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Abstract Renewable energy production from fuel cells and energy storage in flow
batteries are becoming increasingly important in the modern energy transition. Both
batteries use polyelectrolyte membranes (PEMs) to allow proton transport. In this
chapter, both PEMs and PEMs-based nanocomposites have been discussed using
various simulational approaches. A coarse-grained model of a Nafion film capped
by the substrates with variable wettability has been used to simulate nanocomposites
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of PEMs by classical molecular-dynamics (MD) method. Classical MD modeling
results have also been reviewed for a PEM-graphene oxide nanocomposite internal
structure and dynamics. Ab-initio simulations have been implemented to describe
the proton transfer pathways in anhydrous PEMs. Finally, the large-scale meso-
scopic simulations have been introduced to shed light on the water domain features
present in the hydrated PEMs. A brief description of polybenzimidazole membrane
as electrolyte and Ionic Liquids as dopants for fuel cells is also presented.

6.1 Introduction

In this chapter, the application of the multiscale modeling methods has been discussed
for a very special class of the nanocomposites—polymer electrolyte membranes
(PEMs), one of the key elements of the modern fuel cells [1, 2] and flow batteries
[3]. Low-temperature fuel cells (FCs) based on polymer ion-exchange membranes
powered by hydrogen or methanol are often considered as a replacement for tradi-
tional power sources in motor transport and household devices [1]. Their main advan-
tages are portability, low operating temperature (<100 °C), and simplicity of the
internal design.

The fuel cell design is quite simple, see Fig. 6.1. It consists of two electrodes and
a solid electrolyte. The following types of FC are distinguished: alkaline, carbonate,
solid oxide, with a polymeric proton-exchange membrane and phosphoric acid.
With respect to operating temperature, the FCs are divided into low-temperature
FC (operating temperature <100 °C), medium-temperature FC (<220 °C), and
high-temperature FC (600-1000 °C).

In the low-temperature hydrogen fuel cells, the role of electrolyte is played by
an ion-exchange membrane. In general, PEM represents a thin film of a polymer
with ionogenic groups. The role of membrane is to separate the flow of fuel from
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Fig. 6.1 Schematics of the a a hydrogen—oxygen fuel cell and b a redox flow battery
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the oxidizer and to serve as an electron insulator. Hydrogen molecules are oxidized
at the anode (H, — 2H™ + 2¢7) and the formed protons are transferred to the
cathode through the membrane [1]. The released electrons pass through an external
circuit and are transmitted to the cathode, creating electric current. At the cathode
block, in the presence of the catalyst, the reaction O, + 4e~ — 20% occurs. The
cycle of the recombination electrochemical transformations is completed with the
reaction of oxygen ions with protons; as a result, the water molecules are formed,
0% + 2H't — H,0. The theoretical value of the electromotive force (EMF) of a
hydrogen—oxygen FC at 25 °C is 1.23 V; the no-load voltage is about 1 V. Such FCs
have the lowest operating temperature of 40-80 °C, which is both their advantage
and disadvantage. The simple design of the low-temperature FCs allows them to
be made compact, but, unfortunately, at these temperatures, the platinum catalyst is
very sensitive to the degree of the fuel contamination. Therefore, research aimed to
improve the efficiency of such FCs is performed in two directions: the development
of the highly efficient membranes and the search for chemically resistant and cheap
catalysts.

It is assumed that for use in FCs, the membrane conductivity should be above
0.001 S/cm [1-3]. Since PEMs perform the functions of a gas separator and an elec-
trical insulator, it is necessary that these membranes possess low gas permeability and
electrical conductivity. In addition, they should have sufficient mechanical strength.
This is required for operation at high pressures. Furthermore, the membrane should
not be destroyed as a result of electrodes pressing on. Since during the electro-
chemical reactions peroxide compounds, such as H,O,, OH™, and HOO™ can be
formed, the membranes should demonstrate high chemical resistance to oxidation
and hydrolysis [1-3].

PEMs are also used in redox flow batteries (RFB) as shown in Fig. 6.1b. The
catholyte and the anolyte form a redox couple in which the anolyte gets oxidized and
releases electron into the external circuit. The electron travels through the external
circuit and reaches the cathodic side to reduce the catholyte. There also exist some
protons released during this process which travel toward the cathodic side to maintain
the charge balance in the system; the PEM helps in transport of these protons. The
speed of charging and discharging is affected by the ease of proton transport across
the PEM. The PEM also prevents the catholyte and the anolyte from crossing over
and mixing. Such mixing would reduce the efficiency of the battery and could also
lead to catastrophic power discharge and fire.

When water is added to the PEM, the microphase separation of the hydrophilic
and hydrophobic segments of the polymer chains occurs. It leads to the formation of
water domains localized near the hydrophilic groups. As a result, various hydrated
proton complexes, i.e., hydronium ions (H30%), Zundel (HsO,*) and Eigen (HoO4")
cations are formed. With the increasing amount of water, the water domains merge
into a continuous network of water channels that provide proton transport through
the membrane volume as shown in Fig. 6.2. At the same time, the hydrophobic
domains enhance the mechanical strength of the membranes. They are formed from
the fluorinated, aromatic or aliphatic segments of macromolecules. The sulfonic acid
groups (—SO3H) and the phosphate groups (-PO3;H,) are the most commonly used
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Fig. 6.2 The mechanisms of proton transport: a in the ion channel, b—d the stages of proton transfer
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Fig. 6.3 The general structural formula of the Nafion® family polymers

ionic acid-type groups, dissociating with the release of a proton. Sulfonated polymers
are more efficient at high degree of hydration, while phosphorylated polymers can
function with a low water content and have high heat resistance.

Conventionally, the Nafion derivatives (see Fig. 6.3) are the copolymers of tetraflu-
oroethylene and perfluorinated vinyl ether side chains with sulfonic acid groups at
ends. Membranes based on such polymers are durable, resistant to oxidation and
have a record high ionic conductivity (up to 0.1 S/cm at temperatures below 80 °C).
The disadvantages of Nafion are the narrow range of the operating temperatures
(<90 °C). Limitation of the temperature range leads to the need for utilization of
highly purified hydrogen, since even small CO impurities impart a destructive effect
on the platinum catalyst. Increasing the operating temperature to above 120 °C allows
to shift the equilibrium of the CO and H, sorption on the catalyst toward hydrogen.
This prevents the poisoning of the catalyst, but it is impossible to raise the tempera-
ture above 90 °C. Upon increasing temperature, the water content in the ion channels
decreases due to water evaporation. This causes the diameter of the water channels to
narrow. If the water content is below the percolation threshold, the network of water
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channels is disrupted. It is accompanied by a sharp drop in the membrane conduc-
tivity. The ionic conductivity of the dry polymer is not sufficient for the operation of
FC. The efficient transfer of protons can be ensured only if constant hydrostatic level
is maintained. This requires introducing additional structural elements and increases
the total cost of the batteries.

In [4, 5] the modification of Nafion by silicon dioxide nanofillers has been studied.
Such nanocomposites demonstrate the ability to function effectively at temperatures
up to 140 °C, as their ability to retain water at high temperatures increases. In addition
to the studies on the modifications of Nafion, research is actively conducted to find
alternative solid polyelectrolytes based on mass-produced polymers with an aryl
skeleton, such as polycarbonates, polyesters, polystyrenes, and polysulfonic acids
[6]. Membranes based on polybenzimidazole (PBI) modified with phosphate groups
possess high thermal stability and conductivity in dry conditions. Their operating
temperature range is 160—-180 °C, which allows their use in medium-temperature
FCs. However, upon contact with water, the acid—base complex is destroyed, and the
phosphoric acid is washed out into catalytic and gas-diffusion layers. This leads to
the blockage of the gas pores, degradation of the electrodes and of the whole gas
pipeline system. At the same time, the proton conductivity of the membrane decreases
sharply. Another relatively simple method to obtain ion-exchange membranes can
be implemented by modifying the polymer matrix with side chains followed by
sulfonic acids [7]. This method to obtain ionomers requires lower costs than when
using Nafion. The proton conductivity in this case is 0.11 S/cm at 100% hydration and
T =298 K. The main disadvantage of such membranes is a high degree of swelling,
greatly exceeding similar values for Nafion. There have been also attempts to obtain
high-performance membranes based on polysulfonic acids, polyethersulfonic acids,
polyimides, and sulfonated poly(ether-ether ketone) (SPEEK) [8—14].

The exact mechanism of the PEM protons transfer is the highly debated subject;
the proton transport is described in some detail by Agmon [15]. Two possible mech-
anisms of the proton transfer through the membrane are discussed. Sulfonic acid
groups, which are concentrated mainly on the walls of the channels, dissociate in the
presence of water to form ion pairs: —SO3;H + H,O — —SO3~ 4+ H30". According to
the classical Grotthuss mechanism, the protons are transferred through a continuous
proton-exchange reaction: H,O + H* <> H30%, see Fig. 6.2a. Other mechanisms
suggest the protons transfer as a result of the hydronium ions diffusion and hops
between adjacent sulfonic acid groups [16]. In this case, the rate of proton exchange
depends on the difference in the probabilities of proton capture by water molecules
and by sulfonic acid groups.

Figure 6.2b shows the hydronium ion H3;O*, surrounded by solvated water
molecules, forming the Eigen—cation HoO4" [17]. It is hydrated as well, but the
hydrogen bonds in the second coordination sphere of H;O" are weaker than in the
first sphere. It is assumed that the proton exchange is initiated by a random change
in one of the hydrogen bonds between the water molecules forming the second coor-
dination sphere of hydronium. This causes a rapid change in the orientation of water
molecules (over a time of the order of 1 ps), which can lead to the breaking of one
of the hydrogen bonds. In the remaining cluster, a quick rearrangement of the bond
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lengths and angles occurs forming a complex H,O---H' -.-H,O Zundel cation
(Hs50,*) [18] as shown in Fig. 6.2c. In this complex, in turn, as a result of fluctua-
tions in the bond lengths, the proton can join one of the two water molecules forming
a new hydronium ion as shown in Fig. 6.3d. Next, the hydration shell is formed, and
the process repeats.

Ab-initio molecular-dynamics (MD) calculations [19-21] confirm that proton
transfer is realized through a continuous chain of transformations of Eigen and Zundel
cationic complexes. In the empirical valence bonds model, using the example system
of a small Nafion/water system (~5000 atoms and 40 excess protons), a detailed study
of the Grotthuss mechanism was performed [22, 23]. This model allows the hopping
movement of protons from hydronium ions to the nearest water molecules. In a hybrid
model using the classical and the quantum—mechanical methods [24], the proton
migration was studied for a system containing a single Nafion oligomeric chain with
10 SO3~ groups, the same number of H;O" ions and 156 water molecules. In [21],
using extensive 120-ps-long density-functional theory (DFT)-based simulations of
charge migration in the 1200-atom model of the hydrophilic Nafion nanochannel, a
bimodality of the van Hove autocorrelation function Gy(r, ¢) has been observed. This
provides direct evidence for the Grotthuss hopping mechanism being a significant
contributor to the proton conductivity.

The PEM proton conductivity strongly depends on the water content in the
membrane. The amount of water in the membrane is often characterized by the
volume fraction ¢ and the hydration parameter A (the number of water molecules
per sulfonic acid group). Nafion becomes a proton conductor at A ~ 2-5 [21, 25]. In
this case, the fraction of hydrated sulfonic acid groups is very small, and they should
exist only within segmental clusters.

Hydrophilic membrane domains containing —SO3H groups have a high affinity
to water. Even after air drying, the proton of the sulfonic acid group continues to
bind two water molecules. Upon contact with water, the degree of the membrane
hydration increases dramatically due to the absorption of water [26—-29], which leads
to the membrane swelling and to an extensive reformation of its structure.

The presence of well-defined maxima in the intensity of small-angle X-ray scat-
tering (SAXS) data for sulfonic acid membranes shows that their structure must
contain ordered water clusters [29, 30]. Based on the analysis of experimental data,
Gierke proposed some generalized model of the structure of perfluorinated sulfonic
acid membranes [28, 31] as shown in Fig. 6.4. According to this model, the membrane
consists of an array of linked clusters connected by narrow channels. On the periphery
of the clusters, which in a first approximation have a spherical shape, sulfonic acid
groups are located. As a result, the surface energy is minimized and the contact of
the hydrophobic segments of the matrix chains with water is limited. The internal
volume of the cluster is filled with water molecules and its proton complexes, which
are formed during the dissociation of the functional groups. The migration of the
proton complexes occurs from cluster to cluster via the extensive network of chan-
nels, which can break off with low moisture content. If this happens, the membrane
loses its transport properties. Even though this model is widely used, other possible
variants of the membrane structure, which also allow the description of the SAXS
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Fig. 6.4 The cluster-channel model of Nafion, proposed by Gierke [28]

results, are present in the literature. One could mention here Fujimura’s modified
core—shell model [32, 33], Dreyfus’s local ordering model [34], Litt’s lamellar model
[35], and Rubat’s rod-like aggregates model [36]. A common feature of these models
is adoption of the fact that sulfonic acid groups in a hydrophobic matrix form a pene-
trating network of linked ionic clusters that swell in a polar solvent and provide ion
transport of the membrane. At the same time, each of the models provides its descrip-
tion of the topology of the structure of the ion channels network. In addition to these
models, Schmidt—Rohr and Chen [37] proposed parallel cylindrical channels inside a
hydrated Nafion membrane. These channels were lined-up with sulfonic acid groups
and were filled with water and protons.

Based on the results of X-ray and neutron scattering experiments on samples of
Nafion membranes with different water contents, as well as on the basis of energy
considerations, Gebel [26] proposed a concept to describe the process of swelling and
dissolving ionomers. It is assumed that the dry membrane contains separate isolated
ion clusters with a diameter of about 1.5 nm. They swell when water enters the
membrane. When the water content in the membrane reaches a percolation threshold
A*, alinked network of the water clusters forms in the membrane, and the membrane
becomes a conductor of ions. With further absorption of water, an inversion of the
structure occurs, and, as a result, the system structure takes the form of a network
of intertwined rods. A further increase in the water content leads to the complete
dissolution of the membrane with the formation of a colloidal dispersion of individual
rod-like fibers.

PEMs which require humidification for proton conduction limit the deployment
of fuel cells with operating temperatures up to the boiling point of water. The
operation of these fuel cells at higher temperature reduces catalyst poisoning, and
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hence, suitable alternatives as proton carriers have been explored [38, 39]. Aromatic
membranes such as Poly (2,5-benzimidazole) (ABPBI), Poly[2,2-(m-phenylene)-
5,5-bibenzimidazole) doped with phosphoric acid (PA) have been explored for high-
temperature fuel cells. These membranes have excellent properties such as high
thermal, chemical and mechanical stability, high conductivity at elevated tempera-
tures and low cost [40,41]. ABPBI membrane has nitrogen (N) atom on the imidazole
ring which serves as a proton acceptor [42] and can interact with dopants. ABPBI
shows higher affinity toward PA as compared to PBI, due to the absence of phenyl
ring. PA is amphoteric and has a high boiling point, which makes it a suitable proton
conductor for fuel cell applications [41]. PBI membrane has high glass-transition
temperature (430 °C), excellent chemical resistance, and mechanical strength which
stems from the aromatic backbone. The PA-doped PBI has high proton conductivity
(0.07 S/cm) in fully doped conditions and is comparable to the state-of-the-art PFSA
membranes. In PBI, high conductivity extends up to 200 °C. IR [40, 43, 44], Raman
[45], and NMR spectra [46] have confirmed the presence of strong hydrogen bonds
between PA and the nitrogen atom on the imidazole, resulting in the formation of
H,PO,4~.

Tonic liquids (ILs) are considered as a promising alternative to water due to their
excellent properties such as high thermal stability, low vapor pressure, wide electro-
chemical window, and high anhydrous ionic conductivity. These properties render
ILs promising dopants in electrolytic membranes, and, thus, enabling operation of
PEMEFC at higher operating temperatures (>100 °C). A protic ionic liquid (PIL) is
defined as a combination of a Brgnsted base and Brgnsted acid, where the base accepts
a proton from the acid [47]). The use of PILs as proton carriers has been explored for
high-temperature fuel cells [47-49]. A wide range of PILs as a prospective proton
conducting material and underlying proton conduction mechanism has been investi-
gated with excess of one constituent, or in PIL-doped membranes [47, 50-54]. Sood
et al. [53] demonstrated that IL (triethylammmonium trifluorosulfonate, TFTEA)
doping in Nafion (neutralized with triethylamine, TEA) enhances the ionic conduc-
tivity anhydrous conditions. The conductivity of IL-doped membrane increases with
wt% of IL.

In the next parts of this chapter, computer simulations of some of these PEMs and
their nanocomposites are discussed in more detail.

6.2 Multiscale Modeling of Polyelectrolyte Membranes
and Their Transport Properties

By now, many theoretical studies on the properties of Nafion have been published
[21, 55-57]. However, the studies of other ion-exchange polymers, in particular,
sulfonated polyheteroarylenes, are practically absent. Although Nafion and poly-
heteroarylenes differ significantly in their chemical structure, the formation of the
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structure of sulfonated polymers must follow general principles. Therefore, the anal-
ysis of the accumulated results about Nafion can be useful in the study of other
sulfonated acid polymers.

The earliest studies were carried out in the framework of semi-empirical methods
with a large number of parameters, adjusted according to experimental data [36,
58-60]. They drew general conclusions regarding the origins of the microphase
separation in ionomers into hydrophilic and hydrophobic domains, but they did not
provide a detailed description of the membrane structure.

The next group of theoretical approaches includes methods based on atomistic
simulations [61-68]. They allow to simulate the microphase separation of polar and
non-polar segments of polymer chains and to study the diffusion of water and hydro-
nium. This helps to understand how the local ordering occurs in PEMs, depending
on the water content and on the role of the side chains of fluoropolymers containing
sulfonic acid groups.

The most rigorous level of consideration was achieved using the quantum-—
mechanical methods [19, 20, 69-71]; accurate data have been obtained on the prop-
erties of different molecular groups, the dissociation of —SO3H, the conformations
of fragments of the Nafion chain, and the mechanism of the proton transport.

The experimental and theoretical studies of ion-exchange membranes show that
in order to explain the structural features of the water channels of proton-conducting
membranes, it is necessary to consider the morphology of ionomers on spatial and
temporal scales that significantly exceed the capabilities of atomistic methods. In this
case, mesoscopic approaches, such as cellular automaton method [72], MC/PRISM
(a combination of Monte Carlo methods and integral equations) [73], the dissipative
particle dynamics (DPD) method [74, 75], and a dynamic version of the density-
functional theory method (DDFT) [76, 77], can provide the most detailed informa-
tion. The predictions obtained in the framework of the aforementioned approaches
are in a good agreement with pertinent experimental results and with findings from
the atomistic modeling. However, neither DPD nor DDFT is suitable for studying
the mechanisms of ion transfer.

As has been mentioned before, the Nafion-based nanocomposites fabricated by
mixing with nanoparticles are often used in fuel cells and flow batteries to improve
proton conductivity, water retention levels and selectivity to the motion of protons
only. Classical MD simulation studies of such nanocomposites are appropriate to
understand the internal water cluster structure and transport characteristics. Nafion
nanocomposites containing highly hydrophilic nanoparticles, like modified silica,
have exhibited higher proton conductivity as compared to that of bulk Nafion [78].
Methanol crossover in direct methanol fuel cells and vanadium crossover in flow
batteries have been reduced by using such Nafion nanocomposites [79, 80]. In
[80], the reduction of methanol crossover and increased proton conduction in a
Nafion-modified carbon nanotube (CNT) nanocomposite has been observed. It was
proposed that such effects were due to the formation of long hydrophilic pathways
along the modified CNTs. All these experiments point toward the need for a better
understanding of Nafion—nanoparticle interfaces.
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Nafion nanocomposites show a large variation in nanoparticle sizes (5-75 nm)
[81, 82]. Therefore, Nafion—nanoparticle interface could be modeled using a coarse-
grained description of a Nafion film-flat substrate interface with lateral dimensions
in the range of 4-6 nm. Nanocomposites may possess different filler densities which
affect the average interparticle distances. The average interparticle distance in a
Nafion/titania nanocomposite was found to be 9 nm [81]. Also, previous experiments
have sought a more thorough understanding of the structure in Nafion films of thick-
ness less than 10 nm, because this is exactly the range of the interparticle distances
commonly met in catalyst layers [83]. Therefore, film thicknesses in the range of
6-11 nm can be chosen to perform the classical coarse-grained MD simulations.

Different types of nanoparticles like silica, zirconia, and modified carbon
nanotubes [78, 81] with varying wettabilities have been used in Nafion nanocom-
posites. In addition, Nafion also exists in catalyst layers between carbon support and
platinum nanoparticles [82, 84].

In the next paragraph, a hydrated Nafion film capped by substrates of varying
hydrophilicity will be discussed in some detail. Such a model, introduced in [78]
initially for the elastomer-based nanocomposites, has been recently used to provide
useful insights into the interfacial interactions in Nafion nanocomposites.

6.3 Confined Film Model of a Nanocomposite Membrane

Classical molecular-dynamics (MD) techniques were used for thr simulations. A
polymer nanocomposite is comprised by fillers/nanoparticles dispersed inside the
polymer matrix as shown in Fig. 6.5a. The representative volume element (RVE)
modeled in the simulations is the polymer material present between any two nanopar-
ticles as a confined film. This RVE was modeled by confining 17 Nafion chains along
with water molecules and hydronium ions between structureless walls of tuneable
hydrophilicity [85, 86] as shown in Fig. 6.5b. A fixed moderate hydration level of A
= 15 was used for the simulations. The walls represent the nanoparticle surfaces of
variable hydrophilicity.
An integrated Lennard—Jones potential [87],

E —e(i(a/r)"’—(o/rf) r<r (6.1)
~\15 ' ¢ '

has been used to simulate structureless walls at the top and at the bottom of the
simulation box [85]. In (6.1) r. is the cut-off radius, and the interaction energy € of the
walls with the hydrophobic parts of the system (i.e., the Nafion molecule except the
sulfonic acid groups) was &pnep = 0.25 keal /mol. Five different values of interaction
energy &phyl Of the walls with the hydrophilic part of the system were used in the
simulations. Henceforth, walls with gy = 0.25, 0.50 kcal/mol will be referred to
as low hydrophilicity (LH) walls and those with gypy = 1.20, 1.50, 2.00 kcal/mol
will be referred to as high hydrophilicity (HH) walls. In both cases, €nop has been
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Fig. 6.5 a A schematic representation of a nanocomposite membrane. The spheres are the nanopar-
ticles while the black bead-springs are the hydrated Nafion. The hydrated Nafion volume bound
between two nanoparticles as shown by the red square is the representative volume element (RVE).
This RVE is modeled as a capped film as shown in b hydrated Nafion film is capped by two struc-
tureless walls. Z-axis is the direction perpendicular to the walls and X- and Y-axes are parallel to the
walls. Z-direction has fixed boundaries and the film is periodic in X- and Y-directions. Blue color
represents water molecules and hydronium ions; orange color is used for Nafion molecules. Water
transport is analyzed in the five different layers of the film [66]

fixed at 0.25 kcal/mol [66, 85, 86]. Three different film thicknesses of 6.3, 8.7, and
11.5 nm were simulated for each of the &ppy1 values. The film thickness was varied
in the Z-direction (Fig. 6.5b). The thickness variation modeled the variation of the
filler fraction in a nanocomposite, i.e., higher film thickness corresponded to lower
filler fraction and vice versa.

Figure 6.6 shows the simulated Nafion film snapshots at the end of the produc-
tion runs for five different values of wall hydrophilicity. For low values of wall
hydrophilicity (gphy1 = 0.25, 0.50 kcal/mol), there is very little accumulation of
water molecules near the walls. However, for the high hydrophilicity walls (gpny =
1.20, 1.50, 2.00 kcal/mol), a noticeable accumulation of water near the walls is
observed.

Due to sufficiently high hydration levels, water channels in Nafion form a perco-
lated network [24] which facilitates a proton transport. However, such a percolated
network can also allow unwanted crossover of methanol and vanadium ions. Nafion
nanocomposites have been shown to reduce the crossover of methanol [80] and vana-
dium ions [88]. Therefore, water cluster analysis was usually done for the different
values of wall hydrophilicity. All the water cluster analysis shown here is for a cut-off
distance of 3.7 A averaged over 3 ns of the simulated physical time [66].

Water cluster distribution at a fixed film thickness and different values of wall
hydrophilicity is shown in Fig. 6.7. The cluster distributions for the LH walls (gpny1 =
0.25, 0.50 kcal/mol) are almost the same as that of the bulk hydrated Nafion (A =
15) cluster distribution. The large clusters (cluster size close to 2400) for the HH
walls (gpny1 = 1.20, 1.50, 2.00 kcal/mol) occur less frequently as compared to the
LH walls. In addition, there is an emergence of clusters in the 900-1500 size range for
the HH walls. This shows that the cluster sizes reduced considerably with increasing



144 S. Sengupta et al.

Ephyl = 0.50
(b)

Fig. 6.6 Snapshots for a eppy) = 0.25kcal/mol b eppy1 = 0.50 kecal/mol ¢ eppy = 1.20 kcal/mol
d gphy1 = 1.50kcal/mol e eppy1 = 2.00 kcal/mol where blue color shows the water molecules and
hydronium ions, and orange color shows the Nafion atoms. Reprinted with permission from [66].
© 2018 American Chemical Society

hydrophilicity of the walls for a fixed film thickness of 6.3 nm. Similar effects are
also seen for larger films thickness.

Figure 6.8 shows the water cluster count normalized by the bulk Nafion (A = 15)
water cluster count, for different wall hydrophilicities and film thicknesses. All the
normalized cluster counts are larger than 1, meaning that the number of water clusters
for all the wall hydrophilicity values and the film thicknesses were greater than that
of bulk hydrated samples. This implies a more dispersed water cluster network in
the Nafion films, as compared to the bulk hydrated Nafion.

The water cluster count increases for the HH walls as compared to the LH walls for
all three different film thickness values as shown in Fig. 6.8. This effect is universal
and is weakly dependent on the film thickness. The higher cluster count indicates a
more dispersed water cluster network for the HH wall films as compared to the LH
wall films, which can also be seen in the inset for the HH wall films as shown in
Fig. 6.7. Relevant experiments have shown that unwanted crossover reduces due to
the highly hydrophilic nanoparticles like silica, clay, etc. [79] added to Nafion. In
fact, the existence of the long-range-oriented pathways along the modified carbon
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Fig. 6.8 Dependence of water cluster count, normalized by the bulk cluster count, as a function of
different wall hydrophilicity (epny1) for different film thickness [66]

nanotubes was the proposed mechanism for the observed enhanced proton transport
and reduced methanol crossover in a Nafion—modified CNT nanocomposite [80].
The MD simulations [66] also show the preferential accumulation of water along the
HH walls and a concomitant increase in the water cluster count due to the emergence
of a more dispersed water phase and isolated water clusters. It is likely that less polar
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molecules, like methanol, will move away from the highly hydrophilic nanoparticles,
similar to carbon moving away from the HH walls, as shown in Fig. 6.6. This will
increase the chances of such molecules being trapped in the isolated clusters which
are found at larger distances from the HH walls as seen in the inset of Fig. 6.7.

Figure 6.9 shows the average water cluster size for different wall hydrophilic-
ities and film thicknesses. For the LH walls, the average cluster sizes remain
almost constant upon increasing the film thickness. However, the average water
cluster sizes show an increasing trend with increasing film thickness for the HH
walls. This trend for the HH walls indicates higher phase separation between the
water/hydrophilic phase and the hydrophobic phase with increasing film thick-
ness, leading to larger average water cluster sizes. Previous transmission electron
microscopy (TEM) images [83] and GISAXS experiments [§9] have shown similar
trends in the water/hydrophilic phase domain sizes vs film thickness for Nafion films
supported on hydrophilic silica substrates.

Water diffusion plays a key role in the performance of Nafion. The proton attaches
itself to the water molecules and diffuses in the membrane. Therefore, water diffusion
constants (Dy, D, and D) have been computed in [66] for the X-, Y-, and Z-directions
using the Einstein relation for diffusive motion. Water diffusion in the films’ XY-plane
is studied using the in-plane diffusivity (D),

D = (D, + Dy). (6.2)
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Fig. 6.10 Film averaged in-plane water diffusion constants (D) normalized by the corresponding
two-dimensional water diffusion (Dpyik) constant at A = 15 for bulk Nafion. Reprinted with
permission from [66]. © 2018 American Chemical Society

and was compared to the analogous (two-third of the total water diffusion
coefficient) values for hydrated Nafion bulk (Dyy),

2
Dy = (g) * (Dpuik—x + Dpulk—y + Dpulk—z) (6.3)

Henceforth, the diffusion in the XY-plane will be referred to as in-plane water
transport. The total water diffusion coefficient (1.5 * Dyyx) in bulk Nafion for A =
15 at T = 353 K was found to be 1.93 x 107> cm?/s [65].

Figure 6.10 shows the in-plane water diffusion normalized by the bulk hydrated
Nafion water diffusion constant, for different wall hydrophilicities and different film
thicknesses. The in-plane water diffusion is noticeably higher for the HH walls
(&pny1 = 1.20, 1.50, 2.00) as compared to the LH walls (gppy1 = 0.25, 0.50), for all
three different film thicknesses. The cylindrical water channels/micelles in Nafion
were found to orient along the hydrophilic substrates and away from the hydrophobic
substrates in supported Nafion film experiments [90]. Experimental results further
suggested that treated nano-patterned substrates can be used to enhance the direc-
tional transport of water within the Nafion membrane since the water transport takes
place mostly along the water channels/micelles [90]. A similar enhancement of water
transport for the HH walls (substrates) was also observed in the simulations [66].

It is important to keep in mind that the average water cluster sizes decreased
significantly for the HH walls. The bulk classical MD simulations of PEMs like
Nafion [91], SPEEK [92], PFIA [65] have shown the water diffusion to increase with
increasing water cluster sizes and vice versa. However, the capped Nafion films with
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LH walls show much smaller water diffusion than that for the HH walls, despite
larger water cluster sizes for the LH walls. This is due to the formation of water
channels parallel to the HH walls, in contrast with the long tortuous water channel
with bottlenecks in the LH wall films.

The reason behind this enhancement of in-plane water diffusion for the HH walls
was further understood by analyzing the water transport in five layers, as shown
earlier in Fig. 6.5b. Figure 6.11 shows the layer resolved in-plane water diffusion
constant, normalized by the bulk hydrated Nafion two-dimensional water diffusion
constant, for the 6.3 nm film. The water diffusion constants for the LH walls are
slightly smaller than the bulk hydrated Nafion values. This is probably due to the
extreme confinement of the water molecules inside the Nafion film away from the LH
walls. For the HH walls, the diffusion constant near the center of the film is close to
that for the bulk hydrated Nafion, but the diffusion increases considerably on moving
closer to the walls. Similar trends are also observed for thicker films. The presence
of such highly mobile water layers near both the HH walls in a capped Nafion film
explains the considerably high film averaged in-plane water diffusion constant for
the HH walls as compared to the LH walls.
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6.4 Atomistic Simulations of Nafion/Graphene Oxide
Membranes

Conductivity in polymer electrolyte membranes is significantly affected by water
retention. In Nafion and other PFSA-based membranes, ion diffusion takes place at
the formed hydrophilic nanochannels [37, 67] and, thus, several studies aiming at
the optimization of batteries and fuel cells performance focus on the enhancement of
hydrophilicity. In this paragraph, the results have been discussed of the fully atomistic
MD simulations of Nafion-based nanocomposite membranes.

The effect of humidification on PFSA membranes has been explored by a variety
of experimental techniques such as contact angle measurements [93-95], atomic
force microscopy (AFM) [96-99], electrochemical mass-transport measurements
[100], and X-ray studies [101]. As was mentioned earlier, it has been observed that
at temperatures above 80 °C or at low hydration levels, Nafion membrane conduc-
tivity drops significantly. Therefore, the Nafion membrane must be kept sufficiently
hydrated in order to retain high proton conductivity levels [37]. In a typical fuel
cell, the supplied hydrogen gas is often humidified to enhance proton conductivity.
However, the external humidification results in an increase in the size of the fuel cell
which is not desirable for portable applications [102]. Another drawback for their
use in direct methanol fuel cells (DMFCs) is related to methanol crossover through
swelled ionic channels [103].

In order to avoid the need for external humidification and to reduce the methanol
crossover effect in DMFCs, self-humidifying membranes doped with inorganic
fillers have been examined. Inorganic fillers, such as silica, titania, zirconia, iron
oxides, carbon nanotubes, zeolites, and clay, may assist in water retention, enhance
proton-conducting properties, and increase mechanical and thermal stability of the
membrane [104]. Recently, Nafion/graphene oxide (GO) composites have been
explored as potential materials for polymer electrolyte membrane applications
[67, 105-109]. The choice of GO stems from properties like large surface area,
hydrophilic functional groups, mechanical strength, and chemical stability, which
makes it an ideal candidate to form composite membranes [110]. The hydrophilic
groups of the GO interact with the protons, which are propagated through the
hydrogen bonding network formed with the adsorbed water, allowing for conduc-
tivity levels close to 102 S cm™' [109, 111]. Relevant experiments have shown
that the presence of GO modulated the ionic channels of Nafion and decreased the
methanol crossover on DMFCs while preserving high ionic conductivity [107].

More detailed studies have demonstrated that the transport of water and other small
molecules through graphene-based membranes depends on the interlayer channels
and the functional groups of GO [106], like epoxy and hydroxyl groups that may assist
water retention due to the formation of a hydrogen bonding network [108, 112]. Inves-
tigations of Nafion/GO composites with GOs functionalized with hydrophilic groups,
such as —SO;H, —OH, and —NH, [105], supported the idea that functionalization of
GO with such moieties facilitates proton transport and enhances the water retention
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capability of the Nafion membranes. Pertinent experiments on Nafion/GO compos-
ites for DMFC applications [107] attested to their improved properties compared
to simple hydrated Nafion membranes. Scanning electron microscopy and trans-
mission electron microscopy studies attributed the enhanced proton conductivity to
interactions between the different functional groups in GO and Nafion [108]. The
mechanical properties of the Nafion/GO composites as measured by tensile strength
experiments [113] were shown to be significantly improved compared to the perfor-
mance of pristine Nafion membranes, without affecting their swelling properties
[108].

GO has also been incorporated in several other composite membranes, like
sulfonated polyether ketone [114], PBI [115], polyvinyl alcohol [116], and poly-
acrylic acid [117, 118] resulting in a marked improvement of their performance. In
the case of hydrogels where the water content exceeds 90 wt%, GO may influence
in a dramatic manner the physical adsorption of polyelectrolyte chains, the polymer
dynamic response at local and global length scales, the charge distributions around
the components, and the mobility of the counterions [118]. The vehicular diffusion of
water molecules in the presence of GO as studied through MD simulations was found
to be slower due to the hydrogen bonding interactions between water molecules and
hydroxyl groups of GO [67, 119].

MD simulations, particularly in the fully atomistic representation, allow the study
in atomistic detail of structural features and translational dynamics of water and
hydronium cations in the formed Nafion channels. The degree of hydration (1) of the
membrane is usually determined by the number of water molecules per side-chain
pendant of Nafion. At A > 3, the sulfonic group loses its hydrogen and so hydronium
ions arise [71, 120].

In arecent molecular-dynamics (MD) study [67], the structure and diffusion prop-
erties in Nafion/GO systems at three different A values, i.e., 10, 15, and 20, were
simulated. In this work, three different temperatures were examined, i.e., 250, 300,
and 350 K at a pressure of 1 bar. The Nafion structure was equilibrated by annealing
at 1000 K, while a cooling rate of 50 K/30 ns to the target temperatures was used
[67]. More details about the simulation protocol and parameters are given in [67].

In Fig. 6.12, the snapshots of a typical Nafion/GO system are shown, consisting
of Nafion, hydronium, water, and GO entities, at . = 15, and 7 = 300 K. Differences
with respect to the bulk water structure and the formation of water channels can be
observed (Fig. 6.12a), a phenomenon that is independent of the presence of the GO
in Nafion membranes [65, 67]. As indicated in Fig. 6.12b, the concentration of water
onto the GO surface is lower compared to that at distances far from the surface. This
results in a lower degree of solvation of the hydronium ions, which are physically
adsorbed on the GO flake.

Morphological characteristics related to the spatial arrangement of the different
components close to the GO surface were probed by calculating the relevant density
profiles, along a direction normal to the GO flake, as shown in Fig. 6.13. It can be
observed that the concentration of water on the surface is low, exhibiting a depletion
layer. For all A values examined, a peak is present at a distance close to 8 A from
the surface. It appears that as the hydration level becomes higher, water retention on
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Fig. 6.12 Snapshots [67] of a Nafion/hydronium/water/GO and b hydronium/water/GO nanocom-
posite systems. Carbon atoms are shown in dark cyan, oxygen atoms in red, and hydrogen atoms
in white
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Fig. 6.13 The density profiles along a direction perpendicular to the GO sheet, as a function of
the distance from GO surface, for the Nafion/GO systems. The overall density, along with the
contributions of Nafion and water, at 7 = 300 K and A = 15 is presented. The black dash line
depicts the average density of the respective GO-free Nafion system. Water profiles for hydration
levels of A = 10 (blue dot line) and A = 20 (blue dash line), at 7 = 300 K are shown as well.
Reprinted with permission from [67]. © 2019 American Chemical Society

the GO tends to increase. On the other hand, the concentration profile of hydronium
ions is more uniform (see Fig. 6.3 of [67]). The profile of the Nafion chains shows a
reduced concertation close to the GO surface, while the width of the depletion zone
of the polymer chains close to GO is commensurate to the size of the side chains
[67]. Since the backbone polymer dynamics is expected to be practically frozen at
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© 2019 American Chemical Society

temperatures below 400 K [103], only the relaxation of the hydrophilic side groups
is probed by the MD simulations at the examined temperatures.

Another aspect related to the morphology of the formed channels and the conduc-
tivity mechanisms in Nafion membranes is the clustering behavior of water molecules
[121]. Since the degree of spatial confinement of water molecules is expected to vary
depending on the local environment, it worths studying whether different levels of
confinement affect its clustering characteristics under different confinement levels
becomes of interest. Such a study was performed in the systems of [67] using the
DBSCAN algorithm [122]. In this case, the critical radius for the identification of
clusters was taken to be 2.8 /3;, based on the location of the first peak of the water—
water pair radial distribution function (RDF) [67]. Figure 6.14a depicts the clustering
behavior for two different sizes of the simulation box in pristine water systems from
the aforementioned study. It is shown that the observed behavior was not affected by
finite size effects at the examined sizes of the simulation boxes.

Apart from that, it should be noticed that at all temperatures, the highest prob-
ability for cluster formation corresponds to a minimum number of three molecules
participating in a cluster (s). As the temperature drops, DBSCAN analysis shows
that the size of the largest clusters reduces. Moreover, the distribution of the cluster
size follows a power law which is in close agreement with the universal exponent of
-2.2, as predicted by the Fisher droplet model [123]. The cluster distribution under
confined conditions (i.e., in Nafion-based systems) is shown in Fig. 6.14b. Evidently,
the bulk water structure is disrupted. The RDF arising from the centers of mass of
water molecules in bulk and under confined conditions (not shown here) remains
qualitatively the same (in terms of the number and the position of peaks [67]), but
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Fig. 6.15 Non-Gaussian parameter [«2(7)] of the water diffusion, in water/Nafion/GO (Nafion/GO)
and water/Nafion (NAF) systems (A equal to 10 and 20) and bulk water, at 300 K. Reprinted with
permission from [67]. © 2019 American Chemical Society

the height of the first peak, which relates to the first neighbor shell, becomes higher
as the water concertation reduces (i.e., the degree of confinement increases).

Figure 6.15 depicts the non-Gaussian parameter [NGP or «; (¢)], of the centers
of mass water molecules in the examined systems, defined as.

3(Ar@)?)
wl)=——""5—1, (6.4)
5(Ar(1)?)

where Ar(t) is the displacement of the center of mass from the original position, at
time 7. Square brackets denote time and ensemble average. NGP essentially provides
a measure for the degree of dynamic heterogeneities in the diffusional motion of
the probed particles. It takes the minimum theoretical value (—0.4) when all centers
of mass travel the same distance, a value of 0 when Brownian diffusion is at work
and values higher than 0 when the distances traveled after time ¢ by the particles
under examination are not Gaussian distributed. The latter case denotes an increased
level of heterogeneity in the particles’ translational motion. According to this picture,
it appears that heterogeneities in the water diffusion increase as A decreases. This
becomes more pronounced following the inclusion of GO in the Nafion membrane.
In addition, the a>(¢) parameter under confined conditions appears almost an order
of magnitude higher compared to the bulk, unconfined case.

This behavior is consistent with the heterogeneous dynamics of water molecules
related to the confined motion within the channels formed by Nafion. In the presence
of GO, additional constrictions are imposed close to the GO surface due to specific
interactions of water molecules (i.e., hydrogen bonding) with the oxidized carbon
groups of GO.
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More details regarding the characteristics of water translational motion in the
microenvironment formed in the Nafion-based systems can be obtained by studying
relevant structural relaxation processes which take place within specific spatial
dimensions. Such spatiotemporal resolution in molecular motion can be probed by
the self-part of the intermediate scattering function, defined as [124]:

Fy(q,1) = (exp(ig - [F: (1) — 7(0)])) (6.5)

where 7 is the scattering vector, and 7;(¢) is the position vector of the exam-
ined particle (here pointing to the center of mass of a water molecule) at time ¢.
In order to fit the behavior of the intermediate scattering function, the modified
Kohlrausch—Williams—Watts (mKWW) expression [125, 126] was employed for a
constant magnitude g of the scattering vector,

B
Fi(t) = o exp[—%] + (1 - al)exp|:—<ri2> :| (6.6)

The mKWW fitting function assumes the first term of a simple exponential (i.e., a
Debye process) and the second term of a stretched exponential relaxation [125]. The
assumption of a Debye relaxation is consistent with the existence of an Arrhenius
component of the diffusion in the glassy region [127]. The decorrelation times are
calculated, based on the fitting parameters and the expression for the decorrelation

time,
1
Te=ayt + (1 —m)(%)F(E), (6.7)

where I' is the gamma function. In Fig. 6.16, results for the intermediate scattering
function are presented, based on the motion of the center of mass of water molecules in
pristine water and the two extreme hydration levels studied in the composite systems.
As the evaluation of the dynamics close to the Fickian regime, at 7 = 250 K, is rather
ambiguous, especially for the Nafion/GO systems, water translational dynamics is
only presented for a wave vector representing a length scale commensurate with the
dimensions of the simulation box, i.e., g = 0.22 A-! [85].

The results indicate a more sluggish diffusion as the degree of the water
confinement increases. The activation energies were calculated to be 7.3, 10.0 and
11.3 kJ/mol for the bulk water and the water in Nafion/GO with A = 20 and in
Nafion/GO with A = 10 systems, respectively. The common interpretation [126] of
the increase observed in the activation energy is the presence of heterogeneities, that
is an indication of cooperative diffusion, which was implied earlier by the behavior
of the NGP (Fig. 6.15). It is noteworthy that the dynamics of water in the confined
conditions exhibits an Arrhenius behavior. An interpretation of the apparent Arrhe-
nius behavior under conditions of cooperative diffusion was provided recently, on
the basis of an extension of the super-Arrhenius region [127, 128].
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Fig. 6.16 Decorrelation times of the incoherent dynamic structure factor (6.2), ¢ = 0.22 AL
for water molecules at 300 K. The different symbols refer to the bulk state and to the Nafion/GO
systems at A = 20 and A = 10. Reprinted with permission from [67]. © 2019 American Chemical
Society

Apart from the translational dynamics of hydronium ions and the Grotthuss mech-
anism, the conductivity in the Nafion-based nanocomposite membranes also depends
on the adsorption/desorption mechanism of the hydronium ions from the GO surface.
This process can be explored by means of a relevant correlation function [117]:

(g(1)g(0))
(?)

where g(¢) assumes a value of 1 if an adsorption event is detected at time ¢ and
0 otherwise. Angle brackets denote averaging over all pairs and time origins. As a
criterion for adsorption of a hydronium ion onto the GO surface, it was taken that
the distance between a hydronium oxygen and a hydroxyl hydrogen of GO at time ¢
was less or equal to a critical distance of 3.7 A, which corresponds to the first peak
of the respective RDF function [67]. The critical distance is practically the same as
in the case of the sulfur—hydronium interaction. The results presented in Fig. 6.17
were fitted by the mKWW function (6.6).

The desorption times were evaluated to be 5 x 107, 6 x 10% and 1 x 10% ns for
hydration levels of A = 10, A = 15 and A = 20, respectively. The results emphasize
the significance of the hydration level on the hydronium interfacial dynamics. At A
= 10, the desorption time is an order of magnitude larger compared to those at higher
hydration levels. Only at A = 20, the cations desorb from the GO at times close to
1 ms. It should be noted that the average residence time of the water and hydronium
ions on the sulfur group of the Nafion is of the order of ps and ns, respectively [129],
although cases of hydronium bound to SO3~ for longer times (approximately 1 ms)

h(t) = (6.8)
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Fig. 6.17 Desorption autocorrelation function (6.8) of the oxygen (Oh) of hydronium ions from
the hydrogen (hO) of the GO hydroxyl. Reprinted with permission from [67]. © 2019 American
Chemical Society

had also been observed [129]. The deviation in the desorption times between GO
and Nafion sulfur groups should be attributed to the low concentration of water near
the GO, especially at the hydration levels of A = 10 and A = 15. Based on the above
analysis, it can be concluded that water retention at the Nafion/GO interface appears
only at high enough hydration levels of Nafion [67].

6.5 Modeling of Doped Non-humidified Membranes

A few computational studies have been performed on benzimidaozle (BIM)-based
membranes. Pahari et al. [130] investigated the structure and dynamics of phosphoric
acid-doped PBI membranes at a varying concentration of phosphoric acid using clas-
sical MD simulations. The authors observed no phase separation, and phosphoric acid
molecules form inter and intramolecular hydrogen bonds at all concentrations of PA.
Pahari and Roy [131] employed MD simulations on PA-doped PBI and ABPBI. The
authors showed that ABPBI has more affinity toward phosphoric acid as compared to
PBI due to the larger number of H-bonds in ABPBI than in PBI. Shirata and Kawauchi
[132] employed DFT calculations to examine the interaction of PA with BIM with
different configurations. The authors explored several interactions and concluded that
N-type interactions are the strongest (followed by O—, OH-, and 7-type). However,
PBI is preferred due to the loss of the mechanical strength of ABPBI with increasing
concentration of phosphoric acid. Another drawback of ABPBI membrane is its
poor solubility in common solvents employed for membrane casting methods [133].
Also, PA-doped PBI membranes have disadvantages like leaching and condensation
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of phosphate groups at high temperatures [134]. Hence, alternatives to PA such as
ionic liquids (ILs) are potentially interesting.

Iojoiu and coworkers [54] proposed that the triethylamine (TEA) saturated
and (TEATF)-doped Nafion membranes consist of nanoaggregates comprised of
proton acceptor and proton donor sites. The authors proposed three possible long-
range proton transport mechanisms, (a) via cationic clusters, (b) via a concerted
interaction between cation and anion clusters, and (c) via direct proton exchange
between cationic and anionic clusters. Kumar and Venkatnathan [135] employed
quantum chemistry calculations on IL-doped PFSA membrane for high-temperature
fuel cells. The authors used DFT method with B3LYP/6-311++G** basis set for
all the calculations. The authors explored several proton transport pathways in a
triethylammonium-triflate (TEATF) IL-doped Nafion membrane. In TEATF-doped
PFSA membranes, both the cation and anion can access suitable sites, simultane-
ously, on the sulfonic acid end groups. For example, the cation approaches toward
the O atom, and the anion approaches the H atom. The anion abstracts the proton
from the acid and facilitates the cation to electrostatically bind to the sulfonate end
groups of the membranes. Figure 6.18a shows the structure of the resultant complex,
a side-chain fragment of a Nafion membrane with a TEATF.
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Fig. 6.18 a Interaction of a Nafion® side-chain fragment with a TEATF ionic liquid unit. TFA
approaches toward hydrogen atom and TEAH* toward the oxygen atom of the sulfonic acid end
group of the membrane fragment. b Mechanism of proton transfer ina TEAH™* ... TEA - .- TFA™
complex (b) shows the optimization process of TEAH™* -..TEA - -- TFA™. The structures shown
in the figure are the configurations of the complex at the points denoted by blue circles, and the
moving hydrogen atom is denoted by a red circle. A steep decrease in system energy occurs due
to TFA™ interaction with the TEAH* - .- TEA complex. The authors showed that the transfer of
a proton from a tertiary amine cation to a tertiary amine (see panel b) occurs only on interaction
with anion. The interaction of anion with amine increases the basicity of the latter and facilitates
the transfer of proton from cation to neutral amine. Reprinted with permission from work of Kumar
and Venkatnathan [135]. © American Chemical Society
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A high boiling point (256 °C) of imidazole (compared to water) makes them
promising materials as proton carriers in high-temperature fuel cells. Hydrogen
bonding in imidazole plays a key role in proton conduction and rotation of an imida-
zole molecule in the process results in the cleavage of hydrogen bonds between
molecules. In another quantum chemistry study, Kumar and Venkatnathan [136]
explored proton transport and rotation energy barrier in imidazole chains. The authors
showed that the propagation of an excess proton along the imidazole chain occurs
with energy barriers lower than 1 kcal/mol. The authors calculated the energy barriers
for rotation of imidazole molecules in two, three, and four imidazole molecule chains
and found that the barrier is equal to the number of hydrogen bonds broken in the
process. Figure 6.19 shows the change in structure and potential energy of a chain of
three imidazole molecules with the rotation of an imidazole molecule. The rotational
barrier in two imidazole chain is 8.0 kcal/mol, in three imidazole chain, itis 17.1 and
20.0 kcal/mol in four imidazole chain.

o
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Rotation in(a) in Rotationin (¢) in
marked direction marked direction

Relative en ergy (kcal/mol)

Number ofrotations

Fig. 6.19 A PES of 3-imidazole-molecule chain. The scan is separated into two parts: left part
is due to rotation of first imidazole in structure (a); and right part is due to rotation of second
imidazole in structure (c¢). The rotation steps, in the marked directions, were chosen as 10° and 9.7°,
respectively. Structure (b) shows that up to 120° rotation, there is no effect on hydrogen bonding
between second and third molecule. Structure (d) shows maxima in which the second molecule
is showing minimum interaction with other molecules. In structure (e), all imidazole molecules
are flipped. Reprinted with permission from work of Kumar and Venkatnathan [136]. © American
Chemical Society
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In a different study, Venkatnathan and coworkers [137] explored proton trans-
port pathways in base-rich imidazolium ionic liquids. The authors suggested proton
transport pathways to explain the experimentally observed enhanced conductivity in
base-rich PILs. The results showed the barrierless rotation of imidazole in base-rich
ionic liquids, could be one of the possible reasons for enhanced conductivity. The
figure illustrates the overall mechanism of proton transport in imidazole rich IL.
Figure 6.20 illustrates the overall proposed mechanism of proton transport in one
such system and suggests barrierless rotation of imidazole molecule to be the reason
for the enhanced conductivity of base-rich ILs.

The addition of triflic acid, which exist in its dissociated form (TFA), is known to
enhance the efficiency of PA-doped ABPBI membranes. Sunda et al. [138] employed
MD simulations to characterize the structure and dynamics of ABPBI + PA as
shown in Fig. 6.21, ABPBI + TFA and ABPBI + PA + TFA blends with varying
levels of hydration. The structural properties such as RDFs showed that the distance
between two adjacent imidazole units on the polymer chain remains unaffected by
hydration and the type of blend. The end-to-end polymer chain distance and radius of
gyration are also unaffected by hydration and the type of blend, illustrating that the
stability of polymer membranes under various hydrated acidic environments remains
unaffected. The number of PA, TFA, and water molecules in the cluster around the
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Fig. 6.20 Schematic of proton transport pathway in [MSAJ/[IM] = 1:3, i.e., IMMSA with two
IM molecules. Reprinted with permission from Venkatnathan and coworkers [137]. © American
Chemical Society
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Fig. 6.21 Chemical structure with atom types of a ABPBI polymer membrane and b phosphoric
acid (PA). © Royal Society of Chemistry

polymer membrane (skewed and extended form) is found to depend significantly on
the extent of hydration. The lowest water mobility was obtained from the ABPBI
+ PA + TFA blend, which suggests that this blend could be the most effective in
reducing acid leaching from the membrane matrix.

In a different study, Venkatnathan and coworkers [139] performed MD simula-
tions to examine structure and dynamics in neat BIM, phosphoric acid, and PA-BIM
mixtures. The authors observed that diffusion coefficients of BIM decrease with
increasing phosphoric acid concentration, whereas the diffusion of PA increases.
The RDFs showed a strong hydrogen bonding interaction between the imine N of
BIM and hydrogen of phosphoric acid. Further Venkatnathan and coworkers [140]
employed MD simulations to characterize the effect of polymer chain length using a
dimer to 100-mer. Results from simulations (dimer to decamer) showed the following
trends: the inter-chain and intra-chain interactions in the membrane are unaffected
with polymer chain length and temperature, though a significant increase with PA
doping is observed. The radius of gyration linearly increases with polymer chain
length and remains unchanged with PA doping and temperature. However, the end-
to-end distance deviates from linearity with polymer chain length which suggests
increased coiling of the membrane. The diffusion coefficient of PA increases with
PA doping and temperature but remains constant with polymer chain length. The acti-
vation energy of diffusion of PA decreases significantly with an increase in polymer
chain length at low PA doping but remains unaffected at higher PA doping. The
authors proposed decamer to be optimal chain length to calculate various structural
and dynamical properties.

6.6 Mesoscopic Simulations and Simulated Example:
SPEEK Membrane

In this section, two examples of the mesoscopic modeling of polymer ion-exchange-
based membranes will be considered. Since the average size of the polymer
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membrane domains is about 4 nm, it seems rather attractive to use the mesoscopic
simulation methods to model the morphology of such systems. These methods allow
us to study samples of PEM membranes with a characteristic scale of 20-100 nm over
long-time intervals of 1-1000 ps. This is achieved by abandoning atomistic detail
when moving to a larger scale using collective variables. To model a SPEEK based
membrane with different water content, the mesoscale DDFT simulations (MDDFT)
[141] and dissipative particle dynamics [142] methods were used. Although these
methods are based on the use of different simulation principles, they are united by a
common approach to the construction of coarse-grained models.

MDDFT method is based on a dynamic version of the density-functional theory
in combination with the Flory—Huggins model. As collective variables, it uses fields
of the number particle densities p, (r, t). The evolution of density fields can be found
by solving a system of diffusion Langevin equations. All details of the method are
set out in [76, 141, 143-146].

DPD method is another mesoscale simulation technique proposed initially by
Hoogerbrugge and Koelman [142, 147] and generalized later to molecular systems
[148]. As in the MD method, the evolution of the coarse-grained particles is described
by the system of Newton equations of motion. One can treat as an advantage the
fact that both MDDFT and DPD methods use the same strategies for building the
mesoscopic models of the molecular systems and evaluating the force parameters
through the Flory—Huggins parameters [149]. In MDDFT and DPD method, the
simulated system is placed in a cell of a fixed volume V with periodic boundary
conditions. All molecular objects are replaced by some equivalent set of beads, called
mesoscopic particles (MPs) of various types «. They all have the same volume v, =
v. Each of the subsystems corresponds to a selected sequence of structural units of the
macromolecule chain (these can be its individual segments), or to a certain number
of solvent molecules. The choice of volume v is determined by the parameterization
of the system, which, in turn, determines its degree of coarsening. It introduces a
unit scale o = (6v/7)"3. In MDDFT, polymer chains have the same Gaussian coil
conformation, and the spatial distribution of MP can be described by the potential field
of local densities p,(r, ). Unlike MDDFT, the DPD method imposes no restrictions
on the conformational mobility of the polymer chains and describes the structure of
the polymer systems more accurately.

Consider the process of constructing a coarse-grained model for the sulfonated
PEEK, poly(oxy-1,4-phenyleneoxy- 1,4-phenylenecarbonyl- 1,4-phenylene),
(SPEEK) [11, 77] (Fig. 6.22). To construct a mesoscopic model of SPEEK based
membrane, it is necessary to correctly map the atomistic model of the ionomer
chain to the equivalent coarse-grained representation in the form of a sequence
of repeating mesoscopic particles and to subsequently calculate the interaction
parameters between these MPs based on Flory—Huggins parameters [149]. Although
SPEEK can be considered a random block copolymer, for simplicity, the composi-
tion and structure of the chains was represented as [A,B,, ]y, where n and m are the
number of polar and non-polar beads, N is the number of the chain blocks. The n:m
ratio allows to characterize the degree of sulfonic acid (DS) of the polymer. Analysis
of the features of the chemical structure of the polymer and the requirement to
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a) Chemical structure of SPEEK

SOH

Hydrophlilc monomer {A) Hydrophoblc monomer {B} Water (C)

b) Atomistic Model

c) Mesoscopic Model

Fig. 6.22 Mapping of a fragment of sulfonated poly(oxy- 1.4-phenyleneoxy- 1,4-
phenylenecarbonyl -1,4-phenylene) chain and a cluster of water molecules onto the equivalent
mesoscopic representation

comply with the structural characteristics of the model (contour length, rigidity and
distance between the ends of the chain) allows to select the size of the statistical
segment a of the basic chain,

a = CooLmon, (6.9)

where Cs, = 3.361s the characteristic ratio (characterizes the rigidity of the chain),
Lon is the size of the monomer. Estimates for C, were done using the Bicerano
method [77, 150]. These results indicate a higher degree of conformational mobility
of the PEEK chains in comparison with Nafion and its C, = 7.13 [76]. Aromatic
rings were chosen as the basic fragment of the SPEEK chain, which gives Lo, =
5.3 A (the size of the benzene ring). Based on the L, and C, values 6.9 defines
the length of the statistical segment a = 17.8 A, that is close to the length of the
sulphonated and non-sulphonated comonomers in SPEEK (13.5 A). Thus, chains of
SPEEK can be matched with mesoscopic particles (MPs or beads) of two types A
and B of the same size. The volume of MP can also be estimated by the Bicerano
method, which gives v = 250 cm?/mol. Mesoscopic particles of the third type (C) are
matched to water molecules. Given the value of v, one MP of water corresponds to
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about 14 molecules. The mapping of the system to a coarse representation is shown
in Fig. 6.22.

To determine the parameters of the intermolecular interactions &, used in
MDDFT [141] and aqg used in DPD [142], it is necessary to calculate the Flory—
Huggins parameters x g for the A, B and C mesoscopic particles, which are related
to the Hildebrand solubility parameters §, as

V(8 — 85)2
Xop = —— L (6.10)

where x; is the entropy contribution to the free energy of mixing, R is the gas
constant. The contribution of x, can be neglected since its estimates for many
polymer/solvent blends give the result of 0.34 [151, 152], which is only a small
correction to the first term in 6.10. The values of the parameters 8, can be obtained
via the cohesion energy density E.qn/V:

8y = ESN/V (6.11)

The estimates of §,, can be obtained using the Bicerano [150] and Askadsky [153]
methods. The MD-based calculations give a more accurate value of . The value of
Ec(f,‘ﬁis equal to the change in the potential energy of a single volume of a substance
when all intermolecular forces are turned off. It characterizes the intensity of the
interatomic and intermolecular interactions. In other words, E., shows the change
in the potential energy of the system during the transition of molecules into the gas
phase from the condensed state. The analysis performed in [77] allows us to choose
the parameters §, and to determine the following values for the Flory—Huggins
parameters: xap = 21.6, xac = 1.32, and x gc = 33.6.

In the framework of MDDFT, three SPEEK/water systems have been studied in
detail with different degree of sulfonation (DS) of the polymer matrix. DS is regulated
by the composition of the polymer chain [A,B,,]y. The length of the chains in all
cases has the same value (n + m)N = 40. The following compositions are studied:
[A1B1]20 (DS = 50%), [A3B>]g (60%), and [A3B1]10 (75%). In all calculations, the
fixed temperature was used, 7 = 298 K.

The second main parameter of the calculations is the amount of water in the
membrane, which is governed by A; it was varied from 0.5 to 14 to change the
hydration level. The amount of water in the membrane is convenient to control
using the water volume fraction ¢c, which corresponds to the ratio of the number
of mesoscopic water particles to the total number of particles in the system. The
solutions to the system of MDDFT equations are searched on a grid of 32 x 32 x
32 nodes with a step of 1 nm. This gives the modeling cell edge of the size of 32 nm.
This step is chosen according to the unit length of 0.92 nm, calculated based on the
estimate of the base volume v of the mesoscopic particles.

In Fig. 6.23, the isocontour plot of the distribution of local densities pc of the
water MPs at the volume section V(x, y, 0) is performed for three values of DS at
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a)

Fig. 6.23 The density distribution pc(r, ¢) of the MPs of water on the section plane V(x, y, 0) at
the same volume fraction pc = 0.29 of water in the membrane: a [A1B]s (A = 11); b [A3B3]g (A
=9.5); ¢ [A3B1]s (A = 7.6)

¢c = 0.29. In the system with the lowest degree of sulfonation in the case of [A; B ]g
chain in the final state, the water forms isolated clusters separated by an average
distance of about 19 nm. The shape of the clusters is close to ellipsoidal, and their
cross-section is 10 nm. The interface zone has a clear boundary with a thickness of
0.8 nm.

For higher degrees of sulfonation, DS = 60% ([A3B;]g) and 75% ([A3B;]s), a
channel network connecting water clusters is observed in the model membranes.
At the same time, the morphologies of the membranes at DS = 60 and 75% are
very different. In Fig. 6.23, it is clearly seen that at DS = 60%, the morphology of
water channels looks the most preferable. The water forms rather wide channels in
which its average field density has high average values—from 0.5 and higher. The
average maximum cross-section diameter is about 8 nm. A comparison of the three
membrane samples allows us to conclude that the sequence [A3B;]s is optimal, since
one can assume that the membrane will have better transport properties.

The volume visualization of the density distribution of water in the SPEEK
membrane for [A3B;]g (Fig. 6.24) shows how the percolation of the water subsystem
occurs at different threshold densities pc and L. The three density values are chosen
because the concentration of water in the water channels is highly non-uniform. The
largest values of the density of the MPs of water are reached in the center of the
water channels. The thickness of the interface zone, where the overlap in the density
distributions of subsystems A and C is observed, is about 1.6 nm (Fig. 6.23). The
choice of the three values for the threshold p¢ allows to produce a clearer picture of
the water channels percolation in the material as shown in Fig. 6.24. It is seen that the
connected network of the water channels is already formed with a low water content,
A = 0.5, due to the presence of the microphase separation of the hydrophobic and
hydrophilic segments of the polymer chain in a dry polymer (Fig. 6.23b).

With an increase in the water content to A > 1.2, the presence of the water channels
domains with densities pc > 0.2 is clearly seen. Many elongated and dumbbell-
shaped regions are formed in the membrane as a result of the confluence of the
small water domains. An estimate of the percolation threshold A* for the number
density of water particles pc = 0.2 indicates that the water domains begin to form a
connected network in the range of 1.2 < A* < 2.3, that is, when approximately two
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Fig. 6.24 Visualization of the formation of the water channels in the volume of the SPEEK
membrane in the case of [A3B>]g monomers sequence, for the different threshold values of pc
depending on the water content A

water molecules correspond to one sulfonic acid group. For other threshold values
pc, the following results are obtained: A* = 4 for pc > 0.5 and A* = 7 for pc >
0.9, which is significantly below the corresponding estimates for Nafion, A* = 16,
as obtained in [76].

The low percolation threshold for [A3B;]s chains can be explained by the high
degree of sulfonation of the ionomer model chain. The morphology that occurs in the
case of [A3B;]s chains is similar to the disordered lamellar phase (Fig. 6.23) for polar
and nonpolar domains. Since the volume fraction of the sulfonated MPs in the dry
membrane is 60%, the polar domains form a continuous phase. Such a microphase
separation is ideal for the fast percolation of the water phase through the membrane
at a small A.

Thus, the small value of the percolation threshold A * in the case of [A3B;]s chains is
due to the percolation of the polar subsystem. This allows to understand the relatively
large value of A* for Nafion-1100 in [76]. The degree of sulfonation of Nafion-1100is
30%, which exactly corresponds to the percolation of randomly distributed homoge-
neous spheres [154]. However, the spatial distribution of the polymer chain segments
strongly depends on their conformational behavior. The percolation threshold for the
polar units and, hence, for the water phase may take higher values.

Figure 6.25 shows the dependence of the average maximum diameter D of the
channels cross-section on A. It can be seen that as the volume fraction of water
decreases to A¥ ~ 7 (for areas with pc > 0.9), the channels contract only slightly.
Thus, the values A > 7 should correspond to the stable operation mode for the
membrane. However, at A < 7, a sharp contraction of the cross-section of the channels



166 S. Sengupta et al.

12 1
"
|
9 - |£E§ ----
LB resl L
E s [? ‘q)o{){2
) LR T
@é RS
34 ’ . " [
. ’O% [
& gt )
o 3 6 9 12 15

Fig. 6.25 The maximum average diameter D of the cross-section of the water channels as function
of the volume fraction of water in case of [A3B>]g chains. The diameters are calculated for the
following MP densities: (1) pc > 0.2; (2) pc > 0.5; (3) pc > 0.9. The dotted lines are constructed
by linear approximation, A* is the percolation threshold

is observed. This behavior is consistent with the behavior of real membranes as a
result of water loss at high temperatures. Interesting that at A ~ 1.5, when the
percolation for water occurs in the system (p¢ > 0.2, see also Fig. 6.24), the maximum
cross-section of the channels is D ~ 2.5 nm. This fact allows to suppose that SPEEK
membrane in the case of [A3B;]s chains can retain its conductive properties even
with relatively low water content in the system.

The results of the SPEEK-based ion-exchange membranes simulations show
that with a decrease in system hydration, the network of the water channels is
broken primarily due to the non-uniform distribution of hydrophilic and hydrophobic
domains in the matrix volume. The percolation threshold is higher for more hetero-
genic domain distribution. It is obvious that the best transport properties can be
provided by a material in which, as a result of the microphase separation of polar
and non-polar blocks of the polymer chain, the continual distributions of the corre-
sponding domains are formed. In the ideal case, the lowest percolation threshold
is demonstrated by ionomers, which in the dry state have the linked network of
hydrophilic domains. It can be supposed that the better topology of the structure of
the water channels will be demonstrated by ionomers based on diblock copolymers,
which contain two types of blocks: (a) susceptible to sulfonation and (b) resistant
to H,SO, effect. This statement is confirmed in [155] where the authors changed
the degree of sulfonation of the polystyrene block and the total molecular weight of
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the polymer chain and succeeded to produce the membranes in which hydrophilic
domains of various morphologies are observed.

The optimism for the use of diblock copolymers for the production of PEM is due
to the extensive experience in the synthesis of such polymers for the production of
mesoporous materials [ 156]. Depending on the composition of the polymer chain, the
stable domains are formed as a result of the microphase separation. The domains form
various types of supramolecular packaging, such as lamellar, hexagonal, and cubic.
The types of cubic packaging: primitive (denoted as P), double diamond (DD), and
gyroid structures (G) are bicontinuous spatial structures. Therefore, the membranes
in which such ordering of domains forms as a result of microphase separation, even
with low moisture, should have a well-organized network of the water channels. The
latter is an important factor for creating high-performance membranes for medium-
temperature fuel cells.

To build a model of an ion-exchange membrane, a linear diblock copolymer is
used, consisting of N MPs of diameter o = 1, interacting according to Hooke’s law.
The model chain includes the polar (hydrophilic A) and non-polar (hydrophobic B)
types of thermodynamically incompatible beads. The chain structure can be written
as A,By_n, where N = 24. The ratio of the hydrophobic and hydrophilic beads is
regulated by the parameter m, which take values from 1 to 12 (f = n/(N-n) = 0.04
= 0.5). The maximum value of » is limited, since for n > 12 the polymer becomes
water soluble as the polar beads become dominant. As a chemical prototype of
monomers of types A and B, the sulfonated and nonsulfonated SPEEK monomer
blocks can be considered. To determine the interaction parameters, the same (as in
the DDFT simulations) Flory—-Huggins parameters x ; have been used. To model the
membranes, the cubic cell with the edge L and periodic boundaries conditions in all
three dimensions was used. For a correct description of the hydrodynamic properties
of the system, the average number density should be p = 3 [148], which corresponds
to 3L mesoscopic particles. The total fraction of all MPs in the system is taken as a
unity.

For all the simulated systems, the clear inhomogeneous distribution of the meso-
scopic particles is observed. An example of such separation for the AsBo/water
system is shown in Fig. 6.26. It is seen that the water MPs form the cylindrical phase.
The hydrophilic phase, as shown in Fig. 6.26a, forms some transition zones with a

Wi

Fig. 6.26 The spatial distribution of the partial average number densities of MPs p, in the
AsBjo/water system: at the section V(x, y, 0) for the subsystems: a A; b B; ¢ C. d Combined
construction for densities p4 > 0.5, pp > 1.75, pc > 0.75. T =300K, A = 10, L =27 0, t =
100,000 DPD steps
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Fig. 6.27 One-dimensional phase diagram of the system A, Bo4.,/water (T = 300 K, A = 10). The
vertical lines show the boundaries of the areas of the most frequent occurrence of the following
spatial packages: body-centered (bcc), hexagonally packaged cylinders (hex), lamellar (lam), gyroid
(G), perforated lamellar (hpl). The examples of snapshots of the simulation cells in the final state
demonstrate the boundaries of hydrophobic MPs localization. The isosurfaces are built for pp =
0.5

strongly diffused boundary between the subsystems B and C. From the snapshot as
shown in Fig. 6.26d, it is obvious that the water clusters form the cylindrical domains
with hexagonal packing; they are embedded in the ionomer matrix and covered with
a “shell” of hydrophilic beads.

Figure 6.27 presents the results of the calculation of the one-dimensional phase
diagram of the structures that occurs most often during the simulations. The most
frequently occurring morphologies are those with the largest probability w(f, L). It is
defined as the ratio of the number of arisen states with a specific type of symmetry to
the number of independent calculations performed. For the accurate identification of
the structures found, the structural factors are calculated. Among the identified cubic
symmetries, the gyroid structure is characterized by the highest probability w(f, L)
of occurrence; it forms in the case of the AgB;5 chains.

The discussed modeling approaches clearly show that with proper selection of
the ratio of the lengths of the hydrophilic and hydrophobic blocks in the ionomer
chain, there exists a possibility to create a PEM with a penetrating system of the
water channels in the entire volume of the membrane sample.

6.7 Summary

In this chapter, the multiscale computer simulations of polyelectrolyte membranes,
the very important components of modern fuel cells and flow batteries, have been
reviewed. The primary objective of a PEM is to allow protons to pass through it. Addi-
tionally, PEMs separate the fuel and air streams in a fuel cell and electrolytes in a flow
battery. Detailed density function theory simulations of Nafion membrane doped with
triethylammonium-triflate provided insights into the proton transport reaction coor-
dinates. The classical molecular-dynamics simulations of a Nafion film confined by



6 Multiscale Modeling Examples: New Polyelectrolyte ... 169

variable wettability substrates and a Nafion-graphene oxide nanocomposite provided
information about the effect of the interfacial interactions in PEM nanocomposites
on water clustering and proton diffusion. Finally, the mesoscopic dynamic density
function theory simulations of SPEEK membranes revealed the influence of the
sulfonation degree on the internal hydrated domain sizes. The MDDFT results on
the influence of the amount of PEM hydrophobic and hydrophilic blocks on water
cluster morphology have also been discussed.
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