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U.S. Army Research Laboratory, 2800 Powder Mill Road, Adelphi, Maryland 20783-1197

Receied September 7, 2004

A 40-member array of direct methanol fuel cells (with stationary fuel and convective air supplies) was
generated by electrically connecting the fuel cells in series. High-throughput analysis of these fuel cells was
realized by fast screening of voltages between the two terminals of a fuel cell at constant current discharge.
A large number of voltagecurrent curves (200) were obtained by screening the voltages through multiple
small-current steps. Gaussian distribution was used to statistically analyze the large number of experimental
data. The standard deviation)(of voltages of these fuel cells increased linearly with discharge current.
The voltage-current curves at various fuel concentrations were simulated with an empirical equation of
voltage versus current and a linear equatiorvofersus current. The simulated voltagaurrent curves

fitted the experimental data well. With increasing methanol concentration from 0.5 to 4.0 M, the Tafel
slope of the voltagecurrent curves (at = 0.0), changed from 28 to 91 m¥fec™?, the cell resistance from

2.91 to 0.1822, and the power output from 3 to 18 m#mn 2.

Introduction by direct voltage measurements and data treatment with a
statistical method. In a practical fuel cell system, dozens or
hundreds of single fuel cells are combined together to achieve
higher voltage, current, and power. Such a combination of
T1‘uel cells is called a fuel cell stack. However, if there is one
“poor” single cell in the fuel cell, the performance of the
. . whole fuel cell stack will be greatly reduced. It is important
cell development requires doing large amounts of electro-]c

or the fuel cell manufacturers to analyze the performance

chemical measurements, such as the study of catalysts .
. of all the single fuel cells before they are assembled as fuel
electrodes, electrolytes, bipolar plates, and membrane elec-

trode assemblies (MEAS). To solve the problem of time- ceI_I _stacks. The combinatorial method provides a fast,
consuming measurements, a combinatorial approach wase.ff |c:enft, Tnd”a c<;urfi1te :/lvay to anal¥ze| a Ilﬂ%e n_umber of
proposed by Reddington and coautAéifer seeking new singie TUet cells, Tuel cell arrays, or fuel cell ibraries.
electrocatalysts in 1998. The combinatorial method originated
from biological analysis, but its wide applications in material
science began only in the middle of the 1990s when Xiang Chemicals and Materials. Nafion 117 membrane was
and coauthors introduced it to the study of high-temperature Purchased from DuPont Chemical Company. Before being
superconductor. Currently, the combinatorial method has used for fuel cell preparation, it was chemically treated by
become a powerful tool for high-throughput synthesis and tWo steps. The first step was 3%®} treatment at 86C
characterization of advanced materigi! for 2 h, and then being washed to remove the resicdi@H
Since the pioneering work of Reddington and coauthors "€ second step wa2 M H,SQ, treatment at a boiling
for combinatorial methods in electrochemistry, several condition for 2 h, and being washed again to remove the
research articlé& 2 have been published with a variety of residue acid. The fuel cell grade Pt black (for cathode
methods for generating electrode arrays and development ofc@t@lyst) and PtRu black (for anode catalyst) were purchased
screening methods, that is, optical screerfhgutomated from Johnson Matthey Company. Titanium sheets (0.7 mm

screening? and electrolyte-probe screening. The applica- thick) were used for anode and cathode current collectors.
tion of combinatorial methods in fuel cell rese&ERe has E-Tek’s one-sided carbon cloth was used as the gas and fuel

mainly focused on catalysts and electrode-reactions. So far,diffusion layers, which were placed between the electrode
there are few reports on the generation of fuel cell arrays or @d the current collector in the single cell.

libraries in which each member in the array is a complete ~ Single Cell Processing.The membrane electrode as-
single fuel cell. The present paper describes a high- Sémblies (MEAs) were made by hot-pressing the Pt black

throughput screening method for analysis of a fuel cell array (I0ading 5 mgem™2), Nafion 117 membrane, and the PtRu
black (loading of 5 mecm™?) together (5% Nafion solution

*To whom correspondence should be addressed. Phone: 301-394-0295WWaS used as the binder for t_he Cat‘_aIySt powders). The active
Fax: 301-394-0273. E-mail: RJiang@Arl.Army.mil. electrode area was 9 énA single direct methanol fuel cell

Fuel cell is considered to be one of the most promising
technologies for energy generation, which directly converts
hydrogen and air into electricity and produces water with
zero emission. Recently, the research and development o
fuel cells has received much attentibri! Generally, fuel
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10.1021/cc0498581 CCC: $30.25 © 2005 American Chemical Society
Published on Web 01/06/2005



High-Throughput Analysis of Direct Methanol Fuel Cells Journal of Combinatorial Chemistry, 2005, Vol. 7, No. 273

Steps of Preparation of a Single Fuel Cell 0.7
O Measured by combinatorial method
A Measured by Traditional Method
— 0.6 1
— Mean value
(1) (2) (3) [C)] (5) E
g 051
]
Expressed As °
& >
[}
o
A 40-Member Array of Fuel Cells 0.3 1
B B B B N
+-H---- 0.2 - : - - :
_- . _- . _- _- 0.0 0.1 0.2 0.3 0.4 0.5 0.6
+ X Current (A)
p— + - + - + - + - +
= Figure 2. Voltage—current curve of DMFC obtained by single
— s Bis Eie B | : cell alone (outside the array) and by the combinatorial method
- s e B e B (inside the array). Fuel: 2.0 M methanol. Electrode area: @ cm
=k B E The solid line is obtained by averaging the data of single cell and
1 combinatorial measurements. Error bar: 5%.

Figure 1. Schematic view of the steps of preparation of a single realized by measuring the voltage between the negative and
fuel cell (upper panel), and a fuel cell array (lower panel) containing the positive terminals of each single fuel cell with two electric
40 single fuel cells that are generated by electrically connecting probes linked with a multimeter. The voltage of a fuel cell

individual single fuel cells in series for combinatorial measurements . . . .
at constant current discharge. Steps of preparation of a single fuel" the array was obtained instantly. The screenings of 40

cell: (1) start from a polymer electrolyte membrane, (2) attach fuél cells were completed in only a few minutes for one
catalysts to the membrane, (3) attach current collectors, (4) attachdischarge current. Since all of these fuel cells were measured
fuel compartment and anode end-plate, and (5) attach cathode endunder the same conditions (i.e., the same current and
plate. temperature) and these measurements were finished in a short
period of time, the experimental accuracy was improved
significantly.

Voltage—Current Curve of a Single Fuel Cell. A single
fuel cell’s voltage-current curve was obtained by changing
the discharge current from low to high and measuring the

(DMFC) was constructed by assembling a series of parts
together in the order of end plate, current collector, carbon
cloth, MEA, carbon cloth, current collector, methanol

compartment, and end plate. A schematic view of a complete
single DMFC assembly is shown in the upper panel in Figure cell voltage at each current. The voltage response at zero

1. Inthe present experlme;nt, &5'_0 M methanpl was USEd, discharge current (i.e., open circuit condition) was unstable
as fuel and the ambient air as oxidant. The air was supplleddue to the methanol crosso#e# through the electrolyte

to the_ fuel cell_ by ;pontaneous cc_)nvection, and the fuel was membrane from the anode to the cathode. However, once a
supplied by diffusion from a stationary methanol compart- very low current (i.e., 0.03 A or more) was drawn from the
ment. ) i fuel cell, the voltage responded quickly, and the electro-
Fuel Cell Array. A fuel cell array with 40 single fuel  chemical reactions in the fuel cell reached equilibrium in a
cells was generated by electrical connection of a number of tg,; seconds because the catalysts on the electrodes were
fuel cells in series, as shown in the lower panel in Figure 1. 5ctivated and the influence of methanol crossover on the
Instrumentation. An electronic load (model no. 6050A) discharge voltage was limited. Figure 2 shows a vokage
and a multimeter from Hewlett-Packard were used to measureqrrent curve of a single fuel cell, where the points were
the single cell's current and voltage, respectively. All gptained by combinatorial screening of one single fuel cell
experiments were carried out at room temperature’@5 i, the array and a traditional linear potential scan of a single
fuel cell outside of the array, respectively. The line in the
figure was obtained by averaging the data from the combi-
Fuel Cell Array and Screening Method.Figure 1 shows natorial and traditional methods. These experimental points
a method of generating a fuel cell array. There are 40 single by the two different methods have a deviation of 5%, which
fuel cells that use stationary methanol as fuel and ambientimplies that the results from the combinatorial method is
air as oxidant by spontaneous convection. A 40-member consistent with that of the traditional method.
array was formed by electrical connection of these fuel cells  Voltage—Current Curves of A 40-Member Fuel Cell
in series, one cell's negative terminal linked to another’'s Array. Figure 3 shows voltage current curves of a 40-
positive terminal. The fuel cell array was characterized member fuel cell array for methanol concentrations from 0.5
electrochemically under constant current discharge. Here,to 4.0 M. There are 40 experimental curves for each methanol
every single fuel cell in the array had the same current but concentration, or 200 curves for the total of the five methanol
different voltages. Therefore, the performance of any of the concentrations, which were obtained by multiple steps of
individual fuel cells was determined by measuring the constant current discharge and measuring the voltages of each
voltages of that fuel cell. A high-throughput screening was cell. The total number of data points acquired waz000.

Results and Discussion
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Figure 3. Voltage—current curves of a 40-member DMFC array with various fuel concentrations at room temperatt@. (Btectrode
area: 9 c

The total experiments for screening of voltage were com- single fuel cells under constant current discharge would obey
pleted in only a few hours. However, if the traditional statistical laws. Following are the statistical analysis and
electrochemical method was used by linear potential scan,mathematical simulation of these voltageurrent curves.
it would take more than 10 days to complete the same (1) Gaussian Distribution and Standard Deviation.One
number of experiments. set of voltage screening from the combinatorial measure-
Each of the voltagecurrent curves contains a complete ments of the fuel cell array generated 40 voltage data points
description of an individual single fuel cell’'s performance under one discharge current. The 40 voltage data points can
under a specific experimental condition (such as fuel be statistically treated with a Gaussian distribution, which
concentration). As the better performing fuel cells have the is given by
higher voltage at the same discharge current, the voltage
current curves of the better fuel cells are shown in the upper Fo) =
region in these figures. Apparently, these voltagarrent o2
curves of single fuel cells are distributed in a wide voltage
range because of significant performance differences. On theHere, F(v) is Gaussian distribution function of voltage;
other hand, with increasing methanol concentration, the (V) is the standard deviation from a group of measurements;
performance of these single fuel cells is improved ap- u« (V) is the mean value, or the average of voltages for these
preciably. The higher methanol concentration gives rise to measurements; and(V) is the individual value of voltages.
the higher discharge voltage at the same discharge current. Figure 4 shows the Gaussian distributions of 12 groups
The average discharge current at 0.2 V for 4.0 M methanol of voltage data obtained at 12 steps of constant current
concentration is significantly raised to around 700 mA, which discharge for a methanol concentration of 3.0 M, where each
is ~7 times more than that for the 0.5 M methanol group of voltages corresponds to one discharge current. At
concentration. zero discharge current (or open circuit condition), the
Statistical Analysis.To more clearly and logically analyze = Gaussian distribution curve covers a wide range with an
the large number of experimental voltagaurrent curves  abnormally high standard deviation due to the instability of
shown in Figure 3, a statistical method was employed. Sinceopen circuit voltage. Therefore, the zero current condition
all of these single fuel cells were made in the same way, for will not be used for mathematical simulation. All the other
example, the same catalysts (loading of 5 -ong?), curves in Figure 4 show a typical standard Gaussian
electrolyte membrane, electrode area, current collector, anddistribution. For each of the curves, a large number of the
fuel concentration, the voltage data obtained from the 40 experimental data points are distributed around the mean

e—(l/ —‘u)/Z(TZ (1)
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Figure 4. Gaussian distribution of fuel cells’ voltages for a 40-
member DMFC array at constant current discharge. Fuel: 3.0 M
methanol.
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Figure 5. Standard deviation of fuel cells’ voltages versus
discharge current for a 40-member DMFC array. Fuel: 3.0 M
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value, and only a few of them are located on the left and
right sides far from the peak (mean) of the Gaussian
distribution. Interestingly, the mean value of voltages
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Figure 6. Voltage—current curves obtained from the mean values
of voltages for a 40-member DMFC array at constant current
discharge. Fuel: 3.0 M methanol. The points are the experimental
mean values, and the solid line is obtained by calculation with eq
3.
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Figure 7. Calculated voltagecurrent and powercurrent curves
between+2.00 and —3.00 for a 40-member DMFC array. Fuel:
3.0 M methanol. Ther and mean values are obtained from the
statistical treatment of the experimental data.

dec_reases _and the Qaussmn dlstrlbut|or_1 b_eco_mes W|de_rW|th Figure 6 shows a voltagecurrent curve obtained from
the increasing the discharge current. This implies that hlgherthe mean values of the voltages for a 40-member fuel cell

discharge current results in larger standard deviation of
voltage. Figure 5 shows the plot of standard deviation of

array using 3.0 M methanol as fuel. The points are
experimental data, and the line is the calculated curve using

voltage versus discharge current. The standard deviations ca he eq 3. As expected, the calculated curve is in good

be described by a linear equation, with an exception of the
point for the open circuit condition, which is given by

)

Here,oo (V) is the ideal standard deviation at zero current,
which is obtained by extrapolating the linear line to zero
current as shown in Figure 5 (V-A™1) is the slope ofs
versus discharge current; an@A) is the discharge current.

(2) Empirical Equation. The voltage-current curve can
be described with an empirical equafib#f which is given

by

o =o0,+ Si

E, = E, — blog(1000) — Ri 3
Here, Ei (V) is an individual fuel cell's voltage at any
discharge currentE, (V) is the voltage at zero discharge
current;b (V-dec™?) is the Tafel slope of the voltageurrent
curve; andr (Q) is the resistance of the fuel cell.

agreement with the experimental points.

(3) Simulation of Electrochemical Behavior of Fuel Cell
Array. Combining eqs 2 and 3, we can mathematically
simulate the voltagecurrent curves of the fuel cell array in
Figure 3. Figure 7 shows a series of calculated voltage
current and powercurrent curves with various standard
deviations from—3o0 to +20 for the 40-member fuel cell
array using 3.0 M methanol as fuel. The simulated volage
current curves for standard deviations fremo to +2¢ in
Figure 7 fit well with the 40 experimental voltageurrent
curves shown in Figure 3 for 3.0 M methanol. In another
words, we can describe the electrochemical behavior of the
fuel cell array by only two equations if we know the
electrochemical parameters listed in Tables 1 and 2.

The successful simulation of the voltageurrent curves
of the fuel cell array for 3.0 M methanol has encouraged us
to treat the data of the fuel cell array for other fuel
concentrations.
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Figure 8. Calculated voltagecurrent curves betweett20 and —3o for a 40-member DMFC array with various fuel concentrations.
Electrode area: 9 ¢

Table 1. Parameters Used for Calculations of the Mean Table 3. Maximum Single Cell Power at Various Values
Values of Voltage-Current Curves for a 40-Member DMFC  for the 40-Member DMFC Array Obtained within
Array? Experimental Current Range
methanol (molL~1) Eo (V) b (V-dec?) R(Q) methanol maximum single cell’'s power (W)
4.0 0.612 0.091 0.177 (mokL™Y) —30 —20 — 1o Oo +1o0 +20
3.0 0.593 0.080 0.247 40 00882 0.1080 0.1333 0.1622 0.1911 0.2200
2.0 0.578 0.061 0.459 3.0 0.0761 0.0914 0.1102 0.1346 0.1650 0.1954
1.0 0.580 0.057 0.760 2.0  0.0555 0.0654 0.0782 0.0945 0.1156 0.1429
0.5 0.594 0.028 2.910 1.0  0.0343 0.0409 0.0507 0.0636 0.0776 0.0915
a Equation: E, = E, — b log(1000) — Ri. 0.5 0.0129 0.0160 0.0191 0.0250 0.0320 0.0389

a :
Table 2. Parameters Used for Calculation of the Standard Electrode area: 9 cfn

Deviation for a 40-Member DMFC Arrdy of the voltage-current curve increases from 28 to 91

methanol (molL 1) oo (V) S(V-A™Y mV-dec?, and theR value decreases from 2.91 to 0.08
4.0 0.0215 0.0248 The increase of the Tafel slope of the voltageirrent curve
3.0 0.0180 0.0350 indicates a lower kinetic rate for catalytic oxygen reduction
i-g 8-81?8 8-(132(1)2 due to the contamination of the cathode catalyst by methanol
05 0.000 0.8630 crossover. The decrease of tRevalue results from less

resistance of fuel diffusion because of higher methanol
concentration. Table 2 lists the valuesmfand S that are
Figure 8 shows the calculated voltagaurrent curves used for the calculation of values for methanol concentra-

between standard deviatiors3c and+20 by eqs 2 and 3  tions from 0.5 to 4.0 M. With increasing methanol concen-
for the 40-member fuel cell array for methanol concentrations tration, the oy increases only slightly, but th& value
from 0.5 to 4.0 M. All of these voltagecurrent curves fit decreases significantly.

the experimental data of Figure 3 well. Table 1 summarizes Figure 9 shows the calculated power-current curves of the
the electrochemical parameters used for the calculations of40 member fuel cell array using the data in Figure 8 for
the mean values of the fuel cell array. With increasing methanol concentrations from 0.5 to 4.0 M. The performance
methanol concentration from 0.5 to 4.0 M, tke values of these single fuel cells in the fuel cell array is summarized
show no appreciable change, but the Tafel sldpgalue) in Table 3. With increasing methanol concentration from 0.5

aEquation: 0 = gp + Si.
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Figure 9. Calculated powercurrent curves betweeh2o and—3o for a 40-member DMFC array with various fuel concentrations. Electrode
area: 9 crii

to 4.0 M, the power output increases significantly. For 4.0 2.91 to 0.18Q2 due to less resistance of fuel diffusion at
M methanol concentration, the best single fuel cell has a high methanol concentration. The power output increases
power output of 220 mW (or 24 mwm ?), and the worst  significantly with increasing methanol concentration. At 4.0
has 88 mW (or 10 m\Wm~2), respectively. The majority M methanol concentration, the power outputs are 10-omiv?
of the power outputs of the single fuel cells (i.e., those around for —3¢, 16 mW-cm~2 for 0.00, and 24 mWcm2 for +20.
the mean value of the power output) is 162 mW (or 18 The differences in the performance of the fuel cells can be
mwW-cm~2). attributed to a small difference of actual catalyst loadfing
on the electrodes by experimental deviation.
Conclusion

Acknowledgment. The authors thank the U.S. Depart-
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