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For the advancement in performance of a PEMFC (Polymer Electrolyte Membrane Fuel Cell) it is seen
that computational modelling plays a key role. It is observed that the fuel cell catalyst layer gives many
challenges from a modelling standpoint. It comprises of a complex, multiphase nanostructured porous mate-
rial which is difficult to characterize. Carbon nanotubes (CNTs) are excellent support structures for the an-
ode catalyst layer because of their electrical, mechanical and thermal properties, as well as their huge appli-
cation potential. Among different functionalization methods, ion irradiation has proven to be an exceptional-
ly effective method for modifying and adapting the properties of CNTs, especially Multi-Walled Carbon
Nanotubes (MWCNTS), by creating defects and adjusting the structure in a controlled manner. As function-
alization by the irradiation technique is still undergoing intense development, the combination of new and
optimized materials with high electrocatalytic activity and optimization of the conditions for this method is
expected to lead to a significant increase in performance, efficiency and cost-effectiveness. Computational
modelling makes it possible to systematically simulate and optimize functionalization conditions, which
would facilitate the preparation of a new electrocatalytic material. Moreover, modelling of CNT functionali-
zation gives in-depth understanding of the structure and transformation of CNTs upon ion irradiation. This
model can be used to predict the electrocatalytic activity of an electrode like a function of physical character-
istics as intrinsic activity of catalyst. This work exhibits computational modelling of a modified catalyst lay-
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er for a PEM fuel cell system by using MATLAB and PYTHON as programming languages.
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1. INTRODUCTION

Fuel cells are highly promising as a source of alter-
native energy and specifically PEMFC have attracted
much attention recently as potential mobile power
sources. It is well known that in an operating fuel cell
the catalyst layer (CL) functions as a gateway for the
transport of charged species that is electron and pro-
tons and also for the non-charged and gaseous species
that is oxygen, hydrogen, water [1-3].

It is seen that the transport of charged species
takes place in solid phase — protons in ionomer and
electrons in carbon/Pt to be precise but for non-
charged species and phase change of water takes place
in the gas pores and ionomer phase. In the vicinity of
catalyst (Where ionomer and carbon are present) elec-
trochemical reaction happen. Product water from the
cathodic reaction may exist in several phases simulta-
neously (gas, liquid, absorbed water in the ionomer,
and ice under extreme conditions) depending on the
thermodynamic state, which further depends on local
heat transfer and mass transport. The usual method of
fabrication of a Catalyst Layer by mixing ionomer and
Carbon Platinum particles gives a porous medium full
of interfaces. The catalyst layer has presented several
challenges for modelling, such as (1) coupled transport
and reactions, (2) wide range of length scale, and (3)
multiphase flow. The conventional method of fabrica-
tion of a CL by mixing ionomer and C/Pt particles
yields a porous medium full of interfaces. Surface modi-
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fied carbon nanotube supported Pt based catalysts are
emerging as a promising catalyst.

Therefore, modelling the surface modified catalyst
layer is very important for the better understanding of
the electrochemical activity of the catalysts [4-7]. Multi
walled Carbon nanotubes have remarkable electrical,
mechanical properties and high aspect ratio. Their
genuine one-dimensional structure is quite well-suited
for studying the effect of disorder on the properties of
low dimensional systems. Ion irradiation is a very good
tool for adjusting the defects and structures in carbon
nanotubes and this technique involves the bombard-
ment of foreign ions towards the nanotube lattice,
thereby creating defects in a controlled fashion. This
defect formation is responsible for the creation of single
and double vacancies. The main reason behind this
defect formation is the transfer of kinetic energy by the
bombarded ions to the nanotube lattice atoms. The ex-
tent of this defect formation is well understood by a
parameter known as the displacement per atom (dpa)
which is a very useful tool for understanding the extent
of surface modification of a carbon nanotube via ion
irradiation. This ion irradiation technique is particular-
ly significant as here the defects are created in a con-
trolled fashion [8, 9]. Ion irradiation leads to some de-
fects in MWCNT, alters the CNT composition due to
ion incorporation. The irradiation conditions namely
dose, ion mass, energy, ion bonding, effect of tempera-
ture and substrate are also important parameters to be
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considered. The ion irradiation process affects the elec-
trical, mechanical and field emission properties of car-
bon nanotube. So, this study aims at the modelling of
ion irradiation conditions to get the CNT surface modi-
fied best electro catalysts.

2. TOOLS

For the modelling of the irradiation technique on
CNT, MATLAB (Version 21) and PYTHON (Version

3.9.6) were used.

3. RESULTS AND DISCUSSION

In Fig. 1, we observe the variation of energy of inci-
dent ions with the density of states. It is observed that
as the density of states increases more energy of inci-
dent ions is required for causing the displacement per
atom. The plot is linear ideally. But we observe some
deviations from linearity depending on the modelling of
carbon nanotube along a certain axis and also with
increase of diameter. Here outer diameter of our chem-
ically functionalized carbon nanotube is 30-50 nm. The
length of nanotube used is 10-30 micrometres. The M
value is 1 and the n value is 0. The electrical conductiv-
ity is similar to that of a metal or a semiconductor. The
density of states increases with the outer diameter of
the carbon nanotubes.
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Fig. 1 - The variation of energy of incident ions with the den-
sity of states

In Fig. 2, the solid curve represents the entire band
structure. The dashed curve represents the dispersion
nature obtained for one band effective mass. There are
two dashed curves in the figure. For one it is observed
that energy of incident ions is increasing with increase
of fraction value. For the other it is observed that the
energy of incident ions is decreasing with increase of
fraction value. In this case the aim has been to create an
optimized condition where the effect of ion irradiation on
carbon nanotube for surface modification can be better
understood. Here the maximum value is the total gap
between the valence band and the conduction band. We
are interested in taking a fraction of the maximum value
because the fractional situation enables us to control
vacancy formation in a facile manner and gives us a bet-
ter understanding of the change in electrical, mechanical
and solubility properties due to ion irradiation. Taking
the maximum value is not beneficial as the maximum
value corresponds to the situation where the vacancy
formation is random and cannot be controlled.

JJ. NANO- ELECTRON. PHYS. 14, 03014 (2022)

In Fig. 3, the variation of energy of incident ions
with the density of states per unit area is observed. AS
the density of states increases, the energy required to
cause the displacement per atom also increases pro-
gressively. The transition from 2-dimensional to 3-
dimensional model elucidates the transition towards a
macroscopic picture with increase of density of states.
Here the area involved corresponds to the cross-
sectional area of the circle present inside the nanotube
and this helps in the better understanding of the tran-
sition from 2-dimensional to 3-dimensional picture.
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Fig. 2 — The energy of incident ions with the K.
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Fig. 3 — The irradiation energy with the density of states per
unit area
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Fig. 4 — The loss of voltage with increase of current density

The python plot (in Fig. 4) depicts the loss of voltage
with increase of current density. It is observed that the
ohmic loss exhibits a steady but non-linear increase
with increase of current density. This clearly elucidates
the resistance occurring due to the ohmic nature of the
electrical conduction and the voltage drop due to the
resistance arising out of this ohmic nature. We know
that as per Ohm's Law: V/[=R. In this case this R is
responsible for the Ohmic loss. These losses arise due
to the hindrance faced by the electrons while travelling
through the electrolyte or membrane and represents
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the overall slowing down of the movement of electrons
due to the electrolyte ions present in the environment.

In Fig. 5, an energy dispersion relation explains the
condition of the 4 lowest valence band sub bands and a
beautiful mathematical step function is observed. The
x-axis represents the energy of band whereas the y-axis
represents the kinetic energy of the irradiated ions
(difference between the total energy and the work func-
tion of the ions).
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Fig. 5 — An energy dispersion relation

Fig. 6 represents the variation of current density
with increase of voltage for a PEM fuel cell. This clear-
ly shows that at low potentials current density is high
and after a certain point the current density drops ab-
ruptly. The area under this curve gives the magnitude
of the power density produced. This is because P=1-V.
Here the current density falls abruptly to 0 as with the
completion of transfer of ions, the scope of potential
difference generation in the closed circuit is eliminated
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and as a result after a certain time both voltage and
current reduce to 0.
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Fig. 6 — The variation of current density with increase of volt-
age

4. CONCLUSIONS

Carbon nanotube modification is very useful for the
development of a PEM fuel cell. Ton irradiation is a
very important technique for MWCNT modification.
PYTHON/MATLAB programming language can be
used for computational modification and study of fuel
cell properties.
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OGuucioBaJIbHE MO/IEJIIOBAHHS IIOBEPXHEBO-MOAU(iKOBAaHOI ByIJIE€I€BOI HAHOTPYOKU
IJIA HU3bKOTEMIIEPATY PHOTO IIAJIMBHOTO €JIEMEHTY
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OO0uncioBaibHE MOJIEJIIOBAHHSI BLIITpae KJIIOUOBY POJIb Iyt migBuieHHs npoxykruBHocti PEMFC
(Polymer Electrolyte Membrane Fuel Cell, manuBuuii esleMeHT 3 IOJIIMEPHO-EJIEKTPOJIITHOI MEMOPAHOIO).
TTomiueHo, 1o 1map karasaisaTopa MAJIUBHOIO €JIEMEHTY CTBOPIOE 6arato mpobseM 3 TOYKK 30py MOIEIIOBAH-
Hs. Bin crinamaerses 3i ckiaaqHOro 6araTodadHoro HAHOCTPYKTYPOBAHOTO IIOPHCTOTO MaTepialy, AKUN BasK-
Ko oxapakrepudysartu. Byrienierl nanorpyOru (CNTSs) € 4ymoBo10 0IIOPHO CTPYKTYPOIO IJIs APy AHOLHOTO
Karaji3aTopa 3aBIAKHA CBOIM €JIEKTPUYHUM, MEXAHIYHUM Ta TEPMIYHMM BJIACTUBOCTAM, 4 TAKOK BeJINYEs-
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HOMY IIOTEHITiasy 3acrocyBaHb. Cepen pisHMX MeTOMIB (QYHKIOHAJI3AIl] 10HHE OIPOMIHEHHS BUSBUJIOCT
BUKJIIOYHO e(PeKTUBHUM METOIOM s Momudikarrii ta aganraiii Biactusocreit CNTs, ocobmmso Gararoc-
TiHHuX Byrienesux HaHoTpyOooxk (MWCNTS), muiaxom cTBoOpeHHS 1edeKTiB 1 KOHTPOJIBOBAHOIO PEryJIOBaH-
Ha cTpykTypu. OCKUIBKY (DYHKITIOHAI3AI[iA METOIOM OIIPOMIHEHHS BCe Ile 3HAXOJUTHCSI HA CTAll IHTeHCH-
BHOTO PO3BUTKY, ITOETHAHHS HOBUX Ta ONTHMI30BAHUX MATEPIaB 3 BUCOKOIO €JIEKTPOKATATITUIHOI aKTHUB-
HICTIO TA OIITUMI3AITisT YMOB JJIs ITHOT0 METO/Y, SIK OUIKYETHCS, IPU3Be/Ie J0 3HAYHOTO M IBUIIEHHS POy K-
TUBHOCTI, eeKTUBHOCTI Ta eKoHOMIUuHOCTL. OGUMCITIOBAIbHE MOJEIIOBAHHS J]ae 3MOTY CHCTEMATHYHO MOJIe-
JIIOBATH ¥ ONITUMI3yBATH YMOBU (DYHKITIOHATI3AIT, TII0 TOJIETIITAIO O OTPUMAHHS HOBOTO €JIEKTPOKATAJIITH-
uHOTo MaTepiasy. Kpim Toro, mogemoannsa dpyuriionamisamii CNTs nae rimboke posyMiHHSA CTPYKTYPH Ta
tpaucdopmarii CNTs mig yac iorHoro ompominenHsi. 110 Mojesb MOsKHA BUKOPUCTOBYBATH JJIsI IIPOTHO3Y-
BAHHS €JIEKTPOKATAITHYHOI AKTUBHOCT] €JIEKTPoJa SIK (PYHKINI (PISMUHUX XapaKTePUCTUK, TAKUX SIK BHYT-
PIIIHA aKTUBHICTD KaTaisaTtopa. Jlana pobora geMoHCTpYe 00YMCIIOBAJIBHE MOIE/IIOBAHHSI MOIUQIKOBAHO-

ro Imapy karajisaropa Ui cucTeMu naiuBHuHX einevenTtiB PEM 3 BukopumcraHHSM MOB IIpOrpamMyBaHHS
MATLAB i PYTHON.
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