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Abstract: The use of hydrogen fuel cells as a mobile source of electricity might prove to be a keystone
in future decarbonization of heavy duty road and marine transport. Due to complex interplay of
various physicochemical processes in the fuel cells, further development of these devices will rely on
concerted effort of researchers from various fields, e.g. chemistry, physics, electric and mechanical
engineering. This results in knowledge gaps which are filled by the information, dispersed in wide
range of literature, but rarely covered in a short and condensed form. To address this issue and with
the aim of providing a concise and simple explanation of fuel cell operation, we propose a simple
educational model of the most relevant processes in the fuel cell, aimed at proper description of causal
relations. The derivation of model equations provides an intuitive understanding of electric potentials
acting on protons on the microscopic level and relates this knowledge to the common terminology in
fuel cell research community, such as catalyst electric overpotential and internal membrane resistance.
The results of the model fit well with experimental data, indicating that a simple description, provided
in the paper, is sufficient for intuitive understanding of fuel cell operation.

Keywords: Fuel Cell; PEMFC; Modelling

1. Introduction

Electrochemical devices such as fuel cells, electrolysers and batteries are key building blocks
that enable achieving future environmental and climate goals. They are indispensable components
of future energy systems and of electrified powertrains of vehicles. Therefore, a wide spectrum of
stakeholders is involved in development and use of these devices, covering the entire chain from the
core components over system integration to integration of the fuel cell systems into the energy of
vehicle systems, which crucially influence design, functioning and use of these devices. Due to widely
different academic backgrounds, the stakeholder often lack in-depth knowledge and understanding of
electrochemical and transport processes in the fuel cells, which can lead to unnecessary frustration in
hinder the progress in understanding and development of named systems. These facts provide the
main motivation of the present paper, where we intend to systematically elucidate physical background
of basic electrochemical phenomena in fuel cells.

In this systematic journey that starts with basic thermodynamics, continues with its application
to real materials encountered in fuel cells and electrolysers and ends with elucidating processes
in non-equilibrium, i.e. finite current, conditions, following key questions will be answered using
insightful phenomenological explanations and their interrelations to main governing equations:
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e Why do two different reactants fed to two electrodes produce a finite voltage or potential
difference?

* Why and how does a selection of reactants influences fuel cell voltage?

¢ Why hydrogen molecules at the anode of the fuel cell favour decomposition to two protons and
two electrons despite the fact that products feature much higher chemical energy?

e What is overpotential? Or a more intriguing version of this question: Is overpotential a cause or
a consequence of electrochemical process in the fuel cell?

* Why does a fuel cell voltage decreases with increasing current density?

* What forces the protons to travel through the membrane from anode to cathode side of the fuel
cell?

The answers to these questions are generally known, but are mostly dispersed across large
volume of books and papers, ranging from basic electrochemistry [1] to more focused works on fuel
cell operation principles [2,3]. Basic electrochemistry books [1] do well in explaining microscopic
principles of electrochemical processes, but do not apply them to specific selection of chemical species,
materials and "experimental” conditions, found in a realistic fuel cell device. Literature, concerned with
fuel cell operation principles, on the other hand, takes the results of electrochemical studies as a given
fact and applies them to realistic systems without detailed explanation of their origin, often avoiding a
proper explanation of causal relations between processes. Most notably, the electric current through
the fuel cell is often posed as a driving force of the processes in the device, from which overpotential
on interfaces are determined. In literature there are roughly four distinct ways how this modelling
approach is being handled. The first is the use of a data-driven approach [4-8], which is widely used in
system-level analyses, but has limited applicability in studies aiming at simultaneous optimisation of
performance and lifetime. This is because the accuracy of data-driven models does not usually extend
beyond the parameter variation learning space and training data-driven models on a variation space
with very high dimensionality proves difficult and time consuming. The second approach is based on
electrochemical models based on the Tafel equation derived from the BV equation, where the forward
reaction is superimposed on the backward reaction. This is a reasonable approximation for operating
points with high current densities and consequently high activation overpotentials. However, it has
a major drawback in the low current density region where the error of the approximation increases
exponentially as the current density approaches zero, which inevitably means that the activation
losses cannot be well characterised. The procedure described is used in the publications [9-19]. The
third approach is based on electrochemical models based on the Tafel equation, which is extended
with different corrections for the low current density range in order to reduce the calibration error of
the terms in the activation loss expression. In references [20,21], a linearisation of the BV equation
for the anode side and the use of the Tafel equation for the cathode side is proposed to solve this
problem. In the references [22-24], the subsequent replacement of the natural logarithm in the Tafel
equation by a sine hyperbolic fitting is proposed. The proposed substitution successfully reduces the
total error in the low current density range, but leads to incorrectly placed individual terms in the
activation loss equation, which affects the calibration procedure and the performance of the model.
The fourth approach is based on a thermodynamically consistent derivation of the [25,26] model and
provides a consistent analytically derived expression for the polarisation curve in the low current
density regions where the parameters describing the activation losses are typically prone to calibration
errors. While these approaches are in general computationally less demanding and can often work
well in stationary conditions yielding plausible results, they can lead to incomplete or misguided
understanding of causal relations between processes. On the other hand, mean-field elementary
kinetics models [27,28], relying on binding energies of reactants and intermediates on catalyst surfaces
in electrochemical environments intuitively and in detail cover causal relation between the processes
on the micro-scale and serve as direct scale bridging platform to results of density functional theory
calculations [29-31]. However, owing to high computational expense they cannot be directly utilized
in the fuel cell operation simulations.
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Compared to these models, which are aimed at precise and efficient description of fuel cell
operation, the proposed model focuses on improving the intuitive understanding of the physical and
chemical processes underlying the fuel cell operation. The paper at hand thus enriches the existing
literature by systematically addressing the causal chain of phenomena from basics electrochemistry,
over microscopic principles to fuel cell operation principles. Proper understanding of physical
processes in the fuel cell is crucial for efficient modelling of the devices, which can in turn give
additional insight of fuel cell operation. We, therefore, in parallel with explanation of processes also
propose a simple model fuel cell, focused primarily on proper understanding of causal relations
between species concentrations and electric potentials in the system.

2. Model description

The fuel cell produces electric energy from hydrogen and oxygen by feeding each of reactants to
the gas feed channels each side of the cell, schematically presented in Fig. 1. Hydrogen diffuses through
the anode gas diffusion layer (GDL) to the anode catalyst layer, composed of carbon support structure
on which catalyst (typically platinum) nanoparticles are deposited. Catalyst surface serves as an active
area on which electrochemical hydrogen oxidation reaction (HOR) takes place, splitting hydrogen
molecule into two electrons and two protons. Catalyst carbon support and GDL are both electrically
conductive, so the electrons, produced in HOR can travel through them and through the external
electric load R towards the the cathode side of the fuel cell. Protons produced in HOR enter the ionomer,
a solid proton conducting material, typically made out of Nafion or similar polymer. Ionomer coveres
the catalyst particles and connects them with the membrane, made out of the same material, which
allows the protons to travel from anode to cathode side, while (nearly fully) blocking the diffusion
of gaseous reactants. In the cathode catalyst layer, the protons are recombined in electrochemical
oxygen reduction reaction (ORR) with electrons and oxygen, which diffuses from the cathode feed
channels through cathode GDL to the cathode catalyst layer. This results in formation of water, which
diffuses back through the GDL to the gas channels and through the membrane to the anode side
making possible proton transport via the hydronium ion and enhancing the Grotthuss mechanism
[32]. The aim of the model is to describe these processes with simple mathematical relation, focused
on explaining what are the driving forces behind the processes and how they can be used to extracted
useful electric work from the fuel cell.

The state of the fuel cell will be described by 7 time dependent quantities (marked with red in Fig.
1):

CH,an(t) - hydrogen concentration in anode catalyst layer,
€0, cat (t) - OXygen concentration in cathode catalyst layer,
CH,0,cat (t) - water concentration in cathode catalyst layer,
CH+ an(t) - proton concentration in anode catalyst layer,
Cp+ cqt (t) - proton concentration in cathode catalyst layer,
Uy 01(f) - anode catalyst electric potential,

Ucat e1 (t) - cathode catalyst electric potential.

Operating conditions of the fuel cell are determined by the species concentrations in the channels,
influenced by the feed rate and pressure, temperature controlled by cooling system, and external
electric load. These quantities are used as the input parameters of the model and are marked in blue in
Fig. 1:

CH,,ch(t) - hydrogen concentration in anode gas feed channel,
co,,cn(t) - oxygen concentration in cathode gas feed channel,

CH,0,ch(t) - water concentration in cathode gas feed channel,

T(t) - fuel cell temperature,

R(t) - electric resistivity of external load.

The dynamics of model variables are determined by a simple set of ordinary differential equations,
which describe the following processes:
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Anode gas Anode gas Anode Cathode  Cathodegas  Cathode gas
feed channel dJ.ffus1on layer catalyst layer Membrane catalyst layer diffusion layer feed channel

Figure 1. Schematic overview of fuel cell cross-section, describing the model variables (red) and
external parameters (blue) aaaa niso to robni pogoji za model?aaa. Dimensions of individual fuel cell
components are not presented in proper scale.

electrochemical (EC) processes in the anode and cathode catalyst layer
diffusion (dif) of gaseous reactants and products through the GDL

* proton transport through the membrane (mem),

electron (el) transport through the external electric load.

In Eq. 1 we list the contributions of specific processes to the time dynamics of each of the model

variables.
detpan(t) _ (detipmn) (et
dt o dt EC At dif
dcoy cat (t) dco,, Cut) + <dcozw)
EC dt dif

dt
dCHQO cat ) + (dCHZO,cat >
EC dt dif

dCHZO,cat (t) <
ch+,un (t) _ ch+ an + dCH‘*',an (1)
dt it ) e it )

dt
dCH*,cat(t) dCHJr cat> + <dCH+,cut>
dt EC dt mem

dt
duan,el (t) an el + duan,el

dt it ),
ducut,el(t) _ ucut,el + ducat,el
dt it ) e at ),

Note that all the modelled variables are affected by electrochemical processes (EC), describing the
production/consumption of species, while the species transport is described by either diffusion
(gaseous species), membrane transport (protons) or electric conduction (electrons).

In the rest of the paper, we will explain in detail the underlying physics of each of the processes
and how it relates to different model parameters, deriving mathematical expression for each of the
terms in Eq. (1). We start in Sec. 3 with general consideration of electrochemical processes to explain
the dynamics in the anode electrode, and extend the explanation to the cathode electrode in Sec. 4.
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Gas diffusion is explained in Sec. 5, proton transport in the membrane in Sec. 6 and electron transport
in Sec. 7.

3. Electrochemical processes on hydrogen electrode

3.1. Microscopic picture of electrochemical reaction

We start our discussion by explaining the processes that occur on the anode side of the fuel cell.
The reason for this is that the anode reaction is much simpler compared to cathode reaction, comprising
only a reaction between hydrogen, protons and electrons:

2HT +2¢” = H,. ()

This reaction is the same as the one used in standard hydrogen electrode, which is defined as a porous
platinum electrode, dipped in 1 M acid solution and surrounded by hydrogen bubbling around it at
pressure of 1 atm [1]. These idealized conditions are very similar to the ones in fuel cell anode and
will be used for explaining the basic principles of electrochemical processes, with detailed differences
between both systems discussed later in Sec. 3.6.

The first step in understanding the electrochemical reaction (2) is to identify how do species,
involved in the reaction, relate to the definition of the standard hydrogen electrode. The protons on
the left-hand side of the reaction are present in the acid solution. Strong acids completely dissociate in
water, resulting in concentration of protons being equal to the molarity of the acid. To form gaseous
hydrogen (right-hand side of Eq. (2)), the protons are combined with the electrons. These are provided
from the metal surface, in our case platinum catalyst, in which the electrons are not strongly bound,
but form an electron cloud and can, therefore, be easily detached from the metal in certain conditions.

The two-sided arrows in Eq. (2) indicate that the reaction can proceed in both ways, depending
on several conditions, which we will discuss in detail later in the paper. In general, the direction of
reaction is determined by which configuration is energetically favourable. Comparing the energy of
isolated protons and electrons to the hydrogen molecule shows that state of particles, bound into a
molecule, is energetically favourable and the preferred direction of reaction will be from right to the
left [33]. We, therefore, first examine the situation where no hydrogen is present and only protons from
the acid interact with electrons from the platinum and where initially the acid and the catalyst are at
the same electric potential. When we dip the electrode in acid, the electrons on its surface will come
into contact with protons in acid and proton reduction reaction

2H" +2¢ — H, (3)

will take place, consuming protons from the acid and electrons from the electrode. This will slightly
lower the proton concentration in the acid, decreasing its acidity (increasing pH value). Even more
importantly, if the electrode is electrically insulated, the deficit of negatively charged electrodes will
result in the increase in its electric potential. As a result, the negatively charged ions from the acid will
be attracted to its surface, forming the so-called electric double layer [1]. While the detailed picture of
its formation and properties are important for the reaction dynamics on the electrode surface, a simple
picture of finite increase in electric potential over a small surface layer, as shown in Fig. 2, is sufficient
for basic understanding of its effect on reaction dynamics. Since electric potential difference between
electrolyte and electrode is now positive, double layer will represent an energy barrier for protons that
want to react with electrons, therefore slowing down the reaction. This intuitive explanation neatly
introduces two important factors, affecting the rate of the reaction: 1. the concentration of reactants
needed for the reaction to occur, and 2. the energy difference between initial and final state, which
is closely related to the electric phenomena on the electrode surface since interacting particles are
electrically charged.
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The hydrogen oxidation reaction,
Hy — 2H" +2¢” (4)

does not occur spontaneously since it is energetically unfavourable for hydrogen to decompose into
protons. However, as presented in the next section, proper management of species concentration and
electric potential drop across the double layer can result in reaction also proceeding in this direction.

3.2. Simple kinetic model of electro-chemical reaction rates

To present the process in mathematical terms, we will use a simple kinetic model for describing
the rates of electrochemical reactions [1]. To describe the reaction kinetics, we identify 6 distinct states,
schematically presented in Fig. 2 through which the system transits from the initial state (state 1 in Fig.
2) to the final state (state 6). Chemical enthalpy of i-th state is denoted H,, ;, electric energy as E, ;,
and total electrochemical enthalpy as H; = Hj, ; + E,; ;.

Figure 2. Schematic representation of configuration of particles, involved in hydrogen reduction and
oxidation. In initial state 1, both protons (blue circles) reside in bulk electrolyte, screened from electrode
charging by electric double layer (EDL). Proton reduction occurs by protons first adsorbing to the
electrode surface (states 2 and 3). With sufficient energy, protons can form activated state (4), which
chemically binds into hydrogen molecule (state 5) and finally detaches from the electrode surface (state
6). When hydrogen molecule is oxidized, the reaction proceeds in the opposite direction from state 6 to
state 1.

When electrode is not electrically charged, the transition of protons from bulk electrolyte to
electrode surface (1 — 2 — 3) does result in any change of system enthalpy (H.,1 = Hepp = Heps =
H_p, init), as schematically presented in Fig. 3 a). In the next step (3 — 4), the protons need to arrange
themselves in a configuration where they can bond into hydrogen molecule using two electrons.
This so-called transition state is energetically unfavorable due to electrostatic repulsion between two
positively charged particles, resulting in chemical enthalpy of transition state H.j, 4 = Hp, yrans being
higher than enthalpy of other configurations (as schematically presented in Fig. 3). When protons and
electrons form hydrogen molecule (3 — 4 — 5), the enthalpy decreases significantly due to formation
of chemically stable and electrically neutral molecule with enthalpy H,5 = Hepg = Hep, fin-

When electrode is electrically charged, electric double layer, formed on its surface, acts as a electric
potential step of magnitude

U = Uy — Uion, ®)
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Figure 3. Schematic presentation of energy levels of states, involved in hydrogen electrochemical
reaction on electrically neutral (a) and charged (b) electrode. The numbering of states relates to the
Fig. 2: 1: 2H" +2¢7,2: H + Hf +2e™ , 3: 2H}, +2¢7, 4 HjZ +2¢7, 5 Hyggy, 6: Hy. On
neutral electrode a), electrochemical enthalpy levels (purple) are defined only by chemical enthalpy
(purple) with no electric contribution (green). In this case, adsorption of protons to the electrode
surface (1 — 2 — 3) does not affect the enthalpy, which is increased only when transition state (4) is
formed. Formation of hydrogen molecule (4 — 5) results in a significant decrease in chemical enthalpy.
When electrode is charged, the proton adsorption requires the transition through EDL, which increases
the electric and electrochemical energy of the system. This effectively decreases the electrochemical
enthalpy of the initial state 0 by —2¢pU and the transition state 4 by —2aeyll, where « is charge transfer
coefficient. The change in enthalpy levels affects the share of particles with sufficient thermal energy
to overcome the enthalpy barrier to the transition state (red dashed area), thus affecting the rates of

electrochemical reaction.

which affects the energy of electrically charged species, e.g. protons, when they approach the surface,
as shown in Fig. 2. Since the hydrogen molecule is electrically neutral, electrochemical enthalpy of
states 5 and 6 will remain unchanged

H4 = Hch,fin (6)
Hs = Hep fin )

The enthalpy change of the initial states 1 can be explained in two ways. If we assume that
electrode potential was increased compared to fixed potential in the electrolyte, the energy of each
electron will decrease by AE,; = —eplU. If, on the other hand, we assume that electrolyte potential was
lowered compared to fixed electrode potential, the energy of each proton will decrease by AEg+ =
—eoU. Both descriptions are aligned and indicate that the energy decrease is proportional to the
number of charged particles in each state, resulting in enthalpy

Ho = Hepinit — 260U (8)

To describe the electric energy of transition states, we consider the energy needed for transition of
proton from bulk electrolyte to the electrode surface, which requires approximately AE,; ~ eoU.
However, if we consider that proton adsorbed to the electrode surface still feels EDL electric field
and that it charge is partially neutralized by surface electrons, the resulting in energy difference
AE, = egU(1 — «) is a bit lower (see App. A). The difference in proton electrostatic energy between
electrolyte and electrode surface is parameterized by so-called charge transfer coefficient &, (0 < & < 1)
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[1], which describes how the energy of transition states relates to the electrode potential U. Enthalpy
of transition states 2 and 3 is therefore

Hy = Hepyinis — (1 +a)eoU )
Hz = Hep inis — 20eoU. (10)

We further assume that the charge configuration of transition state 4 is similar to state 3:
Hy = Hch,tmns — 2aeqU. (11)

This relation communicates an intuitive explanation of charge transfer coefficient « as a description
of energy change of transition state on charged electrode. As we will further explore in 3.5, charge
transfer coefficient plays significant role in how the rates of oxidation and reduction are affected by the
changes in electric potential U.

This intuitive description of energy landscape of reaction coordinate will allow us to calculate
the rate of the reaction (2). We start with assumption that the rate of reaction is proportional to the
concentration of particles, involved in the reaction: the higher the concentration, the more likely the
reaction is to occur. Secondly, only the particles with sufficiently high energy to overcome the enthalpy
barrier can react. This energy is provided by thermal fluctuations. We know from thermodynamics
that in any system at finite temperature, the energy of individual constituents is not a fixed value, but
distributed among them according to the Boltzmann distribution [34]. As a result (see App. B for
derivation), the probability of a proton to have sufficient energy to overcome the potential barrier AH"

is determined as
AHT

PEsapt =€ BT (12)

Using this rule, we can determine the rate of proton adsorption to the electrode surface

_Hy-Hy

r12 =cgre BT, (13)
_ H3-Hy

Yps3 = Cy+e€ kpT , (14)

and probability of adsorbed protons forming a transition state

_Hy—Hj

p3a=e BT . (15)

Transformation from transition state to the hydrogen molecule (4 — 5) and its desorption from the
surface (5 — 6) decreases the enthalpy, so the process can be characterised by a constant probability
P46, Which can be absorbed into a rate factor kg,;. To calculate the actual rate of reaction, we need to
further multiply the probabilities with the surface of electrode S on which the reaction takes place:

TRed = KRedST1-521253P3 54 =
5 _Hy—Hy
= kreqScyre fBT = (16)

_aHt
= kRedSC%-lHe kBT

While the value of factor kg.; can nowadays be determined ab-initio by rather complex calculations (e.
g. [35]), the detailed value is not crucial for basic understanding we are trying to communicate. Note
that in terms of enthalpy levels the reaction rate depends only on the enthalpy difference between
transition and initial state

AH' = Hy — Hy = AH}, +2(1 — a)eoU. (17)
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H:h = Hep trans — Hep init denotes the difference in chemical enthalpy between initial and transition
state, while the exact enthalpies of intermediate states are irrelevant at this level of detail.
For easier tracking of units, the expression (16) is conventionally rewritten as a molar flux density

2 2 t _

, e \o g P S A (R

JRed = “YRed € "B = YRed e B (18)
CH+,ref CH*',ref

jRed = rRed/S

where we defined species activity coefficients Yreq = krea(Crr+ re f)z by multiplying the probability
factor kg.q with some reference concentration of protons cg+ ¢ [1] This results in both reaction rate
jreq and reaction rate constant g,y being expressed as a molar flux density in units mol / (m?s).

Similar procedure for constructing the reaction rate can be carried for oxidation direction of Eq.
(4), describing the decay of hydrogen into protons. The reaction rate will now be proportional to the
concentration of hydrogen cy, and exponentially dependant on the difference in enthalpy between
transition state and state of molecular hydrogen

AH"™ = Hy — Hg = AHY| — 2aeoU. (19)

AH:;: = Heptrans — Hen, fin denotes the difference in chemical enthalpy between transition and final
state, and term —2aepU describes how the enthalpy difference is affected by electrode charging.
Oxidation reaction rate is then written similarly to (18)

++ AHTY —20eqU
CH. _AH'T CH. _Tch 0

2 e FBT = qyo,—2¢ kT, (20)
CH. Cc

2,ref HZ,re f

ij = YOx

We again defined reference concentration cp, ; to preserve units of reaction rate constant ypy.

By combining both terms we can calculate the overall rate of reaction (2) as a difference
between reduction and oxidation reaction rate. To simplify the expression, we furthermore define
species activities as a ratio between actual and reference concentration ap+ = cy+/cy+ op and
g, = CH,/CG,ref- This results in

AHY, +2(1-w)egU ~ AHH —2aqpU

h
BT —Yoxame BT . (21)

j = jRed = jox = YRealfy+€
In this expression we already see some terms, familiar from Butler-Volmer equation [1], namely terms
2(1 — a)epU and 2aepU in exponents. Most importantly, the rate and direction of reaction is affected
by the electric potential difference U between bulk electrolyte and electrode, caused by the EDL. The
increase in potential U will decrease the exponential term in the reduction direction and increase the
exponential term in the oxidation direction, thus decreasing the consumption of protons, which is
consistent with our previous explanation of protons being repulsed by the electric field in EDL. The
decrease in U will have the opposite effect: increase in reduction exponential term will promote the
reaction of protons to hydrogen and suppress the hydrogen decay into protons.

3.3. Equilibrium electric potential

This raises an obvious question: does the reaction ever reach equilibrium and does this happen
spontaneously? To answer these questions, we also need to consider the changes in the electrode
potential due reaction taking place on its surface. The reduction direction of reaction from protons to
hydrogen also consumes electrons and will, therefore, increase the potential of electrically isolated
electrode. This will in turn decrease the rate of reduction reaction and increase the rate of oxidation
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reaction, decreasing also the rate at which the potential on the electrode is changing. In simple
mathematical terms, the rate of change of electrode electric potential can be described as

au _ 2FS.
dt — Cy I

(22)

where S is electrode surface, C,; its capacitance, F Faraday constant and factor 2 describes the number
of electrons exchanged in the reaction.

Ey
Enthalpy N \
Chemical
_____ 7 Hv/z,lrmzs
_ Electrical ) e — — v —2F ch,init
Electrochemical _2eoUl —2aeoU | '
—— AN - 1=
1
\
AH' . AH™
wi(E) 1 2 34 5 6 wr(E)

Reaction coordinate

Figure 4. Electrochemical enthalpy landscape of reaction (2) with electric potential close to equilibrium.
Electric charging results in electrochemical enthalpy of the initial and the final state being similar,
further resulting in similar transition state barriers in both directions. Small deviations between
enthalpy levels can be a result of different activities of reactants and products, which can promote the
reaction rate in reduction or oxidation direction.

The electric potential of the isolated electrode will, therefore, reach equilibrium once the reduction
and oxidation rate of reaction will be equal, jr.; = jox, resulting in net zero reaction rate j = 0. The
equilibrium value of electric potential, calculated from Eq. (21), is

Ueg = 2%0 [(Hch,init +kpTlog (')/Reda%-ﬁ)) (23)

_ (Hch,ﬁn +kpTlog ('YOxaHZ)>]

As we see, the equilibrium electric potential U,; depends on activities of reactants and products
in the system. At some specified standard conditions, at which concentrations of protons cy+ and
hydrogen cp, equal their reference concentrations cy+ ¢ and ¢, 7, respectively, the activities equal
unity. This conditions are used to define standard equilibrium potential

1 ’)’Red] >
Uy=-—|AHy +kgTlo { , 24
0= 55 (AHo+ kT log | 12 @9

which is nearly proportional to enthalpy difference between initial state of two protons in electrolyte
and final state of hydrogen molecule AH, = Hep init — Hep, fin, corrected with the logarithm of ratio
of species activity coefficients yg.s and yp,. The potential difference can in fact be calculated by
rather complex microscopic models, taking into account the detailed properties of EDL and interaction
between proton and surrounding electrolyte, yielding a value Uy = 4.44 4 0.02V [36]. The potential
difference is indeed rather large and certainly needs to be taken into account if we try to properly
understand the microscopic conditions on the electrode surface.

But how does this result compare to the value of standard hydrogen electrode potential, found in
every chemistry textbook, where Uy = 0V by definition? This question would best be answered by
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direct measurement: put one measurement probe in electrolyte, the other on electrode, and measure
the voltage. Unfortunately, such measurement would not give us the answer we are looking for. When
the voltage measurement probe, inevitably made out of electric conducting material, is dipped into
electrolyte, the electrochemical processes very similar to the ones we just explained, would take place
on its surface, forming EDL and thus increasing its electric potential compared to the bulk electrolyte.
We are therefore unable to measure the potential of bulk electrolyte potential by the very nature
of the system that we want to study. All we can do is measure the potential differences between
different electrodes, which are all shifted from electrolyte potential by certain EDL voltage shift. In this
perspective, it is reasonable to define standardized hydrogen electrode as reference point to which
other electrode types are compared.

3.4. Nernst equation

Now we will answer the question: how does the equilibrium electrode potential change if the
concentration of reactants are shifted from their reference values? Intuitive picture, developed thus far,
can easily support answering this question. If the EDL serves as a barrier preventing protons from
reacting with electrons in the metal, higher proton concentration will require higher EDL potential
difference for the equilibrium state to be achieved. Higher hydrogen concentration, on the other hand,
will cause more hydrogen molecules to dissociate into protons, donating the deficit electrons to the
electrode, thus lowering equilibrium electrode potential.

This equilibrium can mathematically be described by Eq. (23), which we simplify by expressing
enthalpy difference AHy, = Hepinit — Hep,fin in terms of Up. This results in a well known Nernst
equation [1]:

RT az,.
= | H 2
Ueg = Up + 7 log <aH2 > (25)

where we multiplied numerator and denominator of logarithm prefactor by Avogadro constant Ny
and applied definitions R = kgN4 and F = ¢gNg4.

From this derivation it is clear that the equilibrium potential will change with species concentration
due to their effect on reduction and oxidation reaction rate, which is proportional to their concentration.
Note, however, that this potential is only achieved on electrically isolated electrode in equilibrium and
in absence of any side reactions, e.g. reduction of potential in reactions with the cross over gasses,
and that it does not hold any real physical significance in conditions where either net reduction or
oxidation takes place.

3.5. Butler-Volmer equation

As explained phenomenologically in Sec. 3.1 and mathematically in Eq. (22), the electric potential
on electrode tend to stabilize at some equilibrium potential. Every imbalance in reduction or oxidation
reaction rate will lead to either accumulation or deficit of electrons in the electrode, resulting in the
shift in electric potential, which will quickly lead to equilibration of reaction. If we want a steady
rate of reaction, we therefore need to provide some external potential that forces the system out of
equilibrium. This can be achieved by draining or supplying the electrode with additional electrons via
external voltage or current source.

It is convenient to express the reaction rate in terms of overpotential # = U — Uy which denotes
the difference between actual electrode potential U and standard equilibrium potential Uj. Note that
constant value Uy (Eq. (24)), chosen as a reference, is unaffected by Nernst potential shift (Eq. (25)),
which will make the final result easier to understand in terms of concentration effects on reaction rates.

Substituting U = Uy + 7 in Eq. (21) and using U from Eq. (24), we arrive after some simplification
to the following expression

—a aAHy,—AHN 2(a—1)egy 2aegy
i =70x < T0x e kT ate BT —apefsl ). (26)
YRed
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We make a further simplification by defining exchange current density jj as
—a aAH,—AHH
jo = Y0x (’Yox ) e BT, (27)
YRed

which is completely defined by properties and energy levels of the reaction and independent of electric
potential U. This leads to a standard form of the Butler-Volmer reaction

., i ~ 2(1—a)Fy 2aFy
j=jo (a%ﬁe R —ap,e RT>, (28)

known from chemistry textbooks. From this form we can clearly see how the increase or decrease in
electric potential U will affect the reaction rate. If U is increased above Uy ( > 0), the exponent in
second term will increase, promoting the reaction from hydrogen to protons. On the microscopic level,
the hydrogen more willingly donates its electrons to more positively charged electrode and therefore
more easily decomposes to protons. The protons are on the other hand repulsed by higher potential
and their reaction with electrons in the electrode is therefore suppressed. If the potential is lowered
(7 < 0), the situation is reversed. Lower EDL potential barrier is less effective at repulsing protons,
which will more easily react with electrons and form hydrogen. The hydrogen, on the other hand, is
less willing to donate its electrons to negatively charged electrode and will therefore more likely stay
in its molecular form.

Charge transfer coefficient & determines how strongly the changes in electric potential, described
above, affect the reduction and oxidation reaction rate. If « is close to 1, the energy of transition state
behaves similarly to initial state, resulting in difference between them staying constant, so the rate
of reduction reaction will not be much affected. The energy difference between transition and final
state will in that case change significantly, so the electric potential will have strong effect on oxidation
reaction rate. For « close to zero, situation is reversed. The energy of transition state remains constant
regardless of electric potential, resulting in unchanged oxidation reaction rate and strongly affected
reduction reaction rate.

Butler-Volmer equation can also be expressed in slightly different form by comparing potential U
to the Nernst equilibrium potential Uy, (25) instead of standard equilibrium potential Uy (24). Reaction
rate (28) can in this case be expressed as

. . 2(1—a)F(U~Uegq) 2aF(U~Ueq)
i=jole” RT —e KT ) (29)

where exchange current density

& aAH, —aHT
H, VR L
2 e ksT (30)

jo = Tran,

: a%ﬁ YD
depends on the concentrations of chemical species. While this form is sometimes more convenient
to use in calculations, note that in this notation both equilibrium potential U,; and exchange current
density j; are functions of the reactant’s and product’s activities, which makes their effect on reaction
rate less intuitive.

3.6. Electrochemical processes in the fuel cell anode catalyst layer

We will now apply the insights, obtained thus far, to the anode catalyst layer of the hydrogen fuel
cell. The aim is to propose some simple equations which will describe how the anode processes affects
the temporal dynamics of hydrogen concentration cyy, 4, proton concentration cy+ ,,, and anode EDL
potential difference Uy, = Uy, o1 — Uy ion-
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In hydrogen fuel cell, the hydrogen oxidation reaction takes place on the anode catalyst layer,
consuming the hydrogen and transforming it into protons, so the reaction rate,

(31)

) ) ) _ 2(1-a)F(Uan—Up) 20F (Uan—Ug)
Jan = Jo | A+ 4n€ RT — AH,,an€ RT

should be negative j;; < 0. As explained in previous section, this requires that the electric potential on
the anode U, is larger than the equilibrium potential, U,, > Up. The removal of electrons from the
anode, required to achieve such potential, is achieved by the external electric current from the cathode
to the anode, which will be explained in detail in Sec. 7.

If this condition is achieved, electrochemical reaction will consume hydrogen to produce protons
and electrons. To describe how the process affects the concentrations of these three species, we model
the anode catalyst layer as a porous structure with thickness d.4¢, volume ratio of ionomer material
Uion, and volume ratio of void space . The rest of the volume ¢ is filled with catalyst material, in
low-temperature fuel cells typically composed of Pt nanoparticles dispersed on the surface of highly
porous carbon structure. The structure of catalyst is schematically presented in Fig. 5. Electrochemically
active catalyst surface area of electrode

Sec = SEc X PpiLoad X ESA, (32)
can be estimated from macroscopic fuel cell surface area Spc[m?], Pt loading ppyyoqq[g/m?], describing
the total mass of Pt dispersed over specific FC surface, and catalyst electrochemical surface area
ESA[m?/g], describing the catalyst surface per mass of the dispersed catalyst. This quantity mostly
depends on the size of catalyst particles rp; and can be estimated as ESA = ppf’rpt
bulk density of platinum.

[37], where pp; is the

Figure 5. Schematic presentation of catalyst layer. Catalyst nanoparticles (white) are dispersed on the
surface of carbon support structure (black) with volumetric ratio . The catalyst and carbon support
are covered with ionomer film (light blue) with volumetric ratio p;,,, which allows the protons to
travel to the catalyst surface. The gaseous species (hydrogen, oxygen) travel through void volume of
the catalyst (white, volumetric ration pi).

To describe how the concentration of hydrogen in the catalyst layer changes with time, we
multiply the rate of electrochemical reaction (28) with catalyst surface area to calculate the molar rate
of consumption, and divide it by the void volume inside the catalyst layer, accessible to the hydrogen
Vo = Vearpo, where Vet = Spedeqr is the total catalyst layer volume:

dCHz,an o Sec.
(F2) = i )

Please note that anode reaction rate j;;, < 0, so the concentration of hydrogen is decreasing.
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Concentration of protons is governed by similar equation
dep+ Skc .
('Lm> = ——Jan, (34)
dt EC ion

but with different accessible volume Vjy, = Viattjon since protons reside in ionomer.

The concentration of electrons is reflected in electric charging of the electrode. Since the
thickness of EDL - dgp;, over which the potential drop takes place is relatively small compared
to the electrochemically active surface area of electrode Sg¢, the anode can be effectively described as a
plane capacitor with capacitance

(35)

where ¢( is vacuum permittivity and ¢ is dielectric constant of ionomer. The rate of change of the
electric potential of the anode due to electrochemical reaction is then obtained by dividing the electric
current Igc = 2FSgcjan by capacitance Cgyy

<duan,el) _ IEiC _ 2FdEDLij' (36)
dt  Jrc  Can eg

Electrochemical reaction that consumes hydrogen to produce protons and electrons, therefore, tends to
decrease the electric potential on the anode, which would in turn decrease the rate of electrochemical
reaction (31). If no external electric current is provided to the anode, as for example in open circuit fuel
cell operation, the potential decreases to the equilibrium potential, defined by Nernst equation (25),
and electrochemical reaction stops.

Equations (33), (34) and (36) describe the effects of electrochemical reactions in the anode on
the concentrations of hydrogen and protons, and electric charging of the anode electrode. Note that
these quantities are also affected by other physical processes in the fuel cell, such as diffusion and
conduction, which will be discussed in more detail in Sec. 5, 6 and 7.

4. Cathode electrochemical processes

4.1. Kinetic model of cathode reaction rates

In this section we will describe what happens with electrons and protons, produced in anode
electrochemical reaction, when they approach the cathode electrode, where additional species, oxygen,
is introduced. We will use the understanding of electrochemical processes, obtained on a simpler
example of hydrogen electrode to describe a more complex electrochemical reaction taking place on the
cathode electrode, to explain the reaction between protons and electrons in the presence of oxygen. The
details on how protons and electrons are transported from the anode to the cathode will be discussed
in detail in Sec. 6 and 7.

Since more species are involved in cathode reaction, protons H*, electrons e~ and oxygen O, the
cathode chemistry is richer and more than one reaction can take place. Most prominent is 4 electron
oxygen reduction, resulting in formation of water

Os +4H" + 4e~ = 2H,0. (37)

As described on the example of anode reaction, the rate of electrochemical reaction is determined
by concentrations of reactants and xxxxx ta del do vejice se mi ne bere najbolj tekoce: the probability
they have of forming a transition state, which is in turn determined by the enthalpy differences between
initial Hf ;, transition Hj,,, . and final state H}in. Note that the enthalpies for cathode reaction are
labeled with H® to distinguish them from anode label H.
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The initial and the final state are well defined and thus also their enthalpy, which, similarly to the
anode reaction, change with electrode potential U proportionally to the charge transferred during the
reaction, which equals 4e

Hiie = Hop i — 420U (38)
HJC‘in = gh,fin (39)

The transition between the initial and the final state is now much more complex compared to
anode reaction, comprising various transition states of molecular and atomic oxygen adsorbed to the
electrode surface with different number of protons bound to them. The reaction can thus proceed along
different reaction pathways and even more importantly, the oxygen reduction and water oxidation
pathways can be significantly different, which is demonstrated by DFT calculations, for example in
Anderson et al. [38]. Exact description of reaction rates, equivalent to anode reaction, would therefore
require inclusion of various reaction steps and calculation of concentration of all intermediate species.
This procedure is complicated and does not bring much intuition. We, therefore, try to simplify the
expression to a more simple and intuitive form. We can argue that since the probability of transition
between two consequent intermediate states in reaction depends exponentially on the difference
in enthalpy values, we can assume that the rate of reaction will be limited by largest increase in
H¢ encountered along the chain of states. This transition is labeled as the rate-limiting step as it
determines the rate of reaction in specified direction. Reduction and oxidation reaction can feature
different rate-limiting transition states with different enthalpies, as shown schematically in Fig. 6.

c
c T AT 7 _____ - _Hch,tmns,Ox
8 c/r,f}‘n/lst / \_40[0)(60”
H, ——a4-==pn=-==1-/]
ch,trans,Red / Ly _ o _H¢
N 1 by trans,Ox
ch,init - LA
c [N [ - 3\,
trans,Red + k
—4eqU| AHC %
¢ — — —— - —— -
init
AHC‘H‘
AH¢
ch
¢ — e
Y \ Hfin ch, fin
init  trans,Red trans,Ox fin

Figure 6. Schematic representation of enthalpy levels of states, involved in electrochemical reaction
in fuel cell cathode. Reduction (solid line) and oxidation (dashed line) can proceed between initial
(init) and final (fin) state via different transition states (trans,Red and trans,Ox) with different chemical
enthalpies (orange), which are differently affected by electric charging (green), resulting in different
electrochemical enthalpy barriers (purple) for reduction and oxidation reaction.

Regardless of exact details of relevant reaction pathway, we label the enthalpy of reduction

.. . c
transition state with H trans,Red

and assume it is changing with electrode potential U as
Htcmns,Red = th,tmns,Red — 4agegeoU, (40)

where charge transfer coefficient 0 < ag,y < 1 describes how the enthalpy of relevant transition state
changes with electrode potential U.
The enthalpy of transition state, relevant for oxidation direction, is described similarly

Htcrans,Ox = H, —4aoxreol, (41)

ch,trans,Ox

with charge transfer coefficient 0 < ap, < 1.
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The reaction rates of cathode reactions in reduction j., r.s and oxidation j.,; oy direction can then
be constructed similarly as in the anode case,

Al
: c 4 ~ kpT
Jeat,Red = YRed@0,Ag+€ kBT (42)
5 AHCHT
. N —
Jeat,0x = ')’OxaHzoe kBT . (43)

The reaction rate proportional to the activities of relevant species (ap+ = ¢+ /Ch+ yef, 40, = €0,/ CG ref
aH,0 = CH,0/¢G,rer) and exponential of enthalpy differences between relevant states.
The differences in enthalpy again depends on the electrode potential U,

AHT = tcrans,Red - Hz'cnit = AHCCZ + 4(1 - “Red)eou (44)
AH = tcrzms,Ox o HJCrin = AHEPTF —4aoxeol, (45)

- ‘n Fi ; to_ o
schematically presented in Fig. 6. As in anode case, AHy; = Hpy ;00 req — Hepy i and AHGT =

chtrans,0x — Hen, Fin denote the enthalpy differences on electrically neutral electrode.
As for the case of anode reaction, the rates of reduction

4 A Hc+
. . -
]cat,Red - ')’Rgdaoz aH+ e BT (46)
and oxidation
9 A HC‘H
. c -
Jeat,0x = YoxAE,0¢ BT (47)
2

are proportional to the activities of the species involved in the reaction and to the exponent of the
relevant enthalpy increase (H" for reduction and H°!' for oxidation, see Fig. 6). Total rate of cathode
electrochemical reaction on charged electrode is calculated as a difference between reduction and
oxidation reaction rate

+ +
Ath+4(1—v¢Red)20U AHCCh —4apeoU

: : : c 4 c
]Cut = ]Cﬂt,Red - ]cat,Ox = ’)/RgdaOzaH+e kBT - ’YOxaHzoe kBT (48)

The expression can be significantly simplified by introducing the equilibrium potential at which
the net reaction rate is zero. As on the anode, the reduction reaction consumes electrons and thus
charges the electrode positively. This in turn increases the enthalpy difference AH and suppresses the
reduction reaction rate, while simultaneously decreases AH!T, thus increasing the oxidation reaction
rate. In standard conditions, i.e. at ag+ = ap, = ap,0 = 1, the reactions balance out at potential

AHEh - AI_Icch,tmns + kBTlOg [%}

c __
o = 4deg(1 — Aa) ’

(49)

dominated mostly by enthalpy difference between initial and final state AH;, = Hg, ;.. — Hg, Fins but

c
also affected by difference in transition states AH¢ = H¢ H¢ . If both reduction

ch,trans ch,trans,Red ~ **ch, trans,0Ox

and oxidation reaction feature the same rate-limiting transition state, as the hydrogen reaction, the
term AHCCh,tmns
charge transfer coefficients Ax = ag.y — X0y

The value of standard equilibrium potential of reaction (37) is Uj = 1.23 V compared to standard
hydrogen electrode reaction (2), since the energy released in reaction of protons with oxygen, resulting
in water, is higher than in protons reacting to hydrogen molecule. The electric potential change across
the EDL on cathode electrode is therefore larger than on the anode electrode. The absolute value is
obtained as a sum of EDL potential of standard hydrogen electrode and relative cathode potential

compared to SHE: U§ ~ 123V +4.44V =5.67 V.

simply vanishes. Standard equilibrium potential is further affected by difference in
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The Nernst potential for 4-electron oxygen reaction is obtained in a similar manner as for the
standard equilibrium potential, but with concentrations xxxx prosim preveri, ce je izraz OK: featuring
non-standard values, resulting in

RT a0,a
¢ = U5+ )1og[2; H*]. (50)
H,O

The equilibrium potential increases with oxygen and proton activity, since larger electric repulsion is
needed to suppress the reaction when more protons are present, similarly as in case of anode reaction.

4.2. Butler-Volmer reaction aaaa - morda raje equation

The Butler-Volmer equation for cathode reaction rate is obtained by expressing the transition state
enthalpies in terms of standard equilibrium potential, which simplifies Eq. (48) to

4(1-apg,q4)Fn°
RT

4x ., Fn€
.c 2 Oxt1
— Joxo%m0¢ KT, (51)

. 4
Jeat = JRed 080, +€

where overpotential 77° = U — U is expressed as a difference between actual potential U and standard
equilibrium potential for cathode reaction Uj. Note that exchange current densities are now different
for reduction and oxidation part of the equation:

ke
TRed,0 = K0YRed (3;2) (52)
b (12)

with

‘XOX(HCCh,init - th,tmns,Red) + (1 - aREd) (th,fin - th,tmns,Ox)
ko = exp . (54)

ksT(1— Aa)

The reaction rate constants j3 ;4 and jo,  are defined by the detailed structure of transition states
of the reaction, but independen:c of either reactant and product concentration or electric potential of
the electrode. The effects of concentrations and the potential are expressed in a very similar way as
for the anode Butler-Volmer equation (31): the reaction rate in each direction is proportional to the
concentration of relevant species with appropriate power law and exponentially dependent on the
overpotential #°. The reaction will proceed in reduction direction, consuming oxygen and hydrogen
and producing water, when the potential is lower than equilibrium potential U < Ug (7° < 0), as
indicated by negative exponential in first term. If potential U is higher than Uf (7 > 0), the direction
can be reversed, promoting water dissociation into protons and oxygen.

4.3. Electrochemical processes in fuel cell cathode catalyst layer

Electrochemical reactions on the cathode electrode of fuel cell take place in a similar environment
as on the anode side, i. e. in catalyst layer consisting of porous carbon supported catalyst particles
mixed with ionomer. For simplicity, we assume the same catalyst (y.¢c), ionomer (y;,,) and void volume
(po) fractions, and catalyst thickness in both anode and cathode catalyst layer.

Cathode electrochemical reaction

i c 4 _ 4(1—ap,q)F(Ucqr—U§) c 2 4oy F(Ugq —U§)
Jeat = JRed 080z cat T+ car€ RT —Jjox0%m,0¢ K, (55)

depends on and affects the concentrations of all three species involved, oxygen (co, cat = 40, catCref),
water (cg,0 = ap,0Cref) and protons (Cy+ car = Ap+ catC H+,ref)r and on potential difference between
cathode catalyst and ionomer Ucst = Uggrer — Ucat ion-
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The rates of electrochemical consumption or production are expressed as time derivatives of

concentrations

d602 cat) Sec .
/ —— 56
( at re chtVO Jeat (56)

dCH+ cat) 4SEC .
THLeat) o _22EC 57
( dt EC VeatMion Jeat ©7)

dCHzo cat) ZSEC .
— e = + . 58
< dt re Vcat]/lV]mt (58)

In addition to electrochemical production and consumption, the concentrations are also affected
by diffusion of gases from GDL and conduction of protons through the membrane, which will be
discussed in more detail in Sec. 5 and 6.

The consumption or production of electrons is expressed similarly as on anode side, by treating
the EDL layer as a capacitor, resulting in electric potential change

ducat el 4FdEDL .
. = . 9
( it ‘e . Jeat 59)

During fuel cell operation, oxygen, protons and electrons are consumed in cathode catalyst, resulting
in positive value of jc4, increasing the cathode electric potential U, .. If no external electric current
flows through the cell, the potential will increase, until it reaches the value, determined by species
concentration via Nernst equation (50), when reaction stops. In actual operating conditions, however,
the external electric current flows from cathode to anode (see Sec. 7), ensuring sufficiently low electric
potential U, . to maintain positive sign of the cathode reaction jc;;. The dynamics of catalyst ionomer
electric potential U, jo, Will be further discussed in Sec. 6.

5. Gaseous species transport

As we discussed in the previous section, the oxygen and hydrogen are consumed during the
fuel cell operation and the water is produced. Where do these species come from and how are they
transported to the catalyst layer where they react?

The reactants and products involved in the electrochemical processes in the fuel cell appear in
gaseous form at temperatures at which the fuel cells typically operate. Reactants are fed to the fuel
cell via channels, from which they travel to the catalyst layer through the gas diffusion layer (GDL).
The transport is driven by differences in concentration and pressure. At the anode, the hydrogen is
consumed in the reaction, resulting in reduced pressure in the catalyst layer compared to the pressure
in the channel. Detailed modelling of the gas diffusion can be rather complicated due to porous
structure of GDL [39], but the main causal relation can still be described by modelling a molar flux as
being proportional to concentration difference

DGDL,an

— , 60
dGDL,an (CHz,Ch CHz,aTl) ( )

THdif =
where Dgpy qn and dgpr an denote effective GDL diffusivity and thickness, respectively, and cy, ¢, is
the hydrogen concentration in the gas feed channel.

The transport processes on cathode side are similar, with oxygen being transported from gas feed
channel to the catalyst
D6pr,cat,0, (

Co,,ch — €O ,cat)- (61)
AGDL,cat 26 ?

JO,dif =
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The water transport is more complex, since phase change from gaseous to liquid state can result in
wide range of additional phenomena inside the GDL [26]. However, from simple perspective of causal
relations, we will model this transport also by a simple effective diffusion

Dcpr,cat,H,0 (

CH,O,ch — CH,O,cat) (62)
dGDL,cut 2e ety

JH0,dif =
where effective diffusion coefficients for water Dgpy car, 1,0 is different from the oxygen coefficient
DGDL,ca t,0;-

Diffusion fluxes replenish the reactants, consumed in the electrochemical reaction, and dispose

of the products from the catalyst layer. The following equations describe their effects on species
concentrations in the catalyst layer

dCHy an JHy di
( di >dif - dc:tﬂj(; )
(chz,cat> _ jOz,dif (64)
dt ) gis  deatpho
(dCHOt> _ Jmodif (65)
dt dgif  deatpho

where d.,;; denotes the catalyst layer thickness and we assume that gasses only reside in the void
fraction yg of the catalyst layer. For simplicity, we assume the same catalyst properties on the anode
and the cathode side.

Transport of reactant plays a crucial role in fuel cell performance at high current densities
when their consumption in electrochemical reactions is high. Since the lowest possible value of
oxygen and hydrogen concentrations in the catalyst is zero, the transport fluxes (60) and (61) are

D¢pran . _ Decprato, .

dGDLan CHy,ch and JOy dif max = mcoz,ch- When this
limit is approached, the reactants concentrations in catalyst is reduced due to imbalance between
electrochemical consumption and diffusion transport, causing the reactant depletion and consequent

reduction in electrochemical reaction rates.

theoretically limited by values ju, i max =

6. Proton transport in the fuel cell membrane

We have already explained in Sec. 3.6 how the protons are produced in electrochemical reaction
in the anode catalyst layer at sufficient hydrogen concentration and sufficiently high electric potential,
and in Sec. 4.3 how protons are consumed in cathode catalyst layer. To maintain a steady reaction, the
protons, therefore, need to be transferred from anode to cathode side of the fuel cell.

In the hydrogen fuel cell, the protons are transported via proton conducting membrane, which
prevents (or minimizes) the transport of gaseous species, i. e. hydrogen and oxygen, but allows the
transport of protons. In principle, the proton transport can occur via two mechanisms: by diffusion,
caused by the gradient of proton concentration, or by electric conduction, where proton movement is
forced by internal electric field in the membrane. In real systems, the diffusivity of protons is relatively
low compared to the conductivity, therefore the main mechanism of proton transport is the electric
conduction [3].

This raises the question where does the electric field, forcing the transport of protons, originate
from? To answer this question, we need to understand the basic properties of proton conducting
polymers from which the membrane is produced. The polymer consists of long perfluorinated chains
of carbon atoms in which side chains are attached [40]. This side chains end with sulphonic groups
(SO3H), from which the proton can easily detach when membrane is sufficiently hydrated. This
effectively results in a fixed volume concentration 505 of immobile negatively charged SO, groups,

overlapped by concentration of positively charged protons H, ¢+, which can move through the
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membrane material. In equilibrium, the concentrations of both species is equal cg,- = cy+ , resulting
. . . 3
in zero net electric charge concentration

pe = F(cy+ — Cso;) =0, (66)

where Faraday constants F transforms molar concentration to electric charge concentration.

When electrochemical reaction takes place in the fuel cell, the local concentration of protons on the
electrode surface changes: concentration increases on the anode surface and decreases on the cathode
surface. This results in a local change of net electric charge concentration

Pe,an = F(CH+,an - Cso;) >0 (67)

Pecat = F(Ch+ cat — €50, ) < 0. (68)

This electric charge is a source of electric field according to Gauss law

v.E=Fe, (69)
E€Q
where ¢ is the value of dielectric constant inside the electrolyte.

If we assume that catalyst layer of the fuel cell is relatively thin compared the fuel cell surface area,
the charge density due to the proton concentration changes can effectively be described as a surface
charge density o,; = pe1dcat Hion, Where deq; is the catalyst thickness and p;,,, is the ionomer volumetric
ratio. The anode and cathode catalyst layer can then be seen as two parallel plates of a plate capacitor,
with charges on plates producing combined electric field of magnitude

Oel an — Uel cat

2¢¢€ (70)

Emem - Eun - Ecat -

pointing from the anode to the cathode. The difference between charge densities 7,; 5, — 0, cs can be
expressed in terms of proton concentrations cyy+ ,, and cyy+ o using Eq. (67)-(68) as

Oel,an — Uel,cat = Pdcatﬂion (CH+,an - CH*,cat) . (71)

The electric potential drop across the membrane is calculated as a product between electric field and
the membrane thickness dyem

deemdcutﬂion(cH+,an - CH*,cat)
2¢eg

Umem = Ememdmem = . (72)
Note that this electric field is fully contained in the electrolyte and shielded from external electric
field by EDL. The field is, therefore, distinct from the electric field between the anode and the cathode
electrode outside of the fuel cell, which points from the cathode towards the anode. The profile of
electric field and electric potential through the MEA is schematically presented in Fig. 7.

The electric potential in the membrane affects the fuel cell dynamics in two ways. As explained in
Sec. 3.6 and 4.3, the electrochemical reaction rates depend on the electric potential difference between
the electrode and ionomer, U = U,; — Uj,,,. The membrane potential Uy;e creates the difference in
ionomer potential between anode and cathode side Uen = Uipyan — Uion,cat- Since the zero value of
electric potential can be chosen arbitrarily, we can set ionomer potential on cathode surface to zero
Ujon,cat = 0 and calculate ionomer potential on anode surface as

deemdcat,uion (CH+,tm - CH*,cat)
2¢€

= Upmem- (73)

uion,an =
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Figure 7. Schematic presentation of the electric field and the potential in the fuel cell ionomer. Imbalance
between proton (red) and sulphonic groups (dashed orange) concentrations in the anode and cathode
layer results in positive net charge density on the anode and negative charge density on the cathode
(blue). This produces electric field inside the membrane (purple) which forces the protons to move
thought the membrane and also results in the difference in ionomer electric potential (green) between
the anode and the cathode.

Ionomer electric potentials Ujyy, 4, and Uy, cq¢ thus depend directly on concentrations of protons cpy+ 4y,
and cp+ o, in anode and cathode catalyst layer.

In addition to changing the ionomer potential, the electric field in the electrolyte is also a cause
of electric force on charged particles, in this case protons, and forces them to move in the direction
of the field, that is from the anode to the cathode, resulting in electric current density jy+ ,; = o+ E,

where o+ is electrolyte conductivity. The molar flux of protons is proportional to electric current
; _ JHta

ju+ = =%, which can, therefore, be expressed by membrane voltage drop (72) as
. og+ Uem (7'H+dcai?,uion(CHJr an — CH+ cut)
= = . . 74
JH* dyemF 2eg (74)

This equation shows that the transport of protons is a direct consequence of imbalance between
concentration of protons in the anode and the cathode, causing the electric field inside the electrolyte.
The protons flux results in the balancing of proton concentrations:

<dCH+,un> _ jH+ _ OH+ (CH+,an - CH*,cat) (75)

dt mem deatHion 2e¢

<ch+,cat> S ]'HJr _ O+ (CH+,an - CH‘*',cat) (76)
dt mem dcat,uion 2¢ee ’

Characteristic time of this relaxation T = €gy/oy+ can be estimated from the electrolyte conductivity
and the dielectric constant. For Nafion with o+ ~ 55/m [2] and € ~ 20 [41], relaxation is fast,
7 ~ 10715, indicating that any inhomogeneity in proton concentration inside the membrane will
be balanced out almost instantly. The electric charge imbalance, generated by the difference in
proton and sulphonic group concentrations, can, therefore, only appear very close to the electrode
surface, where the protons are generated or consumed. This justifies our assumption that the net
electric charge density inside the membrane is zero and that the system can, therefore, effectively be
described as a plane capacitor. The magnitude of proton concentration deviations can be estimated
from typical electric current density in the fuel cell j; ~ 10* A/m? using Eq. (74), resulting in
(CH+an = CH* cat) ~ 10~ mol/m?, which is very small compared to concentration of protons and
sulphonic groups in Nafion ¢, ~ 1800 mol/ m? [40].

Short relaxation times and small concentration differences show that the concentration of protons
in the membrane can in most cases be considered homogeneous and the modelling of its dynamics can
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usually be avoided, unless the model aims at describing the dynamics in frequency range v > 10'°Hz.
The explanation of these processes nevertheless serves an important educational role in properly
understanding the causal chain between proton production and consumption in the catalyst layer and
mechanism of their transport inside the membrane.

7. Electron transport

As explained in Sec. 3 and Sec. 4, the electrochemical reactions on anode and cathode in the fuel
cell are a source and sink of electrons, which cause the change in the electric potential of electrodes.
The equilibrium electric potential for electrochemical reaction on cathode is higher than on the anode,
which results in electric potential difference between cathode and anode which can be exploited to
extract useful electric work from the fuel cell. Fuel cell electric voltage equals the electric potential
difference between cathode and anode Urc = Uyt — Uy o1 Electric current through the external
load with resistance R, attached to the fuel cell, is than

Urc
I=—=. 77
- 77)
This current results in potentially useful electric work done on the load P = IUpc. From the
perspective of electrochemical processes in the fuel cell, the electric current I represents additional sink
and source of electrons in the anode and cathode electrode, which affects their electric potential as

duan el) I
— - = + 7 78
(%), = e, 79

ducat el ) I
£) =-——, 79
( dt el Ceat )

with Cy; and Cg,t introduced previously in Sec. 3.6 and 4.3. Combining these two equations with
electrochemically-induced changes in electrode potential allows us to calculate the time evolution of
potential on each of the electrodes.

It is instructive to write the fuel cell voltage Upc also in terms of voltage drops across the anode
and the cathode EDL and across the membrane (5), resulting in expression

Upc = ucut,el - uzm,el = (Ucat + uion,cat) - (U,m - Uian,:m) = Ucat — Uan — Umem, (80)

which clearly communicates that the fuel cell voltage Urc is affected by both the electrochemical
reaction rates and proton transport in the membrane. In terms of anode and cathode overpotentials
Nan = Uan — Uy and 77¢qt = Uear — U, fuel cell voltage can be written as

Upc = Urc,0 — Nan + Ncat — Umem, (81)

where we defined ideal fuel cell voltage Urc o = Uj — Up = 1.23V. The actual voltage is smaller than
ideal value because of anode overpotential #,, > 0, cathode overpotential 7, < 0 and membrane
potential drop Uyen > 0 as well as the gas crossover, which is present in real systems.

8. Modelling results and discussion

The model was tested by simulating 4 polarization curves, measured at different inlet gas pressures
of hydrogen and oxygen: p = [1.0,1.4,2.0,2.5] bar. Gas flows were set by constant stoichiometry on
anode side A, = [1.3,1.3,1.3,1.3] and cathode side Acer = [1.8,1.7,1.7,1.7]. The temperature was
assumed to be constant and determined by the cooling medium with temperature T = [70,73,74,76]°
C. Calibration of model parameters is explained in detail in App. C.

Measured polarization curves are compared in Fig. 8 with the modelled results, calculated using
the calibrated model parameters. The values are in good agreement, indicating that a simple proposed
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Figure 8. Comparison between measured polarization curves and the data, produced by the model.

model is capable of sufficient explanation of the main physical processes taking place in the fuel cell.
Please note that this model is introduced with a pedagogical aim and, therefore, it does not include
sub-models of specific detailed phenomena, as for example formation and transport of liquid water
[26], which enhances accuracy of results at high current densities.

As explained with Eq. (81), the drop of fuel cell voltage from its maximal theoretical value of
1.23 V can be attributed to three contributions: anode overpotential #,,, cathode overpotential 7., and
membrane voltage drop Uyen. These contributions are plotted for different polarization curved in 9.
The contribution of cathode overpotential is significantly larger than of the anode overpotential, which

p = 1.0 bar

0.4[| p=14bar —— Nan + = = ]
p =20 bar —— | [ Umem *====== / 7
p =25 bar =— ]
0.3F ]
>
~ [ - . -
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025 = - =—====— == 1
- = =‘—-—‘ ==
~Ps® = B
e JEPERNRTTLL ]
0.1 j, -----------"'-"
00 ;I'"-.'--T---. | . . . | . . L 1 L L . L A . X ,i
0.0 0.2 0.4 0.6 0.8 5

Jnorm

Figure 9. Comparison between different contributions to fuel cell voltage drop in Eq. (81) at different
gas pressures: anode overpotential #,, (dashed), cathode overpotential 7, (solid) and membrane
voltage drop Uyen (dotted).

is a result of cathode electrochemical reaction rate being much smaller than anode reaction rate. Both
overpotentials depend significantly on the gas inlet pressure: higher pressure results in higher reactant
concentrations, requiring lower overpotential for reaction to proceed at a rate, determined by external
current. In the stationary conditions in which the polarization curve is measured, the electric current
density through the fuel cell is linearly proportional to the proton flux through the membrane. The
membrane voltage drop Uy,en (72) therefore increases linearly with current density and is independent
of gas inlet pressure.
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The model also provides insight into the concentration profiles of other chemical species, i. e.
oxygen, hydrogen and water, plotted in Fig. 10. As expected, the concentrations of reactants decrease
linearly with current density, which causes a linear increase in reactants flux through the GDL at
constant species concentrations in gas channels. Note that at sufficiently large current densities, the
oxygen concentration on cathode surface is so low that it results in significant increase in cathode
overpotential (see black line in Fig. 9, required to maintain sufficient reaction rate at decreased reactant
concentration. The concentration of water (dotted line) is steadily increasing with increased current
density as a result of faster production.

R e e e R R
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Figure 10. Changes in the anode catalyst hydrogen concentration (dashed), and the cathode catalyst
oxygen (solid) as well as water (dotted linen) concentration with current density at different gas inlet
pressures. Increasing current density results in a lower concentration of reactants (hydrogen and
oxygen) due to electrochemical consumption and higher concentration of product (water).

The explanation of electrochemical reactions and transport processes, provided in Sec. 3, 4, and 6,
and the results, calculated using the model, make possible to schematically present the contributions
to proton energy as a function of its position in the membrane-electrode assembly in Fig. 11. The total
electro-chemical energy of the proton (purple) can be split into two contributions: chemical enthalpy,
resulting from reaction between species (orange) and electric energy (green) as a result of proton
interaction with electric field in the fuel cell.

In the anode (0 — 10um), the protons are bound in hydrogen molecules with low chemical enthalpy.
When hydrogen molecule is split into protons (which enter the ionomer membrane), their chemical
enthalpy is increased, but the effect is compensated by the electric energy due to proton transition
through the EDL. The overall change in enthalpy is, therefore, quite small. When no current flows
through the cell (case a) in Fig. 11), small differences in enthalpy levels are a result of concentration
contributions to Nernst potential. In case of electric current through the cell (case b) in Fig. 11), the
enthalpy of hydrogen in the anode is higher than the enthalpy of protons in the membrane, forcing the
hydrogen to split into protons.

The chemical part of enthalpy of protons in the membrane is constant, while the electric part is
affected by the internal electric field (70). The field is only present when electric current flows through
the cell and can be seen in Fig. 11 b) as a linear change in electric energy of protons through the
membrane.

Transition between the membrane and the cathode is characterised by significant chemical
enthalpy decrease when protons from the ionomer are bound with oxygen to form water. The
chemical contribution is again balanced by the increase in electric energy, resulting from EDL, resulting
in nearly equal electrochemical enthalpy in membrane and cathode when electric current is zero (Fig.
11 a)). In case of non-zero electric current, the electric potential on the cathode is decreased, resulting
in lower electrochemical enthalpy on the cathode, which forces increased reaction rate.
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Figure 11. Schematic presentation of proton enthalpy in the fuel cell electrode-membrane assembly
during operation at two different current densities: a) j,; = 0, and b) j,; = jy.s. Total electrochemical
enthalpy (purple) can be separated to chemical (orange) and electrical (green) contributions. Protons
in the "Anode" are bound into hydrogen molecule with low chemical enthalpy (AH.j, yor) and large
electric energy (Uyy,). Transition into "Membrane" requires splitting the molecule into two protons
and two electrons, which increases the chemical enthalpy but reduces electric energy due to electrode
charging. Reaction with oxygen on cathode results in protons bounding into water molecule in
"Cathode" with large decrease in chemical energy (AH., orr) and accompanying increase in electric
energy (Ucqt), resulting in net electric potential difference between cathode and anode (Ugc). In OCV
conditions with no electric current (Fig. a)), electrode overpotential #,, and #¢,+ are determined of
Nernst equation (25), while potential drop through the membrane is zero. When current flows (Fig. b))
through the cell, larger overpotentials #,, and 7.+ appear to provide a sufficient rate of electrochemial
reactions. Transport through the membrane requires electric potential difference Uyem across the
membrane.

9. Conclusion

The paper presents a simple educational model of electrochemical reactions and species transport
in the hydrogen fuel cell. The aim of the paper is to provide an intuitive explanation of physico-chemical
processes in the fuel cell, such as electrochemical reactions, species diffusion and conduction, and
describe them in form of simple set of differential equations which enable easy understanding of causal
relationships between the relevant quantities.

The description of electrochemical reactions is based on intuitive description of molecular
dynamics on charged electrode. As explained in the paper, the electrode charging causes a formation
of electric double layer in electrolyte at the electrode surface, which affects the movement of protons
involved in electrochemical reactions. The rate of reactions is, therefore, determined by the species
concentration and the interplay between energy distribution of species due to thermal excitations,
chemical enthalpy of species, and the magnitude of EDL energy barrier. We show that even for
hydrogen oxidation reaction with standard potential 0.0 V, the actual electric potential difference
across the EDL needs to be large (~ 4.4V) to provide a balance between chemical and electrical
contribution to the enthalpy of the reaction. Oxygen reduction reaction on the cathode results in even
larger EDL potential of (~ 5.67V. This understanding was used to provide a sound and intuitive
mathematical derivation of Butler-Volmer equation and apply it to the case of hydrogen oxidation
reaction in the anode and oxygen reduction reaction in the cathode catalyst layer of hydrogen fuel cell.

Furthermore, we use a simple model of plane capacitor to explain how electrochemical production
and consumption of protons in the catalyst layers affects the electric field inside the electrolyte and
how it affects the electric potential difference across the membrane. This allows a simple description
of proton transport in the membrane. When combined with understanding of EDL dynamics on
electrode surface, a clear picture of electric potential profile across the membrane-electrode assembly
is established: electric potential drops significantly on the junction between anode electrode and
electrolyte (~ 4.4V), changes only slightly across the membrane and again rises significantly across the
cathode surface EDL (~ 5.6V).
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Finally, we explain how the electric potential of electrodes is affected by the production and
consumption of electrons in electrochemical reactions and by the transport through the external load.
The time dynamics of electric potential is mathematically described with a simple picture of electrode
surface as a plane capacitor with EDL potential difference being linearly related to the excess charge on
the electrode. This allows complete understanding of what happens in the fuel cell when external load
is connected between the anode and the cathode. The current of electrons travels from low electric
potential on the anode to the high potential on the cathode, resulting in the increase of the anode
electric potential. This shifts the reaction balance on the anode, promoting the oxidation of hydrogen
into two protons, deposited in electrolyte, and two electrons, which try to balance the increased anode
potential by its negative electric charge. The electrons traveling to the cathode are decreasing its electric
potential and thus shifting the reaction balance in the direction of protons bonding with oxygen and
excess electrons, which acts towards the increase of electric potential on the cathode. The imbalance
between proton concentrations in anode and cathode catalyst layers results in establishment of the
electric field in the membrane which forces the protons to travel between the anode and cathode,
balancing the electrochemical production and consumption.

Mathematical descriptions of electrochemical reactions and proton, gaseous species and electrons’
transport were coupled into a model of fuel cell operation, described as a set of 7 first order differential
equations for electric potentials and species concentrations in anode and cathode catalyst layer. Electric
potentials on anode and cathode, calculated by the proposed model, fit well with experimental data,
indicating that the model describes all the relevant processes in the fuel cell with sufficient level
of detail, while at the same provides a high degree of intuitive understanding of the underlying
processes. Most importantly, the structure of the model provides proper understanding of causal
relations between physical quantities describing the fuel cell operation. Due to its intuitiveness, we
believe that the proposed model will be a great asset in training and explaining the details of fuel cell
operation to the new generations of researchers.
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Appendix A Electrostatic energy of transition states

Electrostatic contribution to the energy of the transition state, composed of protons adsorbed to
the electrode surface, can be estimated using a simple schematic picture of electric charge distribution,
shown in Fig. Al.

b) —eo(1 - 6) =

+eg

Figure Al. Schematic representation of energy distribution function w(E) and number of particles
with sufficient energy for reaction.
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In initial state (Fig. Al a)), the proton with charge +e¢ (blue circle) lies at negative potential
—U due to EDL and electron (red cloud) at potential 0, resulting in electrostatic energy E,; = —eoll.
In transition state (Fig. A1 b)), the proton is adsorbed to the electrode surface, residing at negative
potential —BU, where 0 < B < 1 is defined by steepness of EDL potential (i.e. surface electric field)
and proton distance from electrode surface. Additionally, the proton charge can be partially screened
by electron cloud of effective charge —dep, 0 < 6 < 1, resulting in effective charge of adsorbed proton
e = +eg — deg. Electrostatic energy of asorbed proton can thus be estimated as

E,;y+ = —B(1—=20)egU = —aepl, (A1)

el,
where we reduced the number of parameters by defining charge transfer coefficient x = B(1 —9),
0<a<l

Appendix B Boltzmann distribution

For a macroscopic system at finite temperature, the energy the system is distributed among
individual constituents according to Boltzmann distribution [34], describing the probability density
w(E) of constituent having a specific energy E.

w(E) = le_"BLT. (A2)
V4

Probability density w(E) decays exponentially with energy, with T being temperature, kg Boltzmann
constant. Normalization factor Z = || g: exp(—E/kpT)dE is calculated by integrating from lowest
possible energy level Ey to infinity. This means that at any finite temperature, the concentration
of reactants with sufficient energy to overcome the potential barrier to the transition state AHT is
calculated as a product of concentration and probability for particle having sufficient energy, obtained
by integration of probability density:

aHT

oo p— L.
CHT E>AH' = CHY /AH+W(E)dE =cpyre BT (A3)
The procedure is schematically presented in Fig. A2.

w(E)A

Eo AHf E

Figure A2. Schematic representation of energy distribution function w(E) and number of particles
with sufficient energy for reaction.

Appendix C Model calibration

The model was calibrated on 4 measured polarization curves (i = 0, ..., 3, describing the relation
between fuel cell electric current density j ; ; and voltage Upc exp,ij, With j describing the measurement
points on each curve. Polarization curves differed in inlet pressures in gas feed channels p; =
[1.0,1.4,2.0,2.5] bar, stoichiometry on anode side A,,; = [1.3,1.3,1.3,1.3] and cathode side A.;;; =
[1.8,1.7,1.7,1.7] and the temperature, determined by the cooling medium, T; = [70,73,74,76]° C.
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These data was used to determine the operating conditions of the model Eq. (2). Operating
conditions were assumed to be stationary. The average reactants concentrations in the channels were
set to constant values, calculated from inlet pressure and stoichiometry

Pi 1 A4
( T 1
Hz,Ch,l RTZ ( 2/\u ,1' ) ( )

_ P 1
COpchi = RT; ( 2/\cut,i> (85)

Average water concentration in the cathode channel was calculated from cathode inlet gas humidity

rh = 80% using the Antoine equation [42]

Po inlA-2x
CHZO,ch,i(t) = RTi10< C”’) (A6)
with pg = 133.2kPa, A = 8.07, B = 1730.6 K and C = —39.7 K. External electric load was determined
for each measuring point R;; = %
eli,j

From 19 model parameters, the values for 9 of them were set to characteristic values, found in the
literature. The values of parameters are listed in first three columns of Table Al.

Table A1l. List of model parameters

Fixed parameter value source Fitted parameter value source
Skc 25 cm? assumed Jo,an 35x107° (14+0.29)mol/m?s | fitted
deat 1 ym assumed Jo,cat,F = jocat,B | 47 X 1071 (1 +£0.40) mol/m? s | fitted
Aimem 5 um assumed Xan 0.65 (1£0.07) fitted

dcpL 30 ym assumed Qcat P 0.74 (1£0.012) fitted
Hion 30% Ref. [43] Reat B 029 (1£1) fitted
wy 50% Ref. [43] D¢pr 1.75 x 107 (1 +0.012) m? /s fitted
ESA 60m?/g assumed O+ 6.32(14+0.047)S/m fitted
OPtLoad 3 g/m? assumed
€ 20 Ref. [41]
depr 0.122nm | Calc. from [44]

9 parameters from the last three columns of Table A1 were obtained by fitting procedure, aimed
at minimizing the value of fitness function x?, calculated by comparing the measured values of fuel
cell voltage UFc exp,ij with fuel cell voltage values Urc o4, calculated from the model.

2
(UFC,exp,i,j - uFC,mod,i,j)

uFC,exp,i,j

(A7)

=Y

ij

Modelled values Urc,mo4,i; Were obtained by implementing the model (1) in Python programming
language. The equations were integrated using solve_ivp routine from Scipy library [45], with
constant input values, specified above. Simulation time was set to t5;,, = 7200s to ensure the
convergence of all modelled variables. Modelled fuel cell voltage was calculated as Urc,mod,ij =
(Ueat 1 (tsim) — Ueat el (tsim)) i for each set of operating conditions i, j. The values of fitted parameters
were varied using Nealder-Mead [46] routine from Scipy library, aimed at minimizing the value of x2.
The list of best-fit parameters is listed in Table A1l. Since the reverse direction of reaction 51 is strongly
suppressed in the fuel cell, the value of oxidation reaction rate constant was assumed to be equal to
reduction reaction rate constant jo cat red = J0,cat,0x-

The use of best-fit parameters in the model result in relatively small value of x?> = 7.8 x 1074,
which indicate good agreement between model and experiment.
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