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Abstract—The effectiveness of using a non-platinum
material combination for a Proton Exchange Membrane
Fuel Cell was studied. Three MEAs were charactdripeo
with a platinum catalyst loading of 0.1 mg/cm2 ab.@
mg/cm2 and one with catalyst loading of 2 mg/cm&ileér
(Ag) particles on the anode side and a combinatibri.5
mg/cm2 Ag, 1.5mg/cm2 ruthenium and iridium oxidehen
cathode side which was purchased from FuelCelletthé
USA. Hydrogen and oxygen was applied on either sfde
the non-platinum MEA to provide an additional teample
(MEA 4). The active area of the cell was 9 cm2. The
performance of the Pt loaded PEMFC was characterize
first to ensure the reliability of experimental getand
testing procedure. The tests were run at 0.5 baraat
temperature of 25 °C and 35 °C. Hydrogen and oxygen
volume flow rates were varied between 19 — 95 ml/ffine
best open circuit voltage achieved for MEA 3 anwvas
0.486 V and 0.34 V respectively. A maximum ctirren
density of 15x10-6 and 50x10-6 A/cm2 was achieVid.
maximum power density found was 2.3x10-6 and 1(®6x1
W/cm2. The identification of the particles size and
dispersion was performed by scanning electron rsimope.
Keywords—Current density, power density proton
exchange membrane fuel, membrane electrode assembly
polymer electrolyte fuel cell, volume flow rate.

l. INTRODUCTION

Industrialisation and the advances in technologidbs to
enhance the quality of life have placed enormounahels
on energy sources (resultant load-shedding perropgesed
in South Africa). The volatile political situatiom the
Middle East (major suppliers of oil) and the reatiat oil
resources are not an unlimited source has nedessitiae
practical need to explore alternate energy soutttats are
cost effective.

Commercialisation of PEMFC has been slow mainly tdue
the high cost of using Pt on the electrodes. Riatin
electrodes are used due to the fast reaction kmethich
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reduce energy losses and improves cell performtce
Advances have been made in reducing the Pt loddamg

25 mg/crd to 0.05 mg/criwithout reducing its performance
[2].

A study conducted by Howard on designing the ogdtima
material combination for a PEMFC showed that a Weig
percentage combination of 60 % gold and 40 % Pthen
cathode electrode had a 66 % improvement on the
maximum current density over the Pt coated cathelden
tested at low temperature [3]. Although the perfance of
the cell improved, the cost for the performanceo als
increased by taking into consideration the current
international trading prices of gold (R471.41/graamd Pt
(R430.44/gram) as given on the™@ctober 2015 [4].

Kim et al. developed a non-platinum electro-catalgs the
PEMFC which comprised of carbon supported tantalum
oxide material for the cathode side of the PEMF@Geil
results in terms of electrical potential was corapée to
that achieved using Pt but current density readmdd as
high as 9 % than that of Pt [5].

Further research is required in developing a lowst co
material combination which will exhibit the same lmtter
catalytic, stability and adsorption characteristiésPt on a
PEMFC. This area can provide the possibility ofeleping

an affordable and independent power production and
storage technology for the future.

Il. THEORY

A polymer electrolyte hydrogen fuel cell consist af
polymer electrolyte membrane on which catalyst iplag
supported on carbon are applied to on either dhis,is
called the membrane electrode assembly (MEA). A gas
diffusion layer is placed on the catalytic activeea to
ensure good electrical contact between the flovd figate
and active catalyst area. The flow field plates ehav
machined gas channels to transport the gases tedlcdon
site. End plates are used to enclose the MEA awd filkeld
plates. Gaskets are placed between the MEA’s and fl
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field plates to prevent gas leaks and ensure pregaling

[6].
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Fig. 1: Fuel cell components [
A fuel cell is an electrochemical energy conversilavice.
It directly converts chemical energy into electrieaergy.
Hydrogen enters the fuel cell at the anode wherés
adsorbed and stripped of its electrons.

Anode: H— 2H" +26=0V (1)
Cathode: 2H+ + 2e- + %6 H,0 = 1.229\ (2)
Total Reaction: %20+ H— H,0 = 1.229\ 3)

The protons move through the electrolyte and
electrons move through an external current to el
electricity. Oxygen enters the fuel cell at thehoate wher¢
it combines with protons and electrons at the gatalo
form electricity and water [8].
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Fig. 2: Operation of PEMFC [7

2.1 Chemical Thermodynamics

The main process of the fuel cell reactions whicére
described earlier is the same as the combustitnyarbgen
reaction. The maximum amount of thermal energy thay
be extracted from the combustion of hydrogen iemeined
by its heating value or #mlpy which is 286 kJ/mol
standard temperature and pressure (STP). The poafi
hydrogen’s higher value that can be converted ¢otgctity
in a fuel cell is called the Gibbs free energy aist
equivalent to 237.34 kJ /mol [8]. This is the manim
energy input into the hydrogen fuel cell. The renmair
46.68 kJ /mol that is converted into heat is thogmy of
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the chemical reaction [9]. The theoretical energguired
for the reaction to proceed can be expressed lasvi

: AG =AH -TAS 4)
Where:

AG = Change in Gibbs free ene

AH = Enthalpy change of reacti

AS = Entropy change

T = Temperature in Kelv

The maximum theoretical voltage of a cell is reddrto as
the reversible voltage (Vreversible) which can lmamed
using Gibbs free reergy. The reversible voltage for
hydrogen reaction that produces 2 electrons peecuot# is
shown below [6]:

: Vreversible = AG/ 2F (5)
: Vreversible = {237200) / 2(9648! (6)
: Vreversible = 1.229 V ©)
Where :

Veversibie= reversible vltage of a hydrogen fuel cell
standard temperature.

AG = change in Gibbs free energy of formation peler.
F= Faradays constant (96485, 3 C.-1)

2.2 Overpotentials

Losses of voltage below open circuit voltage araallg

called over potentials. The losses can be represented on

an IV curve called a polarization curve which ithages the
overall performance of a fuel ct

Open circuit voltage

: Total loss

Ohmic
over potential

Coll Voltage, V

Conc entration
over pot ertial

Activation
over potential

Current Density (A/icm?)

Fig. 3: Polarization Curve [10

The three main regions depicted above correspontthet
three primary regions of ov¢potentials in the polarisation
curve:

2.2.1 Activation over potentia:Activation over potential
refers to the amount of voltage difference fromildgprium
needed to start the electro chemical reaction. Sim&rp
drops in voltage at low current densiti to 100 mA/crf)
are due to activation over potential. Activation en
potentials occur at both the anode and the cathumeever
there is a higher activation over potential at¢hthode du
to the sluggish oxygen reduction reaction, whictplies
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that the reaction at the cathode is much slowen tthe
reaction at the anode [11].The anode and cathdileaton
losses can be calculated using equation below:

W asiaton™ ()M (5 zz) + (o) (o) ®
Where:

AV aciivation = Activation energy losses

n = Number of electrons

F = Faraday's constant = 96400 C/mol

a = Charge transfer coefficient

i = Operating current density (mA/én

i0, anode = Exchange current density at the anodédn)
i0, cathode = Exchange current density at the anode
(mA/cn)

R = Gas constant = 8.314 J/mol*K

T = Temperature in Kelvin = 298 K at 26

(8) above shows that by increasing the exchangeemur
density the electrodes become more active, whidnogs
the amount of activation energy required to stdme t
reactions described earlier and also increasesgheutput
current [6][8].

2.2.2 Ohmic over potentialOhmic losses occur at
intermediate current densities (100 to 500 mA/¢rand is
represented by the straight portion on Figure ltbwong
the activation over potential region. Loss in agk in this
region is due to the resistance to the flow of tetes
through the electrically conductive fuel cell compats
(Rele9 and to the flow of ions through the membrane
(Rlonic) [6] [8]

- Vohmic = iRopmic = | (Retec *Rionic) ()]

The electrical contact resistance is constant vapect to
current and temperature. The ionic resistance [emgent
on the water
membrane [6] [8].

2.2.3 Concentration over potentialConcentration losses
occur at high current densities> (500 mA/cni) following
the ohmic overpotential region. The fast dropsahage are
due to the depletion of reactants at high curremisidies
which causes rapid voltage loss. The current deresit
which the reactant concentration reaches zeroeatdtalyst
surface is limiting current (J. Limiting current density only
has an effect at high current densities. Operatireg fuel
cell at high current densities will not make semsethe
maximum power can be reached at lower current tensi
and higher potential. Generally fuel cells are apst at
intermediate current densities [6] [8].

- AV concentration™ (10)
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concentration and temperature of the

Combing the above mentioned over potentials anession
for the operating voltage can be expressed indhewing
manner:
: Virreversible: Vactivation+ Vohmic + Vconcentration (11)

. VceII: Vreversible_ (Vactivation+ Vohmic + Vconcentratioa (12)

Il. TEST CELL
The test cell consisted of a membrane electrodensdy
with an active area of 9dmncomprised of Nafion 115 and a
gas diffusion layer made of carbon cloth. The gatal
loading on each MEA are shown in TABLE 1.
Table 1: Type of catalyst and loading.

MEA | Anode | Cathode | Loading | Loading
on anode on
(mg/cn?) | cathode
(mg/cn)
1 Pt Pt 0.1 0.1
2 Pt Pt 0.3 0.3
3 Ag Ag + 2 1.5+15
IrRUOX
4 Ag + Ag 15+15 2
IrRuOx

In order to improve the membrane proton condugtisitd
catalyst performance each MEA was soaked in deséghi
water for up to 100 hours before being assembl¢kdrfuel
cell [12-16].

Each MEA was placed between two flow field platathw
attached gas diffusion layers. A silicone gaskes$ wimced
on the inside face of the end plates to preventlgasing
and separate the end plate from the flow fieldepl&bhe two
end plates with attached silicone gaskets were gheced
against the flow field plates to enclose the fuell.cThe
MEA and flow field plates were now enclosed by th®
end plates. Both end plates were held together ®iight
bolts with washers and nuts. The nuts were firshdha
tightened to ensure the end plates were alignedllplato
each other. The bolts were then tightened to auto@f 3
Nm.

3.1 Experimental Setup

The test station to characterize the test cellgperédnce was

situated under a vacuum and with an extraction fan

operating to ensure safety when working with hyeérogas.
Flashback arrestors were already installed on baffgen
and hydrogen cylinders as additional safety requéms in
case of an explosion in either of the gas feedsli@ertified
hydrogen and oxygen piping was used for connecfiams
the pressure regulator to the mass flow controlizns
humidification unit. The piping diameter was reddide 4
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mm and used flexible pipgnto connect to the inlets of tl
test cell. The mass flow controllers were manusd using
the pilot interface. The humidification units torhidify the
reactant gases to the test cell had to be manuéattas
commercially available units were not @geed to withstani
pressure above atmospheric. The unit has a capciyL
which was filled with déenized water to a volume of 1.5
which allowed gases to be bubbled, through at liigiv
rates without water spilling out.

A variable resistor with agrating range of 0.-0 KQ was
used as the load and varied to alter the load cumed
voltage. A heating plate with a temperature rani-200 °C
was used to increase the cell temperature to theirssl
value for testing. The results displayed on ttulti-meters
for current, voltage and temperature were mant

recorded

LY

Fig. 4: Experimental setup and equipm
3.2 MEA Activation
Two operating procedures were developed: One fo-
load, and the other for varying load conditionsdeinno-
load onditions the fuel cell (MEA 1, 2, 3) was run fod
minutes before results were taken. Under varyingd
conditions, the fuel cell (MEAL, 2) was loaded fohour
(30 min at 500 mV and 30 min at 400 mV). MEA 3 v
also run for 1 hour (30 min at 200 mvVd 30 min at 300
mV) [12-16]. These voltages were selected as they
within the operational voltage range of the MEA'siry
investigated. The MEAs were then fully charactetisy
varying the load from 0.1-1 & and results recorded to p
the polarisathn curve. Two minute intervals were allown
before a set of readings were recorded. After
characterisation sequence the cycle was completés
cycle was repeated twice to observe any improverire
performance. It was noted that when the cell wan
immediately after the first cycle that there wasslight
improvement in performance.
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3.3 Experimental Procedur¢
e Switch on MFC and set required gas flow re
e Switch on hydrogen generator at set pressure t

bar.

¢ Open oxygen cylinder valve and seessure to 0.5
bar.

* Run the cell for 30 minutes under open cir
condition.

* Connect variable resist:
 Run cell under varying load setting and rec
voltage and current valus

V. EXPERIMENTAL RESULTS AND
DISCUSSION
.1 Open Circuit Voltage

N

Voltage vs. Hydrogen flow rate

1.5
z
5 ! —+—MEA1
=05 _ —m—MEA2
o MEA3
04
0 50 100 —<—MEA4

Hydrogen flow rate (ml/min)

Fig. 5: MEA 1 vsMEA 2 vs. MEA 3 vs. MEA 4, open circ
voltage, varying B, 38 ml/min G

The voltages recorded and displayed were takem afgd
minute time interval. The initial temperature v
approximately 25 °C. The temperature measured fifos
current collectoplate after 20 minutes was approximai
26.5 °C.

It was noted that the initial open circuit voltagas slightly
higher than that recorded after 20 minutes. Thiss
expected according to (5) as increasing tempers
reduces the amount of Gibbs freeergy which causes the
slight decrease in open circuit volte

The open circuit voltages of the MEA’s improvedghlily
as the reactant flow rates were increased. Howigu@as
observed that not all the reactants were beingzedil The
outlet for the ractants was placed in a water reservoi
confirm this. This suggests that fuel cells caroperated a
reasonably higher flow rates to improve its opercust
voltage performance provided the exhaust reactan
recirculated into the cell so that fuel utilization
efficiency is improved.

The voltage difference of between MEA 1 and 2 ig tly
the different catalyst loading for the two MEA’sowering
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of the platinum loading appears to affect the opeauit
voltage. This could be as a result dfdective reaction sitt
for reactants to react with.
The poor open circuit voltage of MEA 3 and 4 to
platinum loaded MEA's can be attributed to the ofea
cheaper material with poor catalytic properties. e
relatively poor catalytic properties otfhese materials
adsorbs reactants strongly thus requiring more ggnéor
the surface reaction to occur.

4.2 Current Density

Current density vs. Hydrogen flow rate

L 06
% _ 04 ——MEA1
25 o2 —m—MEA2
g2

== o 2 MEA3
3 0 50 100

——MEA4
Hydrogen flow rate (ml/min)

Fig. 6: MEA 1 vs. MEA 2 vs. MEA 3 vs. MEA 4, cutl
density, varying K O, 38 ml/min.

The maximum current density for MEAL, 2, 3 4 were
achieved when the highest flow rates were appliés is
due to more reactants being present at the reasttes.
Increasing reactant flow rate increases the reh
concentration at active catalyst sites therebyeiasing the
current density However it can be seen in Fig. 6 as
maximum current density is approached at a high flate,
further increases in volume flow rate does notease tht
current density. This shows that most of the actaactior
zones are being utilized and thmaximum current densit
is approached. MEA 1, 2, 3, 4 delivered a maximun
current density of 0.3816, 0.284, 50%18nd 55x1® A/cm?
respectively. Due to the porosity of the catalystface
there is a possibility that the maximum currentgitgnwas
not reached.

The 10.69 % difference in current density betwedbAVL
and 2 at the highest flow rate is due to the irmed
platinum loading on MEA 1. Increasing the Pt loa&c
increases the number of reaction sites availabtetlie
reactants to react witthus increasing the output curre
Increasing catalyst loading also increases the ange
current densities and increases the net currerdrgsd a:
shown above.

Poor current densities were achieved with MEA 3 dn
Further increases in flow rate ddinot improve from it
initial current density at low flow rates. It wasetad that th¢
current density initially peaked 133.3x3@/cm? for MEA
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3 and 247.8x1® Alcm® for MEA 4 and then slowly
decreased whilst maintaining a constant reactamt fiate.
The final value recorded and provided was takenr &f
hours. The slow decrease in current density coaldie tc
the possible formation of oxides on the catalystase, thus
reducing the number of active sites for the redstemreac
with, which significantly reduced the output curre

4.3 Polarization Curve

Voltage vs. Current Density

—

=——=NMEA2

Voltage (V)
o

=]

=fl—=MFEA1
0 0.1 0.2 0.3

Current Density (A/cm?)

Fig. 7: MEA 1 vs. MEA 2, polarization curve at 25, °H,
19 ml/min, @ 38 ml/min.

Voltage vs. Current Density

0.6
% 0.4

£02 ——25°C
S —B—35°C

0 0.005 0.01 0.015
Current Density (mA/cm?)

Fig. 8: MEA 3, polarization curve at 25 °C and 35,°H,
19 ml/min, Q 38 ml/min.

Voltage vs. Current Density

(SRR

38}

e

=——25°C
=—35°C

Voltage (V)

o

0 0.02 0.04 0.06
Current Density (mA/cm?)

Fig. 9: MEA 4,polarization curve at 25 °C and 35 °C,
19 ml/min, @ 38 ml/min.

Voltage vs. current density plots were recordea ednstan
hydrogen flow rate of 19 ml/min and oxygen floweratf 38
ml/min at 25 °C and 35 °C. It can be seen from F 9
that a slignt performance gain was achieved when
temperature was increas
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The low current density region shows a sharp dm
potential, this is the activation energy requiredstart the
reaction. Increasing temperature shows a decreaghe
amount of actiation losses which meant the reaction '
able to precede at a faster rate hence less lopsteftial
from reaction kinetics. Increasing temperature ascease:
exchange current density which decreases the #otin
over potential.

The over potendl losses in the intermediate current den
region is attributed to ohmic losses which increasth
current and temperature see (9). At higher tempe
ohmic losses are increased due to membrane di
Supplying  humidified gases improves membr
conductivity which allows protons to be conducted &
easily through the membrane and decrease its arsg
hence the decrease in ohmic losses in the inteat®&
region.

The high current density region shows a rapid desgen
cell potential due to caentration over potential which
expected as a result of reactant consumption atatedysi
site exceeding the rate of reactant diffusion. Aghbr
temperature there is a decrease in concentraticer
potential. Overall the cell performance incree at higher
temperatures due to a decrease in losses.

4.4 Power Density

Power Density vs. Current Density

=
EHE 0.06 ‘
25 004
Sz
2% 002 o—MEA2
[al
0 —m-MEA1

0 0.05 01 0.15
Current Density (A/cm?)

Fig. 10: MEA 1 vs. MEA 2, maximum power densitgs
°C, H, 19 ml/min, @ 38 ml/min.

Power Density vs. Current Density

==25°C

O = ke W

(uW/cm?)

0.01 0.02 —E—3C

o

Power Density

Current Density (LA/cm?)

Fig. 11: MEA 3, maximum power density at 25 °C &5«
°C, H, 19 ml/min, @ 38 ml/min.
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Power Density vs. Current Density

=—=25°C
=—35°C

O = b2 W

Power Density
(uW/cm?)

0 .01 0.02 0.03
Current Density (pA/cm?)

Fig. 12: MEA 4, maximum power density at 25 °C anc
°C, H, 19 ml/min, @ 38 ml/min

The plots of power density vs current density drews in
Fig. 10-12. It can be seen that the power density haglg
linear relationship with current density up to thaximum
power point, further increase in current showsapdn cell
power density and this could be due to insufficeupply of
hydrogen to the active area surf:

MEA 1, 2, 3 and 4 delivered a maximum power densft
0.05, 0.038, 2.3x16; 1.99x1(° W/cn¥ respectively at 25
°C. The 10 °C increase in temperature increasegbokeer
delivered by the MEAs to 0.06, 0.0488,2.342°
2.212x1¢ Wicnf. The slight increase in power density
the MEAs for a 10 °C temperature increase was d&pe
This isdue to a higher current density being achieved &
lower overpotential as the reaction kinetics insesl

The significant decrease in power density for MEAr2 4
compared to MEA 1 and 2 is due to the poor exchi
current density of the material. “s results in higher over
potentials and low net output current due to reac
proceeding at a slow rate and the possible formatit
oxides on the catalyst surfa

The 22.6 % difference in maximum power density leem
MEA 1 and 2 at 25 °C is due to ' higher Pt loading on
MEAL as discussed earlier which increases the ey
current density and current output at a given pak

4.5 Scanning Electron Microscope

The images below show the particle morphologies a
fairly uniform dispersion onto tt Nafion membrane. The
particle size measured from the SEM image was 6.

Page | 6



International Journal of Advanced Engineering, Management and Science (IJAEMS)

Infogain Publication (Infogainpublication.com)

[Vol-1, Issue-9, Dec- 2015]
ISSN : 2454-1311

Irlal

PR T
o o
g

; ba L

Ag Lol

—

B T

Fig. 13: Size and dispersion of catalyst partickesthe
anode and cathode.

V. CONCLUSION
It had been hypothesized that using a low cost miahte
combination for the catalyst layer would produce an
acceptable amount of electrical energy. The maximum
power density results obtained with the Pt catalyste
comparable to those achieved by other researcheishw
ensured that the test cell was well developed aatl the
experimental setup and operating parameters sgttirege
correct. The custom made non Pt loaded catalyst
performance was found to perform poorly against the
commercial Pt loaded catalyst due to the much géon
adsorption and poor stability characteristics & thaterial
combination considered. The open circuit voltages wa
expected however the poor current density achieesdied
further investigation. Characterization of theabygt layer
using appropriate testing methods are requirecotdirm
the possible presence of oxides on the catalysiacmir
which could of significantly reduced the numberedction
zones thus decreasing the net current generatethisn
study. Investigations into the fine tuning of thleatronic
configurations of materials are also required thiexe the
ideal catalyst.
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