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(ABSTRACT) 

 
 
 
 The largest cost in manufacturing PEM fuel cells for automotive applications is 

due to the bipolar plate. The current graphite material used for the bipolar plate is very 

brittle and difficult to machine to the rigorous specifications needed for fuel cell stacks. 

This paper introduces the development of a fuel cell test stand for simultaneous testing of 

six individual fuel cells. To establish a long-term performance evaluation, the fuel cells 

incorporate a baseline graphite material that undergoes testing in the fuel cell 

environment. The graphite is an industry standard material that should not corrode when 

subjected to continual testing.  The baseline model will be used in development of novel 

composite materials that will be tested under the same conditions for comparison to the 

graphite. Furthermore, the new materials and applied manufacturing methods could 

reduce the overall cost of fuel cell stacks in the future. 
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Technology and the National Science Foundation. 

 

 

ii 



 

Table of Contents 
 
 
Abstract ......................................................................................................................... ii 
List of Figures .............................................................................................................. iv 
List of Tables ............................................................................................................... iv 
1. Introduction................................................................................................................1 
2. Literature Review.......................................................................................................3 

2.1 Testing and Procedures ................................................................................4 
2.2 Materials Selection.......................................................................................6 
2.3 Influence on Performance ............................................................................8 

3. Procedure .................................................................................................................11 
3.1 Procedure for Fuel Cell Preparation ..........................................................11 
3.2 Fuel Cell Test Stand...................................................................................17 

4. Preliminary Testing for Operating Conditions ........................................................21 
4.1 Troubleshooting Fuel Cell Operation ........................................................21 
4.2 Determining Steady Long-Term Operating Conditions ............................27 
4.3 Implementing the Data Acquisition System ..............................................36 

5. Results......................................................................................................................39 
5.1 Daily Polarization Curves ..........................................................................39 
5.2 Performance Degradation ..........................................................................54 

6. Conclusions and Recommendations ........................................................................62 
References....................................................................................................................65 
Appendix A..................................................................................................................66 
 
 
 
 
 
 

iii 



 

List of Figures 
 
Figure 3.1 Several components of a fuel cell ........................................................12 
Figure 3.2 Fuel cell with electrode installed .........................................................12 
Figure 3.3 Fuel cell with monopolar plate installed..............................................13 
Figure 3.4 Schematic of materials within a fuel cell.............................................14 
Figure 3.5 Hydration process for the MEA...........................................................15 
Figure 3.6 Assembled fuel cell..............................................................................16 
Figure 3.7 Fuel cell test stand flow schematic ......................................................18 
Figure 3.8 Rear face of fuel cell test stand array...................................................18 
Figure 3.9 Front face of fuel cell test stand array..................................................19 
Figure 3.10 Fuel cell test stand electrical schematic ...............................................20 
Figure 4.1 Polarization curves for preliminary steady testing...............................24 
Figure 4.2 Polarization curves with modified cell construction............................25 
Figure 4.3 Fuel cell performance at temperature intervals....................................29 
Figure 4.4 Effect of stoichiometry on fuel cell performance ................................30 
Figure 4.5 Comparison of cell performance due to flowfield design....................31 
Figure 4.6 Polarization curve for cell operating with Th = 46°C and 
 varying cell temperature Tc from 70°C to 80°C..................................34 
Figure 4.7 Comparison of manual and computer generated curves ......................37 
Figure 4.8 Time history of voltage and current at Th = 45°C and 50°C for 
 two fuel cells ........................................................................................38  
Figure 5.1 Performance comparison of all six cells at day 3 of testing ................40 
Figure 5.2 Performance comparison of all six cells at day 10 of testing ..............41 
Figure 5.3 Trends of daily polarization curves for fuel cell #1.............................42 
Figure 5.4 Trends of daily polarization curves for fuel cell #2.............................44 
Figure 5.5 Trends of daily polarization curves for fuel cell #3.............................46 
Figure 5.6 Trends of daily polarization curves for fuel cell #4.............................48 
Figure 5.7 Trends of daily polarization curves for fuel cell #5.............................50 
Figure 5.8 Trends of daily polarization curves for fuel cell #6.............................52 
Figure 5.9 Baseline power average for all cells at 0.70V over time .....................56 
Figure 5.10 Baseline power average for all cells at 0.65V over time .....................57 
Figure 5.11 Baseline power average for all cells at 0.60V over time .....................58 
Figure 5.12 Baseline power averages for all cells at three voltages........................59 
Figure 5.13 Comparison of power over time average at 0.70V with and 
 without fuel cell #5 data.......................................................................61  
 

List of Tables 
 
Table 4.1 Conditions tested for achieving steady operating point.......................33 
 

iv 



 

1    Introduction 
 

 Over the past decade, rapid progress has been made in the understanding and 

development of proton exchange membrane (PEM) fuel cells. PEM fuel cells have 

emerged as a viable energy source for use in the automotive industry and eventually may 

replace the internal combustion engine. With its ability to attain high power densities and 

perform with elevated efficiencies, the PEM fuel cell is at the forefront of technology 

advancement for automotive application. Several key benefits arise from the use of fuel 

cells with hydrogen as the reactant fuel. Harmful air pollutants and greenhouse gases 

would be reduced, thus meeting more stringent limits on emissions set forth by the 

California Air Resources Board (CARB). Also, the increase in hydrogen use as the main 

fuel source for light duty vehicles could have a corresponding decrease in foreign fuel 

dependency. However, for fuel cells to be mass-produced and commercially available, 

the current cost of production needs to be lowered significantly. 

 Fundamental aspects of the fuel cell have been researched including catalyst 

loading, membrane and backing construction, and electrodes. However, alternative 

materials and manufacturing techniques for bipolar plates need to be investigated. Bipolar 

plates are one of the biggest contributions to the current price of $2,000 - $5,000/kW for 

manufacturing fuel cell stacks1. To penetrate the automotive industry and ultimately 

replace the internal combustion engine, fuel cell stacks need to be mass-produced at costs 

near $25 - $50/kW. Currently, bipolar plates are made from machined graphite. Although 

decent performance and corrosion resistance has been proven, graphite bipolar plates are 

too brittle, heavy, expensive and difficult to machine.2 

 Properties including good electrical conductivity and corrosion resistance make 

graphite plates a baseline for comparison to investigation of novel materials. However, 

further requirements for bipolar plates include ease of manufacturability, high electrical 

conductivity, and thin and lightweight plates, which can yield a higher power density.3 

Possibilities to achieve all of these characteristics lie within using composite materials or 

other conductive metals. From previous research, a matrix of samples including analysis 

of aluminum, stainless steels and titanium have been proposed for manufacture and in-
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cell testing.4 The composite monopolar plates are injection molded and contain a mixture 

of polypropylene resin and the conductive filler in question. 

 The objective of the work being documented in this thesis is to establish a 

baseline model for fuel cell performance with graphite bipolar plates. The plates being 

tested are manufactured with industry standard Poco graphite that has shown no evidence 

of corrosion throughout previous operation and testing (by outside parties) while being 

exposed to the fuel cell environment. The baseline is achieved by placing a set of 

monopolar graphite plates into six single cell test fixtures and monitoring the 

performance over time for 1,000 hours. The six cells are used to record reproducible data 

as well as for statistical purposes to obtain an average performance over time for the 

material under testing. The fuel cell performance average acquired with the graphite 

plates can be compared to the performance of novel materials that are tested under the 

same conditions. 

 In this paper, documentation for construction and operation of a six single fuel 

cell test stand is presented. Also, incorporating Poco graphite monopolar plates and 

running six single cells for 1,000 hours determined a baseline model for fuel cell 

performance. Visual inspection showed that no corrosion was evident with the Poco 

graphite cells and that any decrease in performance could be attributed to other factors 

involved with fuel cell testing. The 1,000-hour baseline tests can be used in future work 

to compare the novel composite plates. Cell performance degradation over time as well as 

optical microscopy can be used to observe any corrosion resistance experienced by 

placing other conductive materials within the fuel cell environment. 
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2    Literature Review 
 
 Throughout the development of fuel cell technology, many companies and 

independent laboratories have been improving all aspects of fuel cell components and 

systems. The specific component analyzed and studied for this thesis is the bipolar plate. 

While doing research on previous advances of the bipolar plate, a number of aspects were 

investigated: (I) testing and procedures, (II) materials selection and (III) influence on 

performance. Within this set of parameters, a number of characteristics were considered:  

(I) Testing and procedure 

- Individual test stations 

- Cell dimensions and operating conditions 

- Performance evaluation 

(II) Materials Selection 

- Graphite and carbon 

- Stainless Steels 

- Aluminum 

- Titanium 

- Resins 

(III) Influence on performance 

- Long-term durability testing 

- Corrosion resistance 

 

The aforementioned list of characteristics gives a broad overview of many aspects 

that are considered when testing fuel cell bipolar plates. The following literature review 

creates an umbrella of topics, from baseline testing of graphite plates to advances in new 

plate materials. Most importantly, the literature embraces the specific research presented 

for analysis in this thesis by touching on graphite as a baseline material tested under 

numerous conditions. A parallelism can be seen between the research in the literature 

review and the further development of the graphite plates analyzed in this paper. Several 

issues in this thesis such as humidification, cell construction and test stand configuration 

are unique in design and application. However, over time, further development of the 
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bipolar plates will be conducted with novel composite materials that can be compared to 

and build on the old research.  

 
2.1    Testing and Procedures 
 

 Every research facility for developing fuel cells has its unique testing apparatus 

and procedure to perform testing. They all differ as to how many cells and/or stacks they 

can operate, the capacity for operating conditions, i.e., temperatures, flowrates, and 

pressures, and method for evaluating performance. Paganin et al.5 developed a test station 

for a unitary fuel cell with an active area of 4.6 cm2. The stand integrates three 

temperature controllers for both reactant humidification as well as heating of the cell. 

With proper gaskets, cells may be run at pressurized conditions to enhance cell 

performance. Galvanostatic control was used in conjunction with a data acquisition 

system to monitor fuel cell performance with polarization curves. 

 Davies et al.6 constructed an endurance test rig that operated eight single cells 

simultaneously with active areas of 11.8 cm2. The test stand was built using mostly 316 

stainless steel and PTFE to avoid all contamination of reactants entering the fuel cell. 

Humidification of reactants, as well as cell temperature was controlled. Tests for different 

monopolar plates were conducted using pressurized fuel cells. To obtain fuel cell 

performance data, the cell was controlled galvanostatically and the cell potentials and 

currents were recorded. The fuel cells underwent constant testing with electronic load for 

100-hour intervals, then a period of approximately 68 hours under no load conditions and 

cooling of the cell temperature. 

 In related work, Davies et al.7 conducted more testing of monopolar plate 

materials in similar cell constructions. However, the testing procedure was conducted in a 

slightly different manner. With the cells being galvanostatically controlled, operation 

would persist for 5 days at a constant current density of 0.7 A/cm2. This time period 

would be followed by two days of the test stand shut down (0 A and no reactant flow). 

Polarization curves were taken every 100 hours during the durability testing using a data 

acquisition system. Limitations in the test rig required steady flow of gases throughout 

the duration of acquiring curves. 
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 A single fuel cell with a 7 cm2 active area was tested with different monopolar 

plate materials by Makkus et al8. The set-up allowed for humidified gases to enter the 

fuel cell at a pressure of 4 bar. With multiple set-ups, several conditions could be run 

simultaneously to discern the effects of cell and humidifier temperatures on the corrosion 

resistance of several monopolar plate materials. Cell construction allowed for 

measurements to be taken for internal resistance as well as cell polarization. To measure 

the contact resistance between plate and backing layer, a gold wire was inserted between 

the carbon backing layer and membrane. As the cell operated, the resistance was 

calculated by monitoring the voltage drop between the monopolar plate and gold wire.  

Cell polarization was determined by measuring the current and voltage across the 

electrodes in contact with the electrically conductive plates. 

 While looking at stainless steels as a candidate for bipolar plate materials, 

Makkus et al.8 suggested several conditions for operation of the fuel cell. Throughout all 

tests, the cells were subjected to operating conditions closely resembling that of an actual 

automobile. An alternating load was applied during long term stability tests (2,000 – 

6,000 hours), as well as shorter tests (350 hours) used for sampling of materials. For the 

stability tests, the alternating load was applied for 55 minutes at 0.5 V, and then followed 

by 5 minutes at open circuit voltage. This process produced minimal degradation of the 

cell over the lifetime of operation. The shorter tests involved 30 minutes of applied load 

at 0.5 V followed by 30 minutes of no load at open circuit voltage. In both the short and 

long term tests, the plate material under investigation was inserted in either the anode or 

cathode of the cell and a standard graphite plate was inserted in the vacant electrode.  

 Hentall et al.2 employed a commercially available fuel cell with a 50 cm2 active 

area while testing a multitude of monopolar plates. Unlike all previous tests stands built, 

no humidification of the reactant gases was used. Gasketed cells were sealed with 

silicone in order to operate at elevated pressures. The cells were constructed using Gore 

Select PRIMEA membranes along with micro-porous diffusion media and a carbon-

backing layer. The completed cell was controlled potentiostatically with a separate load 

unit and additional voltage supplies. The cell polarization was determined via digital 

multimeters and shunt resistors to produce a current. To determine the effects of contact 
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resistance between plates and MEA, two sheets of carbon diffuser paper separated the 

structures and the voltage drop between them was measured. 

 To obtain consistent data for each material investigated, Hentall et al.2 used the 

same procedure for every new cell. The cells were operated at 0.5 V while it reached 

maximum operating temperature and then cooled to ambient temperature. This increase 

and decrease in temperature was repeated several times until consistent operation was 

monitored. Hentall et al.2 began using graphite as a baseline and inserted the monopolar 

plates in both the anode and cathode. All new materials under investigation were inserted 

in pairs and operated at the same conditions as the baseline. 

 

 

 

2.2 Materials Selection 
 

With all test stands built and operating procedures determined, the next important 

factor for testing is the materials selection for the bipolar plates. Continuing with Hentall 

et al.2, the materials under scrutiny are divided into metallic and non-metallic current 

collectors and compared to the baseline graphite. The metallic current collectors include 

aluminum, stainless steel, and titanium, whereas the non-metallic current collectors 

include exfoliated graphite. All parts were manufactured to the exact dimensions of the 

graphite baseline. The aluminum and stainless steel plates were machined, whereas the 

titanium plates were made by diffusion bonding. Both gold-plated and regular aluminum 

and stainless steel plates were tested to observe any difference in overall cell performance 

and long-term stability. 

For a cost-competitive bipolar plate, Makkus et al8 investigated fuel cell operation 

using five different stainless steels, two proprietary stainless steel alloys, and a baseline 

graphite sample. These alloys were chosen and subjected to three selection criteria for 

fuel cell application: (1) Cell current density degrades less than 10% after 5000 hours of 

operation; (2) Total contact resistance lower than 50 S/cm2 after 5000 hours of operation; 

(3) Destructive cations from bipolar plate materials are limited to 8 x 10-7 mol/cm2. The 

bipolar plates were also subjected to pre-treatment (process not described) to influence 
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the surface of the plate in hopes of increasing conductivity and reducing contact 

resistance. Furthermore, to investigate corrosion of the stainless steels, several tests were 

run with direct contact between the plate and membrane without any backing layer. 

Other related work depicts investigation of three more stainless steel bipolar plates 

by Davies et al.6 Bipolar plates were machined from 904L, 310, and 316 stainless steel 

and subjected to the fuel cell environment. Davies concluded the performance, corrosion 

resistance and conductivity depended on the composition on the alloy. The nickel and 

chromium content has an influence on how the plate will react in an acidic environment. 

Previous work has shown that uncoated stainless steel can perform in long-term 

durability testing without corrosion evidence. In their latest work, a proprietary coating 

for the steel to reduce contact resistance is also investigated. 

Several other researchers have displayed long-term performance data, corrosion 

resistance, and high electrical conductivity of new materials for bipolar plates. Hodgson 

et al.9 presented tests using titanium in single cell configurations. However, during 

formation of the plates, a passive film forms on the surface of the machined plate that 

increases the contact resistance. To alleviate this problem, the surface of the plate is 

modified and a special coating is applied to reduce ohmic losses and increase cell 

performance. The newly built cells with titanium plates were compared to similar cell 

configurations using 316 stainless steel machined plates. 

Busick and Wilson10 described in-cell testing as well as out-of-cell corrosion 

testing for composite materials for bipolar plates. The in-cell baseline tests were 

conducted using a composite material consisting of a synthetic graphite powder 

embedded in a thermosetting vinyl ester resin matrix. Development of this baseline 

continued by analyzing the effects of adding short fiber reinforcements, long fibers and 

chopped fibers of different materials. Both conductivity and mechanical strength of the 

plates were tested using reinforcing fibers such as graphite, glass, polyester and cotton. 

The composite materials were subjected to corrosion testing consisting of methanol or 

sulfuric acid immersion and monitoring the weight of the samples. Further leaching of 

ions was investigated using x-ray fluorescence spectroscopy (XRF). In-cell testing was 

conducted on the graphite composite baseline and compared to previously tested stainless 

steel and composite plates. 
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Development for a new iron-based alloy without a special surface coating for 

bipolar plates was introduced by Hornung and Kappelt11. The main drawback of iron-

based plates is a passive oxide layer on the plate surface that aids in corrosion resistance 

but further decreases cell performance due to ohmic losses caused by high contact 

resistance. The Fe-based plates were manufactured using different compositions of Cr, 

Mo, and Ni. Using in-cell testing, these combinations of iron-based plates were compared 

to gold-plated nickel-based alloys.  

 

 

2.3 Influence on Performance 
 

To determine long-term performance characteristics and corrosion resistance, 

different materials are tested in the fuel cell environment. In Hornung and Kappelt’s11 

research, the iron-based and nickel-based alloys for bipolar plates were subjected to a 

wide range of electric potentials from 0 – 1000 mV. Both alloys compared well in 

polarization data, however, the contact resistance for the iron-based plates was too high. 

Among the ten iron combinations tested, several displayed the presence of corrosion. 

Hornung and Kappelt concluded that the iron-based plates could only be used if a new 

coating were developed to apply to the plates. The application of the coating before 

testing would have a positive increase on fuel cell performance as well as increased 

resistance to corrosion. 

While the baseline graphite material showed respectable performance results in 

Busick and Wilson’s10 research, the composite materials for bipolar plates performed 

slightly better. The mixture of graphite powder and vinyl ester resin showed better 

polarization results as compared to single material cells such as stainless steel. However, 

the corrosion testing proved to be slightly worse than other materials tested. The graphite 

powder used allowed significant amounts of calcium and iron to be leached in the 

membrane of the cell due to ash impurities in the graphite. XRF showed that as much as 

20% of the reactive sites of the membrane were rendered useless due to contamination 

from the ash. The reinforcing fibers and variations in graphite powder content helped to 

increase mechanical strength and electrical conductivity of the plates. Long-term testing 
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of purified graphite powder used in the manufacturing of the bipolar plates needs to be 

investigated to ensure no degradation in overall performance. 

Hodgson et al.9 demonstrated short and long-term performance data for a specially 

coated titanium bipolar plate. The coating used allowed for a lower contact resistance 

within the cell resulting in an increase in cell performance. The contact resistance is 

similar to that of baseline graphite plates and largely exceeds that of stainless steel. 

Results indicate that contact resistance varies directly with coating thickness. As the 

coating for the titanium plate becomes smaller, the contact resistance also decreases. 

Tests compared long-term performance data between the coated titanium and a similar 

stainless steel plate. Cell potential for the titanium was drastically higher than the 

stainless steel and was able to be carried out to nearly 7000 hours of in-cell testing. 

MEAs were changed every 1,500 hours throughout the tests so that performance could 

remain at a steady level. Furthermore, larger scale tests were conducted in 200 cm2 cells 

and titanium once again showed increased performance. 

Interfacial resistance and cell polarization results from in-cell testing of stainless 

steel bipolar plates were presented by Davies et al6. Internal resistance was demonstrated 

to decrease as the compaction force on the cell increased. After experimentation, the 

surface resistance for each sample remained the same. Visual inspection indicated only 

deposits of white plastic from the gasket material used in the fuel cell. Little change was 

noticed from the stainless steel plates. The performance for the several alloys can be 

ranked by 904L > 310 > 316. The main reason for differences in cell performance is 

directly related to the contact resistance occurring from the differences in the stainless 

steel alloys and passive surface films. After 3,000 hours of testing, the trend in 

performance showed a slight degradation of the fuel cell. However, the 904L stainless 

steel outperformed all other alloys subjected to the fuel cell environment. 

A collection of stainless steel alloys underwent testing by Makkus et al8 to 

demonstrate internal resistance and performance degradation over time. With direct 

contact between the stainless steel plate and the active membrane, cell degradation was 

excessively high -- between 30-50% in the first 300 hours of operation. Using backing 

material, the stainless steel plates showed stable operation over 2,000 hours of continuous 

in-cell testing. The internal resistance also remained stable as it was compared prior to 
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testing to after 6,000 hours of testing. Using two proprietary alloys, post-treatment of fuel 

cell testing was conducted to indicate that more contaminants were present on the MEAs 

from the anode side as compared to the cathode side. For testing conducted without 

backing diffusion media, this contaminant level was significantly higher. A surface 

coating was also analyzed for several of the stainless steel alloy plates. The contact 

resistance was lowered for several of the alloys and thus a corresponding increase in cell 

performance was observed.  

Hentall et al2 demonstrated cell polarization and contact resistance for a number of 

different materials for bipolar plates. Gold plated aluminum showed initial promise in 

cell performance but quickly decayed due to the gold layering separating from the plate 

and becoming embedded in the membrane. Bipolar plates manufactured from stainless 

steel and others coated with gold displayed good performance as compared to the 

baseline graphite samples. Lightweight titanium also performed well under fuel cell 

testing, however, presence of a surface oxide layer increased contact resistance and 

lowered cell performance below all other samples tested. The highest performance was 

achieved using exfoliated graphite named GrafoilTM. This materials ability for self-

sealing allowed for intimate contact between the plate and membrane. The lower contact 

resistance and this intimate seal ultimately increase the cell performance beyond that of 

any other material tested.  
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3    Procedure 
 
 
3.1    Procedure for Fuel Cell Preparation 

 
Described here is the procedure used to prepare a single fuel cell using the test 

fixture designed by Directed Technologies, Inc. Examples of the test hardware are shown 

with the text.  The design of the test apparatus is such that the basic construction can 

withstand test conditions in excess of 120oC, in order to adapt to potential future test 

requirements. 

To achieve accurate testing, the individual cells must all be assembled in the exact 

same manner. The following depicts how the design of the cell allows for accurate 

assembly. The outer layer of the cell is made of 6061 T6 aluminum plates and has eight 

machined holes. This same pattern is repeated throughout the cell. The next inner layer is 

constructed of 30% glass-filled Teflon, which is electrically non-conductive. Since the 

material is non-conductive, there will be no chance of this layer shorting the cell during 

operation. The fiberfill confers enhanced creep resistance to the polymer, which should 

prevent the cell from losing compression during the testing. Figure 3.1 shows the 

aforementioned components of the cell, as well as assembly bolts and an electrode.  

The glass-filled Teflon is machined with a groove to install the highly conductive 

copper electrode and the monopolar plate. As shown in Figure 3.2, the electrode is fitted 

within the Teflon. Ultimately, the tip of the electrode is wired to the external load circuit. 

To complete the layers of internal machined components, the monopolar plate is aligned 

with the gold-plated copper electrode. A tight fit is highly desired to reduce internal 

contact resistance. The assembly depicting the Teflon with the inserted electrode and 

monopolar plate is shown in Figure 3.3. 
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Figure 3.1: Several components of a fuel cell 
 
 

 
Figure 3.2: Fuel cell with electrode installed 
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Figure 3.3: Fuel cell with monopolar plate installed 

 

The monopolar plates include a serpentine flowfield to provide increased 

Reynolds number for the flow, thus enhancing mass and heat transfer. It is this plate 

component of the cell that will be changed in the testing. Currently, graphite plates will 

be used in testing as a baseline model. The performance of the new materials will be 

compared with the results of the baseline model. More information on these materials and 

the testing procedures will be covered later. 

The remaining components needed for the fuel cell are shown in schematic 

section view in Figure 3.4: (1) gas diffusion media, (2) mesoporous diffusion layer, and 

(3) a membrane electrode assembly (MEA). The arrows depict the reactants, air on one 

side and hydrogen on the other, entering from the monopolar flowfield plates. The gas 

diffusion medium is Spectracarb’s 2050A (8 mils) and is a graphitized conductive layer. 

This medium allows for the reactants to reach the MEA from both sides while still 

conducting electricity. W.L. Gore supplied the mesoporous diffusion medium (layer 2) to 

be an interlay between the carbon backing layer and membrane. This elastic, conductive 

medium is designed to help reduce leaks of air and hydrogen and also allows the cell to 

operate optimally in dry conditions. The MEA (PRIMEA® 5510) is also being supplied 

in agreement with W.L. Gore. 
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 Figure 3.4: Schematic of materials within a fuel cell 

 

To finish assembling the cell, the gas diffusion layer (GDL), mesoporous media, 

and MEA must all be handled with extreme care so as not to contaminate the materials 

with unwanted debris. Therefore, latex gloves and plastic tongs are used in handling the 

materials and double deionized water is used to hydrate the MEA. The sizes of the GDL, 

mesoporous media, and MEA correspond to three different hole punches; the smallest 

(GDL) is 1-inch diameter, and the largest (MEA) is 1.5-inches diameter. The three 

materials are layered atop each other making certain that each is separate from the one 

beneath. Therefore, the final “sandwich” of components is monopolar plate, graphitized 

GDL, mesoporous media, and then MEA. 

Prior to assembling the fuel cell, the MEA is hydrated in a precise process to 

ensure optimum performance within the cell. The stored MEA is placed (always with 

plastic tongs) on a cutting board that has been thoroughly cleansed with double deionized 

water. A clean punch is used to cut a 1.5-inch diameter portion of MEA. As shown in 

Figure 3.5, the MEA is placed in a beaker filled with double DI water that is maintained 

at 60oC. The MEA is submerged in the water for 30 minutes. After this hydration has 

taken place, the MEA is removed and placed in new double DI water. To eliminate more 

contaminants, this water is heated to 60oC once again and remains hydrating for five 

more minutes at this steady temperature. The MEA is now ready to be inserted into the 

fuel cell.  
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 Figure 3.5: Hydration process for the MEA 

 

The fuel cell components line up on both sides of the assembled MEA and are 

placed together carefully. The eight bolts slide through both aluminum endplates as well 

as the two Teflon plates. The cell uses compression to prevent the internal material from 

slipping by inserting three Belleville washers on each bolt. Nuts are screwed finger-tight 

onto the bolts in a criss-cross manner so that pressure is distributed evenly on all 

components of the cell. The nuts are further tightened using a torque wrench in the same 

pattern. The torque setting may be varied to provide different contact pressures in the 

cell. These contact pressures affect the observed cell resistance, with an upper limit set by 

the crush strength of the gas diffusion media. In practice, the best compression load has 

to be determined experimentally with the aid of pressure sensitive film and repeated cell 

tests. The optimal pressure applied throughout the cell was achieved by finger-tightening 

the bolts and then applying one full turn with a wrench for further compression. 

The Teflon plates are both equipped with a plastic fitting on each side. Each plate 

is used for a specific reactant. Since the MEA is bipolar and has equal anode and cathode 

catalyst loadings, it does not matter which reactant flows on which side of the MEA. 
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Therefore, hydrogen will flow through one fitting into the cell and the air will flow 

through the other. The fittings feed into a small channel that allows gas to pass through 

the Teflon plate, and through a hole that is lined up in the electrode and monopolar plate. 

The gas continues to flow along the flowfield, and the products (gas and water) are 

released through another tiny hole at the opposite end of the flowfield. These products 

continue once again through another hole in the electrode and out through an opposite 

channel in the Teflon. A tube on the second fitting can distribute the gas into a ventilated 

area, which expels the gas into the atmosphere.  

There is also a 1/16-inch hole machined into the Teflon plate to insert a 

thermocouple behind the electrode. The thermocouple reaches to the center of the fuel 

cell so that an accurate temperature reading of the operating cell can be taken. To 

increase the performance of the cell, the entire cell is heated with silicone encapsulated 

electric heaters (orange discs) attached to each aluminum endplate. This completely 

assembled cell with only 2 of the 8 required tensioning bolts is shown in Figure 3.6. The 

wire leads, as well as the thermocouple, are connected to a temperature controller that 

maintains the temperature of the cell at a given set-point. Once the assembled cell fixture 

is plumbed and wired to the test stand, tests may be conducted once reactants are 

provided to the cell. 

 

 
Figure 3.6: Assembled fuel cell 
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3.2 Fuel Cell Test Stand 
 

To conduct degradation testing of the bipolar plate materials, specialized fuel cell 

test “rigs” are required.  These rigs must be capable of extended operation without 

failure, but need not provide the load stability, transient capability, etc., which are of 

paramount importance in typical small-scale fuel cell tests.  Furthermore, it is desirable to 

provide this functionality at a low cost. To this end, a ganged array of six fuel cell test 

stations built to a common design have been constructed.  The performance of these test 

stations will be baselined using Poco graphite monopolar plates.  After a baseline has 

been established, testing of new composite plates will then be initiated. 

The flow schematic for the test stands is shown in Figure 3.7. The stands are 

currently configured for ambient pressure operation, but can be easily upgraded to 3-bar 

operation. The stands employ a DTI-designed unipolar cell fixture (Section 3.1) that is 

electrically heated to provide control of the fuel cell operating temperature.  The anode 

hydrogen feed is delivered from a plenum, then metered dry through a rotameter and 

delivered dry and at room temperature to the anode inlet. The cathode air is likewise 

supplied through a plenum, then metered dry into an electrically heated, packed-bed 

humidifier. To set the inlet water content, the exit temperature from this humidifier is 

controlled. The cathode feed is thus delivered at an elevated temperature and 

substantially saturated with water vapor to the cell inlet. Because thin, 20µm Gore-select 

polymer electrolyte is used, cathode humidification alone is sufficient to keep the MEA 

hydrated during the tests. The front and rear layout of the six test stations can be seen in 

more detail in Figures 3.8 and 3.9. 
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 Figure 3.7: Fuel cell test stand flow schematic 

 

 
Figure 3.8: Rear face of fuel cell test stand array 
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Figure 3.9: Front face of fuel cell test stand array 
 

Figure 3.10 shows an electrical schematic of the test system, and illustrates the 

separate 120VAC, 5VDC, and load circuits.  The test stands are designed such that all 

necessary readings, controllers and indicators are viewed on the front of the test stand, as 

shown previously in Figure 3.9. The main power switch turns on all components that are 

powered via 120 Volts. The rotameters for the hydrogen and air are clearly scaled and 

manually controlled with a valve. There are two temperature controllers in each of the 

test stands. One is used to control the air humidifier temperature and the other is used to 

control the fuel cell temperature. To determine the fuel cell performance, a voltmeter and 

two ammeters are wired to the single cell. The digital voltmeter can monitor readings 

from 0 to 2 Volts. To ensure accurate and consistent readings, the two ammeters are 

wired in series from the fuel cell. One is a highly accurate digital ammeter that displays 0 

to 2.0 A while the other is an analog device displaying 0 to 5.0 A. The analog meter is 

used as a visual check for current while the digital ammeter is used for acquiring data. 

Using a separate 5-Volt power source, the digital ammeter is wired individually for each 

test stand.  
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4    Preliminary Testing for Operating Conditions 
 
 The monopolar plates that will be tested throughout the research must be 

subjected to a steadily operating fuel cell environment. The tests will be conducted for 

1,000 hours to determine if the performance of the fuel cell degrades and to observe 

corrosion in the monopolar plates. Since the tests will run for such a long period of time, 

it is necessary to troubleshoot the fuel cell operation and determine operating conditions 

that allow for steady 1,000-hour tests. Once the cell has been built, the tests will continue 

until 20% degradation in performance is observed regardless of hours logged. 

 

 
4.1    Troubleshooting Fuel Cell Operation 
 

The goals of these tests are to study the corrosion effects of monopolar plates in 

the fuel cell operating environment and to verify any performance degradation over time. 

The cells are constructed using industry standard graphite plates (the baseline material). 

For preliminary testing, a square or round-edged flowfield is available to compare the 

performance with different channel designs. For the following tests, the square-edged 

flowfield machined in the Poco graphite is used. Gore membranes are standard in the cell, 

and gas diffusion media are exclusive to Spectracorp’s 2050 and 2050-A versions. The 

cells are tested at ambient pressure (1 atm). To influence cell performance, the remaining 

parameters can be controlled: 

- Cell and humidifier temperature 

- Air and hydrogen stoichiometries (or flowrates) 

- Resistive load using a potentiometer 

The test stand is fully operational and can operate a fuel cell when the leads from 

the stand are connected to the electrodes of the cell. To ensure proper operation of the 

fuel cell, the air and hydrogen stoichiometries should be set to approximately 2 and 1.5, 

respectively. A stoichiometry of 1 for the air is only necessary for one unit of fuel to be 

completely reacted. Excess air and fuel (S = 2 and 1.5) are supplied to ensure that 

throughout the entire range of loads the cell is not starved of reactants. At higher loads, 
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more current is drawn from the cell; therefore more gases are consumed. These higher 

stoichiometries would allow for maximum current densities at all operating conditions. 

However, water management, flooding, and steady voltage readings at different loads 

always need to be monitored. Flooding occurs when water accumulates in the plate’s 

flowfield or gas diffusion layer thus eliminating the chance for the electrochemical 

reaction to occur throughout the cell. Therefore, the stoichiometries may be adjusted 

upward to account for these important factors. 

Preliminary tests were run with air stoichiometries between 2 and 4, and hydrogen 

flow rates were set such that a steady stream of hydrogen bubbles in water were visible 

from the anode exhaust. As the load on the cell increases, there is a corresponding 

decrease in unreacted gases exiting the cell. Therefore, steady bubbles in water were 

deemed necessary for maximum load on the cell to ensure that all the reactant gas is not 

being consumed during the electrochemical reaction.   

The temperature of the cell (Tc) and humidifier (Th) were varied between 70oC 

and 40oC, in order to monitor the best performance for operation. However, to observe 

the best corrosive data, the fuel cell should be run at a higher cell temperature. The main 

limitation is the structural integrity of the MEA, which becomes damaged at temperatures 

exceeding 85oC.  

The first fuel cell test was run with Tc and Th both equal to 60oC. With the load 

turned off, open circuit voltages between 0.85 Volts and 0.88 Volts were reached. 

Although these readings were indicative of the fuel cell working, better readings near 

0.95V were expected. Throughout several hours of testing at medium load, it appeared 

that the cell was flooding due to an abundance of water being supplied in the cathode air 

stream as well as water being produced in the fuel cell due to the electrochemical 

reaction. The flooding condition corresponded to a sudden drop in voltage. As this 

voltage drop occurred, a large droplet of water filled the cathode exhaust and blocked the 

pathway for air to exit. This lack of airflow could also be seen on the rotameter as the air 

flowrate dropped to nearly zero.  

The first preliminary test strongly indicated that the cell was operating in flooding 

conditions. According to W.L. Gore, the MEAs supplied should not be operated in 

flooding conditions. Through Gore’s research, excess water in the MEA would cause 
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faster degradation in the fuel cell’s performance. Therefore, to pinpoint that the fuel cell 

performance degradation is due to failure in the monopolar plates rather than MEA, 

proper operating conditions without flooding would need to be determined. 

Several more tests were conducted to eliminate the flooding condition. The cell 

temperature was increased slightly between 60oC and 70oC while the humidifier 

temperature was simultaneously run between 50oC and 65oC. Once the cell reached a 

steady open circuit voltage, the load was switched on and current was drawn from the 

cell. The performance of the fuel cell was then determined by taking a polarization curve. 

A polarization curve is a plot of the current density (the current divided by the active cell 

area) versus the cell voltage. The curve is obtained by varying the load from a maximum 

resistance to the minimum resistance. As the resistance is decreased, the current drawn 

from the cell is increased, thus creating more power from the fuel cell. The operation of a 

fuel cell can be evaluated by its polarization curve. The relationship seen from the plot 

should correspond to a linear decrease in voltage due to the increase in current. Any 

sudden drop-offs indicate the cell is or may be operating in flooded conditions. 

The polarization curves in Figure 4.1 are for several conditions previously 

mentioned. A good operating condition can be seen for several cases plotted where the 

relationship is strictly linear. With reproducible data, Tc=65oC and Th=53oC, the 

polarization curves are linear and there are no drop-offs due to flooding. With Tc=70oC 

and Th=65oC, the polarization curve is linear. However, a sudden drop in performance is 

seen as the current density becomes greater and more water is produced. As the cell 

temperature approaches the humidifier temperature (Tc=63oC and Th=61oC), there is too 

much water in the cell and flooding occurs. These results indicate that there should be a 

greater difference in the cell and humidifier temperatures to eliminate the possibility of 

flooding within the cell.  
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Figure 4.1: Polarization curves for preliminary steady testing 

 

Several other results from these tests should be mentioned. The highest open 

circuit voltage obtained from the cell was 0.886 Volts and the highest power drawn is just 

below 1.69 Watts.  Two issues led to this lower-than expected open circuit voltage: MEA 

handling and MEA sealing. 

 MEA handling has been identified as a major culprit responsible for the low open 

circuit voltages. The carbon paper gas diffusion electrodes supplied to us by Spectracorp 

included a graphitic carbon paper of 0.0105 inches of thickness and a developmental 

material of 0.0085 inches of thickness.  This latter material was not as fully graphitized as 

the thicker material was, and tended to fray considerably on rough handling. Observation 

showed that this material yielded lower open circuit voltages and worse performance than 

the thicker material.  After the tests were run, investigation through SEM of the MEA 

revealed that individual carbon fibers were actually piercing the MEA, thus providing a 

conduction path that short-circuits the cell in the absence of an external circuit.  The 

better-consolidated graphitic paper showed no tendency towards this shorting behavior.  
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After consultations with W.L. Gore and Spectracorp, we obtained a mesoporous gas 

diffusion media from Gore to remedy this problem. 

 Tests employing the mesoporous media as an interlayer to protect the MEA from 

the carbon fibers have shown much improved performance relative to the first tests 

shown in Figure 4.1. Figure 4.2 shows some preliminary test data from this new cell 

configuration. With the humidifier temperature kept constant at 60oC, polarization curves 

were taken as the cell temperature was increased from 65oC to 80oC. The graph shows 

that increasing temperature increased the performance of the fuel cell. The results also 

indicated a hysteresis as the polarization curves were taken. As the load was changed 

from maximum to minimum (down), the performance was slightly lower than when the 

curve was taken from minimum to maximum (up). This result shows that as water was 

produced in the cell from taking the first (down) curve, the performance would go up due 

to proper MEA hydration on the second (up) curve. Extended tests have been logged with 

the mesoporous material, and have shown greater cell stability, higher performance, and 

higher open circuit voltages reaching 0.95 V. The open circuit voltages were manually 

recorded throughout the duration of testing. 

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Current Density (A/cm2)

C
el

l V
ol

ta
ge

 (V
)

65C Down
65C Up
70C Down
70C Up
75C Down
75C Up
80C down
80C up

  Figure 4.2: Polarization curves with modified cell construction 
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W.L. Gore initially supplied us with PTFE gasket material that proved labor 

intensive to incorporate into the assembly of the cell. Therefore, the tests to date have 

been run without a sealant, and leaks through the carbon paper gas diffusion layer remain 

an issue and require a higher stoichiometric ratio on the anode side. Currently, a 

proprietary agreement with Loctite Corporation is being developed to investigate several 

silicone sealants that are being developed for fuel cell use. Although under early 

development, their fuel cell division has specified a number of materials that are 

compatible with the current Gore membrane electrode assemblies. The Loctite agreement 

may allow the possibility of including sealant compatibility into the material design 

process. 

There are two easy techniques that can be used to introduce the sealant into the 

assembly of the cell. In the first, a low-viscosity sealant is applied directly to the carbon 

paper and is able to adhere to the graphite monopolar plate without removing the gas 

diffusion layer (GDL) or mesoporous layer from the sealing zone. If the sealant is able to 

diffuse through those materials and securely hold all three components in place, no 

hydrogen or air could leak out of the cell. As an alternative, the sizes of the GDL and 

mesoporous layer could be reduced, and a thicker, more viscous sealant could be applied 

to the MEA and monopolar plate directly in the sealing zone. Development and 

investigation for all these options are nearing maturation. Preliminary results indicate that 

when this screening is complete, the open circuit voltage as well as the performance of 

the cell should increase. 
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4.2 Determining Steady Long-Term Operating Conditions 
 

The internal components and diffusion materials of the fuel cell have been 

determined and possible operating conditions have been explored through preliminary 

testing. However, before the 1,000-hour baseline testing was started, more parameters for 

steady operation had to be determined experimentally. This involved adjusting the 

aforementioned parameters such as air and hydrogen stoichiometries, cell and humidifier 

temperatures, and the amount of resistance used while the fuel cell is tested. 

In order to find steady operating conditions, a specific strategy was determined to 

ensure that all logical possibilities were tested. From the preliminary testing, a good 

starting point can be found using those results: 

- Air and hydrogen stoichiometries in excess of 4 and 2, respectively (at 

max loads) 

- Cell temperature near 65oC 

- Humidifier temperature near 60oC 

- Medium load applied to cell (therefore, higher stoichiometries) 

A new cell was constructed using the baseline Poco graphite plates with a square-

edged flow channel. A round-edge flow channel is also available and will later be tested 

and compared with the square-edged flowfield. The cell comprised the standard 

components: carbon diffusion paper, mesoporous gas diffusion medium, and the standard 

Gore membrane. After a new cell was constructed, testing commenced at the preliminary 

operating conditions. A steady operating condition would be reached by analyzing the 

performance of the cell over time. By observing the voltage and current of the cell during 

operation, any sudden drops in power that were indicative of flooding could be depicted. 

A sudden drop of more than 0.10 Volts was the limiting condition to know that flooding 

was occurring. However, slight cycling of the fuel cell performance was observed and 

deemed tolerable. Cycling occurs when there is a gradual decrease in voltage followed by 

a gradual increase in voltage back to its steady value. Cycling could be due to operating 

conditions (variations in water content in MEA), fuel cell construction, and the specific 

flowfield design used in the monopolar plates.  
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 The strategy implemented for finding a steady fuel cell operating condition began 

with running the single cell at the aforementioned preliminary testing conditions. The cell 

and humidifier temperatures were set at 65oC and 60oC, respectively. Gas stoichiometries 

for air and hydrogen were set at 22 (0.4 slpm) and 7 (0.05 slpm), respectively and a 

medium load near 0.75 Ohms was applied. From this starting point, a polarization curve 

can be taken and the cell’s performance can be depicted. With the 0.75 Ohm load applied 

to the cell, an average starting point is near 1.0 A at 0.750 V. 

In order to determine a steady operating condition, a human operator monitored 

the voltage to ensure that there were no sudden drops in voltage. A drop in voltage 

usually corresponded to flooding within the cell. Two other phenomena were indicative 

of the fuel cell flooding. As the voltage dropped suddenly, a droplet of water would be 

pushed from the cell through the exhaust tubing. Simultaneously, the airflow was blocked 

due to flooding in the cathode of the fuel cell. Therefore, no air could enter the cell for 

the electrochemical reaction to occur and the voltage dropped accordingly. 

 The voltage drops occurred cyclically. After the sudden drop-off in performance, 

the voltage would climb back to its steady point where it would remain for as little as one 

to five minutes before repeating itself. Throughout this repetition, the drops in voltage 

were on the order of 0.02 V to 0.10 V. These values are unacceptable due to the sensitive 

nature of the Gore membrane subjected to cell flooding.  

In order to combat cell flooding, the operating conditions were changed to 

eliminate excess water production in the fuel cell. The cell temperature was increased in 

5oC increments (up to 80oC) in an attempt to dry the cell slightly and help eliminate 

flooding. The remaining conditions for the humidifier and gas flowrates were kept 

constant. Figure 4.3 shows the polarization curves taken at several cell temperature 

intervals. Although the fuel cell performance increased with increased temperature, cyclic 

flooding was not resolved. The voltage drops were somewhat smaller but still ranged 

between 0.02 V and 0.08 V. 
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  Figure 4.3: Fuel cell performance at temperature intervals  

Th = 60°C for all cases 

        
 

 The next parameter to change in order to determine steady operating conditions 

was the airflow rate. With less air entering the cell, less water from the humidifier could 

enter the cell. The stoichiometry was lowered from the original 22 (0.4 slpm) to 17 (0.3 

slpm) in hopes of decreasing the amount of flooding in the fuel cell. Another temperature 

series was run starting at the preliminary conditions (Tc = 65oC and Th = 60oC) where 

the increments for increased cell temperature remained at 5oC. 

 The lower airflow rate resulted in lower cell performance and drastic crashing of 

the cell voltage. The steady point dropped from the previous 0.750 V down to 0.720 V 

and the drops in voltage ranged from 0.02 V to 0.30 V. The voltage drops occurred more 

frequently, thus indicating a potential for continual flooding within the cell. Due to the 

sporadic nature of the voltage and current readings, no polarization curves could be 

taken. After observing the voltage drops for nearly an hour, the cell temperature was 

increased to the first step (70oC). Again, at this condition, no steady voltage was obtained 

for nearly another hour of observation. Subsequently, polarization curves were not 

obtained and the next increment (75oC) was set. The voltage began to stabilize with 

respect to the previous conditions. However, voltage drops were still noticeable but less 
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frequent. Therefore, a polarization curve was possible between periods of oscillation. The 

same was true when the next set point (80oC) was tested nearly two hours later. Figure 

4.4 shows the results at these latter conditions compared to higher stoichiometries of air 

in the base case. The higher stoichiometries (dotted) at the same operating conditions 

allows for better cell performance. At higher current densities there is less tendency for 

mass concentration effects and starvation of reactant gas in the cell. Therefore, because of 

larger drops in cell voltage at lower stoichiometries and better performance at higher 

stoichiometries, it was conclusive that large stoichiometries on the cathode side would be 

a necessary parameter for steady operation. 
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  Figure 4.4: Effect of stoichiometry on fuel cell performance 

 

 Several of these same preliminary tests were then conducted in the same cell with 

the round-edged flowfield plates instead of the square-edged. Ultimately, testing of the 

baseline Poco plates as well as the novel material plates will have the round-edged 

flowfield design. Therefore, it was necessary to determine any differences between the 

square and round-edged designs. All new materials including carbon and mesoporous 

diffusion media, along with a freshly hydrated MEA, were incorporated into the new cell. 
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The new cell was tested using operating conditions similar to those in the preliminary 

tests. The temperature of the cell and humidifier were set at 75oC and 60oC, respectively 

in hopes of having decent cell performance as well as somewhat steady operation. The 

hydrogen stoichiometry was set at 7 and an extreme air stoichiometry of 22 was used on 

the cathode side to decrease flooding and increase performance. 

 Polarization curves were taken at these conditions to compare the performance 

attributed to the flowfield design. The results in Figure 4.5 show the hysteresis in 

performance as the potentiometer is increased from minimum to maximum load (down) 

and returning from maximum to minimum load (up). The round-edge design exhibits a 

loss in performance of 36.2% at a power produced at 0.700 V. The plate with the round-

edged flowfield has less conductive material in contact with the MEA. At the same 

current density, the cell with the round-edge plates has a higher resistance and 

experiences a subsequent drop in performance due to lower voltage outputs. Since 

performance over time and not maximum performance is the essential criteria, this 

performance loss was deemed tolerable. 
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  Figure 4.5: Comparison of cell performance due to flowfield design 
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 With the round-edged flowfield plates inserted in the cell, it was still necessary to 

determine steady operating conditions. The next step in leveling the performance was to 

change the humidifier temperature. A higher water temperature allows for a larger 

saturation pressure, thus allowing the air to carry a significant amount of water. This 

excess water was determined to be the source of the flooding conditions and unstable 

operating conditions currently seen in the cell. The air and hydrogen stoichiometries 

remained at an excessive, 22 and 7, respectively. The cell temperature was again varied 

between 70oC and 80oC for each incremental delta of the humidifier set point. As the 

humidifier temperature was decreased from 60oC, in steps of 2oC to 5oC, the series of cell 

temperatures was run from 70oC to 80oC in increments of 2.5oC or 5oC.  

 The series began with the cell and humidifier temperatures set at 80°C and 60°C, 

respectively with the reactants fed at the aforementioned stoichiometries and the load set 

at around 0.5 Ohms. The humidifier temperature was lowered to 57°C. Once the 

humidifier reached the steady set point, the voltage was monitored at those operating 

conditions. After nearly one hour of monitoring the voltage at Tc = 80°C and Th = 57°C, 

the cell temperature was change incrementally and the voltage was monitored at each 

point to determine whether the cell performed steadily. All operating conditions tested, 

the corresponding voltage drops, and conclusions are shown in Table 4.1. The testing 

progressed until a voltage drop near 0.01 V was reached. The corresponding set point for 

the cell is Tc = 70°C and the humidifier is Th = 46°C. The voltage remained fairly 

constant only oscillating slightly and no signs of flooding were evident via droplets of 

water in the exhaust stream or blockage within the cell to stop reactant flow. 
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 Table 4.1: Conditions tested for achieving steady operating point 

Tc (oC) Th (oC) Time to Settle Voltage Drops Conclusions 
80 60 1 hr .10 V Starting Point 
80 57 1 hr .05 V Higher Tc helps to dry cell 
75 57 1 hr .06 V   

72.5 57 1 hr .06 V   
70 57 1 hr .08 V   
80 55 30 min .04 V Lower voltage drops  
75 55 30 min .06 V showed good trend to 

72.5 55 30 min .07 V reaching steady condition 
70 55 30 min .08 V   
80 51 1 hr .04 V Still getting a bit better 
75 51 1 hr .06 V   

72.5 51 1 hr .05 V   
70 51 1 hr .06 V   
80 49 30 min .03 V Drying cell too much at high Tc 
75 49 30 min .03 V   

72.5 49 30 min .03 V Still getting better 
70 49 30 min .03 V   
80 46 1 hr .02 V Drying cell too much 
75 46 1 hr .02 V   

72.5 46 1 hr .02 V   
70 46 1 hr .01 V Reached tolerable goal 
80 43 1 hr .05 V   
75 43 1 hr .04 V No steady condition found 

72.5 43 1 hr .02 V  
70 43 1 hr .02 V Dried cell considerably 

67.5 43 1 hr .03 V   
 

 The set point for Tc = 70°C and Th = 46°C resulted in the best operating point for 

the fuel cell for several reasons. First, the voltage drops due to possible flooding within 

the cell was limited to only 0.01 V. This is a significant improvement from the 

preliminary tests when the voltage would crash by nearly 0.4 V rendering the fuel cell 

inoperable. Second, the 70°C cell temperature allows the cell to run constantly without 

drying out the membrane. During cell testing at the 75°C and 80°C cases, the voltage 

would not recover to its original value after flooding occurred. This was indicative that 

the fuel cell membrane was being dried out over time, thus decreasing its performance. 

The 70°/46°C operating point, along with the given reactant flowrates, allows for proper 

hydration of the MEA. With the lower humidifier temperature, the air carries less water 

into the cell. Therefore, the air is able to carry away a little more water within the cell that 

is produced from the electrochemical reaction. The high flowrate also allows convective 
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cooling within the fuel cell so that an abundance of water does not accumulate thus 

reducing the amount of flooding. Third, the 70°C cell temperature allows for the bipolar 

plate material to be subjected to high enough temperatures to induce possible corrosion.  

Corrosion effects are highly sensitive to temperature (Arrhenius kinetics). Therefore, 

without breaching the temperature sensitive limit of the Gore membranes (85°C), the 

70°C cell temperature allows for a suitable environment where corrosion can be 

monitored. 

 The performance of the fuel cell was not affected greatly throughout the 

temperature series to reach the 70°/46°C set point. At each interval, a polarization curve 

was taken to analyze how the performance was affected by the change in cell 

temperature. The graph in Figure 4.6 shows similar trends in the performance of the fuel 

cell at each operating condition. Therefore, the 70°C set point was chosen to avoid 

unnecessarily drying out the MEA and reducing the performance over extended 

operation. Unlike the big increase with temperature as seen in Figure 4.2, the dependence 

on temperature is not as evident with lower humidifier temperatures due to lower 

membrane hydration. 
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Figure 4.6: Polarization curve for cell operating with Th = 46°C and  

            varying cell temperature Tc from 70°C to 80°C 
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With only the cathode being humidified, it was necessary to determine that the 

anode was not being dried and limiting the performance of the fuel cell. As reactants flow 

from the fuel cell into the exhaust tubing, they carry excess water from the humidifier as 

well as product water from the electrochemical reaction. Water movement within the fuel 

cell, however, occurs via electro-osmotic drag and diffusion. It was assumed that 

diffusion would be the dominant factor in keeping the anode properly hydrated. Since the 

air was supplying water to the MEA, there was a higher concentration of water on the 

cathode. The thin Gore membrane (20 µm) allowed water to diffuse from the cathode to 

the anode. There was evidence of proper anode hydration by analyzing the exhaust tubing 

running from the cell. Although not as prevalent as the cathode, the anode tubing 

contained excess water condensed out of the cell and hydration of the membrane was 

achieved. 
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4.3 Implementing the Data Acquisition System 
 

After determining the steady operating conditions for the fuel cells, a data 

acquisition system was incorporated to generate polarization curves and time history of 

the fuel cell’s performance. Up to this point, all polarization curves were done manually 

by increasing the load slightly and recording a steady voltage and current. Although time 

consuming, the plots generated were precise and portrayed the performance adequately. 

A human operator monitored the voltage readings and all trends in performance were 

noted manually.  

Four channels were needed for the National Instruments SCXI – 1000 data 

acquisition board. Two of these channels would record the cell voltage and two channels 

would record the cell current from the digital ammeter. After attaching the leads from the 

board to the cell electrodes and digital ammeter, a polarization curve could be generated 

by quickly sweeping through the potentiometer from a minimum to maximum load. The 

data acquisition system would record several points that created the characteristic plot. 

The data recorded via computer was compared to a manually generated polarization 

curve and the result is shown in Figure 4.7. The power generated at 0.70 V, 0.65 V, and 

0.60 V was calculated for each curve using least squares fit analysis. Since an exact data 

point is not available at these voltages, the line fit was used to interpolate the current 

densities at the three voltage readings. The differences in power at the three voltages for 

the manual and computer curves are 4%, 0.9%, and 0.8%, respectively. This slight 

difference in polarization curves was deemed tolerable and the data acquisition system 

became a vital part for creating daily polarization curves. 
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  Figure 4.7: Comparison of manual and computer generated curves 

 

 The ability to monitor long-term performance characteristics of the fuel cell is 

also advantageous. The data acquisition system eliminates the need to continually 

monitor or “baby-sit” the test stand to observe trends in performance over the duration of 

testing. Thereby, the steady operation of a fuel cell can be seen over a given time period 

to examine any failures or trends in performance. A sample of test histories over a span 

of nearly 20 minutes is shown in Figure 4.8. Two different operating conditions (from 

Section 4.2) are shown for different cells to observe the flooding effects occurring during 

operation. Data were taken with set points of Tc = 70°C and Th = 50°C for cell 1 and 

with set points of Tc = 70°C and Th = 45°C for cell 2.  

 The current and voltage were largely in agreement throughout the duration of the 

tests. As the voltage dipped slightly, so too did the current. Therefore, the internal 

resistance of the fuel cell is the same but flooding within the fuel cell blocks reaction sites 

on the catalyzed membrane for the electrochemical reaction to take place. Any flooding 

can cause a decrease in performance, as indicated by the sudden drops in voltage and 

current in Figure 4.8. The steady voltage and current readings seen over the period of 
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testing were used as the basis for determining the steady operating conditions for setting 

the cell temperature to 70°C and the humidifier temperature to 45°C. 
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Figure 4.8: Time history of voltage and current at Th = 45°C and 50°C for  

        two fuel cells 

 

 With the test stand fully prepared and the steady operating conditions having been 

determined, the Poco graphite baseline tests may commence. The objective is to conduct 

a baseline study of an acceptable industry product, Poco graphite, as the main material 

used in bipolar plates. This baseline test of performance over time will be used to 

compare the novel materials when they are subjected to testing in the fuel cell 

environment. 
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5    Results and Discussion 
 
 The data and results that have been produced from experiments performed on the 

six single-cell test stand are limited to baseline data using Poco graphite monopolar 

plates. Six individual cells were constructed according to Procedure specifications (see 

Chapter 3) using all the same material and assembly techniques. Using the preliminary 

testing, the steady conditions of Tc = 70° and Th = 46° were applied to all six cells. The 

goal was to reach 1,000 hours of continuous, steady testing with the cells performing 

under constant load throughout. Polarization curves were taken daily for each cell in 

order to track performance over time characteristics and have enough data for statistical 

analysis for all six cells. The graphite plates are being tested as a baseline model to 

compare alternative materials in the future. No significant corrosion is expected 

throughout the duration of testing. 

 

  

5.1 Daily Polarization Curves 
 

The key to having good, repeatable data is consistency in cell construction and 

operating conditions. Therefore, careful consideration was taken in building the cells and 

exactly how the start-up of each cell was conducted. After following the procedure for 

building the fuel cell (see Chapter 3), the cell was attached to the reactant feed on a 

prepared fuel cell stand. The stand was already filled with deionized water in the cathode 

humidification chamber and the reactant air humidifier was preset at Th = 46°C. After the 

cell temperature reached its set point (70°C), the inlet feeds for reactants were attached to 

the stand and reactant gases were allowed to flow. The open circuit voltage reached near 

0.93 V and was allowed to steady for several minutes. After a steady reading was 

observed, the load was switched on and set to a medium load (about 0.75 Ohms) on the 

potentiometer to give operating conditions of 1.0 A at 0.75 V. This would be the set point 

for the remainder of the 1,000-hour test unless a decrease in performance was observed.  

After the cell ran under load for several minutes, the potentiometer was swept from 

minimum to maximum load several times to “break in” the cell. This process was used to 
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help keep the membrane hydrated and observe a similar performance in all six cells. The 

potentiometer was then reset to the original medium load and the cell would continue to 

operate. After the cell had run for a continuous 24 hours, the first polarization curve was 

taken. All six curves were taken one after another, however, the time of day varied for 

each polarization. Before taking the curves, great effort was taken to obtain the curve 

while the fuel cell was operating at a steady current and voltage. This procedure allowed 

for minimal observation of cycling during operation but did not eliminate the 

phenomenon entirely. Each daily curve was compared in order to analyze the behavior of 

each cell directly after start-up to gauge consistency. Figure 5.1 shows the polarization 

curves taken (from max to min resistance) for all six cells on the third day of testing after 

the “break in” period. Analysis proved that there was a similar trend for each cell and the 

performance was relatively similar. This indicates that the cells are operating properly yet 

there will be slight variances in each of the fuel cells. 
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  Figure 5.1: Performance comparison of all six cells at day 3 of testing 

 

Along the same lines, analysis of longer durations for the fuel cell performance was 

also considered. By observing performance further along in the 1,000 hour test, it can be 

determined if the same trends exist as seen during start-up. Figure 5.2 displays the 
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polarization curves taken for all six fuel cells on the tenth day of continuous testing. The 

trends in performance are similar; however, the curves are more spread out indicating that 

over time, the fuel cells are operating differently due to performance degradation. The 

curves also indicate that the performance over time has also dropped off slightly as 

compared to day 3 of testing. This phenomenon will become more evident when the daily 

polarization curves for each day are presented.  
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  Figure 5.2: Performance comparison of all six cells at day 10 of testing 

 

 The main aspect of the experiment is to document the fuel cell performance over 

time. Therefore, a polarization curve was taken and plotted against the previous curves to 

see how the performance increased or decreased relative to the remainder of the time 

under continuous testing. The polarization curves were taken as long as a smooth, 

reproducible curve could be recorded with the data acquisition system. Also, the tests for 

the baseline performance of the Poco graphite plates were conducted as long as possible 

baring any unforeseen circumstances such as faulty instrumentation or controllers. Figure 

5.3 shows the trend of daily polarization curves for fuel cell #1. The fuel cell was run 

continuously for 34 days (816 hours) until a short in the cell temperature controller ruined 

the cell by heating it more than 100°C.  
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  Figure 5.3: Trends of daily polarization curves for fuel cell #1 
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 Fuel cell #1 shows very good performance and consistency from day to day (full 

set of curves in Appendix A.28). However, after observation, it can be seen that the 

performance drops slightly over time. There was little fluctuation and cycling of the cell 

voltage and current. This could indicate little chance of serious flooding being an issue in 

performance degradation or MEA damage. No other signs of malfunction during cell 

operation were visible until the cell temperature controller switch shorted closed and a 

continuous current was directed to the fuel cell heaters. The temperature rose slightly 

above 100°C thus expanding the cell and permanently damaging the Gore membrane. 

The test was stopped at 816 hours; even though performance showed 1,000 hours was 

easily attainable had the malfunction not occurred. 

The same technique of daily polarization curves and manual observation was used 

for all other fuel cells tested. Fuel Cell #2 showed good performance and consistency 

from day to day. Figure 5.4 shows the trend of daily polarization curve for the fuel cell 

during constant operation over a period of 28 days (672 hours). The break-in period after 

start-up was consistent with that seen from Fuel Cell #1, but the performance decreases 

slightly more as the curves begin to spread out as time goes on (full set of curves in 

Appendix A.29). The test was stopped due to another malfunction with the temperature 

controller. The temperature climbed to 85°C and by the time the cell was detached from 

the test stand the reading indicated 95°C. After significant cooling, the fuel cell was run 

again but no constant reading could be made, thus indicating the membrane had been 

severely damaged due to the temperature spike. 
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  Figure 5.4: Trends of daily polarization curves for fuel cell #2 
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 The daily polarization curves recorded for fuel cell #2 indicate a slight decrease in 

performance as compared to fuel cell #1. The internal components and phenomena of the 

fuel cell may be to blame for slightly less performance. The contact and seal between the 

carbon paper, mesoporous media and membrane may not be uniform. Subsequently, the 

internal resistance between the gas diffusion media and the Poco graphite monopolar 

plates could be slightly higher thus increasing the losses at a given current flow. Another 

possible reason is that the 1/32-inch hole in the monopolar plate may not be exactly lined 

up with the smaller hole through the gold-plated electrode. Gases could leak out thus 

decreasing the reactant flow through the fuel cell and also causing problems with water 

management on the cathode side. With a smaller outlet and inlet, the membrane could 

become dried out or excess water could accumulate and potentially flood the cell. All of 

these occurrences are possible reasons for a decrease in performance for the fuel cells and 

may also be exhibited in the four remaining fuel cell experiments.  

 Extraordinary performance was seen with Fuel Cell #3 as it ran continuously for 

56 days (1,344 hours). The daily polarization curves displayed in Figure 5.5 show 

excellent trends from day to day with exception of days 18 and 19 (as seen in full set of 

Appendix A.30), where a sharp dip in performance is seen. This could be attributed to 

recording the polarization curves while the fuel cell contained a slight increase in water 

content. The excess water accumulated in the cell would cause a decrease in 

performance. The longevity for this fuel cell could be attributed to proper contact of all 

internal materials while the fuel cell was being run. As the cell heats up and continuous 

load is applied, the sandwich of materials hot presses itself together under the heat and 

tension of the bolts surrounding the fuel cell shell. The hydration and reactant flow may 

have been sufficient to allow for good continuous operation even though a decrease in 

performance over time is still seen. However, at later stages of testing, the polarization 

curves literally overlap each other indicating steady and level operation while under load.  
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  Figure 5.5: Trends of daily polarization curves for fuel cell #3 
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 The durability and extraordinary performance from fuel cell #3 is encouraging 

because it indicates that any cell constructed with Poco graphite plates has the ability to 

complete and outlast the 1,000-hour test. However, other issues such as malfunctions 

have caused tests to be stopped short of the 1,000-hour goal and leave speculation as to 

the completion of all testing of plates subjected to the fuel cell environment. Another 

malfunction occurred during the longevity testing of fuel cell #4 as it reached its 25th day 

of testing (624 hours). The fuel cell temperature controller once again failed, causing the 

temperature to rise to unforeseen limits of 250°C. The glass-filled Teflon plates swelled 

shut; thermally expanded beyond the aluminum shell and completely sealed the fuel cell. 

After cooling, the cell was disassembled to reveal residue and discoloration of the Teflon 

and gold-plated electrodes. The occurrence was minimally disheartening because 

excellent data, as seen in Figure 5.6, was acquired up to the point of failure. 

 The daily polarization curves for Fuel Cell #4 show good consistency throughout 

the duration of testing. Data for several days exhibited slightly improved or decreased 

performance compared to the majority of curves taken throughout continuous testing (full 

set seen in Appendix A.31). The outlying curve for performance on day 2 indicates a 

break-in period where the membrane is becoming accustomed to the operating conditions 

and hot pressing itself to make tight contact between all internal materials. Several data 

sets showing sub-par performance suggest that data were taken during possible cycling or 

flooding of the fuel cell. This decrease in performance compared to the normal trend 

from day to day displays the natural tendency for the fuel cell to experience unsteady 

periods of operation. 

 Before the temperature controller malfunction, the data recorded for Fuel Cell #4 

began to steady over time. Little decrease in performance was seen towards latter days of 

testing. A steady trend of daily polarization curves is encouraging that the Poco graphite 

plates would have endured the 1,000-hour test and performed adequately until 

completion.  
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Figure 5.6: Trends of daily polarization curves for fuel cell #4 
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Interesting results were acquired from the long-term testing of the Poco graphite 

monopolar plates in Fuel Cell #5 and trends can be seen in Figure 5.7. After a typical 

start-up of increasing performance for the graphite plates, each daily polarization curve 

displayed a decrease in performance (full set seen in Appendix A.32). The performance 

over time became drastically lower than all prior fuel cells tested. The downward trend in 

performance continued until after nearly 400 hours of testing the cell exhibited the worst 

performance observed. Polarization curves were difficult to record using the data 

acquisition system due to large fluctuations in voltage and current. For the next 200 

hours, polarization curves were reduced to nearly four or five data points that somewhat 

represent a line. No data could be taken after 624 hours of testing due to unsteadiness in 

the voltage and current readings. At no point could observation of the fuel cell operation 

reveal good readings to be recorded with the data acquisition system. 

Analyzing the results from Fuel Cell #5 may indicate a severe problem with the 

cell construction or operation on the test stand. It was concluded that the MEA and cell 

were well constructed because the performance at start-up was in accordance to prior 

tests. However, a slight misalignment in the monopolar plates and electrodes could 

possibly cause excessive flooding in the cell due to lack of water management. The 

continuous flooding could cause permanent damage to the MEA and thus reduce the 

daily performance. Another possible explanation is excess water entering the cell from 

bubbling in the humidifier. During unobserved operation, droplets of water could have 

continually entered the fuel cell due to air being entrapped in the sight glass and forcing 

water through the cathode inlet.  Although data recording was stopped at 624 hours, the 

fuel cell operated until 912 hours were logged with the Poco graphite monopolar plates. 

The prolonged testing and post-mortem investigation of the MEA and graphite plates 

may reveal a better explanation of the decreased performance of the fuel cell. 
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  Figure 5.7: Trends of daily polarization curves for fuel cell #5 
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 More encouraging baseline data was recorded for Poco graphite plates with 

experiments conducted in Fuel Cell #6. As seen in Figure 5.8, the daily polarization 

curves indicate a good performance trend over time for nearly 30 days (720 hours) of 

continuous testing. After that point of testing the fuel cell performance decreased rapidly 

until the 1,000 hour goal was reached. The data reveals great initial performance (steady 

operation) as compared to all other fuel cell baseline data, however, the performance 

decreased over time (full set seen in Appendix A.33). Polarization curves were difficult 

to acquire later in the testing due to more unsteady performance of the fuel cell. The 

voltage and current readings would continuously oscillate making observation of a proper 

steady reading nearly impossible. Polarization curves were taken at high points of 

performance during the cycling in order to record meaningful and reproducible data. The 

fuel cell lasted until the 1,000-hour goal was reached although performance suffered 

drastically. 

 The results for Fuel Cell #6 may reinforce a problem with the test stand 

construction. As was true with data recorded with Fuel Cell #5, both cells experience a 

sudden drop in performance in the intermediary of testing. This abrupt loss in 

performance and near failure of the cells leaves speculation for possible flooding or 

temperature controller issues. With several other fuel cells enduring the 1,000-hour test, 

the question remains open as to whether a malfunction in the temperature controller or 

excess water entering the cell could be a culprit for fuel cell performance degradation. It 

is possible that during unsupervised operation, air being forced into the sight glass could 

push water through the inlet tube to the fuel cell cathode. Excessive flooding could 

damage the Gore membranes, as the manufacturers say these thinner PRIMEA 

membranes are susceptible to failure in flooding conditions. Although hours were spent 

manually observing the test stand, the excessive flooding was not witnessed. However, 

small drops from bubbling have been forced into the fuel cell without affecting the 

performance. 
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  Figure 5.8: Trends of daily polarization curves for fuel cell #6 
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 The daily polarization curves are an indication of how the monopolar plates 

perform in the fuel cell environment. The data shows trends in start-up behavior as well 

as intermediate and long-term performance characteristics over time. Furthermore, the 

baseline Poco graphite data will be used to compare novel composites and other materials 

manufactured for the fuel cell monopolar plates. The new materials will definitely display 

performance characteristics that may exceed or fail to reach the baseline mark of the Poco 

graphite plates. However, the baseline data serves as a benchmark for comparison for 

other materials that will be subjected to corrosion resistance and performance evaluation 

in the fuel cell environment. Using the six baseline cases for Poco graphite monopolar 

plates allows for further statistical analysis that reveals more clearly how the performance 

will fluctuate over time. 
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5.2 Performance Degradation 
 

The daily polarization curves for the six baseline tests for Poco graphite monopolar 

plates display the performance over time during continuous testing. However, there is a 

discrepancy between the performance characteristics of each individual cell. The 

longevity and consistency of the fuel cell performance varies dramatically from one cell 

to the next. Previously discussed figures 5.1 and 5.2 showed how the performance varies 

for each cell after 72 and 240 hours, respectively. The trends in performance 

characteristics are similar but not exact for each cell. It is evident that certain effects can 

cause the cell to remain at extreme steady operation or have the counter-effect and cause 

faster loss in performance over time. Therefore, a specific strategy for data reduction has 

been developed to analyze the performance for the fuel cells tested with the Poco graphite 

monopolar plates. 

To analyze all the data for the baseline tests, as well as further material analysis, a 

specific strategy is used to understand the fuel cell performance over time. The power of 

the cell is determined at three different cell voltages, i.e., 0.70V, 0.65V, and 0.60V, by 

fitting a regression line to daily polarization curves and calculating the corresponding 

currents. The power produced at each voltage for all the curves is plotted over time to see 

trends in performance. Since there are six samples for the baseline graphite plates, the 

power for all samples at each voltage will be averaged. This average will be 

representative of the overall trend in performance for the Poco graphite samples. Figures 

5.9, 5.10 and 5.11 depict the average performance for the six baseline cells at voltages of 

0.70V, 0.65V, and 0.60V, respectively. Other data displayed in graphical form can be 

separated into many categories to portray a myriad of information. These accessory 

graphs are included in Appendix A and will be discussed briefly later in this section. 

The average performance at 0.70V for the baseline cells is indicated in Figure 5.9. 

The trend at start-up for a break-in period of the MEA is again portrayed for all six cells. 

After the quick increase in performance, the performance decreases sharply until 

somewhat leveling out after several days of continuous testing. The decrease in 

performance could be attributed to cycling in performance caused by poor water 
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management within the fuel cell. Through daily observation and time history charts, it 

has been concluded that the fuel cells did not run at completely steady voltage and 

currents. Fluctuations in performance occurred at regular intervals possibly indicating 

that some flooding was occurring within the cell to affect its performance. As the cell 

increased its water content, proper hydration would allow for better reactions to take 

place and thus a higher performance. As water became abundant in the cell, reactive sites 

on the membrane could become blocked, the cell could flood, and the performance would 

subsequently drop. 

Any flooding caused by the operating conditions for the fuel cells could be further 

affected by the fuel cell design. The machined Poco graphite monopolar plates include a 

1/32-inch inlet and outlet hole at the beginning and end of the one-channel serpentine 

flowfield. This hole is the sole means for allowing reactant gas (and humidified air) to 

enter the cell and excess gas, vapor (cathode side), and product water to exit the cell. The 

gold-plated copper electrode in direct contact with the monopolar plate has a similar hole 

that is even smaller than 1/32-inch and does not properly align with the flowfield inlet 

and outlet. This means that any water that condenses out of the cell due to the 

electrochemical reaction must be forced through an exit hole the size nearest that of a 

pinhole. Product water could eventually build up and block the hole, thus slowing the 

flow of reactant and causing large gradients of water concentration within the cell. 

Performance could easily be affected by a loss of reactants and diffusion dependence by 

forcing water through the permeable membrane making the anode side more hydrated. 

The variation in performance is seen throughout the duration of testing in Figure 

5.9. Although still apparent, the frequency and amplitude of the performance oscillations 

decrease as the long-term testing continued. The data becomes solely dependent on only 

three cells after nearly 700 hours of testing, and solely dependent on one cell after 1,008 

hours of testing due to cell failures and stand malfunctions. However, the bulk of data 

averaged for the overall Poco graphite performance is seen in the important stages of 

start-up and early testing was dependent on all six individual cells. The data plotted for 

power at 0.70V over time gives a mean of 0.517 W and a median of 0.490 W. 
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  Figure 5.9: Baseline power average for all cells at 0.70V over time 

  

 The performance average for all six cells at 0.65V over time is depicted in Figure 

5.10. It follows the same trend as seen for the power curve at 0.70V, however, the power 

increases due to slightly lower voltage but higher currents. The oscillations in 

performance over time still exist at the lower voltage but the variation from day to day 

seems to be slightly higher. This could be due to the operating condition at the lower 

voltage with an increased current. The water content produced by the cell is directly 

related to the operating current. As previously discussed, water management is an 

extremely important issue for steady operation of a fuel cell. An increase in water 

production affects how well the membrane is hydrated. Saturation would cause definite 

oscillation and variable results depending on how the curves were taken in the cycling of 

the fuel cells state of operation. The data plotted for power at 0.65V over time gives a 

mean of 0.772 W and a median of 0.773 W. 
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  Figure 5.10: Baseline power average for all cells at 0.65V over time 

 

 Further results are seen for the power average curve at 0.60V over time displayed 

in Figure 5.11. Without question, the same trend is seen throughout the performance of 

all six baseline cells at 0.60V as compared to the other voltages of 0.70V and 0.65V 

already discussed. The beginning of testing indicates an increase in performance during 

start-up followed by a sudden decrease in performance as the testing continues. However, 

it becomes apparent that the amplitude of oscillation from day to day as compared to the 

performance at 0.70V and 0.65V has slightly increased. The aforementioned discussion 

depicting the correlation between higher current and water production can once again 

explain the variation in performance over time at 0.60V. At even lower voltages (0.60V), 

more current is generated thus more water is being created in the fuel cell. Membrane 

hydration is necessary for the adequate operation of the fuel cell, but excess water 

becomes a hazard to properly run a fuel cell. The data plotted for power at 0.60V over 

time gives a mean of 0.983 W and a median of 1.004 W. 
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  Figure 5.11: Baseline power average for all cells at 0.60V over time 

 

 The oscillations from day to day are a crucial observation in determining how 

well the fuel cells are operating. All three power averages over time for each voltage are 

shown in Figure 5.12. This graph depicts how the amplitude from one day of operation 

can drastically change to the next day. The curves indicating the fuel cell’s performance 

are consistent and follow the same trend for each voltage under consideration. However, 

the spacing between the power curve from 0.70V and 0.65V should be the same from 

0.65V to 0.60V. Since the polarization curves are graphed according to cell voltage and 

current density, the slope of the line is simply the resistance. Since the distance between 

the three curves is not the same, this indicates that there is more resistance at lower 

voltages (higher currents) and thus there is a decrease in performance. The increased 

resistance could result from more water being produced. If this water is present at the 

surface contact of the internal materials, a higher contact resistance is created and thus a 

higher ohmic loss results in a decrease in cell performance. 
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  Figure 5.12: Baseline power averages for all cells at three voltages  

 

 The bulk of data that was used to produce the power curves over time at 0.70V, 

0.65V, and 0.60V has been displayed in its most simplified form in Figures 5.9 – 5.12. A 

collection of graphs that depicts individual fuel cell performance for each monopolar 

plate tested is included in Appendix A. The compilation of graphs is arranged in the 

following order for each of six cells tested with the Poco graphite monopolar plates: 

- power over time at 0.70V 

- power over time at 0.65V 

- power over time at 0.60V 

- power over time at all three voltages 

- power over time for all cells at 0.70V 

- power over time for all cells at 0.65V 

- power over time for all cells at 0.60V 

This collection of graphs helps illustrate the difference in daily performance, long-term 

performance, and variability between each fuel cell. The overall performance seen in the 

average power over time (Figures 5.9 – 5.11) is separated in Appendix A. This 

breakdown analysis portrays many factors that may contribute to the overall performance. 
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Several key components are the long-term performance of fuel cell #3 and the quick 

degradation in performance of fuel cell #5. 

 Unlike the majority of the cells tested, fuel cell #5 experienced a rather quick and 

steady decrease in performance following a typical start-up. Its performance fell so 

rapidly that after nearly 200 hours it had dropped to below all other cells tested. As the 

long-term testing continued, the fuel cell had to be stopped because a steady operating 

point could not be reached and meaningful polarization curves could not be taken. Figure 

5.13 shows how the average power over time at 0.70V would be affected if fuel cell #5 

were not included in the average data calculation. The overall trend is the same and 

becomes overlapped after the original testing had ceased at the 23rd day but eliminating 

the poor performance of fuel cell #5 sees a significant increase in overall performance 

average. However, the flip side of this scenario occurred with fuel cell #3. After a typical 

increase in performance during start-up, the fuel cell decreased slightly but remained 

rather steady for over 1,300 hours. This seems atypical when analyzing the rest of the 

samples tested. No other fuel cell experienced a positive steady output past the goal of 

1,000 hours, whereas fuel cell #3 surpassed the testing limit with extraordinary 

performance.  
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Figure 5.13: Comparison of power over time average at 0.70V with and  

          without fuel cell #5 data 

 

 The results obtained from the baseline study of long-term testing with Poco 

graphite monopolar plates were extremely meaningful. A standard has been set so that 

further testing and development on novel composite materials for monopolar plates can 

be subjected to the same fuel cell environment. Any data compiled for new materials 

undergoing long-term testing can be compared to the baseline model set forth with the 

research conducted here for graphite plates. After all samples of graphite plates were 

tested, there was no apparent corrosion that could be seen on the surface of the plates. 

Visual inspection of the gas diffusion layer in contact with the plate also showed no signs 

of corrosion or contamination. Further development is always sought after, but a good 

start has been established for creating a low cost, high performance bipolar plate. 
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6    Conclusions and Recommendations 
 

 Throughout the duration of this research, several milestones have been reached to 

set the stage for further bipolar plate development. A fuel cell test stand has been 

designed and built to run six single fuel cells for monopolar plate screening and long-

term testing. With relatively unsupervised operation, the test stand can control over 

1,000-hour tests to determine how monopolar plates perform in the fuel cell environment. 

The stand is used to monitor performance degradation over time as well as subject 

conductive metals to a fuel cell environment to observe resistance to corrosion. Steady 

operating conditions were determined to ensure that proper and consistent parameters are 

set for every test that was conducted. These conditions will also be used for upcoming 

novel composite monopolar plates undergoing 1,000-hour long-term testing.  

A baseline model has been established for the industry standard monopolar plate 

manufactured from Poco graphite. Six individual cells were tested with the Poco graphite 

plates and the performance was monitored for over a total of 5,000 hours. Some cells 

displayed excellent performance over time while others decayed much quicker to 

unacceptable operating levels. Significant powers were reached by several cells nearing 

2.5 Watts. This level of performance is extraordinary for a cell operating at atmospheric 

pressure and with only an active area of 5 cm2. A performance evaluation was conducted 

to see trends in power over time at 0.70V, 0.65V and 0.60V. This power curve can be 

used to compare new monopolar plates manufactured with novel composite materials. 

 The test stand construction and the baseline testing of the Poco graphite 

monopolar plates were successful. However, several issues need to be addressed as 

recommendations for further development with manufacturing and testing novel 

monopolar plates. The design of the plate and electrode may be the cause for poor 

functioning of the fuel cell. It has already been addressed that the pinhole size inlet and 

outlet in the gold-plated electrode may be a cause for flooding and performance cycling 

of the fuel cell. The overlying monopolar plate also contains a hole slightly larger (1/32-

inch) which may not align properly with the underlying gold-plated electrode. Therefore 
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the entire opening is not being utilized for reactant delivery and water management. After 

previewing the new composite plates, drilling holes in the serpentine flow channel is 

necessary due to the injection molding process. The holes line up more accurately with 

the underlying gold-plated electrodes. This may be an advantage for better performance 

with the novel monopolar plates. 

 In order to preserve the lifetime of the fuel cells and membranes, several 

adaptations could be made to the fuel cell test stand. It was possible that during 

unsupervised operation that water from the humidifier could have entered the cell due to 

excessive bubbling in the sight glass. This water would enter the cathode of the fuel cell 

and possibly damage the thin membrane due to flooding. A possible solution would be to 

integrate a water trap device into the cathode inlet line of the fuel cell. A water trap 

would ensure that the humidified reactant air would still enter the cell without 

condensation occurring but eliminate the possibility of unnecessary abundance of water 

entering the cell and damaging the internal materials. 

 A main concern for the longevity of the fuel cells is the failure of the temperature 

controllers integrated into the design of the test stand. Several times the switch within the 

temperature controller has failed because of excessively operation and thus causing 

continuous current to be passed to the fuel cell silicone heaters. To alleviate this problem, 

an operating parameter for the temperature controller allows for setting the control period 

(CP). The CP affects how often the switch opens and closes while the PID controller is 

engaged. The current setting is at 10 (the range is 1-20), so increasing the control period 

should increase the lifetime of the temperature controller. However, there may be more 

oscillation in the actual temperature of the fuel cell due to the lack of response time from 

the controller. The resulting profile at a setting of 70°C set point would give a tolerance 

of  + 1-2°C. This would be deemed acceptable in order to prolong the life of the fuel cell 

and have less worry that the cell could fail before the 1,000-hour goal tests were reached. 

 A less crucial matter for operating the test stand more effectively is possibly 

redesigning the water feed system to refill the humidifiers. Currently, one pump is used to 

feed deionized water through a common spine to the six humidification chambers. The 

water is fed to each humidifier via needle valves that allow for water to enter when 

opened. Due to pressure gradients from one chamber to the next, only one needle valve 
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can be opened at a time so air does not rush back into the spine of the feed system. 

Therefore, the pump can distribute water to only one chamber at a time and cannot be run 

continuously for the duration of testing. Since the amount of water in the chamber lasts 

for nearly 12-14 hours of continuous operation, the humidifiers need to be refilled twice 

daily. In order to alleviate this time consuming refill process, a slight redesign with check 

valves placed strategically at the inlet of the humidification chamber and the outlet of the 

sight glass could possibly aid the water feed system. This would allow for only water and 

air flow in the expected directions and not cause flooding or air pockets in any of the 

water feed lines. 

 After all the baseline testing was completed, the MEAs from each fuel cell were 

collected and sealed for post-mortem analysis. Further studies can be done on the 

membrane and backing layers to investigate any phenomena that occur during rigorous 

testing in the fuel cells. Further analysis may unveil evidence as to why some cells 

outperformed others or why some cells performance dropped faster than expected. Until 

the membranes have been studied, only discussion conveying what caused the profile of 

performance for the baseline is available. Hopefully, new discoveries can be made that 

will lead to improvements in the development of novel monopolar plates and fuel cell 

operation in the future. 

Several observations can be made for the advancements in future research by 

analyzing the novel composite bipolar plates. Preliminary composite plates have been 

manufactured using the injection-molding machine including samples made from K-109 

aluminum flakes, carbon, and polypropylene resin, as well as all carbon and the resin 

matrix. After handling the plates for some time, a glittery residue of aluminum flakes 

became apparent on materials in contact with the plate. This could be troublesome when 

the plates are inserted and operated in the fuel cells. Particles could leach out of the plate 

and become embedded in the diffusion media as well as the membrane. Excess reactant 

flow and water removal could cause an abundance of flakes to build up in the flow 

channel or outlets, thus blocking crucial pathways for proper fuel cell operation. If 

aluminum proves to surpass the baseline model in performance, and the aforementioned 

problems arise, a conductive and protective coating could be used to ensure no flakes are 

expelled into the fuel cell and negatively alter the performance. 
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  Figure A.1: Power over time for fuel cell #1 at 0.70V 
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  Figure A.2: Power over time for fuel cell #1 at 0.65V 
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  Figure A.3: Power over time for fuel cell #1 at 0.60V 
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  Figure A.4: Power over time for fuel cell #1 at 0.70V, 0.65V, and 0.60V 
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  Figure A.5: Power over time for fuel cell #2 at 0.70V 
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  Figure A.6: Power over time for fuel cell #2 at 0.65V 
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  Figure A.7: Power over time for fuel cell #2 at 0.60V 
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  Figure A.8: Power over time for fuel cell #2 at 0.70V, 0.65V, and 0.60V 
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  Figure A.9: Power over time for fuel cell #3 at 0.70V 
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  Figure A.10: Power over time for fuel cell #3 at 0.65V 
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  Figure A.11: Power over time for fuel cell #3 at 0.60V 
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  Figure A.12: Power over time for fuel cell #3 at 0.70V, 0.65V, and 0.60V 
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  Figure A.13: Power over time for fuel cell #4 at 0.70V 
 
 
 

79 



 

 

0.000

0.200

0.400

0.600

0.800

1.000

1.200

1.400

1.600

1.800

2.000

0 5 10 15 20 25 30

Day of Testing

Po
w

er
 (W

)

  Figure A.14: Power over time for fuel cell #4 at 0.65V 
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  Figure A.15: Power over time for fuel cell #4 at 0.60V 
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  Figure A.16: Power over time for fuel cell #4 at 0.70V, 0.65V, and 0.60V 
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  Figure A.17: Power over time for fuel cell #5 at 0.70V 
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  Figure A.18: Power over time for fuel cell #5 at 0.65V 
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Figure A.19: Power over time for fuel cell #5 at 0.60V 
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  Figure A.20: Power over time for fuel cell #5 at 0.70V, 0.65V, and 0.60V 
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  Figure A.21: Power over time for fuel cell #6 at 0.70V 
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  Figure A.22: Power over time for fuel cell #6 at 0.65V 
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  Figure A.23: Power over time for fuel cell #6 at 0.60V 
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  Figure A.24: Power over time for fuel cell #6 at 0.70V, 0.65V, and 0.60V 
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  Figure A.25: Power over time for all 6 cells at 0.70V 
 
 
 

91 



 

 

0.000

0.500

1.000

1.500

2.000

2.500

0 10 20 30 40 50 60

Day of Testing

Po
w

er
 (W

)

Cell 1
Cell 2
Cell 3
Cell 4
Cell 5
Cell 6

  Figure A.26: Power over time for all 6 cells at 0.65V 
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  Figure A.27: Power over time for all 6 cells at 0.60V 
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  Figure A.28: Daily polarization curves for fuel cell #1 
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  Figure A.29: Daily polarization curves for fuel cell #2 
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  Figure A.30: Daily polarization curves for fuel cell #3 
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  Figure A.31: Daily polarization curves for fuel cell #4 
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  Figure A.32: Daily polarization curves for fuel cell #5 
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  Figure A.33: Daily polarization curves for fuel cell #6 
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