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Abstract The perfluorosulfonic acid (PFSA) membrane doped with two-dimensional conductive filler Ti;C,T, is a fuel cell proton exchange mem-
brane with high application potential. Experimental studies showed that the proton conductivity of Nafion/Ti;C,T, composite membrane is im-
proved significantly compared with that in pure Nafion. However, the microscopic mechanism of doping on the enhancement of membrane per-
formance is remain unclear now. In this work, molecular dynamics simulation was used to investigate the microscopic morphology and proton
transport behaviors of Nafion/Ti;C,T, composite membrane at the molecular level. The results shown that there were significant differences
about the diffusion kinetics of water molecules and hydroxium ions in Nafion/TizC,T, at low and high hydration levels in the nanoscale region.
With the increase of water content, Ti;C,T, in membrane was gradually surrounded by ambient water molecules to form a hydration layer, and
forming a relatively continuous proton transport channel between Nafion polymer and Ti;C,T, monomer. The continuous proton transport chan-
nel could increase the number of binding sites of proton and thus achieving high proton conductivity and high mobility of water molecules at
higher hydration level. The current work can provide a theoretical guidance for designing new type of Nafion composite membranes.
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INTRODUCTION

Proton exchange membrane fuel cell (PEMFC) has the advan-
tages of small size, light weight, low exhaust emission and high
energy conversion efficiency. It has been widely used in trans-
portation applications, stationary applications and portable
electronic devices." Therefore, it has attracted the extensive at-
tention from a great deal of researchers.>~* The proton ex-
change membrane (PEM) is the core device of PEMFC, which
mainly plays the role of transferring protons, blocking electrons
and isolating fuel, and is an important component of electro-
chemical reaction in membrane electrode assembly (MEA).!
Among the various types of PEMs, the Nafion series of perfluo-
rosulfonic acid (PFSA) membranes have been widely studied
and applied due to high proton conductivity, good chemical
and thermal stability.>~®! It should be noted that the water and
gas transmission processes involved in PEMs determine the
overall performance of PEMFC. Therefore, the study of the trans-
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port process in hydrated Nafion membranes is of great signifi-
cance to the operation of PEMFC.

With the increasing of application requirements, the perfor-
mance specifications of PEMFC become getting higher. As
with most polymer membranes, it is hard to improve the pro-
ton conductivity and mechanical stability of Nafion simulta-
neously, which limits its wide application.®='" In order to
solve this problem, various methods such as doping and
grafting strategies were tried to modify Nafion based mem-
branes.'2-41 Compared with other methods, the doping
method for Nafion is considered as an effective and practical
strategy.'>6l In recent years, Nafion based composite mem-
branes formed by introducing ionic liquid, inorganic and or-
ganic dopants into Nafion matrix have been explored exten-
sively. And studies have shown that the above doping meth-
ods could improve the comprehensive performance of Nafion
membranes such as proton conductivity and mechanical
property.[17-27]

Among the many doping materials, a promising method is
to incorporate inorganic hydrophilic material MXene into the
polymer matrix.[281 MXenes is a two-dimensional layered tran-
sition metal carbide, nitride and carbonitride material. Its gen-
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eral molecular formula is: M1 X, T, (n=1-4), where M is the
transition metal, X is carbon (C) or nitrogen (N), T and x re-
spectively represent its surface termination group and its
number.29 To date, Ti;C,T, is one of the typical materials of
MXene, and the stripped Ti;C,T, layer is usually terminated by
the —OH, —O— and/or —F groups. Due to its hydrophilic
surface, large specific surface area, atomic scale thickness,
high aspect ratio and other characteristics, Ti;C,T, has been
explored for various water treatment, environmental and
biomedical applications.[30-33] Meanwhile, the combination of
MXene and PFSA shows excellent properties and has been ex-
plored for applications in PEMFC, optoelectronic applications
and other fields. For example, Zhou et al34 combined a
TizC,T, MXene thin film with PFSA barrier layer, as a transpar-
ent conductive electrodes (TCEs) material with excellent envi-
ronmental stability. Wang et alB% demonstrated that the
physical resistance of Ti;C,T, MXene and electrostatic repul-
sion of Nafion can synergistically inhibit the shuttle effect.
Jang et al.39 reported that Nafion@MXene/cellulose acetate
(CA) composite cation exchange membrane (CEM) exhibits a
higher power density than casted Nafion membrane. Tang
et al137] reported that the blocking force of the MXene-Nafion
composite actuator with a doping level of 0.5 wt% was about
6 times than that of the pure Nafion. Lee et al.38] reported
that the synergistic effect between Ti;C,T, MXene and meso-
porous titania-Nafion composite film, which significantly in-
creased the oxidation current towards capsaicin. Further-
more, compared to other two-dimensional (2D) materials
such as graphene, TizC,T, can construct a wide and long pro-
ton transport path in membrane and is often used as a filler to
modify PEM. MXene/PFSA composites as an enhanced PEM
has also been explored for application in PEMFC. For instance,
Zhang et al.39 prepared PFSA/Ti;C,T, composite membrane
and applied it to PEMFC to improve proton conductivity and
thermo-mechanical stability. Liu et al.9 incorporated Ti;C,T,
into acidic Nafion phase separation, and found that the pres-
ence of inorganic filler Ti3C,T, enhanced proton conductivity
and the overall properties of Nafion/Ti;C,T,. This is expected
to open up new prospects for Nafion membrane modifiers
and proton conductors, and this research finding has also at-
tracted our focus. In addition, many experimental techniques
such as scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM) and X-ray photoelectron spectroscopy (XPS)
have been used to study Nafion/Ti3C,T,. Nonetheless, the mi-
croscopic doping mechanism by which the presence of
Ti3C,T, promotes proton transport remains unclear due to the
limitation of the experimental measures.

As a supplement to the experiment, it is necessary to re-
veal the static and dynamic behavior of water and hydroni-
um ions in polymer membranes through computer simula-
tion.*1 Among various computer simulation techniques,
molecular dynamics (MD) simulation is a suitable technique
to determine the interactions between particles in a system,
as well as the structure, interface, dynamics and mechanical
properties of the system.243] In addition, MD simulation has
been widely used to study various properties of hydrated
Nafion membranes, including structure and transport charac-
teristics,4-471 membrane morphology,*8-511 gas adsorption
and permeation,[52-56] water adsorption and permeation,[57-61]

and mechanical properties.[62-651 For example, Maiti et al.[6¢!
studied the mechanical properties of SGO/PFSA composite
membrane by MD simulation. Haghighi Asl et al.l6] investiga-
ted the organic-inorganic structure of UiO-66 MOF/Nafion,
and its effects on the morphology of clusters and proton con-
ductivity in the membrane by MD simulation. Liu et al.[6869
studied the transport characteristics of water in 3M 825EW
PFSA doped with HPAs and HPW by MD simulation. They
found that the proton conductivity of the membrane in-
creased at high relative humidity (RH), while the diffusion co-
efficient of water decreased. Akbari et al.7%71 studied the pro-
ton transport characteristics of HPS, IPA and HPA-doped
Nafion 117 membranes through MD simulation, and found
that the proton mobility of the doped membranes increased
at medium water content, while the mobility of water de-
creased. Moreover, they propose that the high proton con-
ductivity and low water mobility of PFSA membranes doped
with hydrophilic particles are two difficult objectives to recon-
cile. Although the above progress has been made on Nafion
composite membranes, the theoretical study on MXene dop-
ing Nafion has not been reported.

Hence, in order to solve the above problems and further
explore the microscopic doping mechanism of Nafion/Ti;C,T,,
we constructed Ti;C,T, containing adsorption groups and
added it to the Nafion matrix. Then, the microscopic morphol-
ogy and proton transport characteristics of Nafion/Ti;C,T,
with different water contents were investigated by MD simu-
lation. The existence of hydrophilic functional groups of
Ti;C,T, packing was revealed at the molecular level, which
formed a relatively continuous hydrogen bond network
within membrane. And it is found that the proton transport
environment in Nafion/Ti;C,T, was improved, while high pro-
ton conductivity and high mobility of water molecules were
simultaneously achieved at higher hydration levels. The cur-
rent work can provide a theoretical guidance for designing
new type of Nafion composite membranes experimentally.

SIMULATION METHODS

Simulation Details

Model construction of Nafion, Ti;C,T, and Nafion/Ti;C,T,

In this study, the EW=944 g/mol Nafion and the Nafion/Ti;C,T,
composite membrane were constructed. Herein, PFSA mem-
brane with EW=944 g/mol represents Nafion (5 wt% DE520)
with EW=892-970 g/mol experimentally. The chemical struc-
ture of the Nafion polymer is shown in Fig. 1, with each Nafion
chain containing 10 repeated monomers. And each repeated
unit consists of 12 (x=5, y=1) —CF,— groups in the main chain,
1 repeated unit (z=1) in the side chain. In addition, a single-layer
Ti;C,T, nanosheet with a size of 2.1 nm X 2.4 nm was construct-
ed, and its model and size setting was referred from the work of
Lee et al’? (see Fig. 1). Moreover, the setting of the surface ad-
sorption group of Ti;C, was based on the experimental study of
Liu et al*” and combined with the NMR analysis of Hope et al,”!
where the ratio of O:F:OH was approximately 5:8:1.

For the composite model, a single-layer Ti;C,T, sheet was
placed in the middle of a cubic box with a side length of
20 nm using Packmol software package.’ And then 25
Nafion polymers were filled into the box containing Ti;C,T,,
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Fig. 1  Chemical formula (a), schematic structure (b) of Nafion

chain, and the schematic structure of Ti;C,T, MXene that are used
for the current simulation (c). The Ti, C, F, O, H and S atoms are
represented by pink, cyan, blue, red, white and yellow, respectively.

where the mass percentage of Ti;C,T, was set to approxi-
mately 2.5 wt%. At the same time, different amounts of water
molecules were put into the box to obtain PFSA membranes
with different levels of hydration (A=3, 6, 9, 12 and 20). Herein,
A is the water content of the membrane, expressed as the ra-
tio of the number of water molecules to the number of SO5™.
Finally, 250 hydrated protons were added to keep the system
electrically neutral. It should be noted that it is assumed the
sulfonic acid group in the side chain will be completely ion-
ized to H* and SO5;~ when A23 according to the study of Wang
et al73! And the resulting protons combine with water and
exist as hydronium ions (H;07).

Force field parameter

The modified DREIDING force field of Mabuchi and Tokumasul’®
was employed for PFSA ionomer. F;C water model””) and classi-
cal hydronium model”® were used for water and hydrated pro-
ton, respectively. Since there is no suitable force field that could
describe the interaction between the various atoms in Ti;C,T,
MXene, the universal force field”® was used for Ti;C,T,. In addi-
tion, the parameter setting of bond length and bond angle be-
tween surface Ti atom and adsorption group in Ti;C,T, was
based on the work of Hu et al®” and the partial atomic charge
were adapted from previous literatures.’®"

Simulation condition and procedure

Al MD simulations were performed using GROMACS
softwarel® under three-dimensional periodic boundary condi-
tions with a time step of 1 fs. Nose-Hoover thermostat!®3 and
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Parrinello-Rahmanl®¥ barostat were used to control the temper-
ature and pressure of the simulation systems, respectively. In
addition, the particle mesh Ewald (PME) method®”! was used to
deal with the long-range electrostatic interaction, and the trun-
cation distance of the van der Waals interaction and electrosta-
tic interaction was 1.5 nm.

At the beginning of each simulation, 5000 steps of conju-
gate gradients were performed on the constructed structure
to minimize potential energy. Subsequently, the systems
were treated with the annealing method developed by
Mabuchi and Tokumasul7¢! to prevent the system from being
in metastable state in order to obtain the initial configuration
of MD simulation. And then the system was compressed to
the experimental density by adjusting the LJ parameters un-
der the NPT ensemble (Table S1 in the electronic supplemen-
tary information, ESI).

Quantum chemistry calculation

To quantitative investigate the interaction of sulfonic acid func-
tional group-water and Ti;C,T,-water, two interaction models
were constructed. Then the geometries of all molecules were
calculated through density functional theory (DFT). All the DFT
computations were performed by the GB3LYP-D3 density func-
tional method. The Def2-SVPD basis set was used for the ener-
gy calculation of all the model molecules in gas phase. All calcu-
lations are performed using BDF software on the Device Studio
platform,[86-91]

RESULTS AND DISCUSSION

Equilibrium of Hydrated Nafion Membrane Systems

Equilibrium state of hydrated Nafion membranes

The equilibrium of the system is the precondition of data analy-
sis in molecular dynamics simulation. Therefore, we firstly exam-
ine whether the equilibrium state is reached for each simulation
system. Thus, the evolution of potential energy of hydrated
Nafion membranes with simulation time was plotted. As shown
in Fig. 2, the potential energy of the hydrated Nafion and
Nafion/Ti;C,T, both fluctuate first and then tend to be stable
under 50 ns, which indicate that the systems reached equili-
brium.

Dentsity of hydrated Nafion membranes
In order to further validate the reliability of the simulation sys-
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Fig.2 Potential energy evolution diagram of (a) Nafion and (b) Nafion/TisC,T, simulation systems under 50 ns.
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tems, the density of various hydrated Nafion and Nafion/Ti;C,T,
membranes have been calculated on a basis of the equilibrium
simulation data, and then compared them with the experimen-
tal data (Fig. 3). The experimental density of various mem-
branes is obtained by the following fitting formula based on
previous relevant studies:*2%3!

EW + My, 0)

- o7 1
P Vm + )\VHZO ( )

where EW is the equivalent weight of Nafion ionomer, My, o is
the molecular weight of the water, A is the water content, V,,, is
the partial molar volume of the dry Nafion membrane, which is
calculated as V,,, = EW/p,,,, and p,, represents the density of the
dry membrane (205 g/cm® in experiment, Vo is the
partial molar volumes of water, which is calculated as V0 =
Mi,0/pu,0.and py o is the density of water.

As shown in Fig. 3, all the simulated density are generally in
good agreement with the experimental value except for a
slight deviation when the water content is 3, but the devia-
tion is less than 5%. Meanwhile, the density of both Nafion
and Nafion/Ti;C,T, membranes decreased with the increase
of water content. And the density of Nafion/Ti;C,T, is higher
than that of Nafion with different water contents.

2200
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Fig. 3 Density of hydrated Nafion and Nafion/Ti;C,T, membranes
at different water content.

Structure Analysis of Water Channels in Hydrated
Nafion Membranes

The water channel structure in hydrated Nafion membrane
plays a crucial role in the proton transport process. However, the
structure of the water channels in membrane with different wa-
ter contents is not exactly the same. Therefore, the radial distri-
bution function (RDF) combined with coordination number (CN)
were used to analyse the morphology of Nafion and
Nafion/Ti;C,T, membranes with different water contents. Fur-
thermore, the effect of adding Ti;C,T, to Nafion matrix on water
distribution was investigated.

Local microstructure around sulfonic acid groups in
hydrated Nafion membranes

The negative charged sulfonic acid groups in the side chain of
Nafion polymers have adsorption effect on water, which affects
the distribution of water molecules and hydrated protons in
membranes. Therefore, the RDFs between sulfonic acid groups
and sulfonic acid groups, water molecules, hydronium are em-

ployed to characterize the distribution around sulfonic acid
groups in Nafion and Nafion/Ti;C, T, (Fig. 4).

As shown in Figs. 4(a) and 4(b), the characteristic distance
between sulfur atoms in Nafion and Nafion/Ti;C,T, is 4.52 A.
This indicates that ionic clusters can be formed despite elec-
trostatic repulsion between sulfonic acid groups in Nafion
and Nafion/Ti;C,T,. Figs. 4(c)—4(f) show that the characteristic
distance between sulfur atoms and oxygen atoms on water
molecules/hydronium in Nafion is 4.02 A. And the first peak in
Nafion/Ti;C,T, shifts slightly to 4.04 A (Figs. 4d and 4f). This in-
dicates that the addition of Ti;C,T, has little effect on the dis-
tribution of water molecules and hydronium around sulfonic
acid groups. In addition, the positions of the second peak in
Nafion and Nafion/Ti;C,T, are slightly shifted to the left while
the water content is 3 (Figs. 4e and 4f). It is because hydrated
protons are closely bound to the sulfonic groups when the
water content is lower. Meanwhile, a decrease in peak height
of RDFs for Nafion and Nafion/Ti;C,T, as the water content in-
creases was observed (Figs. 4a—4f). In short, the distribution
of RDFs between sulfonate groups and other atoms in pure
Nafion is consistent with previous studies.769495 However,
given the difference in number density of different
systems,[9¢! the above studies cannot be used to reveal the in-
fluence of the water content. In order to further reveal the
variation trend of the coordination environment of sulfonic
acid groups in Nafion and Nafion/Ti;C,T,, the CN for other
atoms around sulfur atoms is summarized in Table 1.

The CN for the S-S pair is defined as the number of sulfur
atoms within 6.50 A around any given sulfur atoms. As shown
in Table 1, the CN of the S-S pair in Nafion and Nafion/Ti;C,T,
both decreases with the increasing water content. It is mainly
due to the gradual dissolution of sulfonic acid groups in
membranes as water content increases. In addition, the CN
for the S-S pair of Nafion/Ti3C,T, is slightly lower than that of
Nafion at low water content (A=3, 6), indicating that the poly-
mer chain in membrane is relatively compact. However, the
opposite is true while the water content is higher (A=9, 12 and
20), which indicates that the individual polymer chain is rela-
tively stretched at this time. Moreover, the CN for the S-OW
pair is defined as the number of oxygen atoms on water
molecules within 4.70 A around any given sulfur atoms. Thus,
the distance 4.70 A was chosen as the end of the first peak in
RDF between sulfonic acid groups and water molecules.[! As
shown in Table 1, the CN for the S-OW pair in Nafion and
Nafion/Ti;C,T, increases as the water content increases. More-
over, although the CN for the S-OW pair is not much different
in Nafion and Nafion/Ti;C,T,, it is slightly lower in
Nafion/Ti3C,T, than that in Nafion. It is because the fluidity of
water gradually increases as increased water content, result-
ing in the relative weakening of the binding strength of wa-
ter molecules and sulfonic acid groups in Nafion/Ti;C,T,.
Meanwhile, the CN for the S-OH pair is defined as the number
of oxygen atoms on hydronium within 4.70 A around any giv-
en sulfur atoms. As shown in Table 1, the CN for the S-OH pair
in Nafion and Nafion/Ti;C,T, are gradually reduced with in-
creasing water content. It is because the protons dissolve in
water and are gradually dispersed in membranes. And the CN
of the S-OH pair is slightly higher in Nafion/Ti;C,T, than that
in Nafion at higher water contents (A=9, 12 and 20). It once
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Table 1  Coordination number for sulfur atoms, oxygen atoms on water molecules, oxygen atoms on hydronium around sulfur atoms in Nafion and
Nafion/Ti;C,T, with different water contents.

g System A=3 A=6 A=9 A=12 A=20
S-S Nafion 3.2 1.60 1.05 0.71 0.20
Nafion/TisC,T, 3.07 1.58 1.06 0.74 0.25
S-OwW Nafion 295 5.64 6.66 7.13 7.85
Nafion/TisC,T, 2.72 5.39 6.62 7.03 7.79
S-OH Nafion 263 1.78 1.33 1.07 0.75
Nafion/TisC,T, 2.63 1.77 1.34 1.08 0.78
OH-OW Nafion 1.86 343 415 4.59 5.21
Nafion/TisC,T, 1.83 3.30 4.08 4.51 5.17
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again proves that the addition of Ti;C,T, has little effect on
the distribution of hydronium around sulfonic acid groups.

In conclusion, the RDF analysis proved that sulfonic acid
groups on the side chain of Nafion can adsorbed water
molecules and hydrated protons to form a hydrophilic area in
membranes. The addition of T;C,T, to Nafion has little effect
on the distribution of water molecules and hydronium
around sulfonic acid groups in membrane.

Local microstructure in water channels in hydrated Nafion
membranes

In order to further explore the interaction and relative distribu-
tion of hydronium and water molecules in water channels in
Nafion and Nafion/Ti;C,T,, the RDFs between oxygen atoms on
hydronium and oxygen atoms on water molecules are subse-
quently analyzed (Fig. 5). Meanwhile, in order to reveal the vari-
ation trend of the coordination environment of oxygen atoms
on hydronium with different water contents, the CN for oxygen
atoms on water molecules around oxygen atoms on hydroni-
um is also listed in Table 1.

As shown in Figs. 5(a) and 5(b), the characteristic distance
between oxygen atoms on hydronium and oxygen atoms on
water molecules in Nafion is 2.73 A, which is similar to the
study by Ohkubo et al.®yl However, the position of the first
peak in Nafion/Ti;C,T, shifts slightly to 271 A in
Nafion/Ti;C,T,. It indicates that the addition of Ti;C,T, has lit-
tle effect on the distribution of water molecules around hy-
dronium. And it is observed that the peak height of both re-
duces as the water content increases. Furthermore, the CN for
the OH-OW pair is defined as the number of oxygen atoms on
water molecule within 3.70 A around any given oxygen atoms
on hydronium. As shown in Table 1, the CN for the OH-OW
pair in Nafion and Nafion/Ti;C,T, gradually increases with in-
creasing water content. It is because the protons dissolve in
water and are gradually dispersed in membranes. And the CN
of the OH-OW pair is slightly smaller in Nafion/Ti;C,T, than in
Nafion as the water content increases. It shows that the fluidi-
ty for hydronium and water molecules is stronger in
Nafion/Ti;C,T,.

The static structure factor was further calculated as the
Fourier transform of the radial distribution function to reveal
the structure information at the large scales. As shown in Fig.
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Fig. 5
different water contents.

S1 (in ESI), the ionomer peak position shifts to smaller values
of g with increasing water content in Nafion and
Nafion/Ti;C,T,. In addition, the values of g for Nafion/Ti;C,T,
are smaller than that of Nafion at high water contents. That is
to say, the phase separation scale for Nafion/Ti;C,T, is larger
than that of Nafion, which is more conducive to proton trans-
port. It should be noted the smaller value of g corresponds to
the larger phase separation at A=20 was not obtained in
Nafion and Nafion/Ti;C,T, due to the limitation of the simula-
tion box size.

In summary, the addition of Ti;C,T, into the Nafion matrix
has little effect on the distribution of water molecules and hy-
dronium ions around sulfonic acid groups, as well as the mu-
tual distribution between water molecules and hydronium
ions. Moreover, the values of g are smaller and the phase sep-
aration size is larger for Nafion/Ti;C,T, than that of Nafion at
high water content. Furthermore, the addition of Ti;C,T, pro-
motes the flow of water molecules and hydronium in Nafion.
The specific details will be further analyzed and discussed be-
low.

Chain Length Analysis in Hydrated Nafion
Membranes
The water distribution in hydrated Nafion membranes can af-
fect the distribution of polymer chains in membranes under dif-
ferent water content. Thereby impact the proton transport pro-
cess in membrane. Moreover, the radius of gyration (Rg) reflects
the degree of curvation of the polymer and can represent the
molecular size of the polymer as a whole. Therefore, the values
of Rg for Nafion and Nafion/Ti;C,T, were calculated, and then
the distribution of polymer chains in membranes is analysed.
The average values of Rg and the total values of Rg, corre-
sponded to the Rg values of a single polymer chain and all
polymer in Nafion and Nafion/Ti;C,T,, are respectively calcu-
lated to describe the stretch of the polymer chain in the
membrane (Fig. 6). As shown in Fig. 6(a), the average values
of Rg for Nafion/TisC,T, are slightly lower than that of the
Nafion at low water content (A=3, 6). This maybe because the
sulfonic acid groups bond relatively tighter at low water con-
tent, so the polymer chain shows a relatively compact state.
However, the average values of Rg for Nafion/Ti;C,T, are larg-
er than that of Nafion at higher water contents (A=9, 12 and
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RDF for OH-OW(oxygen atoms on hydronium-oxygen atoms on water molecules) in (a) Nafion and (b) Nafion/Ti;C,T, with
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Fig. 6 Average values of Rg (a), total values of Rg (b) for Nafion and Nafion/TizC,T, with different water contents. The average values of Rg and
the total values of Rg, corresponded to the Rg values of a single polymer chain and all polymer chains in Nafion and Nafion/Ti;C,T,.

20), indicating that the polymer chain in Nafion/Ti;C,T, be-
comes more stretched in this time. The phenomenon may be
due to the addition of Ti;C,T, to make the spatial distribution
range of water larger in membrane.

Meanwhile, there is a certain interaction between sulfonic
acid groups and water, which makes the polymer chain more
stretched with increasing water content. To quantitative in-
vestigate the interaction of sulfonic acid functional group-wa-
ter and Ti;C,T,-water, the interaction energy between them
was calculated. As shown in Fig. 7, both sulfonic acid groups
and Ti3C,T, can form a stable adsorption structure. And the
interaction energies of sulfonic acid functional group-water
and Ti3C,T,-water are —17.27 and —10.64 kcal/mol, respective-
ly. This means that Ti3C,T, in Nafion/Ti;C,T, can adsorb water
molecules. Specifically, there are adsorptions between fluo-
rine atoms, oxygen atoms on the surface of Ti;C,T, and water
molecules.

In addition, the total values of Rg in Nafion and
Nafion/Ti;C,T, also conform to the above change rules. Com-
pared with pure Nafion, the changes in total values of Rg for
Nafion/TisC,T, is slightly obvious at higher water content. The
results are consistent with the calculation result of the RDFs
and CN between sulfonic acid groups in Fig. 4 and Table 1.

What's more, in order to more intuitively observe the mi-
croscopic morphological changes of polymer chains at differ-
ent water contents, the distribution of water within 15 A
around the polymer chains in Nafion and Nafion/Ti;C,T, is

Fig. 7 The interaction models of sulfonic acid functional group-
water (a), and Ti;C,T,-water (b). The Ti, C, O, H, S and F atoms are
represented by light grey, dark grey, red, white, yellow and brown,
respectively.

shown in Fig. 8. We can see that the water distribution around
the polymer chain in Nafion/Ti;C,T, at A=3 is relatively con-
centrated, and the polymer chain is more compact compared
with that in pure Nafion. However, the water molecules in
Nafion/TizC,T, are more extensively distributed along the
polymer chain, and then the polymer chain is more stretched
while A=9, 12 and 20.

Morphological Distribution of Water Clusters in
Hydrated Nafion Membranes

The morphology of water clusters in hydrated Nafion mem-
branes affects the connection and distribution of aqueous do-
main to a certain extent, and then affects the water channel
structure in membranes. Therefore, the water volume (WV), the
surface area (SA) of water and polymer boundary interface and
the total volume (TV) of membranes were used to quantitative-
ly characterize the geometry and distribution of aqueous do-
main in membranes. Among them, the ratio of SA to TV and SA
to WV were used to describe the distribution and morphology
of aqueous domain in hydrated Nafion membranes, respective-
ly. On the one hand, the larger SA/TV ratio indicates that the
spatial distribution of water in membrane is more widespread.
On the other hand, a lower SA/WV manifests that the water
clusters tend to have a larger size.

As shown in Fig. 9(a), the SA/WV ratio in Nafion and
Nafion/Ti;C,T, gradually decreases with increasing water con-
tent, which shows that water molecules aggregate into clus-
ters and tended to have a larger size at higher hydration lev-
els. In addition, the SA/WV ratio of Nafion/Ti;C,T, is lower
than that of Nafion, which is attributed that both Ti;C,T, and
Nafion polymer chains have a certain adsorption effect on
water in Nafion/Ti;C,T,, and the water clusters have a tenden-
cy to form larger sizes.

Moreover, the SA/TV ratio of Nafion and Nafion/Ti;C,T, all
gradually increases as water content increases, as shown in
Fig. 9(b). It shows that the distribution range of water in mem-
branes becomes more extensive as water content increases.
The SA/TV ratio of Nafion/Ti;C,T, is lower than that of Nafion
while the water content is low to 3 and 6. It may be because
the number of water molecules is little at lower water con-
tent. Meanwhile, both Nafion polymer chains and Ti;C,T, ad-
sorbed water molecules to a certain extent. This results in a
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a A=3
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g A=20 h A=20

Fig.8 Diagram of water distribution within 15 A around polymer chains in (a, ¢, e, g) Nafion and (b, d, f, h) Nafion/Ti;C,T, at A=3, 9, 12
and 20. Water clusters and polymer chains are represented by red and cyan, respectively.
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Fig.9 The (a) SA/WV and (b) SA/TV for Nafion and Nafion/Ti;C,T, with different water contents.
relatively concentrated state of water in membranes as a And water molecules in Nafion/Ti;C,T, tend to form larger
whole. And the above results are consistent with the Rg val- water clusters or even aggregate to form a hydration layer.
ues of a single polymer chain and the total polymers in Nafion This analysis results are also corresponded to the diagram of
and Nafion/TisC,T, calculated in Fig. 6. And the above analy- water distribution within 15 A around polymer chains in
sis results are also corresponded to the diagram of water dis- Nafion and Nafion/Ti;C,T, shown in Figs. 8(c)-8(h).
tribution within 15 A around polymer chains in Nafion and § . .
Nafion/TisC,T, shown in Figs. 8(a) and 8(b). However, the Influence of Ti;C,T, on Local Microstructure in Water
SA/TV in Nafion/TisC,T, is higher and SA/WV is lower at high- Channels in Nafion/Ti;C,T,
er water content compared with Nafion. The above results Based on the above research on the structure analysis of water
show that water molecules in Nafion/Ti;C,T, is not distribut- channels in hydrated Nafion membranes, it is found that the ad-
ed discretely but have a wider continuous spatial distribution. dition of Ti;C,T, into Nafion can promote the fluidity of water
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molecules and hydronium in Nafion/Ti;C,T,. Therefore, in order
to further explore the influence of the addition of Ti;C,T, on the
internal microstructure of water channels, the water distribu-
tion around TizC,T, in Nafion/Ti;C,T, was investigated.

Water distribution analysis around Ti;C,T,

In order to explore the water distribution around TisC,T, in
Nafion/Ti;C,T,, the RDFs between fluorine atoms (F), oxygen
atoms (O) on the surface of Ti;C,T, and oxygen atoms on
water/hydronium are analyzed (Fig. 10). As well, in order to re-
veal the variation trend of the coordination environment of flu-
orine atoms, oxygen atoms on Ti;C,T, with different water con-
tents, the relevant CN is listed in Table 2.

As shown in Figs. 10(a) and 10(c), the characteristic dis-
tance between fluorine atoms, oxygen atoms on Ti;C,T, and
oxygen atoms on water molecules in Nafion/Ti;C,T, is 2.90 A
and 3.10 A, respectively. As shown in Table 2, the CN for the F-
OW pair is defined as the number of oxygen atoms on water
molecules within 4.00 A around any given fluorine atoms on
Ti3C,T,. And the CN for the O-OW pair is defined as the num-
ber of oxygen atoms on water molecules within 4.30 A
around any given oxygen atoms on TisC,T,. The results indi-
cate that Ti;C,T, has a certain degree of adsorption on water,
which have been revealed in Fig. 7. In addition, the character-
istic distance between fluorine atoms on Ti;C,T, and oxygen
atoms on water molecules is smaller than that between oxy-
gen atoms on Ti;C,T, and oxygen atoms on water molecules.
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Moreover, the CN for the F-OW pair and the O-OW pair gradu-
ally increases with increasing water content. And the CN of
the F-OW pair is always higher than that of the O-OW pair at
different water content. The above results mean that the co-
ordination between fluorine atoms on Ti;C,T, and oxygen
atoms on water molecules is relatively stronger.

As shown in Figs. 10(b) and 10(d), the characteristic dis-
tance between fluorine atoms, oxygen atoms on Ti;C,T, and
oxygen atoms on hydronium in Nafion/Ti;C,T, appear near
3.00 and 3.20 A, respectively. As shown in Table 2, the CN for
the F-OH pair and the O-OH pair is defined as the number of
oxygen atoms on hydronium within 4.00 A around any given
fluorine and oxygen atoms on Ti;C,T,, respectively. And the
CN of the F-OH pair is slightly higher than that of the O-OH
pair at different water content. It can be seen that the coordi-
nation between fluorine atoms on Ti;C,T, and oxygen atoms
on hydronium is stronger. Furthermore, there are three obvi-
ous peaks between fluorine atoms, oxygen atoms on Ti;C,T,
and oxygen atoms on water molecules, hydronium at low wa-
ter content. However, the third coordination layer gradually
disappeared with the continuous increasing water content. In
addition, it can be seen that the CN for the F-OH pair and the
O-OH pair is gradually reduced as the water content increas-
es, the CN of both is close to 0 while A=20 (Table 2). The above
are because most protons are gradually dissolved in water
and coordinate with water with increasing water content,
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Fig. 10 RDF for (a) F-OW (fluorine atoms on Ti;C,T, and oxygen atoms on water molecules), (b) F-OH (fluorine atoms on Ti;C,T, and
oxygen atoms on hydronium), (c) O-OW (oxygen atoms on Ti;C,T, and oxygen atoms on water molecules), (d) O-OH (oxygen atoms on
Ti3C,T, and oxygen atoms on hydronium).
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Table 2  Coordination number for water/hydronium oxygen atoms
around fluorine and oxygen atoms on Ti;C,T, with different water
contents.

a(n A=3 A=6 A=9 A=12 A=20
F-OW 0.95 2.14 2.67 272 3.02
F-OH 0.23 0.15 0.14 0.13 0.05
O-OW 0.78 1.82 1.99 231 275
0O-OH 0.12 0.10 0.10 0.08 0.03

thus playing the role of bridging sulfonic acid groups to form
clusters.

Interaction energy between Ti;C,T, and water molecules

In order to further explore the interaction strength between
Ti;C,T, and water molecules in Nafion/Ti;C,T, with different wa-
ter contents, the interaction energy between Ti;C,T, monomer
and water molecules is calculated.

As shown in Fig. 11, the negative value indicates that there
is an attraction between the Ti;C,T, and water molecules. And
the interaction between Ti;C,T, and water molecules was
gradually enhanced with increasing water content.

Furthermore, so as to more intuitively observe the water
distribution around Ti;C,T, with different water contents, the
diagram of water distribution within 15 A around Ti;C,T, in
Nafion/Ti;C,T, is shown in Fig. 12. It can be observed from
Fig. 12 that Ti3C,T, in Nafion/Ti;C,T, is gradually surrounded
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Fig. 11 Interaction energy between Ti;C,T, and water molecules
in Nafion/Ti;C,T, with different water contents.

a A=3

by ambient water molecules to form a hydration layer as
water content increases. And a relatively continuous proton
transport channel between Nafion polymer and Ti;C,T,
monomer are formed. This indicates that the adsorption ef-
fect of Ti;C,T, on water molecules becomes stronger with the
increased water content, which is consistent with the calcula-
tion result of the interaction energy between Ti;C,T, and wa-
ter shown in Fig. 11. And it is further proved that the Ti;C,T,
added into the Nafion matrix has a certain hydrophilicity,
which is correspond to the experimental results.7]

Hydrogen Bonds Kinetics of Hydrated Nafion
Membranes

In the hydrated Nafion membranes, the hydrogen bonds net-
work is an important carrier for the transport of water molecules
and hydronium, and plays an important role in the proton trans-
port process. Therefore, the number and lifetime of hydrogen
bonds in Nafion and Nafion/Ti;C,T, were analyzed to explore
the influence of hydrogen bond dynamics on the diffusion ki-
netics of water and hydronium.

As shown in Fig. 13, the total number of hydrogen bonds in
Nafion and Nafion/Ti;C,T, increase gradually with increasing
water content. Moreover, the total number of hydrogen
bonds in Nafion/Ti3C,T, is lower than that in Nafion at lower
water content (A=3, 6). This is because the number of water
molecules is relatively small when the water content is low,
and the Ti3C,T, and Nafion have adsorption effects on water
molecules. It results in the formation of a hydrogen bond net-
work with poorer connectivity in Nafion/Ti;C,T, than that in
Nafion. However, the total number of hydrogen bonds in
Nafion/TizC,T, is higher than that in Nafion at higher water
content (A=9, 12 and 20). This is because a more continuous
hydrogen bond network structure is formed in Nafion/Ti;C,T,,
which improves the proton transport environment within the
membrane.

Hydrogen bonds lifetime analysis of hydrated Nafion
membranes

As shown in Fig. 14, the hydrogen bonds lifetime of water-
hydronium, water/hydronium-Nafion and water/hydronium-
Nafion/Ti;C,T, all decrease gradually with increasing water con-
tent. This is due to the acceleration of the fluidity of water and
hydrated protons as water content increases. In addition, the
lifetime of all hydrogen bonds in Nafion/Ti;C,T, is higher than

b A=6
°

Fig. 12 Diagram of water distribution within 15 A around Ti;C,T, in Nafion/Ti;C,T, with different water contents. Water clusters and

Ti;C,T, are represented by red and blue, respectively.
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Fig. 13 The total number of hydrogen bonds (a), the number of hydrogen bonds between water and hydronium (b), water/hydronium
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Fig. 14 The hydrogen bonds lifetime between water and hydronium (a), water/hydronium and Nafion (b), water/hydronium and Ti3C,T, (c) in

Nafion and Nafion/Ti;C,T, with different water contents.

that of Nafion at lower water content (A=3, 6). This is due to the
poor connectivity of the hydrogen bonds network, and the
slower mobility of water and hydrated protons in Nafion/Ti;C,T,
than that in Nafion. However, the opposite is true at higher wa-
ter content (A=9, 12 and 20). A possible explanation was report-
ed by Devanathan et al.’® that a relatively continuous three-
dimensional percolating water network is gradually formed as
increasing water content. The relatively continuous water net-
work can accelerate the water and hydrated protons transfer.
This further indicates that the hydrophilic material Ti;C,T, im-
proves the water and hydrated protons transport environment
in membrane.

Furthermore, the average hydrogen bonds lifetime of wa-
ter/hydronium-Ti;C,T, is decreased gradually with increasing
water content (Fig. 14c). And it is lower than the average of
hydrogen bonds lifetime of water-hydronium, water/hydroni-
um-Nafion. It means that the water environment around
TizC,T, is well distributed, and the continuity of the proton
transport channel is better. To sum up, the investigation on
hydrogen bonds kinetics of hydrated Nafion membranes fur-
ther prove that the addition of Ti;C,T, can improve the distri-
bution of water environment. And then the fluidity of water
molecules and hydrated protons in membrane can be en-
hanced.
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Fig. 15 The self-diffusion coefficients of water (a), and hydrated protons (b) obtained from our simulations. And the self-diffusion
coefficients of water are compared with previous experimental data from Zawodzinski et al.*?!

Self-diffusion Coefficient of Hydrated Nafion
Membranes

Proton conduction in hydrated Nafion membranes affects the
conductivity and durability of fuel cells. And it is closely related
to the diffusion kinetics of water molecules and hydrated pro-
tons in membranes. Therefore, we calculated the self-diffusion
coefficients of water molecules (D) and hydrated protons (Dy)
in Nafion and Nafion/Ti;C,T,. And the calculation process is
based on the simulated data in the MSD curve shown in Figs. S2
and S3 (in ESI).

As shown in Fig. 15, the variation trend of simulation data
of pure Nafion membrane is basically consistent with the ex-
isting experimental data,? which proves the reliability of the
simulation model. And the D,y and Dy, in Nafion increase with
increasing water content. When Ti;C,T, is added into Nafion,
the slower diffusion of water and hydrated protons occurs at
low water content (A=3, 6). However, the diffusion of water
and hydrated protons is faster at higher water content (A=9,
12 and 20). This comes under the influence of the different
microstructure and hydrogen bonds kinetics with different
water content. At higher water content, the spatial distribu-
tion range of water molecules in membranes is wider. And
Ti3C,T, in membrane are surrounded by ambient water
molecules to form a hydration layer, which separates the
Nafion polymer region from the Ti;C,T, region. Then, a rela-
tively more continuous proton transport channel is formed
between Nafion polymer and Ti;C,T, monomer. The continu-
ous proton transport channel can increase the number of pro-
ton binding sites while achieving high proton conductivity
and high water mobility at higher hydration levels. The cur-
rent results indicate that the addition of hydrophilic material
Ti3C,T, can improve the transport environment of water and
hydrated protons, and then enhance the proton conductivity.
This is in agreement with experimental study of Liu et al. for
Ti;C,T, doped Nafion membrane.[40]

CONCLUSIONS

In conclusion, molecular dynamics (MD) simulation has been
used to investigate the microscopic morphology and proton
transport behaviors of Nafion/Ti;C,T, composite membrane at
the molecular level. And the results indicate that there are sig-

nificant differences about the diffusion kinetics of water
molecules and hydronium ions in Nafion/Ti;C,T, at low and high
hydration levels in the nanoscale region. The addition of Ti;C,T,
into the Nafion matrix has little effect on the distribution of wa-
ter molecules and hydronium ions around sulfonic acid groups.
However, with the increase of water content, Ti;C,T, in mem-
brane is gradually surrounded by ambient water molecules to
form a hydration layer, and forming a relatively continuous pro-
ton transport channel between Nafion polymer and Ti;C,T,
monomer. The continuous proton transport channel can in-
crease the number of proton binding sites and thus achieving
high proton conductivity and high water mobility at higher hy-
dration level.

Hence, a relatively faster diffusion of water and hydrated
protons in membrane can be achieved simultaneously. The
current work can provide a theoretical guidance for design-
ing new type of Nafion composite membranes experimen-
tally.
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