O. Box 999, MS K8-93, brane is significantly lowered due to water Ioss. Wainright
Richland, WA 99352, USA. Faxi-1-509-376-5106. et al.[11] have proposed the use of phosphoric acid doped
E-mail address: jamelyn.holladay@pnl.gov (J.D. Holladay). polybenzimidazole (PBI) as a way to allow the fuel cell
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to operate at higher temperatures, thus increasing the COequally spaced in log frequency. Under these small ampli-
tolerance of the fuel cell. tude conditions it was assumed that the anode and cath-
This paper discusses a mesoscale fuel cell (1-2) cie- ode overpotentials were equal when both were exposed
veloped for use in micropower generation. Experiments to to pure hydrogen. The cathode charge transfer resistance
determine the ionic conductivity of PBI membranes and the was then taken to be 50% of the total charge resistance
associated increase in CO tolerance are described, as welneasured. When the anode was exposed to hydrogen/CO
as fuel cell fabrication and performance. Results of tests in- mixtures, the anode charge transfer resistance was calcu-
tegrating the fuel cell with a microscale fuel processor are lated by subtracting the cathode charge transfer resistance
also summarized. from the total charge transfer resistance. Since the cathode
was not directly exposed to CO, its charge transfer resis-
tance was assumed to be constant regardless of the anode
2. Experimental condition.

2.1. High-temperature membrane conductivity 2.3. Mesoscale fuel cell fabrication and testing

The ionic conductivities of many PEM fuel cells are For the mesoscale device, two cells in series, each cell

strongly dependent on the level of hydrat{d2]. Therefore,  haying an area o1 cr?, were fabricated. Using two cells in
in many fuel cell systems the reactants need to be humidifiedggries enabled higher voltages more conducive to operating

in order to prevent excessive water evaporation. However, microsensors and other microelectronics. A series of thick
it is believed phosphoric acid will aid in the ionic conduc-  fjim printing steps were used to deposit current collectors,
tivity and that its hydrophilic character will decrease water heaters, and a Pt resistance temperature detector (RTD) on
evaporation rates and thus the need for or degree of reactangmmina, as shown iffig. 1 The heaters were necessary to
humidification. To gain a greater understanding of the mech- 46w the cells to be tested at the appropriate temperature.
anism of ionic conductivity in the phosphoric acid doped PBI Eventually, with the thermal integration of the fuel cell and

electrolyte, this study considered the following variables: e fyel processor unit, the heaters can be eliminated. The
temperature (50-20), relative humidity (5—30%RH) and

doping level (3-6.3 BPOs molecules per polymer repeat

unit). All of the membrane electrolyte samples were cast in

the doped form from trifluoroacetic acid solution using a

gardner knife. The conductivity results were obtained using

an in-house fabricated four-probe apparatus. This apparatus "l"""
.

High Tenoerature End Plates - Bottom Plate Processing Steps

Il

is limited to maximum pressures of 133 kPa absolute; thus,
the full range of humidities could not be investigated over the
full range of temperatures. Details of the casting techniques

- i i Step 1 Step 2
and the four-probe apparatus have been described previously 0.01" thick alumina is pre-cut (Gold bonding pads ere printed on
[13,14] using a laser the back side of the alumina

2.2. Carbon monoxide tolerance

An extended study of CO tolerance was carried out using
conventional fuel cell hardware and conventionally fabri-
cated PBI fuel cells. The membrane electrode assembly
(MEA) fabrication using electrodes from E-tek Inc. has Step 3 Step
been described previousljl5]. The anode loading was A platinum heater is printed Gold current collectors are printed
0.35mg Pt/crA. The charge transfer resistance for hydro- o the backside oLt front sidle ot 16 3luining
gen oxidation (Rct) was determined using ac impedance
spectroscopy on cells operating as hydrogen pumps, i.e.
the anode oxidized hydrogen as in the fuel cell, while the
cathode evolved hydrogen. For the hydrogen oxidation ex-
periments, the reactant gas was fed into one compartment
of the fuel cell, and with pure hydrogen to the other side

of the cell. The measured impedance represents the com- Eﬁ;;r?um resistance

bined impedance of the anode and cathode. The impedance temperature divice on top of the resistance

Step 6
Glassy insulation is printed

. - . . is printed on the front i
spectrum was acquired at the open circuit potential, with " epREle devbe

an ac amplitude of 10mV R.M.S. over a frequency range Fig. 1. Thick film processing steps for mesoscale fuel cell current collector
of 20,000-0.2 Hz, at five discrete frequencies per decade,plate.
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Fig. 2. Thick film printed electrodes on PBI electrolyte membrane.

RTD allows the fuel cell temperature to be monitored and
the heaters controlled.
Using proprietary techniques developed at CWRU,

113

ifold) constructed of alumina with 1/16in. stainless steel
tubing for the gas inlets and outlets was then bonded to the
outside of the fuel cell assembly, as showirig. 3. Finally,
5-mil-diameter copper wire was bonded to the contact tabs
for the fuel cell leads, the heaters, and the RTD using silver
epoxy. The completed fuel cell is illustrated king. 4.

The fuel cell was tested at 13C, as measured by the
RTD. Two sets of tests were completed. The first was the
operation of the fuel cell with 1.2—1.7 sccm pure hydrogen.
The hydrogen used was saturated with water at room tem-
perature using a bubbler, resulting in a relative humidity
of ~1% at 150°C. The cathode side was air breathing.
The cells were operated at ambient pressure. The second
test consisted of operating the fuel cell with a microscale
methanol fuel processor. The fuel processor comprised a
catalytic combustor, two vaporizers, a heat exchanger, and
a catalytic methanol reformer, all within a volume of less

the fuel cell electrodes (two anodes and two cathodes)than 0.25cr and a mass of less than 1g. The volume

were printed directly onto a PBlI membraneig. 2 A

of the reformer alone was less than 5/ proprietary

porous gas diffusion layer was then printed on the back non-pyrophoric methanol reforming catalyst was used in
of each electrode, yielding the final membrane/electrode these tests. Heat for the fuel processor was generated by the
assembly. The device was assembled by sandwiching aintegrated catalytic combustor using methanol as the fuel.
membrane/electrode assembly between two of the currentSpecific details on the fuel processor fabrication, operation,
collector plates. A high-temperature adhesive was used toand performance are described elsewli@feThe fuel was

hold the assembly together, and a drop of silver epoxy wasa 1:1 by weight mixture of methanol (Reagent Aldrich) and
used to make the series connection between the cells. Thevater that was fed to the reformer at 0.02—0.05rusing
silver epoxy and the high-temperature adhesive were cureda syringe pump. The methanol, at 0.1-0.44n(20°C ba-

at the same time. A fuel manifold (and if desired an air man-

gas —
inlet

platinum
RTD

sis) flow, and 8-20 sccm of air were fed to the combustor.

High Temperature Endplates

alumina

platinum
heater

gold
current
collectors

Fig. 3. Assembly of mesoscale fuel cell components. Membrane/electrode assembly (not shown) goes between the two current collector plates. Only one
current collector is shown; the other cannot be seen in this view. It is located on the lower side of the first current collector plate. For air-breathing
operation, only one manifold is used.
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Fig. 5. Conductivity of PBI/HPO; membrane. Doping level 4.2.

higher humidity levels lower the barrier to conduction by
lowering the local viscosity and by limiting the length of
poly-phosphoric acid chains that arise from dehydration of
H3POy [16]. Similarly, at higher doping levels, the local
viscosity is lower as the local environment approaches that
of the pure, liquid HPQOy, leading to higher conductivity.

3.2. Carbon monoxide tolerance

Fig. 4. Mesoscale fuel cell.

) Fuel cells based on the PBI membrane showed very
The temperature was monitored by a 0.25mm-OD thermo- hjgh tolerance to carbon monoxide even at extremely high
couple inserted into the catalytic combustor. The tempera- concentrations of 10%, as illustrated Fiig. 6. If the typ-
ture was maintained between 300 and 400sufficient 10 jca| current density for air breathing fuel cell operation is
reform >99% of the methanol. The product gas line was gssumed to be 50 mA/émor higher, and an acceptable
manifolded to flow either to an online gas chromatograph voltage loss due to CO is assumed to be 50mV, then a
(Agilent QuadH) for gas analysis or to the fuel cell. charge transfer resistance of2kn? or less is required.
This condition is observed for 2% CO for temperatures
above 160C with an anode loading of 0.35mg Pt/m
At higher CO concentrations, tolerance can be achieved by

increasing the operating temperature or by increasing the

_TypicaI result; from.the mesoscale fuel'cell tegting are loading. For 10% CO, an anode Pt loading of 2 mg/cm
dlsc.ussled hlere, including the effect_ qf r.elatlve humidity anld and a temperature of 188 is required to achieve an anode
doping level on membrane conductivity; PBI membrane tol- charge transfer resistance of. Q cn?.

elrance t?j .CO; and(;‘ab_rlr(]:atlor_] and tests with the fuel cell It might be expected that increasing the humidity content
alone and integrated with a microprocessor. in the hydrogen/CO stream would lessen the effects of CO

3. Results and discussion

3.1. Membrane conductivity Table 1

. . . Activation energy,E, (kJ/mol) for conduction in PBI/EPOs membranes
Fig. 5 illustrates the results of membrane conductivity as a function of doping level (molecules o§PO; per polymer repeating

testing, where the data have been plottedodsversus unit) and relative humidity (RH)

—1 - . .
T+ The actlvat_lon energy for con(_juctlon was calculate_d Doping level o x T = 00 exp CEJKD
from plots of this type. It was desired to lower the acti- H,pqoyrepeat

vation energy in order to increase the ionic conductivity. 5%RH 10%RH  20%RH  30%RH
As evident inTable 1 the activation energy decreases with 3 32+ 2 37+ 3 39+ 3 41+ 3
increasing doping level (molecules o;PIO, per polymer 4.2 31+ 4 34+ 4 34+ 5 32+ 4
repeating unit), and for the higher doping levels, decreases>® 80+ 1 2941 2541 21+ 1
28+ 2 28+ 2 26+ 2 24+ 2

with increasing relative humidity. It is hypothesized that
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1000 7 seen by comparingig. 7 with Fig. 6, that, although the cov-
] erage rises sharply at low CO concentrations, the electrode
R 2% CO, low Pt loading is considered “tolerant” to CO, even at coverages-80%.
w L s
§ 1. ° 410% CO. high Pt loadin 3.3. Mesoscale fuel cell testing
4 [}
“g 10 4 ¢ e Three identical mesoscale fuel cells that were fabricated
g ] . s ® . as described above were tested at AG0The open cir-
© A o cuit potential and current at 1V results are summarized in
14 . Table 2
] - . 4 The printed RTDs all showed linear calibration curves as
. . expected, and the complete calibration curve can be devel-
P oped from the data ifable 2 The variation in the RTD
90 110 130 150 170 190 210 reS|stanqes iTable lis typical for the thick film process.
TIC] The printed heaters were expected to be 20@sistances

at room temperature. Most of the devices were within 5% of
Fig. 6 Anode charge transfer re_sistance for PBIl-based fuellcells as athjs value, again typical of the thick film printing process.
function pf temperqtur.e and %CO in the anode feed. Atmospheric pressure.However’ in some cases, the printed heater was accidentally
Low platinum loading: 0.35 mg/cfnusing 10 wt.% Pt on XC-72 catalyst.
High Pt loading: 2 mg/ci using 40wt.% Pt on XC-72 catalyst. shorted to the anode or cathode current collector. In these
cases, the heater could not be used. The shorted heaters were
the result of poor mask alignment during fabrication, and
poisoning due to (1) increased conductivity within the elec- have since been eliminated by re-designing the heater mask
trode structure leading to increased Pt utilization and/or (2) to allow for unavoidable alignment error.
conversion of some of the CO to GQvia the water—gas For two cells in series, open circuit voltages~ei.8V
shift reaction. To test this hypothesis, the reactant streamwere expected. Two of the devices achieved this at’T50
was saturated with water at either 25 or 60°C. However, while all devices measured 1.8V or more at lower tempera-
repeated experiments with these humidification conditions tures. We are continuing to investigate the cause of the drop
showed that there was not a significant effect of humidifica- in open circuit potential with increasing temperature (all de-
tion on the hydrogen oxidation charge transfer resistance. vices showed even lower open circuit potentials at X80
If the presence of CO on the catalyst surface is assumed toThis phenomenon was unexpected, and may be related to
have no other effect than simply occupying a site that would the adhesives used to seal the device.
otherwise be available for hydrogen oxidation, the CO cov- The internal resistance column reflects the sum of the
erage can be estimated from the variation in the chargeresistances from the lead wires used to connect to the de-
transfer resistance. The results from the comparable analysisiice, the ionic resistance of the electrolyte membrane, the
are shown irFig. 7 for two different temperatures. It can be electrical resistance of the current collectors and the printed

09 .
08 1 *

07 1 . u
0.6 -

0.5 A

0.4

CO coverage

03 ¢ 150C

02 m 180C

0.1

%CO

Fig. 7. Estimated CO coverage as function of CO concentration at 150 arfdC180
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Table 2

Test results for mesoscale fuel cell devices

Device RTD resistance  RTD resistance  Anode heater Cathode heater  Open circuit Internal Current at 1V
at 23°C () at 150°C () resistance @) resistance @) voltage (V) resistance @) at 150°C (mA)

B 22.2 31.6 43.4-X 198 1.66 1.72 81

D 22.8 32.2 192 X 1.77 1.35 123

E 21.4 30.3 168 190 1.83 1.57 99

X: Heater shorted to fuel cell current collector. All fuel cell results are with7 sccm H, air breathing—hot (150C) gases.

gas diffusion layer, and the contact resistances between In tests with the integrated fuel cell and fuel processor,
the electrode assemblies and the current collectors. Thethe system performed according to expectations. The pro-
membrane resistance can be estimated from separate meaedure for system start-up did not require electrical heating.
surements of the membrane conductivity under controlled Instead, hydrogen and air were fed to the combustor to
conditions. The hydrogen gas used was saturated with waterinitiate combustion and heat the vaporizers. Once the va-
at room temperature, leading to a relative humidity~df% porizers were heated to approximately°&) methanol for
at 150°C. At 150°C and 1%RH, the electrolyte conductiv- combustion was fed to the vaporizer. The hydrogen was
ity is ~0.015 S/cm, equivalent to a membrane resistance of slowly tapered off as the methanol feed was increased until
0.5Q/cell, or 1.0 for the device. It should be noted that only methanol and air were being fed to the combustor and
the electrical leads connected to the fuel cell were made the device was completely self-sustaining. The methanol/air
of very fine wire to reduce thermal losses. The electrical mixture was adjusted until the steam reformer reached the
resistance of the lead wires (roughly 15cm of 0.127 mm desired temperatures (250-4@@), depending on the con-
diameter copper wire, two wires/device)4%.3Q2. There- ditions being tested. The methanol/water solution feed to
fore, device D is essentially ideal; the observed internal the steam reformer was then initiated.
resistance can be attributed to the known electrolyte and Greater than 99% methanol conversion was achieved
lead wire resistance, i.e. the contact resistances are veryunder the operating condition&ig. 9 shows the conver-
small. For the other devices, the contact resistances aresion with temperature performance at the feed flow rate of
greater, and the power output is lower. 0.03cn¥/h, which is representative of the other flow rates
The current output at 1 V represents the maximum electri- examined. Greater than 99% conversion with a feed flow
cal output,~100 mW, that was obtained from the mesoscale of 0.05cn¥/h was achieved at 42@. The typical product
fuel cell devices using puredhs the fuel. Complete polar- gas was composed of hydrogen 73-74%, carbon dioxide
ization curves on pure Hare shown irFig. 8 for the three 23-25%, and carbon monoxide 1-2% on a dry gas basis.
devices listed infable 2 The limiting currents that can be A feed of 0.05 crith was supplied to the reformer to pro-
observed inFig. 8 for devices D and E are consistent with duce a hydrogen-rich gas stream with a flow of 1.1 sccm.
complete utilization of the 1.7 sccmyHeed. The slightly This gas was directed to the fuel cell, which was already
lower limiting current observed for device B is thought to at ~150°C. A variable load was applied to the fuel cell
be the result of inaccurate control of the hydrogen flow rate stack, and the resulting performance is presentédgn1Q
by the mass flow controller used, which was rated at 1 sccm A maximum power output of 23 m¥Vwas produced. The
minimum controllable flow. performance was slightly lower than expected; however, it
did demonstrate that a microscale power generator based
2.0 on fuel processing and high-temperature fuel cells is fea-
—aB sible. Several factors contribute to the lower power output
seen inFig. 10 as compared to the performance shown in
Fig. 8 The first is the total hydrogen supply, which was
1.7 sccm inFig. 9, but only 0.8 sccm (73% of 1.1 scem) for
Fig. 10 As a result, the power output cannot be 100 mwW
as shown irFig. 8, but at best would be-50 mW operating
on reformate. The fuel cell performancekig. 8 was with
neat hydrogen, whereas the fuel feed from the reformer has
a significant amount of C&£(25%) and CO (1-2%), which
would lower the performance. Assuming an anode charge
transfer resistance of 12cn? (seeFig. 6, 2% CO, 15C,

-
[,

Stack Voltage (Volts)
>

03, ' 0.05 0.10 ' 015 0.35mg Pt/crf), the voltage loss due to CO at the peak
T 1(Amps) ' power point inFig. 10is ~24 mV at each anode. The 25%

CO, also has a significant influence on the performance

of these devices. The printed gas diffusion layers used in

cathode. the these devices are considerably less porous (30-50%

Fig. 8. Polarization curves for three different, two-cell mesofabricated
devices. Temperature 15C. Fuel: pure K at 1.7 sccm. Air breathing
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