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Molecular dynamics (MD) simulations were performed to investigate the structural and dynamical behavior
of water and hydronium ions at the electrode/electrolyte interface of hydrogen polymer electrolyte membrane
(PEM) fuel cells. Specifically, we have studied the hydrated Nafion membrane, humidified for four different
water contents, 5, 10, 15, and 20%, at 300 K. We analyzed the three-phase interface where the hydrated PEM
is in contact with the vapor phase and with either the catalyst surface (platinum in this paper) or the-catalyst
support surface (graphite in this paper). These molecular simulations represent portions of interfaces that
exist within the PEM fuel cells. We observed significant wetting of the catalyst surface by a mixture of
polymer, water, and hydronium ions but not beyond a monolayer. We observed virtually no wetting of the
graphite surface. On the catalyst surface, the degree of wetting of the catalyst surface depends strongly on the
level of membrane humidity. The pair correlation functions indicate that the water molecules adsorbed in a
monolayer on the catalyst surface form small domains of ordered structures, which are bound by fragments
of Nafion on the surface. The diffusion of protons from the catalyst surface into the membrane must proceed
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across this highly inhomogeneous surface.

I. Introduction idealized models of the morphology of the aqueous phase have
been previously presentéd:?

More recently, classical MD simulations have been performed
to understand the morphology of the aqueous nanophase in
Nafion in different solvents, such as water and methanol.

A better understanding of the properties of the electrode/
electrolyte interface is of practical significance in catalysis,
proton transport, water electrolysis, and electrode coatings of

polymer electrolyte membrane (PEM) fuel cells, which const- Vishnyakov and NeimarR: for example, found that water does

tute a promising renewable energy source for automobile . .
o - not form a continuous subphase but forms isolated clusters of
applications and portable devices such as cell phones and laptop

. - about 100 molecules in size. They also concluded that the
computers. Essentially, a PEM fuel cell is composed of an clusters are connected through short-lived bridges instead of a
anode, where hydrogen is electro-oxidized, a cathode, wherecontinuous hvdrophilic sub h?':\se Bv com arisogn Urata®t al
oxygen is electroreduced, and a perfluorinated polymer elec- ydrop P d P ’ :

trolyte membrane, which serves as a structural framework andf:;d's%itgznvggtsvri tﬁ:ﬁsfé'?ng ch; zgggwfsfstgaségu?e ﬁ;slrt'
transports protons from anode to cathode. The study of theb 'dg d th ifoni .'d. ’ Cui t3é|dq ¢ pt d
molecular level structure and of the dynamics at the interface ndge € suffonic acid groups. LUl € emonstrate

between electrode and electrolyte offers new insights into the through.ar?alyses of the water cluster Si;e distributions that Fhe
theory and mechanisms that control the electrochemical and Vast majority of water molecules form a single, sample-spanning
electrocatalytic surface processes cluster of water contents at 15 and 20 wt %; however, as the

| i anificant imehta classical humidity level is decreased, smaller, disconnected clusters are
h recent years, many significan e;<6per|m ; classica formed. The morphology of the aqueous nanophase can fluctuate
molecular dynamics simulations (MB%,25- and molecular-level

. . . in time.
simulationg’2% have been conducted in attempts to understand Although h effort has b ded h lecul
the structural and dynamical properties of proton transport in thoug much & ort has been expende on the molecular-
the hydrated membrane. Key to the understanding of proton level characterlzanor_] of proton transport in the hydrated
transport in hydrated Nafion is the understanding that hydrated mem_brane, substantially less wprk has concentrated on the
Nafion is composed of two nanophaseshydrophobic phase atomic and molecular-level details of proton transport at the

composed of the backbone of the Nafion and an aqueous phaséhree-phase interface composed of the polymer elec_trolyte
composed of the water molecules, the hydronium ions, and theMembrane, vapor, and catalyst surface. The electrochemical and

sulfonic acid groups at the end of the Nafion side chains. Proton electrocatalytic processes occurred at this interface ultimately

transport occurs through the aqueous nanophase. Numeroudictate the overall performance of PEM fuel cells. In aqueous
solution, a combination of experiment and simulation has led

to a relatively clear molecular-level picture of water close to a
*To whom correspondence should be addressed. E-mail: dkeffer@utk.edu. 4y35 . P L . .
t University of Tennessee. Pt electrodé*3>Rossmeisl et al. used ab initio density functional
* Oak Ridge National Laboratory. theory to calculate the phase diagram for the oxidation and
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Figure 1. A schematic of the molecular-level interfaces present at the electrode/electrolyte interface of the anode of a PEM fuel cell.

reduction of water over Pt(111) surfateHowever, this body reported herein. The schematic shows a single unit of the porous
of work models the electrode in aqueous solution without Nafion electrode. Catalyst particles are distributed on the surface of
present. the pore, and the pore is in contact with the PEM. The specific
One difficulty in modeling the three-phase hydrated PEM/ geometry of this highly idealized schematic is not essential, and
catalyst/vapor interface is the possible variation in structure due the schematic is not necessarily drawn to scale, which depends
to the manufacturing process and composition of the catalystupon the pore size distribution of the electrode; however, the
zone in the membrane electrode assembly (MEA). The perfor- schematic illustrates the specific molecular-level interfaces that
mance of the fuel cell depends upon both the amount of ionomerare present at the composite electrode/electrolyte interface.
introduced into the MEA as well as the manner in which was Specifically, four systems are isolated. The first system is the
introduced®” For example, by use of gas chromatography and “bulk” hydrated membrane, which has been studied extensively
scanning electron microscopy (SEM) to study a Pt/C catalyst via molecular dynamic&331-3343-47 The second system is the
impregnated with a solution of Nafion, Broka and Ekdunge interface between the hydrated membrane and the vapor phase.
report that “it is more likely Pt agglomerates are only partially The structure and dynamics of this system were recently reported
covered by Nafion®8 By use of SEM and transmission electron using MD simulationg® The third system is the three-phase
microscopy (TEM) to study thin-film catalyst layers made by interface between the hydrated membrane, the vapor, and the
mixing the Pt/C catalyst with a Nafion solution, Cheng et al. surface of the catalyst support. The fourth system is the three-
report that low Pt catalyst utilization can result from catalyst phase interface between the hydrated membrane, the vapor, and

particles being covered by “thick Nafion layers or clumpy”.
Various groups have varied the Nafion loading in the gas
diffusion layer and found an optimum, reflecting the balance

between enhanced proton conductivity and hindered gas diffu-

sion at high Nafion conterff:4
By use of molecular simulation, Lamas et*aformulated a

the surface of the catalyst particle. In this work, we report on
the structure and dynamics of the third and fourth interfaces,
which include the solid surfaces.

The molecular-level environment at the interface is also a
function of operating conditions. The temperature and the
humidity in the feed stream affect the amount of water in the

model of the three-phase interface to investigate how the pore. Under some conditions, the pore can be filled with water,
configurational and dynamic properties of water in the vicinity which could completely cover the catalyst particle surface. In
of the catalyst surface change with Nafion content. They also this situation, the diffusion of molecular hydrogen to the surface
reported that the water dynamics adjacent to the catalyst surfaceof the catalyst would be dramatically reduced. (At room
vary significantly, according to the degree of membrane temperature and pressure, the self-diffusivity of isl 5.6 x
hydration. 1071 cn?/s*, and the diffusivity of H in water is 4.5x 1075

In this work, we choose to focus on a MEA in which the cn?/s3%) The increase in mass transfer resistance would be
catalyst surface is not completely covered by Nafion. In Figure detrimental. However, the catalyst particle would then not
1, we present an idealized schematic of the model interface thatrequire close contact to the PEM, since the hydronium ion could
is used as a basis for the molecular dynamics simulations be transported through the aqueous phase.
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In this present work, we are specifically examining the three- TABLE 1. Size of the Three Dimensions of the Simulation
phase interface. Therefore, we choose to begin with a bareCell for Graphite/Platinum Systems (All Units Are in

surface and will allow the PEM to relax over it, with the ~ngsStroms)

assumption that we are able to maintain a gas phase in the pore. graphite platinum
Experimental adsorption isotherms of Nafion indicate that \yater content x y z X y z
Nafion can be hydrated up to 20 wt % water (the highest loading —" =~ 11502 13610 10332 11359 12982 10968
studied here) through equilibrium with a vapor phase. 10Wt%  119.28 123.09 118.08 11751 12555 117.51

We present the results of molecular dynamics simulations of ~ 15wt%  119.28 133.70 118.08 121.43 131.97 117.51
hydrated Nafion at four different water contents by weight (5, 20wt% 12354 139.35 118.08 125.34 129.38 125.34
10, 15, and 20 wt %) in simultaneous contact with the vapor . . . "
phase and either the catalyst surface or the catalyst supporfTABI‘E 2: Summary of the Simulation Conditions

surface. The catalyst surface is modeled as a [100] Pt surface. Swt% 10wt% 15wt% 20wt %
The catalyst support surface is modeled as graphite. no. of polymers 256 256 256 256
The remainder of this paper is organized as follows. In section no. O]f \;]V&(;ef molecules 7266510 7461860 7%%24 7%%88
i i i Nno. of nyaronium ions
computational details. The result of e molecular simtiations 1810 of ariles ~ 31726 36260 43660 51072
) t . . A (HO/SGY) 3.44 5.42 8.63 11.83
are presented in section lll. In section IV, we provide a gjmulation time (ns) 4.0 4.0 4.0 4.0
discussion of the implications and conclusions of this simulation no. of graphite atoms 3024 3584 3584 3712
work on the molecular-level understanding of proton transport no. of Pt atoms 4872 5400 5580 6144
in fuel cells.

the graphite atoms are taken from the literafi$r€he graphite
II. Simulation Details and Methodology surface is four atomic layers deep.

Two groups of NVT simulations were carried out at 300 K We mo.deled' the surface of the cat.al'yst ph?‘se as [1.001
in this work. The first group of simulations was for the platinum, in which the atoms are held rigid and interact with

membrane/vapor/support system (system 3 in Figure 1). Theall dynamic atoms in the system through the LJ potent_ial with
second group of simulations was for the membrane/vapor/ Parametersp; = 2.41 A andepik = 2336.0 K9 The positions
catalyst system (system 4 in Figure 1). Each group was pf the Pt atoms are taken from the literatéf&he Pt surface
composed of four simulations that were performed at varying IS Six atomic layers deep.
water contents of 5, 10, 15, and 20 wt %. These weight percents  For all interactions, the LJ parameters for cross components
correspond to ratios of #/SQ;~ of 3.44,5.42, 8.63, and 11.83., were calculated using LorentBerthelot mixing rules. The
respectively. site—site reaction field was applied for the calculation of the
The model of Nafion, water, and the hydronium ions used in electrostatic interactiorf8:52 Partial charges for united atom
this work is identical to that of our previous work to model groups were calculated from the summations of the constituent
bulk hydrated Nafior$¢ that is, each Nafion oligomer is a trimer.  atom values. The backbone was treated as neutral, except for
The short chain length is a compromise, owing to the fact that the site to which the side chain is connected through the ether
long chains have long relaxation times that are beyond the oxygen.

capacity of the simulations. We have previously shown that this  The amount of hydrated membrane material used for these
model yields consistent results with Nafion chains composed interfacial systems is four times larger than that of our previous
of ten monomers? Philosophically, one has to make a choice |k hydrated membrane systéfin order to obtain better
between modeling a system with long chains, in which one will iierfacial statistics. The size of the current simulation cell is
not be able to run a simulation of sufficient duration to average nominally eight times that of the previous bulk hydrated
out fluctuations due to chain dynamics, or a system with short ..o mbrane system size, with roughly half of the cell being
chains in which the model is more approximate but the resulting occupied by the vapor phase, as was done in our strictly

statistics are much better. membrane/vapor systerf&The dimensions of each system are

For Nafion, we used united atoms for £REF, and CF 0 orqyided in Table 1. The dimensions of the solid surface in the
reduce computational costs. We included bond stretching, ; girection are nominally 60 A. The dimensions of the cells

bendmg,_ torsion, and_lntramolecular and mtermolecula_r non- change to accommodate the integer number of unit cell
bonded interactions via the Lennard-Jones (LJ) potential anddimensions of the catalyst or support surface. The number of

Coulombic interactions. The potential parameters have beeneach type of molecule used in the simulation is provided in
reported previoush? and are taken from ref 53. Table 2

Th ter i deled using the TIP3P md&det with
o Walsr 18 Mapeee using e m o @ The initial conditions of the systems took an equilibrated bulk

flexible OH bond®® The model for hydronium ions, 4%, is i i
similar to that of Urata et &8 In particular, the partial charges ~ Nvdrated membrane from our previous wrnd placed it next
a vacuum. Because the dimensions of the simulation cell

for the oxygen and hydrogen atoms are taken from Urata et to

al32 The bond distance, bond angles, and force constants arevaried according to the integer number of unit cells of catalyst

the same as in the TIP3P modé&t56 Note that this potential ~ OF Support surface present, there was a period in which the
does not allow for structural diffusion of the proton. However, €quilibrated membrane was gradually relaxed into the new
we believe that this nonreactive potential is capable of providing @spect ratio of the cell, while maintaining a constant total
realistic static properties, such as configurations, as discussecgimulation volume. The solid surface was artificially “grown”
previously33 into the system gradually over a period of 10 ps to avoid overlap
We modeled the surface of the support phase as graphite, inWith the molecules in the hydrated membrane.

which the carbon atoms are held rigid and interact with all ~ With the solid surface in place, we allow the full system to
dynamic atoms in the system through the LJ potential with equilibrate. The water redistributes between the vapor, PEM,
parametersc = 3.4 A andeg/k = 28.0 K57 The positions of and solid surface. Thus, it is important to note that the nominal
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Figure 2. Final snapshots of simulations containing the catalyst surface for water contents of (a) 5, (b) 10, (c) 15, and (d) 20 wt %. The coloring
legend is as follows: CFgroups are gray; sulfur, orange; oxygen ofHand SQ-, red; oxygen of HO™, green; hydrogen, white; platinum, pink.
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Figure 3. Density profile of water molecules along taelirection in Figure 4. Wetting of the catalyst surface:number of water molecules
the simulation cell for the catalyst system. on the catalyst surface as a function of time.

water contents reported in this work are the initial values of the water leaves the membrane and enters the vapor phase or
the hydrated membrane. This water content will decrease asadsorbs to the solid phase.
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Figure 6. The pair correlation function for the oxygen atom of a water Figure 7. The pair correlation function for the oxygen atoms of water
molecule with other oxygen atoms of water molecules (thg©0x,0 with oxygen atoms of hydronium ions (the49—Ow.o* PCF) in the
PCF) in the adsorbed region next to the catalyst surface as a functionadsorbed region next to the catalyst surface as a function of water
of water content. content.

with initial water contents of 5, 10, 15, and 20 wt %,
respectively. There are two surfaces visible because the simula-
tions are periodic. However, the size of the system has been
chosen to be large enough so that there were no artifacts
associated with the periodicity. These snapshots clearly reveal
that there is significant wetting of the platinum surface and that
the degree of wetting increases with the water content. The
snapshots also show that some fragments of Nafion as well as
III.A. Membrane/Vapor/Catalyst Systems. In parts a-d of hydronium ions adsorb on the Pt surface. The fundamental
Figure 2, we present snapshots of the final configurations of reason for the adsorption of water, Nafion, and hydronium is
the membrane/vapor/catalyst systems for hydrated membraneghe large attractive interaction due to the induced-dipole/induced-

The simulations were equilibrated for 2 ns. The data produc-
tion mode followed for an additional 2 ns. We employed the
Nose-Hoover thermostdt 6% and the -RESPA methé&tiwas
carried out to integrate the equations of motion with 2 fs for
the large time step size and 0.2 fs for the intramolecular motions.

Ill. Results and Discussion
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(23
(=3

dipole term of the LJ potential. At all water contents, we do g
not observe multilayer adsorption, except immediately adjacent E
to the membrane interface. At higher water contents, the < 50
adsorption approaches a complete monolayer of coverage. 8
The density profile of water in the catalyst system is shown %: 40 = fum
in Figure 3. The zero coordinate on tReaxis corresponds to < 15 wt%
the central location of the membrane/vapor interface. The § W20 wt%
=

variation of water density within the interface is a consequence
of the fact that the nanostructured segregation of the hydratedg
membrane into hydrophobic and hydrophilic regions is not =
uniform on the nanoscale and also relaxes on a time scale thai§
is greater than the duration of these simulations, as noted §
before3® However, there are several notable features in this plot. S,
First, there is clearly a “dehydrated region” of the membrane g
near the interface. We observed this dehydration of the interface 2
in the membrane/vapor simulations as well, so we conclude that%
this is an equilibrium state and is not a transient effect resulting 2
from the catalyst surface extracting water from the membrane & no. of H20 molecules around hydronium

interface faster than it can be replenished from the membraneFigure 8. Distribution of water molecules around hydronium ions for
interior. Second, we observe only a monolayer density of water all four water contents studied.

on the catalyst surface.

In these simulations, water is being drawn out of the hydrated W€ can compare the water structure shown in Figure 5 with
M. Work published structures of water on¥€°While we do see

Nafion in order to establish an equilibrium between the PEM, -
the vapor phase, and the adsorbed phase. In the vapor pha glomams of ordered structure, we do not see the same structure.
we never observ,e any molecules but water. In other words asGiven the classical nature of this molecular model, it is not

' surprising that there are differences between this structure and

one would naturally expect, there is no hydronium ion or Nafion h ded by density f ional th H hat th
in the vapor phase. Therefore, we understand that any hydroniumt at provided by density functional theory. However, what these

or Nafion that appears on the catalyst surface reached theclassical simulations do provide is a larger scale picture of the
catalyst via surface diffusion. The water can travel to the catalyst i'sge'bl{'itr;on tgfe‘gjtgi;}:é?:ggslu r\?v’ean?olglsggnw?&tgi F;tnztljrfseil;:eéf
surface by moving along the surface or by moving through the the mpate?ial on the Pt surfac:e P y
vapor phase. The net flux of water from membrane to surface ’

via the vapor phase is much lower than that through surface 1h€ structure of water on the catalyst surface can be
diffusion. In these simulations, therefore, virtually all of the guantitatively characterized through a pair correlation function

material on the catalyst arrived via surface diffusion. \(/\I/Da(t:é:r)\./vli?h':ci?hug?oi Wgnsgt(z)\/r\xshgfSvitFe:gr(ttEegégenF?ctzoFTs of
The dynamics of wetting are shown in Figure 4, which shows ¥g R 20

h itative d ¢ . f th | : in the adsorbed region next to the catalyst surface as a function
the quantitative degree of wetting of the catalyst surface as a ¢ e content. We define the adsorbed region to extend 10

function of simulation time up to 4 ns. From these curves, it R 4pove the catalyst surface. We observe that the range of the
appears that, at lower water contents, the system has equilibratedyyc(yre increases as the water content increases. Compared

with the surface of the catalyst only partially covered by & \yith previous workes the PCFs show similar profiles, but we
mixture of water, Nafion, and hydronium ions. At high water finq wwo different behaviors: (i) the four peaks corresponding
contents, the wetting curves in Figure 4 still have a significant {4 the adsorbed water layers adjacent to the catalyst surface are
slope and are gradually continuing to increase in time. At 15 m,ch more enhanced; (i) when the distance 4 A, the PCFs
and 20 wt %, the snapshots indicate that there is already ashown in Figure 6 oscillate with distance. In our previous
continuous wet path across the catalyst surface. It is likely that paper33 the PCFs of the four water contents varied smoothly,
in this simulation the surface would be completely wet, if we displaying a liquidlike structure. In other words, the water on
continued the simulations for a longer duration. We have not the platinum surface has an enhanced long-range structure.
pontlnued thg simulations bgcause the rate of.addltlonal wetting |, Figure 7, we show the PCFs for the oxygen atoms of water
is slow relative to the duration of the simulations. with oxygen atoms of hydronium (the®—On.o+ PCF) in the

The reason for the deceleration in the rate of wetting can be adsorbed region next to the catalyst surface as a function of
partially attributed to a stable structure that forms on the catalyst water content. We find that thes—On.o* PCF at the catalyst
surface. In Figure 5, we show the same snapshots shown insurface is very similar to the bulig(r). The PCFs of the four
parts ¢ and d of Figure 2 (15 and 20 wt %, respectively) from water contents share the same qualitative behavior as that of
an angle normal to the catalyst surface. Here we see the regulabur previous pape® the first peak occurs at about 2.6 A, and
structure that the water has formed on the surface. This structureits height decreases with water content resulting from a
optimizes the degree of hydrogen bonding in a two-dimensional decreased binding capacity of hydronium ions to water mol-
array of water molecules. We observe that each water moleculeecules due to increased humidity. But the height of the PCFs
has four nearest neighbors when the structure is stable. Thenear the platinum surface is enhanced more than that in our
monolayer coverage of the platinum surface suggests that theprevious paper, which means that the degree of hydration (or
wetting of the surface is predominantly through direct transfer equivalently, the degree of hydrogen bonding in the system) is
of water molecules from the membrane phase to the catalystenhanced next to the catalyst surface relative to that in the bulk
surface not through the vapor phase adsorption. Thus the directhydrated membrane.
contact between the membrane materials and the catalyst is In Figure 8, we present a histogram representing the distribu-
important. tion of the number of water molecules around a hydronium ion

20
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TR SN T T [N T T SN T N S [N T T S T T N
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Figure 9. Final snapshots of simulations containing the catalyst support surface for water contents of (a) 5 and (b) 20 wt %. The coloring legend
is the same as Figure 2, with the addition that graphitic carbon is gray.
for all four water contents in the absorbed region next to the
catalyst surface. In this case, we include all water molecules
with the O atom within 3.2 A of the O of the hydronium ion. 0.012
The notable feature in this histogram is that the hydration

0014 —r—+—"T T T T T T T 7 T T T T T T
Hydrate membrane Graphite surface

number is shifted to a higher value with the increased water 3 oot | .~ \

content. We see that hydronium ions adsorbed to the catalyst N ——== 15wt%
surface in the 5 wt % water system are most likely bound to 2 o.008 N PN

two water molecules. For the 10 and 15 wt % systems, the \

,...
/\
-

hydroniums are most likely bound to three water molecules, @ 0.006 \
allowing for the possibility of an Eigen ion to form. Inthe 20 = [ . \
wt % system, the hydronium ion can be bound to more than & 0004

water density (molecule/A’)

three water molecules. One can visualize the 4-fold coordination
of the hydronium ion at 20 wt % in Figure 5b. We have
previously presented these histograms for water in bulk hydrated
Nafion 33

These PCFs and histograms have implications for proton
transport. Proton conductivity occurs via both vehicular diffusion
of the hydronium ion and structural diffusion described first by
the Grotthuss mechani§fmand more recently as a fluctuation
between states known as Zundel iong@") and Eigen ions
(HsO4™); see, for example, refs 6&1. Despite the fact that
we use a nonreactive potential, we can still obtain information
relevant to the ability of hydronium ions to explore configura-
tions in which they can participate in structural diffusion. The
On,0—On,ot PCF shown in Figure 7 captures the degree of
hydration of the hydronium ion. In bulk water, a hydronium
ion must be hydrogen bound to at least three water molecules
in order to form an Eigen ion. In quantum mechanical
simulations of polymer electrolyte fragments, it has been shown
that an oxygen atom of an SOgroup at the end of the side
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Figure 10. Density profile of water molecules alorzglirection in the
simulation cell for the catalyst support system.

surfaces, which we have modeled as graphite. In parts a and b
of Figure 9, we present snapshots of the final configuration of
the membrane/vapor/support system for hydrated membranes
with initial water contents of 5 and 20 wt %, respectively. Again,
we observe two surfaces because the simulations are periodic.
Notably, there is no wetting of the surface at either water
content. We observed no wetting of the graphite surface at 10
and 15 wt % either (not shown here). The failure of water,
Nafion, or hydronium ions to adsorb to the graphite surface
can be attributed to the fact that the energetic attraction of a

chain can participate in structural diffusion by substituting for graphitic carbon atom is about 80 times weaker than a platinum

either one of the oxygen atoms in the Zundel ion or by forming atom gd/ept = 0.012).
one of the necessary hydrogen bonds in the Eigendon.  The density profile of water in the support system is shown
Therefore, the hydration of the hydronium ion provides a in Figure 10. Again, the zero coordinate on theaxis
description of the local environment important for structural corresponds to the central location of the membrane/vapor
diffusion. At the very minimum, hydronium ions that are interface. The variation of water density within the interface is
hydrated by fewer than two water molecules are unlikely to @ consequence of the fact that the nanostructured segregation
form Eigen ions. Thus, in Figure 8, there is a significant decrease of the hydrated membrane into hydrophobic and hydrophilic
in the fraction of hydronium ions on the Pt surface that are in regions is not uniform on the nanoscale and relaxes on a time
local environments where they can participate in structural scale that is greater than the duration of these simulations. As
diffusion at lower water contents. was the case with the catalyst surface, there is clearly a
111.B. Membrane/Vapor/Support Systems. Additional simu- “dehydrated region” of the membrane near the interface. We
lations were performed that contained the catalyst support observe virtually no adsorption of water on the support surface.
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IV. Implications and Conclusions In conclusion, we performed molecular dynamics simulations

of the hydrated polymer electrolyte membrane/vapor/catalyst
three-phase interface and the hydrated polymer electrolyte
membrane/vapor/support three-phase interface, using Nafion,
[100] platinum, and graphite atoms. Characterization and

' analysis of the configurational and dynamic properties indicate

that there is no wetting of the catalyst support surface (graphite
in this work) and significant wetting of catalyst surface ([100]

In this work we have studied the molecular-level structure
of the electrode/electrolyte interface. We acknowledge that the
detail of the electrodeelectrolyte environment is a function
of the manufacturing procedure, the composition of the MEA
and the operating conditions of the fuel cell. In this work, we
have focused on model interfaces that we believe are presen
in avyide range of MEAs across arange of operating conditions. platinum in this work). The degree of wetting increases on the
In this model, the pore contains water vapor. ) catalyst surface with the water content, but we do not observe

Regardless of the structure, the catalyst particle must be abley,ore than a monolayer on the surface. This monolayer is
to participate in three transport processes: (i) diffusion of ¢omposed of a mixture of water, Nafion, and hydronium ions.
molecular hydrogen in a vapor phase to the catalyst surface, o high water contents, the water forms a regular lattice on the
(ii) conduction of electrons to the electrode, and (iii) diffusion/ catalyst surface. We characterized the structure of water
conduction of protons to the electrolyte membrane. Each of theseygjecules and hydronium ions adsorbed to the catalyst surface
three transport properties taken independently has an asymptotio‘oy the PCFs.
optimal cpnfiguration assoqiated With it. Because the diﬁusivity There are two main implications of this work. First, funda-
of a gas is orders of magnitude higher than that of a liquid (at ental work is required to study the adsorption and dissociation
room temperature and pressure, the self-diffusivity pisb.6 of molecular hydrogen on catalyst surface with adsorbed layers,
x 1071 c/s 20 and the diffusivity of H in water is 4.5x 10 such as those described herein. Furthermore, the overall diffusion
cn?/s*9), the optimal dn‘fusllon o'f molecular hydrogen W0U|d of protons (including vehicular and structural diffusion) across
occur on a bare electrode (in which none of the surface is coatediyis syrface, as a function of water content, must be investigated
with thick layers of water or Nafion). The optimal conduction 4t 3 fundamental level, if one is to quantitatively understand
of electrons requires significant and direct contact between all {ha molecular mechanisms for proton transport at the electrode/
catalyst particles and the conducting component of the electrode g ecrolyte interface. The second implication of this work is that,
The optimal conduction of protons requires that all catalyst pecause the catalyst support shows no significant wetting, the
particles have significant and direct contact with electrolyte in catalyst particles must be in intimate contact with the hydrated
the membrane or leading to the membrane. This optimization membrane, or with recast hydrated polymer electrolyte mem-
procedure i_s constrained by the desire to minimize the amountpane in the electrode that provides a pathway for protons to
of catalyst in the MEA. move from the catalyst surface into the bulk hydrated membrane.

The optimization of the performance of PEM fuel cells can work is currently underway to study the critical gap size across
benefit from atomic and molecular scale level understanding which protons can be transported.

of the various reactive and transport processes occurred at the
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