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The Polymer Electrolyte Membrane Fuel Cell (PEMFC) has become an upcoming fuel cell technology
for stationary as well as transportation applications. This work presents modelling of catalyst layer for
PEMFC system through MATLAB. Catalyst layer modelling is a multi-variable and multi-objective prob-
lem. Modelling of the catalyst layer ranges from zero to three dimensions. The actual structure of the cata-
lyst layer is not being considered by zero-dimensional models. Overall changes in the catalyst layer are de-
picted by one-dimensional models. Two- and three-dimensional models account for the catalyst layer and
the agglomerate. This work presents a dynamic model of the catalyst layer for PEMFC system by using
MATLAB that can be used for the development of the catalyst layer for the same. The proposed model in-
cludes various operating conditions. The focus of catalyst layer modelling is to go beyond empirically de-
scribing the characteristics of the fuel cell and the modelling is done based on certain parameters with di-
rect physical meaning. This model is being used to predict the enhanced performance of the catalyst layer
as a function of such measurable characteristics as catalyst intrinsic activity, effective surface area, ag-
glomerate size, improved electrode materials etc. A few simplifying assumptions make the model quite eas-
ier in computational demand and therefore compliant to simulate not only the catalyst layer but also the
entire cell system. Despite these assumptions, the model reproduces experimental data well. Moreover, it
is observed that the proposed dynamic model of the catalyst is very useful in comparison with the chemi-
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cally synthesized catalysts.
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1. INTRODUCTION

Electrochemical reactions take place at porous, thin
catalyst layers of electrodes in fuel cell. In PEMFC, the
gas diffusion electrodes [1, 2] are made of an active
layer supported on a porous backing (a carbon cloth);
the active layer contains the supported (mainly differ-
ent allotropes of carbon) noble or non-noble metal-
based catalysts. The catalyst layer specifically anode
catalysts should be very effective for the dissociation of
fuels into protons and electrons, containing high sur-
face area, and considerably low cost. The catalyst lay-
ers are generally the thinnest layer in the membrane
electrode assembly of the fuel cell (5-30 microns even in
the range of nm) but considered as the most complex
part due to its multiple phases, porosity, and electro-
chemical reactions. Fig. 1 describes a schematic of the
PEM fuel cell catalyst layers where the electrochemical
reactions take place at the interphase between the
electrolyte and electrocatalyst.

To catalyse reactions at two electrodes, catalyst par-
ticles must have contact to electronic and protonic con-
ductors. Moreover, there must be pathways for reac-
tants to contact the catalyst sites and for products to
exit. At three phase interface reactants, catalyst, and
electrolyte have the contact point of each other. To
achieve maximum reaction rates, the effective surface
area of active catalyst sites must be few times higher
than the geometric surface area of the electrode. So, to
construct a three-dimensional network, the electrodes
are made porous in which the three-phase interfaces are
situated. The catalyst surface area plays a major role in
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Fig. 1 — Schematic of the fuel cell catalyst layers

the catalyst layer; thus, it is highly desirable to have
small particles (4 nm or smaller) with a large surface
area homogenously distributed on the support materi-
al, which is mainly carbon powders with significant
porosity and high surface area. Generally, the carbon-
based support materials are Vulcan XC72, carbon
nanotube, graphite powder, graphene etc. To determine
the particle size distribution, on the basis of per-unit
mass the particle surface area can be calculated by
assuming all of the platinum particles are spherical:

_ [f(D)zD*dD 6

ST

The results were presented at the International Conference on Innovative Research in Renewable Energy Technologies (IRRET-2021)

2077-6772/2021/13(3)03012(5)

03012-1

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(3).03012

SUSMITA SINGH AND PUSHAN KUMAR DUTTA

where ppt is the density of the catalyst and Ds2 is the
mean diameter of all the particles. The active area per
unit mass can be calculated from the mean D3z, and the
value is around 28 m2/g Pt. The catalyst layer is sup-
posed to be thin to minimize cell potential losses be-
cause of the rate of proton transport and reactant gas
penetration in the depth of the electrocatalyst layer. So,
the maximization of the metal active surface area is
very important; therefore, higher Pt/C ratios should be
selected (> 40 % by weight). However, from one of our
previous work [3] it is observed that optimization of
platinum loading at 40 % Pt/C among three % of elec-
trocatalysts (20 %, 40 %, 60 % Pt/C) exhibits significant
increase in electrochemically active surface area and
highest catalytic activity during ethanol electro-
oxidation. It has also been mentioned in the literature
when the Pt/C ratio was increased above 40 %, there is
a decrease in cell performance. So, the performance of
fuel cell can be increased by better Pt utilization in the
catalyst layer, instead of increasing the Pt loading. The
diffusion limitations inside the thin, porous backing
layer or gas pores in the thin active layers are not nec-
essary. So, the various classical models (simple pore [4],
thin film [5], agglomerate [6] models) are used in
PEMFC; the macro-homogeneous model for example
has also been proposed for simulation of parameters
related to PEMFC [7, 8]. So, four main models have
been recently used to explain the behaviour of the gas
diffusion electrode. The applicability of a certain model
will depend on electrode structure; Many of the models
are microscopic models related with one element of the
electrode producing the current (e.g., a thin film or a
finite contact meniscus, etc.). The catalyst layer is hav-
ing many phases: liquid, gas, different solids, and the
membrane. Though various models have different equa-
tions, most of these are derived from the same equa-
tions, regardless of the effects being modelled. The an-
ode reaction is being described by a Butler-Volmer-type
expression in most of the cases except for those that use
a fuel other than pure hydrogen. During the use of hy-
drocarbon like alcohol, glycerol and others, the plati-
num catalyst gets easily poisoned. Due to the adsorption
of carbon monoxide at the electrocatalytic surface the
reaction rate becomes very slow. There are different
models in the literature that depicts a carbon monoxide
site balance and examining the reaction steps involved.
A few models are macroscopic and treated as continuum
systems. But in the literature both microscopic and
macroscopic models for the catalyst layer are there. In
the microscopic model’s spherical agglomerate models
are called as special types, introduced by Antoine et al.
[9]. The array of spherical agglomerates in these models
are considered in three-dimensional hexagonal struc-
tures. There is the presence of gas pore or region flooded
with electrolytes in the agglomerate models. The inter-
actions between agglomerates are examined in these
models. Ohm’s law and Fick’s law equations with kinet-
ic expressions are solved in these models. The concen-
tration around an electrocatalyst particle, and the
placement of these particles helps to enhance or reduce
the efficiency of the catalyst layer are obtained from the
result of modelling. Experimental evidence (from our
previous work [3]) supports a spherical agglomerate-
type structure where the electrocatalyst (40 % Pt) is
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supported on a Vulcan XC 72 carbon base. We propose
here a more realistic model allowing to show the specific
effects of distribution of electrocatalyst as nanoparticles.
At last, the model is used for determining the electro-
chemical parameters by comparing the experimental
and ideal current-potential and electrochemical plots
obtained with a Pt based active layer for ethanolic oxi-
dation reaction. From this point of view, the model to be
described in this article is a hybrid, with a microscopic
partitioning of the electrode in metal-based catalyst and
a macroscopic treatment of these catalysts.

This work represents a dynamic model for anode
catalyst (40 % Pt/C) [3] of PEM fuel cell (Ethanol Fuel
Cell), used for developing a simulation which could be
compared with the ideal model catalysts. The model
has been implemented in MATLAB that can be consid-
ered as a better platform for mathematical modelling.

2. EXPERIMENTAL

All simulations are carried out using MATLAB
(2015 B, XP, WINDOWS?7). Ideal model is being com-
pared with the experimental model. The experimental
model 1s Vulcan XC72 carbon supported 40 % Pt and
its synthesis; morphological, electrochemical studies
are already discussed [3]. Throughout the article, the
Experimental Model and theoretical model are desig-
nated as EM and TM, respectively.

3. RESULTS AND DISCUSSION

Modelling of the anode catalyst layer of PEM fuel cell
is being done using certain equations considering it as
porous catalysts. Equations regarding the anode activa-
tion losses, liquid water rate of reaction, and hydrogen
rate of reaction are given. At first step the Nernst volt-
age and voltage losses were calculated. The partial pres-
sures of water, hydrogen, and oxygen are being used to
calculate the Nernst voltage for this modelling:

First the calculation of the saturation pressure of
water was done:
log Pu20 = — 2.1794 + 0.02953 “Tc—9.1837-10-5-Tc2 +
1.4454-10-7-T3
log Pu20 = — 2.1794 + 0.02953 60 — 9.1837 105602 +
1.4454-10-70.467

The partial pressure of hydrogen was calculated:
Puz = 0.5 (Puz2/exp(1.653 1/(Tr'-334))) — Puzo = 1.265
Poz = Pairlexp(4.192 i/(Tr1-3334))) — Puzo = 2.527

The voltage losses will now be calculated. The acti-
vation losses are estimated using the Butler-Volmer

equation.
_exp _agnF
n RT nls

For the anode:
i=i,|exp aant’
0 RT
where i is the electrode current density in A/m?, io is
the exchange current density in A/m?, T is the absolute
temperature in K, n is the number of electrons involved
in the electrode reaction, F'is the Faraday constant, R
is the universal gas constant, a¢ is the dimensionless
cathodic charge transfer coefficient, a4 is the dimen-

sionless anodic charge transfer coefficient, 7 is the
activation overpotential (defined as E — E).
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The ohmic losses can be estimated using Ohm's law:
Vohmic = — (l ‘7‘).

The following equation shows the calculation of the
Nernst voltage:

G, .
ENernst == M RT}Q In PHZOI/Z :
2F 2F | PP

As all voltage losses had a —ve sign in each equation
so the actual voltage is the summation of the Nernst
voltage plus the other voltage losses:

V = ENernst + Vact + Vormic + Veone.

4. SIMULATIONS

For Experimental Model (EM), Theoretical Model
(TM), the plots: (1) current density against the effec-
tiveness factor, (2) current density against activation
losses, (3) current density against the voltage (polariza-
tion curve), and (4) current density against the hydro-
gen flux density for ideal and experimental model are
done by MATLAB. All the parameters required for
these EM and TM system are listed in Table 1.

Table 1 — Parameters for modelling of EM and IM

Parameter Value for TM Value for EM
Temperature 348.15 K 348.15 K
Oz permeation in 1510-11 1510-11
agglomerate
Hs2 permeation in 9.10-11 9.10-11
agglomerate
Agglomerate ra-
dius in anode and [110-10~ 1! 110-10- 11
cathode
Total gas pressure|l atm 1 atm
Hydrogen pressure |1 atm 1 atm
Air pressure 1 atm 1 atm
Saturation 0.6:10-12 0.6-10-12
Anode transfer 1 1
coefficient
Cath.ode transfer 0.9 0.9
coefficient
Cor.lstant ohmic 0.02 Ohm-cm? 0.02 Ohm-cm?
resistance
leljcmg current 1.4 Alcm? 0.3 Alem?
density
Mass transport 11 11
constant
Amplification 0.085 0085
constant
Gibbs function —228.170 J 'mol "1 |- 228.170 J ‘mol 1
Specific surface 1 em? 0.6 cm?
area of catalyst
Current density |1 to 1.2 A/em? 1to 1.2 A/lem?

Figures show the plotting of ideal and experimental
model of anode catalyst (carbon supported 40 % Pt
catalyst) with different variables. Current versus volt-
age, effectiveness factor and superficial flux density of
hydrogen profiles over the active layer as well as polar-
ization curves have been calculated and compared for
the two models.
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Cell current versus voltage

From Fig. 2 and Fig. 3, it is compared that the EM
(agglomerate model) gives the lowest overvoltage if the
same values are used for effective permeability and the
same thickness of the active layer is assumed for both
models.

Cell Current vs. Voltage
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Fig. 2 — Cell current versus voltage of TM
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Fig. 3 — Cell current versus voltage of EM

Effectiveness factors

The definition of effectiveness factor of Pt utiliza-
tion is the apparent rate of current conversion shown
by specific catalyst layer divided by the ideal rate ob-
tained provided all Pt atoms are used equally in elec-
trochemical reactions at the specified electrode overpo-
tential and externally supplied concentration of reac-
tants. This definition incorporates statistical factors at
all relevant scales along with non-uniformities of dis-
tributions of reaction rate under consideration. In the
above Fig. 4 and Fig. 5, the effectiveness factors of two
models are compared. Our experimental model (EM) is
based on the spherical agglomerated morphology [3] of
the catalyst layer. It depicts the interplay of transport
phenomena and electrochemical kinetics. The limited
effectiveness of Pt utilization in agglomerates is pri-
marily an electrostatic effect in the mesoscopic scale.
Fig. 4, shows that EM containing small radius of ag-
glomerate, low operating current density result in in-
crease in effectiveness factors of Pt. Finally, the com-
parative plots (Fig. 4 and Fig. 5) exhibit similar effec-
tiveness factors of Pt utilization considering the surface
to volume atom ratio of Pt nanoparticles.
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Fig. 4 — Cell current versus the effectiveness factor of EM
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Fig. 5 — Cell current versus the effectiveness factor of TM
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Fig. 6 — The flux density of hydrogen of TM

Superficial flux density of hydrogen

By comparing flux density of hydrogen (Fig. 6 and
Fig. 7) EM 1is expected to be more effective than TM.
For modeling of the catalyst, the main challenge is to
find out the reliable parameters. The factors, like the
rate determining step(s) of the electrochemical reac-
tion, as well as the microstructure of the electrode on
which the reference exchange current density, the
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effectiveness factors, and the reaction order depend.
The model would be more difficult when the oxidation
of various fluids (such as methane, carbon monoxide
and hydrogen simultaneously or alcohols) are consid-
ered. Still there is no extensive study on reaction order
and consequently the kinetic data of experiment are
still less. Thus, it is required to establish exactly how
simultaneous oxidations are occurred for different
fuels by modeling.
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Fig. 7 — The flux density of hydrogen of EM

5. CONCLUSIONS

The optimization of catalyst composition and struc-
ture containing large electro-chemically active surface
area are main factors to improve the performance of
PEM fuel cells. Modelling studies are the valuable tools
for investigating the effects of compositional optimiza-
tion and structure of the catalyst layer. Some of the
important phenomena which must be incorporated in
the rigorous modelling of the catalyst layer including
energy, mass, and charge balances as well as a relation
that describes the contact between the porous gas dif-
fusion layer (GDL) and polymer electrolyte membrane
layer. Moreover, it is more challenging how the catalyst
agglomerates are distributed on the GDL. For model-
ling the catalyst layer, the kinetics equations are very
important and Tafel and the Butler-Volmer equations
are commonly used equations. For the modelling of the
catalyst layer many choices are available, and the com-
plexity of the model must be determined by the re-
quired level of accuracy and the resources available to
create the model. In addition, in the catalyst layers the
detailed modelling of reactions can be used to deter-
mine methods for progressing the effectiveness of cata-
lyst layers with a given platinum loading.
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MopaesmoBanHA miapy KaTtajidaTopa sl MOJiMEePHUX €JIeKTPOIITHIHUX
MeMOpaHHHUX NAJUBHUX ejleMmeHTin: miaxig MATLAB

Susmita Singh!, Pushan Kumar Dutta?
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TlonmimepHuuit esnexrposiTnunuit Mmemopanaut nausauii esement (PEMFC) cras HoBolo TexHOIOTIER
TAJIUBHUX €JIEMEHTIB JIJIs CTAI[IOHAPHUX 1 TPAHCIIOPTHUX JIOTATKIB. ¥ PoOOTI IPEICTABIEHO MOJETIOBAHHS
mapy xaramnisaropa aisa cucremu PEMFC za nomomororo MATLAB. MogesnoBauns mapy karasizaTopa €
bararormapaMeTpUYHOIO Ta 0araToKpuTepiajbHO0 IIpobsemono. MoneoBaHHS IIapy KaTajisaTtopa Bapiio-
€ThCs BIJ HyJIsI 10 TphoX BuMipiB. DakTuyHa CTpyKTypa IIapy KaTaai3aTopa He PO3TJISAaeThCs MOIEJISIMUA
HyJIBOBOTO PO3MIpy. 3arajbHi 3MIiHH B IIapi KataixidaTopa 300paeHi OJHOBUMIpHUMU MOeIAMu. J[Bo- Ta
TPUBKMIPHI MOJeJIl BpaXoBYIOTh IIap KaTajidaTopa Ta arjomepar. ¥ poboTi mpecTaBIeHa OUHAMIYHA MO-
nmenb mapy karasiidaropa aisa cucremu PEMFC 3 suxopucranaam MATLAB, sxuit moske OyTu BHKOpHCTA-
HUM I8 PO3pOOKHU IIapy KaTajizaTopa. 3ampoIlloHOBAHA MOJEJb BKJIIOYAE PI3HI yMOBH ekcmryararii. Oc-
HOBHA MeTa MOJIEJIIOBAHHS IIapy KaTajidaTopa MOJATrae B TOMY, 1100 BUUTH 3a PAMKU eMIIIPUYHOTO OIIUCY
XapaKTEePUCTUK HAJMBHOIO eJIEMEHTA, 1 MOJEeJIIOBAHHS IIPOBEEHO HA OCHOBI IIeBHHUX IapaMeTpiB i3 Gearo-
cepenHiMu (PI3UYHUMU 3HAYEHHAMH. L[5 Mozes1b BUKOPUCTOBY€ETHCS JJIsl IIPOTHO3YBAHHS IIIBUIIEHOI IIPO-
IYKTHBHOCTI IIapy KaTajisaropa sik QYHKI[] TAKUX BUMIPIOBAHUX XaPAKTEPUCTUK, SIK BJIACHA aKTUBHICTH
KaraJisaropa, epeKTUBHA ILIOINIA OBEPXHI, PO3MIP arjioMepary, HOJIIIIIeH] eJIeKTPOIHI MaTepian TOIIO.
Kisnbka crpornyodunx mpuiyineHsb poosIsaTh Moje b HabaraTo MpoCTIion B 00YMCIIBAILHOMY ILJIAH] 1, OT-
JKe, MIXOJIAIION JIJIs MOJEJIOBAHHS He TIJIbKH IMapy KaraJjisaropa, aje 1 Bciei cucremu emementiB. He-
3BaKAIOYM HA Il IPUIYIIEeHHs, MOJEJIb J00Ope BIATBOPIOE eKCIlepuMeHTaIbH] qaHl. Binsire Toro, crocrepi-
raeThCsi, 110 3AIPOIIOHOBAHA JUHAMIYHA MOJesb KarajaidaTopa € Ayske KOPUCHOI y IOPIBHSHHI 3 XIMIYHO
CHHTE30BaHUMU KaTasli3aTopaMu.

Knrouori cinora: IlomimepHuil esteRTposriTHaHAE MeMOpaHHUI TAJTNBHUM eleMeHT, BiqHoBroBasa eHepris,
IlTap raramisaropa, Jlunamiuua Moesib.
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