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Abstract

Selective Laser Sintering (SLS) can be used tadater graphite composite bipolar plates
with complex flow fields for Polymer Electrolyte Mwrane (PEM) fuel cells. The additive
manufacturing process can significantly reducetime and cost associated with the research
and development of bipolar plates as comparedher dabrication methods such as compression
molding. In this study, bipolar plates with thredfaetent designs, i.e., parallel in series,
interdigitated, and bio-inspired, were fabricatsthg the SLS process. The performance of these
SLS-fabricated bipolar plates was studied expertalgnwithin a fuel cell assembly under
various operating conditions. The effect of tempew relative humidity, and pressure on fuel
cell performance was investigated. In the testsdaoted for this study, the best fuel cell
performance was achieved with a temperature of 7%elative humidity of 100%, and back
pressure of 2 atm.

1. Introduction

A fuel cell is an electrochemical cell that congechemical energy from a fuel and an
oxidant into electrical energy. A typical fuel cellstem can operate at 40-60% efficiency, while
a fossil fuel power plant operates at only abo@b3Sficiency. Additionally, a fuel cell system
can be made very compact and lightweight withouvimg parts. These unique advantages of a
fuel cell provide it with many application opportties. Several types of fuel cells exist,
including the polymer electrolyte membrane (PEMglfgell, solid oxide fuel cell (SOFC),
molten carbonate fuel cell (MCFC), direct methahal cell, and so on. Compared to other
types of fuel cells, the PEM fuel cell has greataadages including low-temperature operation,
high-power density, fast start-up, system robustnasd low emissions.

A bipolar plate is a vital component in a PEM faell. It supplies hydrogen and oxygen
to reaction sites, removes the reaction produet, (iquid water) out of the fuel cell, collectsth
generated current, and provides mechanical sugpothe fuel cell. Bipolar plates constitute
more than 60% of the weight and 30% of the total ao a fuel cell stack [1]. The bipolar plate
significantly influences the performance of a PEMEIf cell. For example, the electrical
conductivity of the bipolar plate itself affectsetlfiuel cell’s internal resistance. The flow field
design of the bipolar plate, which is used to tpams reactants, greatly affects transport
efficiency and, hence, fuel cell performance. Ryasistudies [2] have shown that the power
density of a fuel cell can be increased signifigarftthe bipolar plate has a proper flow field
design.



Bipolar plates usually are made of metal, graptatejy graphite composite. Metal has
high electrical conductivity, but its poor chemicakistance does not allow it to persevere long
within the chemical environment of a PEM fuel c@kaphite has good electrical conductivity
and chemical resistance, but its brittleness makesry difficult to machine. Given the ease
with which they can be manufactured and their d&nelchemical resistance, graphite/polymer
composites are becoming increasingly more promigingproducing bipolar plates [3-10]. Two
fabrication methods for massively producing theipelar plates are injection molding (IM) [3]
and compression molding (CM) [4]. Although thesethods are suitable for mass production,
they are not time-efficient or cost-effective faudying the bipolar-plate flow field design,
which includes channel cross-section shapes, dimensand layouts. In the IM and CM
processes, the mold corresponding to each diffatesign has to be fabricated, which is very
expensive and time-consuming.

Selective Laser Sintering (SLS), as an additive ufesturing technology, has been
studied to fabricate graphite composite bipolatgddor fuel cells [11-15]. Compared with CM
and IM, SLS can fabricate graphite composite bipplates at a lower cost and shorter lead
time, especially for the purpose of researching @exkeloping new bipolar plate designs. In the
SLS process, a mixture of graphite materials anddyi in a powder bed is scanned by a laser,
and the molten binder bonds graphite particlesttmyeo form 3D parts layer by layer. After a
green part is built, it undergoes post-processingluding carbonization and infiltration, to
increase the bipolar plate’s electrical conductivinechanical strength and gas impermeability.
Studies have been conducted to investigate theefiep of the bipolar plates fabricated using
different graphite materials [16]. However, the fpenance of fuel cells with SLS-fabricated
bipolar plates has not been investigated, nor hasrfluence of different operating conditions
on the performance of these fuel cells that use-fab8cated bipolar plates.

In this study, graphite composite bipolar plateshwvarious flow fields, including
parallel in series, interdigitated and bio-inspidesigns, were fabricated using the SLS process.
These fabricated bipolar plates were assembledPEM fuel cell unit. The performance of the
fuel cells with these bipolar plates was studiegegxnentally under various operating
conditions. The effects of temperature, relativentdity and pressure on fuel cell performance
were investigated. The performance characterigiicéuel cells with different bipolar plate
designs were compared. The long-term performanteecfuel cell using SLS-fabricated bipolar
plates also was studied.

2. Experiments
2.1 Materials

Natural graphite (3610) and synthetic graphite @34®btained from Asbury Graphite
Mills, Inc. (New Jersey, USA), were used to fabtécgraphite composite bipolar plates. Natural
graphite has high electrical conductivity but pdlomwability due to its flaky shape. Synthetic
graphite is a product made by treating amorphousocamaterials, usually calcined petroleum
coke and coal tar pitch, at high temperatures. Bszaf its more uniform and spherical shape,
synthetic graphite provides better flowability ipacked powder. The material composition in
this study was 55vol% NG, 10vol% SG and 35vol% bmé&henolic powder (GP-5546, Georgia



Pacific) with an average size of 15um was usecashinder. The electrical conductivity was
measured around 120 S/cm and the flexural stresmgilnd 40 MPa from a previous study [16].
After carbonization, porous brown parts were irdileéd with liquid epoxy resin (EPONTM
Resin 828) in order to obtain gas impermeable parts

2.2 Fabrication process

Graphite powder and phenolic binder were ball rdilegether for 12 hours to achieve a
uniform mixture. An SLS machine (Sinterstation 2P@s used to build green parts from this
mixture. The SLS process is depicted in Fig. 1. T#&D model of a bipolar plate was first
converted into slices, and then the laser beamngchthe powder bed according to the cross-
section of each slice (see Fig. 1). The binderctvinas a low melting point, was melted by laser
and bound the graphite particles. After one layas wcanned, the powder bed was lowered by
one layer of thickness, and a new layer of the mowdaterial was fed on the top. The process
was repeated until the bipolar plate was fabrica@upletely. The parameters used in the SLS
process were as follows: fill laser power (14 W)tlioe laser power (4 W), laser scan speed (1.5
m/s), layer thickness (0.1 mm), and laser scanisgd0.08 mm). The temperatures of the part
bed and feed bins were maintained at’60and 40°C, respectively. For carbonization, green
parts were heated to 106Q in a furnace filled with Argon gas to dissoci#ie binder and
convert it to carbon residue to get brown parts feating schedule was from room temperature
to 200°C with a heating ramp rate of 8G/h, followed by a slower rate of 3C/h to 600°C,
and then a 50C/h ramp rate to 1000, maintained for 1 h. Brown parts, which are psrand
weak, must be infiltrated with a liquid resin tocbene gas impermeable and to increase their
mechanical strength. For infiltration, porous broparts were immersed into the mixture of
liquid epoxy resin and a curing agent, taken otdré#0 min for their surfaces to be cleaned, and
then placed in an oven at 8D for 30 min to cure the infiltrated resin.
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Figure 1. Fabrication process of Selective LaseteSing.
2.3Bipolar plate designs

Three flow patterns (parallel in series, interditgd and bio-inspired designs) were
developed in this study. The parallel in seriesigiegFigure 2(a)) consisted of four sets of
connected parallel channels with a channel width.5fmm and a land width (distance between
two adjacent channels) of 1.0 mm. The interdigdatesign (Figure 2(b)) was composed of two



sets of parallel channelene ofwhich was connected to the inlet, and tiker tc the outlet.
These two sets of channels warterdigitated together but not directtgnnected. In thidesign,
reactants are forced téow througt the gas diffusion layer (GDL)nder the and area, which
increaseshe reactant concentration on the catalyst su; however, arexcessivepressure drop
is required. The channel widthas 1.5 mm and the land width was 1.0 nnmthis desig. The
bio-inspired desigriFigure 2(c) was inspired by the vein structuresleaves which transport
mass efficiently from one central source to the lsurface c a leaf,mirroring the function of
bipolar plate flow fields. Théaf vein structurewas mimicked in bianspired desigiwith three
generations of channels: tipgimary, secndary and tertiary generations. The width of of
these channels wds5 mm in order to achieve a fair comparison wité other two designAt
the end of all of the channelhie remaiing reactant is forced to flow throughe land area and
merge to the outlet. Thactive area, thicknesof bipolar plates, andhannel dept of all three
designs were the same %0x5( mn?, 3.0 mm and 1.5 mm, respectively. Alle three bipolar
plate designs were fabricated using the SLS pr. The fabricated bipolgplate: are shown in
Figure 3.

(a) (b) (c)
Figure 2.Bipolar plates with different flow field designs)parallel in serie design; (c)
interdigitated design; (d) k-inspired design.

(a) (b) (©) -
Figure 3.Bipolar plates with different flow field desig fabricated using thBLS proces: (a)
parallel in series design; (bjterdigitate design; (c) bio-inspired desigAll three bipolar plate:
havean active area of 50x50 rim

2.4Fuel cell testing

A single fuel cell unitwas assembled using twabricated bipolar plat, two end plates,
and one commercial membrane electrode assembly §, as shown in Figur4. Two gold-
plated copper plates weused to collect the generated curréThe MEA (from FuelCellsEtc)
comprises a loading of shg/cn? platinum as the catalyst on both #weode and cathode sij,



Nafion® 115 as the membrane, and carbon cloth as the iffasiah layer (GDL). Fuel cell
performance was measured using a test station iiByke Innovation, G40) under different
operating conditions in order to study the effemtsemperature, humidity, and pressure. The
temperature varied from 55 to 85 , the relative humidity for both the anode and cdéh
varied from 0 to 100%, and the back pressure vdred O to 2 atm. Table 1 provides details
about the experimental designs. A thermocouple neoumside the end plate was used to
measure the temperature of the fuel cell. The flates of the anode and cathode were controlled
by two separate mass flow controllers and wereL@r@ and 1.05 Lpm, respectively, for all of
the experiments. The relative humidityas controlled by adjusting the dew point tempeeatf

the inlet flow. After the operating temperature dmonidity were set, it took 90-120 minutes on
average to reach the steady state. After thaintebegan by increasing the current density at
each step and recording the corresponding voltiigetavo minutes (making sure the output was
steady). The increase in current density continugd the cell voltage dropped to 0.3 V. After
that, the current density was set back to zero,t@odmore tests were performed. The final data
for each condition was obtained by taking the ayeraf the three tests. The power density was
obtained by multiplying the current density and ¢beresponding voltage.

End Plates

(@ Bipolar Plates (b) -

Figure 4. (a) Major components in a PEM fuel o@d); Actual fuel cell assembly used in the
experiments.

Table 1. Operating conditions for fuel cell testegperiments.

Temperature () Relative humidity Back pressure
Anode Cathode (atm)
55 100% 100% 0
Group A 65 100% 100% 0
(temperature) 75 100% 100% 0
85 100% 100% 0
75 25% 25% 0
Group B (relative 75 50% 50% 0
humidity) 75 75% 75% 0
75 100% 100% 0
75 100% 100% 0
Group € (back 75 100% 100% 1
pressure) 75 100% 100% 2




3. Results and Discussion
3.1 Effect of temperature

The performance of a PEM fuel cell is characteribgdts polarization curve, which is
the curve of voltage versus current density. Figushows the polarization curve as well as the
curve of power density versus current density urditferent temperatures for the three flow
field designs. The performance of the fuel cellvgb@ typical polarization curve, indicating that
the graphite composite bipolar plates fabricateshgushe SLS process are satisfactory for
application to PEM fuel cells. All of the resultsosv that, initially, the power density continually
increases as the current density increases, repttienmaximum value when the current density
is around 900 mA/cf As shown in Figure 5, the performance of the fiedl greatly increases
when the temperature increases from 5% 65 . After reaching 65 the performance of the
fuel cell remains almost the same from 630 75 , and then decreases from 750 85
All three designs show this similar trend in terofishe influence of temperature. The parallel in
series design experiences a large increase from 8665 and a significant drop from 75
to 85 , but for the interdigitated and bio-inspired desigthe differences between the two
ranges of temperatures are relatively small. Adogrdo the fuel cell theory, the actual voltage
output of a fuel cell equals the thermodynamic agdt subtracted by the various overvoltage
losses [17]:

(1)

where is the real voltage output of a fuel cell, is the thermodynamic voltage of a fuel cell at
temperature , represents activation losses due to reactionikset represents ohmic
losses from ionic and electronic resistance, and represents concentration losses due to poor
mass transport. The effect of temperature on thikag® output has two parts, one on
thermodynamic voltage and the other on activation losses . The relationship between the
thermodynamic voltage and temperature is given by:

— (2)

where is the thermodynamic voltage under standard-stateditions (25 and 101.325
KPa), is the change in entropy for the chemical reactwamch is negative for most fuel cell
reactions, is the number of moles of electrons transferred| ais Faraday's constant. As
Equation (2) reveals, becauseis negative for the PEM fuel cell reaction, therthodynamic
voltage will decrease as the temperature incre@sesncrease in temperature also will reduce
activation losses (due to reaction kinetics) duth&increase in exchange current density as the
temperature increases. This is because increabmgeaction temperature will increase the
thermal energy available in the system, and alhef particles in the molecule will move and
vibrate with increased intensity. This higher legkthermal activity increases the likelihood that
a given reactant will possess sufficient energyetch the activated state, thus increasing the rate
of reaction and decreasing activation losses. dymamic can be expressed in the Butler-Volmer
equation (Equation (3)) and the definition of exulp@a current density (Equation (4)), i.e. [18]:

! $%&' 0* ! - -5 W& 0*
—# —# - 3)



where/}, is the reactant concentratiafi, is the product concentration; and/, are the
reference concentrations of the reactant and ptpaus the transfer coefficient, andis the
reference exchange current density, which is giwen

| §3#56 8o (4)

where3, is the decay rate from reactants to products, ;arjds the activation barrier for the
forward reaction. The Butler-Volmer equation statdst the current produced by an
electrochemical reaction increases exponentialti &ctivation overvoltage, which is sacrificed
to overcome the activation barrier associated it electrochemical reaction. Therefore, if
more current is drawn from the fuel cell, more \ation overvoltage is lost. If the exchange
current density is increased to draw the same amount of curramityefrom the fuel cell, less
activation overvoltage will be needed. As Equat{dj indicates, increasing the temperature
exchange will increase the current density expoakynt thus reducing activation losses.
Therefore, the effect of temperature on fuel cellfgrmance is the compromise of these two
opposite influences, i.e., negative on thermodygavoitage and positive on activation losses.
When the temperature increases, the positive infdeeon the reduction of activation losses
initially is greater than the negative influence the reduction of thermodynamic voltage.
Therefore, the overall performance of the fuel cetreases. However, after the temperature
exceeds 65 , these two effects begin to merge, and the ovéuall cell performance barely
changes from 65 to 75 . Finally, the negative effect will surpass the ipes effect,
inhibiting the performance of the fuel cell as tbeerating temperature increases. The
experimental results for these different flow fielesigns agree well with the theoretical analysis
and show that the range of 65to 75 is the optimal operating temperature for all afgé
designs.
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Figure 5. Effect of temperature on fuel cell pemiance (Group A). The relative humidtity was
kept at100%, and back pressure at 0 atm: (a, B)lplkin series design, (c, d) interdigitated
design and (e, f) bio-inspired design.

3.2 Effect of relative humidity

The performance of fuel cells with graphite compmsipolar plates fabricated using the
SLS process was investigated under different reddtumidity, with the temperature kept at 75
and the back pressure at 0 atm. The experimesgalts for fuel cells with different designs
are shown in Figure 6. Figure 6(a, c, e) showspiblarization curves under different relative
humidity, and Figure 6(b, d, f) shows the correspog power density curves. As indicated,
relative humidity has a significant effect on fwell performance. The power density increased
greatly as humidity increased from 25% to 75%; ridte of this increase slowed slightly after
reaching 75%. The power density increased apprdeignad-8 times when the humidity
increased from 25% to 100%. All of the performanbarts of fuel cells using the three different
flow field designs show this same trend.

Relative humidity mainly affects the ionic resistarof the polymer electrolyte (Nafion)
because Nafion has to be hydrated by liquid waterder to maintain high proton conductivity.
The relationship between the proton conductivitjNafion and water content is as follows [19]:

< =>==?@ABC =>==BDE FGHI1@BEJ L (5)

where< is the conductivity of NafionCis the water content, and is the temperature.
According to Equation (5), the proton conductivatfyNafion increases linearly with increase in
its water conten€, which occurs when the operating humidity increages a result, the fuel cell
performance increases greatly with an increaseumidlity, as seen in Figure 6, because of the
reduction of ohmic losses. The water content inidsafs defined as the ratio of the number of
water molecules to the number of charged sif§IOP), which can be estimated from the
humidity condition of a fuel cell using the follomg formula [19]:

=>==RB @S>J@BA>J?T) BE>=T§ =WT X@&
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whereTy, is the relative humidity defined by:
A
Tu 7. ()

where”, is the actual partial pressure of water vaporha fuel cell's system, antl -
represents the saturation water vapor pressur@eafuel cell's operating temperature. The



experimental results from the PEM fuel cells ustigs-fabricated bipolar plates agree well with
the theoretical analysis of the effect of relativemidity on fuel cell performance.
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Figure 6. Effect of relative humidity on fuel cekérformance (Group B). Temperature was
maintained at 75 and back pressure at 0 atm: (a, b) parallel ieselesign, (c, d)
interdigitated design and (e, f) bio-inspired dasig

3.3 Effect of back pressure

Figure 7 shows the effect of back pressure on @réopnance of fuel cells using the
parallel in series design (a, b), interdigitategige (c, d), and bio-inspired design (e, f). The

results show that the performance of the PEM fedll increases greatly as the back pressure
increases from 0 atm to 2 atm. This occurs bectheséncrease of back pressure will increase
the reactant concentration at both the anode ahdda, according to the following equation:



Q - o (8)
The reactant concentration will greatly increase ibaction rate (Equation 4), thus increasing
fuel cell performance. Additionally, the high bgmlessure applied on the outlet of the flow field
will force the reactants to flow into the porouss ghiffusion layer (GDL), which also improves
the mass transport towards the catalyst layer. efbe¥, more reactants will take part in the
electrochemical reaction, resulting in higher perfance. The high back pressure also benefits
the removal of water droplets formed within the Gand keeps the fuel cell from flooding [20].
Figure 7(a) shows that the mass transport lossnbes@rominent when the current density rises
above 600 mA/cifor zero back pressure in the parallel in seriesigh, while at pressures of 1
atm and 2 atm, the mass transport loss shows narkatrle increase even when the current
density is as high as 1200 mA/emThe power density curve also demonstrates thiistoThe
power density began to decrease when the currersitdeose above 800 mA/émat a back
pressure of 0 atm, but it continuously increasetlaak pressures of 1 atm and 2 atm. Similar
trends were observed on the effect of back pregsutbe other two bipolar plate designs.
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(e) ®
Figure 7. Effect of back pressure on fuel cell perfance (Group C). Temperature was
maintained at 75 and relative humidity at 100%: (a, b) paralletaries design, (c, d)
interdigitated design and (e, f) bio-inspired dasig

3.4 Comparison of performance for different flow fieldsigns

Figure 8 shows the performance comparison of PEM d¢ells using different bipolar
plate flow field designs. Polarization curves amavpr density curves are shown in Figure 8(a)
and (b), respectively. The bio-inspired design @enied best among the three flow field designs,
with a maximum power density of around 0.5 Wcifhis is due to the higher mass transport
capability of the bio-inspired design, which canseen from the polarization curves that indicate
less mass transport loss associated with this nledipe maximum power density of the
interdigitated design was 0.43 W/gnwhich was slightly higher than that of the paghih series
design. The polarization curves show that the ferad series design initially performed very
similarly to the interdigitated and bio-inspiredsagms; at the middle region, it even exhibited
slightly higher performance than the other desigigese findings indicate that the parallel in
series design had a relatively high contact eleaticonductivity between the bipolar plates and
GDLs. However, after the current density increaabdve 800 mA/cf) the parallel in series
design suffered from a larger mass transport lass td insufficient mass supply, while the
performance of the interdigitated and bio-inspidegigns did not drop sharply because of their
better mass transport ability. Eventually, the inispired design performed better than the other
two designs, indicating that it has the most edfititransport ability.
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Figure 8. Comparison of the performance of fuelsogith different flow field designs (parallel
in series, interdigitated and bio-inspired) undher $ame operating conditions (temperature of 75
, relative humidity of 100% and back pressure afrl).



3.5Fuel cell long-term performance test

The long-term performance of PEM fuel cells usingsSabricated bipolar plates was
also investigated to study the long-term work cdpglof the fabricated graphite composite
bipolar plates. The parallel in series design wsedun this study, with the operating conditions
set to 75 , 100% relative humidity, and zero back pressuiigerAsteady operating conditions
had been reached, the performance of the fuemadlrecorded every 10 seconds for 6 hours.
The result is shown in Figure 9, in which the xsais the operating time and the y axis is the
variation of the cell voltage, while a constantrent density of 750 mA/cfris drawn out from
the fuel cell by the test station. This currentsinis the point at which the fuel cell with the
parallel in series design can produce the maximawep density, as shown in Figure 8(b). From
the result shown in Figure 9(a), the voltage cardusly increased over the first 120 minutes
from 0.515 V to 0.535 V; after that, the cell vgikaremained relatively steady at 0.535 V, with
very little variation, around 0.005 V. The fuel cell achieved its steady stateiad 120 minutes
after the pre-set operating conditions had beechesh This is why, in all of the experiments,
the tests were started 120 minutes after the apgrabnditions were reached, as described in
Section 2.3. Figure 9(b) details the performanoenfthe 178 minute to the 179 minute. The
voltage decreased suddenly around thé"Imihute; 80 ms later, it returned to the steadjesta
voltage; then, around the 17éninute, another small drop occurred. These voltges were
caused by the accumulation of liquid water in tloavfchannels. When the liquid water was
removed from the fuel cell by the flow of the reads, which can be observed from the
transparent outlet pipe, the voltage returned écsteady state. Then, once again, the liquid water
slowly accumulated inside the flow field, thus dsging the voltage, and suddenly the voltage
increased to the normal value as the water wagydchgut of the channels. This result indicates
that the SLS-fabricated bipolar plates could previa fuel cell with a steady, long-term
performance.

(a) (b)
Figure 9. (a) Six-hour performance of the PEM fual with SLS-fabricated graphite composite
bipolar plates; (b) a detailed performance plotrfithe 170th minute to the 179th minute.

4. Conclusions

Graphite composite bipolar plates were fabricatethgithe Selective Laser Sintering
process, which can make flow fields with complicaggometries. The fabricated bipolar plates
were assembled into a fuel cell unit whose perforceawas tested under different operating
conditions, with the temperature varying from 550 85 , relative humidity from 25% to



100%, and back pressure from 0 atm to 2 atm. Tleetsfof temperature, relative humidity, and
back pressure on the performance of PEM fuel eefise investigated. Fuel cell performance
increased initially when the temperature increabedh 55 to 75 , but after that, the
performance decreased with increases in temperdota relative humidity and back pressure
had a significant effect on the performance of faells; the higher the humidity or back
pressure, the higher the power density of the ¢e#l An analytical model based on PEM fuel
cell thermodynamics and electrochemistry was uedldetp explain these experimental results.
The performance characteristics of fuel cells usivgparallel in series, interdigitated, and bio-
inspired bipolar designs also were compared agaast other, and the results show that the bio-
inspired design performed best. The long-term djmeraof the PEM fuel cell with the SLS
fabricated bipolar plates produced a very stablgpuiu indicating that there was no water
flooding within the flow field.
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