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ABSTRACT

We present a density functional theory (DFT) study of the dissociation pathway of monomeric H,O into adsorbed
hydroxyl (OHags) and hydrogen (Hads) on the Pt(111) surface. Here we consider the Langmuir-Hinshelwood process
of adsorbed monomeric H,O, which is then dissociated on the surface model. By calculating potential energy surfaces
(PESS), we examine the proposed pathways to determine the most likely ones. The results show that the activation
energies of two reaction pathways are comparable within the experimental and theoretical results. This study should

provide information to understand the mechanism of H,O dissociation on the Pt(111) surface.
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1. INTRODUCTION

The water (H,0) dissociative adsorption on metallic
platinum (Pt) surfaces have found in lots of applications
e.g. electrochemistry, heterogeneous catalyst, hydrogen
production, and fuel cell devices [1-3]. Among the
different route reaction of the water and metal surfaces,
the net reaction process is the separation water into Hy
and O, as useful gases through the electro-oxidation
process [4, 5]. To achieve this, the metallic platinum
(Pt) based catalyst has showed high stability and activity
that influencing the behaviour of the active surface
toward the dissociation of water molecules [6-8]. There
have so many experimental and theoretical studies about
the water interaction on metal surfaces [9, 10]. On the
surface, water forms different structure from monomer
to ordered over-layers structures depending on the
coverage and experimental conditions [11]. At the low
coverages, the monomer water structure was observed
by experiment which is less than 0.005 ML [12] and is
stable as a monomer at temperatures of 40 K or less on
transition metals [13]. To reveal the basic principles of

the interaction of monomer H,O with Pt catalyst,
numerous studies have been undertaken in which the
H-0 dissociative adsorption which generally believed to
be rate determining steps [14-16]. Even though the
dissociation of H,O on Pt(111) surface to produce an
oxidant (OHags) is very difficult [17], many efforts to
developing and understanding the processes are still
remain to be solved. The experimental and theoretical
studies suggest the intermediate reaction process of H,O
dissociation to be OHags and Hags on Pt based catalyst
[18, 19]. As the mechanism of the dissociative
adsorption of H,O into OHags and Hags on Pt(111) have
been already explored, the dissociation energy barrier of

H20a4s = OHags + Hags are in range of 0.75 eV — 1.80

eV [20] which might be inconsistent with the
experimental results (0.52 eV) [21]. The detailed
reasons for the disagreements and the complete
dissociation processes have not been clarified yet.
Moreover, the barriers will depends on the path of the
reaction as well as the orientation of the adsorbed H,O
on Pt(111). Here, we extend the insight of dissociation
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mechanism of H,O into OHags and Hags on Pt(111) by
analysing the potential energy surfaces (PESs) scans
from the ground state total energy calculation of density
functional theory method. The starting point here will
be an in-depth understanding the reaction path of
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monomer H,O dissociation into OHags and Hags by
presenting the relatable energies pathways of H.O
dissociation on Pt(111) surface.

2. COMPUTATIONAL DETAILS

_v-'-v-v

Figure 1: Schematic configurations of (a) the Pt(111) surface and the related adsorption sites ,i.e. top sites, hollow
HCP site, hollow FCC sites and bridge sites. The (4 x 4) conventional unit cell is indicated by lattice vectors a and b.
(b) The adsorption of monomer H.O.q/Pt(111) for initial state (IS) configuration, and (c) the co-adsorption of
(OHagstHags)/Pt(111) for final state (FS) configuration in determining the possible reaction pathways from PESs.

The density functional theory (DFT) formalism
[22, 23] was used to calculate the total ground state
energy interaction of monomeric H.O molecule and
Pt(111) carried out by vienna ab initio simulation
package (VASP) [24, 25]. To describe the electron-
ionic core interaction, the projector augmented wave
(PAW) [26, 27] exchange-correlation functional with
PW91 generalized gradient approximation [28-30] were
used in this calculations. The electronic wave functions
were expanded with cut-off energy of 400 eV as a plane
wave basis. To perform the Brillouin zone integrations
with (5%5 x1) k-point mesh, we take up the Monkhorst
and Pack method [31] with 6 = 0.2 eV of Methfessel-
Paxton smearing [32]. In reaching the convergence
criteria, the maximum force acting on each atom were
set to below 0.01 eV/A, and 10 eV for the electronic
self-consistent iteration for each atom. We use our
previous configurations model of Pt(111) [33] by
cleaving the crystal structure of (fcc) Pt with the bulk
lattice parameter of 3.92 A obtained from experiment
[34]. We use four atomic layers, (4x4)-surface unit cell

(= 1/16ML) and a ~15A of vacuum to avoid

interaction between the surfaces of neighbouring slabs
as described in figure 1(a). To simulate the adsorption
of a H,O and co-adsorption of OHags +Haes On the
Pt(111), we use our previous results from Ref. [35, 36]
for initial state [1S] and final state [FS] configurations as
presented in figure 1(b) and 1(c) respectively. Based on
figure 1, we describe the dissociation pathways using
potential energy surfaces (PESs) scan by separating the
H2 atom into H2’ position varies in terms of the shortest
possible path on Pt (111) while OH1 being attached on
top site of Pt43. In this study, we will concern only two
pathways to obtain the energy barrier of HyOas

decomposition into OHags and Hags. The transition states
(TSs) is then defined as the state corresponding to the
highest potential energy along this reaction coordinate
of the PESs profile. Henceforth, the energy barrier (Ea)
for each path are calculated by the related potential
energy difference of [H2’-OHI1] distance on Pt(111) at
TS and IS. Finally, the path with the most minimal
energy is defined as the most possible pathway in
dissociating H20 into OHags and Hags.

3. RESULTS AND DISCUSSION

To scan the PESs of the corresponding energy
profile of H,O dissociation, the IS and FS configura-
tion of adsorbed H,0 /Pt(111) is crucial to determine the
activation energy barrier (Ea). In our previous results
from Ref. [35, 36], the H.O adsorb aligned parallel with
Pt(111) and the distance of O—Pt [r{(O—Pt)]=2.31 A, the
< (H1-O-H2) angle broadening to 105.7° and the
adsorption energy was about —0.30 eV. This results are
near to the results from Fajin et al. [37]. We then use
this result (presented in figure 1(b)) as the IS
configuration. The co-adsorption of
(OHagstHags)/Pt(111) configuration was also obtained
from cf., e.g., [35, 36] and references therein as a (FS)
configuration. The separated H2’ at hollow fcc site
position from OHI is far enough to ensure that H2’
already broken from its water configuration (presented
in figure 1(c)). The distance of Pt—OH1 is z-(Pt—-OH1)
= 1.98 A lower than its IS, and the z-(H2' —Pt) = 0.77
A. This configurations shows that the co-adsorption of
(OHagstHags)/Pt(111) is possible structure as the co-
adsorption energy is negative (i.e., —0.63 eV). Based on
the adsorption energy of H)O/Pt(111) with this
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physisorption energy, it can be assumed that the
dissociation will proceed with difficult process as
predicted by Hammer and Ngrskov [38]. To predict the
reaction mechanism of H,O dissociation then we need
to analyze the reaction path and geometry orientation.
Here, we will focus on H.O dissociation on Pt(111) for
two reaction pathways by analyzing the PESs scan
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energies. The calculated results of the minimum energy
of the H2’ position (r, z) for each path are presented in
figure 2 for reaction path number-1 and path number-2
respectively. In this case, the TSs of each path are
obtained by the saddle point of PESs with respect to the
H,O adsorbed on Pt(111) surface along the reaction
coordinates.
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Figure 2: (upper) Two dimensions contour profile of potential energy surfaces (PESs) for Path-1 (solid line) and Path-
2 (dashes line) as a function of r, z. The H2’ distance from the surface is z-H2’ and H2’—OH1 is the distance of H2’
variation from OH1. (lower) The reaction coordinates for H,O dissociation for two pathways.

Figure 2 shows the PESs results for Path-1 and
Path-2 with the points of a to the e point in the PES plot
corresponds to the configuration for each path as the H2’
position separated away from OHZ1. In the reaction
pathway number-1 (Path-1), H2 start to moves from its
original position (H2) to bridge site of (Pt42 and Pt38),
then proceed to the hollow hcp site to bridge (Pt37 and
Pt38) site and the final position is at hollow fcc site as
shown in figure 2 below the 2D countour plot. As the

Path-2, the reaction coordinates proceed with order
bridge site (of Pt42—Pt38) to hollow fcc to bridge site
(of Pt34—Pt38) and endup in hollow fcc sites as shown
in figure 2 Path-2. From the total energy at the side
levels in the figure 2, the transition state (TS) occur at
point b for the two reaction pathways (Path-1 and Path-
2) when the H2’ position at bridge site of Pt42—Pt38 and
Pt38—Pt39, respectively. Based on the corresponding
PESs scan from figure 2, we obtained that TS-2 is
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higher than TS-1 with respect to IS with the energy
barrier of 0.80 eV and 0.83 eV, respectively, presented
in figure 3(a). Thus the path-1 is preferable pathway as
the activation energy lower than path-2. Therefore,
between the two pathways of our investigations from
the PESs scan, we then conclude that the prefered path
between the two, the path-1 is the most possible
pathway in the dissociation of H2O into OHags and Hags
on Pt(111) surface. The two coordinate reaction
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pathways are summarized in figure 3(a)(b) with its
corresponding  activation  energies. The energy
difference between the two paths from our calculation
results showed not so significantly different i.e., 0.03 eV.
Our calculated energy barriers are agree well to the
other DFT calculation by Fajin et al. (0.78 eV) [37] and
Phatak et al. (0.75 eV) [20]. This suggest that our
proposed reaction cooordinates becomes possible in
dissociating HzOags/Pt(111) into (OHags+Hads)/Pt(111).

Table I: The charge density profile at IS, TSs, and FS along the most minimum energy path of H;O dissociation on
Pt(111). Positive and negative signs indicates the atom excess and deficit electrons respectively.

No. | State | H2’adsorbed positions | reonin2) [A] | z-@2) [A] Charge gain or loss [e—]

1| 1s H2’ @[Hz0/Pt-43] 0.98 231 [0]=—[0H4;7’i=[53.]4:5+0.48; [Pt43]=-0.23

2 | oS | H2@PBS-PU2) 1.44 1.07 WF*{’;;&LE&J;;O-SO; (o8 048

3 PaTtrS]-z H2'@[P38-Pt39] 1.86 1.07 [O]:J'[Oﬁlzz,j:[fll .]0:1+0'45; F;S,S}iigjié

4. | FS | H2@[P133-Pt37-Pt38] 3.15 0.77 [O]:+[OP.1124:3:[T01]8:6+0.43; E}Fjg,%igié
: [Pt38]=—0.59

Finally, the projected density of states (PDOS) profile
and charge density difference for Pt related atoms and
atomic O, H1 and H2’ over Pt(111) at IS, TS and FS
will be expanded in figure 3(c) — 3(f) and table I. The
corresponding atomic projected DOS of TS for Path-1
and Path-2 of five atoms are presented in figure 3(c) and
3(d) respectively, which describes the local DOS of
figure 3(b) for two TSs. One must note that an
additional localized state become apparent at low energy
level, which leads to the resonance state of the adsorbed
oxygen—hydrogen and related Pt atom. The
involvement of the electrons of Pt atom far below the
Fermi level of the metal plays important role for these
states as the resonance states mainly consist of (s) and
(d) states of Pt atom and (s) and (p) from hydrogen and
oxygen.  The broadening states of hybridization
between atomic Pt and H2’ states at Path-1 is larger than
the case at Path-2, which leads the resonance peak of
PDOS on Path-1 is lower than on Path-2. This
corroborate with the result that the TS energy of Path-1
is lower than that of TS energy of Path-2 during the
reaction pathways.

Table | shows the adsorbed structure of H2’
while OH1 being fixed at Pt43 site, the distance r-
(OH1-H2), z-H2' , and the charge density difference
profile of atom O, H1, H2” as well as the related Pt atom
at IS, TS and FS. The adsorbed H,O molecule on Pt43
as the initial state has minimal atomic charge density
with negative value of atomic O, that might caused by
the bonding formation of H,O adsorbed at Pt(111)
surface. This also supported by the elongated H-O bond
distance at adsorbed state on Pt(111) by ~0.01 A with

reference to the gas phase. The weakening of O—H2
bond might leads to bond breaking into other possible
species i.e., OHags and Hags Or Oags and two Hags.  In this
case, we only focus on the separation of H20 into OHags
and Hags as our concern. As we move H2’ separated
away from OH1 bond, along the reaction pathways, the
TS-1 and TS-2 has the maximum charge depositions
with gaining the positive charge of O and H2’ atoms.

The H2’ gains more electrons presumably comes from
the surface as the H2’ makes a new bond with Pt
surfaces after dissociate from OH1 bond. At the FS, H2’
has reached the longest distance from OH1 bond that
ensure the dissociation species is far enough at 3.15 A.
The atomic O becomes more electronegative because
the excess in electrons as compared in TSs. In this state,
the H2’ has also gain the electrons but less than that in
TSs in which makes H2’ becomes more stable in the
form of absorbed H. Between the two pathways, the
increasing charge transfer from Pt surface to the
adsorbates may lead to reducing the energy barrier as
predicted by Cahyanto, et al.,, [36] and this also
consistent with our predicted results (i.e., TS-1 < TS-2).
The final results of our configuration in dissociating
H,O molecule into OHas and Hags fractions might
becomes possible pathways that could explain the
dissociation mechanism of monomeric H.O on Pt(111)
surface.

4. SUMMARY AND CONCLUSION

In summary, we have proposed two possible
reaction pathways of H,O dissociation into OHags and
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Hags over the Pt(111) by PESs based on density
functional theory calculations. We considered the path
as the possible shortest distance from initial state to final
state configuration. Our results show the two proposed
pathways (Path-1 and Path-2) are almost similar value
of of 0.80 and 0.83 eV respectively. This results is very
close to the other DFT calculation results in which
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suggest that our two reaction coordinates are possible
pathway in decomposing H20ads into
(OHags+Hags)/Pt(111) surface. Yet, calculations results
presented here should be able to give the insight in
developing catalyst for water dissociation in
contribution of the reaction rate in H,O dissociation on
Pt-based catalyst.
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Figure 3: (a) The calculated results of energy barrier along the reaction coordinates for each path with respect to the
IS configuration. (b) Transition states configurations of Path-1 and Path-2. (c) Atomic projected DOS during the
interaction of Path-1. (d) Atomic projected DOS during the interaction of Path-2. (e) and (f) are atomic projected DOS

during the IS and FS respectively.
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