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Abstract

In this work, the identification of a potential egg surface between H atom and
Pt(111) surface has been studied through the usé.ooidon-Eyring-Polanyi-Sato
potential energy function (PEF). The energy valfmsthe H-Pt(111) interaction
calculated using density functional theory weredusedetermine the parameters of this
PEF by using a nonlinear least-squares method. thr study, four symmetric sites on
the surface were considered as a top site, bridige &c-hollow site and hcp hollow
site. It can be determined which sites on the URfase are penetration region,
adsorption site or scattering site by defining fhaential energy surface. It is found
that both of the hollow sites of the surface argioes where H atom can penetrate
directly to subsurface and it can be held easilttnsurface.

Keywords Potential energy surface, LEPS, Pt(111) surfaxksorption.

Pt (111) ylUzeyi ile hidrojen atomunun etkilai icin LEPS
potansiyel enerji ylizeyinin incelenmesi

Ozet

Bu calsmada, London-Eyring-Polanyi-Sato potansiyel foni&signun kullanimi ile H
atomu ile Pt (111) yuzeyi arasindaki potansiyelrgngizeyinin tanimlanmasi teorik
olarak incelenmitir. Yogunluk fonksiyonel teorisi kullanilarak hesaplanar-HPt(111)
etkilesimine ait enerji dgerleri, bu potansiyelin parametrelerinin lineer ayan en
kicuk kareler yontemi kullanilarak belirlenmesinigiullaniimstir.  Bu calsma icin,
ylUzeydeki dort simetrik alan, tepe bélgesi, kopodlgési, fcc- bgluk bdlgesi ve hcp-
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bosluk bolgesi olarak diiintlmitir. Potansiyel enerji ylzeyinin tanimlanmasiyla,
hidrojen atomunun ytzeyde tutunabilgicee alt yluzeye kolayca nifuz edebifgce
bdlgeler tespit edilmtir. YUzeyin bg bdlgerinin, H atomunun doudan alt yluzeye
gectgi ve H atomunun ylzey Uzerinde kolaylikla tutukdsfi bolgeler oldgu
bulunmuytur.

Anahtar kelimeler:Potansiyel enerji yuzeyi, LEPS, Pt(111) ylzeyipgusyon.

1. Introduction

The interaction of gas-phase H atoms with differenétal surfaces has been
theoretically studied to understand the adsorptiechanism of H atoms on metal
surfaces [1-21]. As a result of these kind of aeclkees, technologically important
processes such as catalysis, corrosion effects eial reurfaces and hydrogen storage
have been developed. The principle results ofetlstisdies include the characterization
of the potential energy surfaces (PES) of metalfases in terms of reaction
mechanisms with the H atom. Thus, various stragegased on the density functional
theory (DFT) and quasiclassical calculation methoalse been used. The use of these
theoretical techniques has allowed the determinaifsymmetric surface sites suitable
for adsorption, penetration, or scattering of Hado

According to the results of the investigation of thteractions of atomic and molecular
hydrogen with Pt(111) as studied using DFT withime tgeneralized gradient
approximation (GGA), PES was found to be energiyiead geometrically corrugated
because of the surface atoms[1]. Furthermoreajitib calculations of the interaction of
H with Pt(111), Pd(111), and Ni(111) surfaces hawen performed to obtain
adsorption energies of H by using Vienna ab inBimulation Package (VASP) code
[2]. The results of these studies have allowed datermination of the adsorption
energies and the adsorption heights for differgas ®n the Pt(111) surface [1, 2].

Through the use of a plane-wave and pseudopotetidé DACAPO[3], potential
energy values for the interaction of the H atomhwitu(111), Pt(111), and Pd(111)
surfaces have been calculated and these descsbgoéidn and absorption scenarios of
the H atom on/in the surface. It was found thatHollow and hcp-hollow sites are
suitable sites for the adsorption of the H atonttensurface. In other studies relating to
the quantum mechanical behavior of the H atom o(l€Tl) and Pt(111) surfaces, it
was shown that hollow sites are suitable for theogation of the H atom onto the metal
surface [4,5].

In addition, the interaction of the H atom with tAg111) surface was studied through
the use of the DACAPO code for DFT calculations. [6From these results, the

adsorption energy of the H atom on the hollow gigs computed to be approximately
2.7 eV at a height of 0.976 A [6]. By using the SR [7] to study the electronic

properties of the H atom on vicinal Pt surfacesas concluded that the fcc-hollow site
has a local energy minimum at its equilibrium heigh

The selection of a suitable PEF for correspondiif$’ is an important issue for

guasiclassical and molecular dynamic studies. Ohehe most selected PEF for
interatomic interactions, especially atomic and euaolar hydrogen interaction with
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surface, is London-Eyring-Polanyi-Sato (LEPS) pb&n For example, LEPS has
previously been used to characterize the intenaatiothe H atom with Pt [1-11], Ni
[12-15], and Cu [16-21] surfaces.

In this work, the LEPS PEF is used to describe RiEE$he interaction between the H
atom and the Pt(111) surface and to determineiogapathways for the penetration,
adsorption, and scattering from sites on the P)(sliface. In the following section,
the theoretical model and parameterization of LE®Sliscussed and PES is fully
described. Results are presented and discussied fimal section.

2. Methods and materials

The most important part of theoretical studies absmurface structures and clusters
formed by metal atoms is to determine the PEFsdbatirately and precisely describe
these systems. LEPS potential form [16] has beed tor the study of the interaction
of a gaseous atom (or diatomic molecule) with défe metal surfaces and has
previously been used to describe, in detail, theraction of the H atom with a Pt(111)
surface. PESs that describe the interaction beivlee H atom and Pt(111) surface
need to be defined and analyzed. For this reasds,important to determine the

parameters of the LEPS function.

LEPS function, which include functions of Coulonp™and exchange "J", given as:

Vieps(X a¥a{ X4)- Qag Qag Up's (1)
21%

‘[JAB(JAB‘JAS‘ I54+(I as 9 Bl

Here, A, and B denote hydrogen atoms, and S raesa#l the surface atoms$a, Xs
and {Xs} are the position of hydrogen atoms and the sert#oms, respectively. “A,S”
and “B,S” pairs of the subscripts stay for the iatéions between hydrogen atoms and
the surface atoms while “A,B” subscripts denotes itteraction between hydrogen
atoms. CoulomtQa g CoulombQas exchangelas and exchangéda s functions are
given by;

D . )
QA'Bzél(TZAB){(SMAB)eZ V(2468 ,0) €47 (2)
QA,S :ﬁ{(3+ AAS)( D He‘z"’H(rs—fH)_l_ ZDZ e—Zaz(RA,s—rz))

N 3)
_(2+ 6AA,S)(DH —aH(rs—rH)+ZD2 —az(RA‘S—rz)j
D . )
vl LSO Y 0
A,B

522



VURDU C.D.

— 1 ~2a, (Is=T) N _ZaZ(RA,S_rZ))
Jas 4(1+AA'5){(1+?AAS)(DHe +KZ::1 D, e

5
_(6+27,.) D@ 3 D, @@lfes) (5)
( + A,s) He +KZ=:1 , @

Here,R=|Xa — Xg| andRa s=|Xa — X

To find the parameters of the LEPS potential, eparglues calculated using DFT
(which is based on the postulates of the quanturnchamecs of the H - Pt(111)
interaction) were used. Thus, results from thelstof the interaction of H with the
Pt(111) surface by Ludwig and Vlachos [6] were usedit the LEPS parameters by
using a nonlinear least-squares method. In therk\6], potential energy values were
calculated between the H atom and three differgmingetry regions (a top, fcc-hollow,
and bridge) of the Pt(111) surface by using the Dt€thod.

For the parameterization of the LEPS, a six-layétgd11) surface comprising 1092 Pt
atoms with ABCA alignment (as shown in the Figuyevas used for the face-centered
cubic “fcc” surface structure. The lattice parasneaf the Pt(111) slab was taken as
3.92 A[22].

The top and side views of the symmetry sites orPtiiE11) surface are shown in Figure
1. The region between the two atoms on the fagéd is known as the “bridge site.”
The region where the surface atoms are locatediasvik as the “top site”. The fcc-
hollow site is at the center point of the unitiigée and the second layer surface atom is
not located under this site. Besides, under thehwotlow site, where there is the
second layer surface atom, lies the center poitit@bther neighbor unit triangle.

1- A fcc-hollow site
2- A bridge Site

3- A top site

4- A hcp-hollow site

(a)
Figure 1. Symmetric sites on the Pt(111) surfadh wWBCA alignment a) top view and

b) side view.
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Figure 2. Energy values calculated using the LERStion together with DFT energy
values plotted as a function of z (height of antéhaover the Pt(111) surface) for three
symmetric sites, namely, top site, fcc-hollow séed bridge site.

The binding energies of H atom for top, bridge, &awdhollow sites are —2.312, —2.590,
and —-2.647 eV, respectively. The heights of theatdms corresponding to the
minimum binding energies for these sites are 1.8, &nd 1.0 A, respectively. For
these regions, the DFT energy curves [6] and LERSgy curves (depending on the
height of the H atom over the Pt(111) surface)<r@wn for comparison in Figure 2.
The above results are consistent with those predentreference [6].

The LEPS parameters were obtained by fitting (usimpnlinear least-squares method)
to the energy values obtained by DFT methods [@}is was done for three symmetry
regions, namely, top site, fcc-hollow site, anddbe site. The LEPS parameters
obtained in this way are shown in Table 1. Thd-rnean-square (rms) error value for
the determination of the parameters is 0.168.

Table 1.LEPS parameters obtained for H-Pt(111) interactigstem. (rms value =

0.168).

A= 0.000 D,=0.148 eV Anpi= 0.346
De= 4.745 eV = 2.000 eV R=2.320A
ae=1.900 A ap=1.480 At R,=2.010 A

R.=0.733 A ay=1.040 A Ngs= 0.670
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3. Results
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Figure 3. LEPS potential energy curves of a sikfjgom above and below four
symmetric surface sites of the Pt(111) surface.

LEPS potential energy curves that are calculatea fasiction of the height z for the H
atom on four different symmetric regions of thelRfl) surface are shown in Figure 3.
The binding energies of the H atom for the symroedites, top, bridge, fcc-hollow, and
hcp-hollow are —2.312, —2.590, —-2.647, and —-2.6¥1respectively. The heights of
the H atoms corresponding to the minimum bindingrgmes for these sites are
calculated as 1.6, 1.2, 1.0 and 1.0 A, respectivdllzese results are almost consistent
with those presented in literature [2, 5, 6, 8flaswn as Table 2.

Table 2. Comparison of the results of interactigstesm of H- Pt(111) with previous

studies.
Sites

Atop fcc-Hollow | hcp-Hollow Bridge

z* (A) 1.60 1.00 1.00 1.20
1.57 [2], 0.92[2], 1.07 2],

2 (A) 158[6], | 0.98[6] | oeo {é} 113 [6]

1.53 [8] 0.91[8] ) 1.05 [8]
E* (eV) -2.31 -2.65 -2.64 -2.59

-2.55 [5],
-2.65[6], -2.58 6],
E (eV) B -2.58[6], | -2.66 [8] _

276[8l | 59 6] 2.68[8]

*: results of this study.
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The binding energies for bridge, fcc-hollow, ang+ollow sites on the surface at a
height of 0 A are calculated as 0.101, -1.048, ahd 23 eV, respectively. These
results indicate that both of the hollow sites @gions where it is possible for the H
atom to penetrate into the subsurface. By compayitere is a minor potential energy
barrier above the bridge site. Both of the holkites are suitable for adsorbing an H
atom onto Pt(111). For an incident H atom, pemtietnanto the subsurface and back
scattering regions can be easily distinguished agight of z = 0 A, as indicated in
Figure 3. From Figure 3, it can be seen that thtergial energy barrier of the surface
increases when the H atom approaches the surfacehm/top site.

H -- Pt(111)

VLEPs(eV)
® N B O RPN

Figure 4. Three-dimensional counter plot showirggfbtential energy surface for an H
atom at a height of 1.1 A from the surface of Pij11

Figure 4 shows a three-dimensional counter pldhefpotential energy surface for an H
atom at a height of 1.1 A from the Pt(111) surfad®egions that have the repulsive
potential energy values at the maximum correspormégions where surface atoms are
located. However, regions where the potentialag@fenergy is a minimum correspond
to fcc-hollow and hcp-hollow sites. H atom apptuag the surface can be scattered
over the regions where the potential energy is &imnam or trapped at the sites

associated with a minimum attractive potential gpesurface. As the H atom

approaches the surface, the effect of the repulsivee of the surface potential

increases when the H atom is in the region of thégb site. Besides, the regions
where the energy is minimum can correspond to #tke pf movement of H atom over

the surface between fcc-hollow and hcp-hollow sites

Contour plots of the potential energy surfacesdiferent heights of the H atom over
the surface are shown in Figure 5.

526



VURDU C.D.

0 00148 9144 0136‘0140

H- Pt(111) z=3.0A H-Pt(111) z=2.4 A
3 T / T 3 [ T 0.48-0.50 0.48 050
,0_1}0\ 0, o 1366 9% <. 136 <0. 152\(§\}\44!1/ o 1306 ;163‘: 136 ﬁ.g)s; 0:48, 65\8\0\5‘2/480 /‘
0,148 1&\ / 0136 -0. 136\\\ 0 150 54 s } \/—0.48 -0.48
_____ 44 0 14g 136 Co 142 O 054 048\ | -0.56 9.50\
4 0. 136 0 1 \ 10,50 0.52. 0.-0.52" 54 /-0.50 0.52:
2 ‘4 ( 4014873 1 46 -0, 136133 0 148 21 %{;2'5 \/ _0/5;2'5\
= ////0150 W/ 0136)136 015 ST \ .
o) o 13 <o 152 0 1423 N 13 0/17:5\1\424 <o 1 0.48_  -0.4850)E 54\ @5& -0.5048C> -0.48 -0.4850 <®5&
L 0 150/ 0 140\ r Q \ 0] 150 / 1] N \—o.seJ %50 —o.sej
0.52-50 2-0.54-0-52 ﬁ‘\ 0. 54/
S N

y@A)
o
y (A)

a‘
fF 0. 13\) \\ ) 1@// F 140\ 0 136
0 136-" 40,148 0 136 C o 142
o 144 0 14 4o, 146 46\
18

0136 . 1“0 148 \\ 0 146 ' \ y 0. 0.
\\\> gﬁ% 13/7 < / / -0, 15\ i}:ﬁ 136 \ Nso C C [\ o .48
1 -0.58.56:4 -0.48>  -0.48 -0.4850 0.58-0.52048C -0.48 < |
/) \‘/'0 hy }).5‘;70_54 g ]
‘° i36% 138/ 0 s //&25 \ \-o.so //—o/.%%s \
0136 50 15 f /\ oo / -\.sa A (—\ <)> <<@58
ANYRERN

1420g 145

25 0. 148 -148.5. 146
1Fe \\Z// 20,150 \\\
0 -0, 1366 €0.152}-0. 142 1424 (<@ 048  -0.4850054 ( -0.58) -0.5048C> -0.48 4850 -0,
{\\\\ 0. 1@/ 0, 140\ 0 1361 13Q / /\\ 0150 J u J
2 A§ D3ous i/ o o ws\\m / 2] 8ede) TN Qs /
' . 0.0 -0.54\.0.50 0.5
N 9/0 136?\1\38% X 144/ ) %Ag 0 ) 0'%5'2?0 -0.50/-0.43 09 e \ 0.05'3%4/8
~2 A 048 0.
041’510 \\\ 0. 136? -0. 3)3163/6 @ 15\2 S )6 \ -0.136 10.5856 ) o ( ,0_58\0_523 5
3 //////\\ 01366 -0.136 LA ////l\ 013636 0,136 .3J( / [ -0.48.050 048 \ '///H 0.50
0 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
x(A) x(A)
H- Pt(111) z 1.8A H- Pt(111 z=12A

34\\

ST

NS T 24
}// 24 ZLGJZ 3 | S

._.

€ e

u%_olﬁgr \\\g“
< C\V/m/ﬂsj) 12
a\\UJ = &
528 2 D)
J/ / \ \\\\///) / 11‘1?60 /

N

-

y@A)

y(f\)
=
N
o\
A
—_
15 @% ,
*S
/\

\\\ ’ /// \\ RUAIL )/ Avs W
2 ao 11135/1750 175/ \185 24 \, —.27.

b \165
ifiin f\\\\\\ weo
-1 9590 ) 160 155 1750 170

175160\/ 150
//II’

0 6 7 8

[/// 6(\)0\15 -15 0o

0 0 ‘:-_f } . { o i {'?
<] < \\ ﬁ))})
/ L/ \\\ = 23oo \}\16 zl;%g U:Imy ;: > \

31

RN S

:\\
Kﬂé))f

@}‘ i
L

j .
i
//

328 \ 7 5 ZZ0. 9. 5, 1%4//5
N o= / ﬁ \ No = IN\=
Z 01205008 1 s ] 18 "‘; 0 - 20.7213)|lo. o(> 0.9°00 < 122)8, 103 0C-0.§>(p\<2'2<
- // \ \9 OJJJ L/O 0 5 R /// 7z 6540 0 9 0 L/%g?m
1 395.0 ;4 15\—5 1 Z573p, / /5 it O §\7 s o 0. %ﬁ%ﬁ,s\
Sd 42/79‘ , 2l \\(\ =
,1_\].5\.0%\6@\ GC:J \\\\ \ J \\4 % 32991117/3>>>/// ‘J‘/ 0 4)9/; 09\< 0.90.93 i 210 B0,
M\ / 4 1 o 0 o<l /

oo N l I W%{’) st o

3 ?/077))) )'1{5 s, 04 O\ﬁ\%wf@ (?)/3/1?70:5%“ Jas 26,82 \7,-24‘5T S
(; '1 'z é :1‘ 5 6 7 8 0 1 2 3 4 5 6 7 8

x(A) x(R)

Figure 5. Contour plots of the potential energyaes for interaction of the H atom
with Pt(111) surface at heights of z = 3, 2.4, 1.8, 0.6 and 0.0 A, respectively.

As the H atom approaches the surface from a heigBtA to 1.8 A, it is seen that the
potential attractive effect of the surface of thetah on the H atom increases, as
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indicated by Figure 5. This figure also shows thhéen the H atom approaches from a
height of 1.8 A to 1.2 A above the surface, theaative potential energy effect of the

metal surface on the H atom over the bridge antbWwosites increases, whereas the
impulsive potential energy effect of the metal aoef increases over the top site. At a
height of 0.6 A above the surface, the H atom sosrd to a repulsive effect from the

potential energy surface, as indicated in Figure 5.

It is clearly seen in Figure 5 that it is difficdtir the H atom to pass to the subsurface
over the bridge site due to the repulsive poterdiééct of the surface atoms. By
comparison, the H atom can easily penetrate intostibsurface via the hollow sites.
However, if an H atom approaches the surface witficgent kinetic energy, then it is
possible to penetrate into the subsurface from theebridge site.

H atoms may be located at different heights orlebelow the surface of the metal.
For these conditions, contour plots of the potéminergy surfaces have been calculated
and are given in Figure 6. These results indittzaé atoms can become trapped in the
subsurface at depths between 0 A and -3.0 A. Eiguillustrates that the repulsive
effect of the PES toward the H atom increases ertdp sites of the second and third
layers as a result of surface atoms. The disthatweeen surface layers is 2.263 A.

As indicated in Figures 3 and 7, it can be seenitha possible for the H atom to pass
from the hcp-hollow site to the second layer. slalso possible for the H atom to pass
directly up to the third layer from the fcc-hollosite. It is important to note that the

adsorption and penetration sites of the H atom tmtbe Pt(111) surface are similar to
those of Ni(100) and Cu(111) surfaces [12-15, 1p-21

Three-dimensional contour plots of the PES forRh@11) surface and the H atom at y
=0 A and x = 0 A are shown in Figure 7. Besidasnmetric sites were shown in
Figure 7. These figures illustrate the effect & potential energy surface on the H atom
at different heights above the surface or at dffiéidepths between the surface layers.
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Figure 7. Three-dimensional contour plot of théeptial energy surface for the H
atom on the Pt(111) surface aty =0 A and at & 0

Figure 7 shows there is almost no difference betwibe PES contours around fcc-
hollow and hcp-hollow sites. An incident H atonpegaching directly from the top site
will be backscattered over the surface becauséhefhigh potential energy barriers
around the top site. The potential energy surfaodsbit approximately the same
behavior for both hollow sites as shown in FigureMoreover, it was shown in Figure
7 that there is a minor potential energy barrieHatom where just over the surface.

4. Conclusions

In this work, PESs for the interaction between amtbim and Pt(111) metal surface
were investigated. Thus, LEPS was chosen to repteke form of the potential as it
accurately described the interaction of the surfaite the H atom. Parameters of the
LEPS potential were obtained by fitting DFT enewgjyues for the interaction between
H and the Pt(111) surface as described by Ludwig\dachos [6].

This investigation shows that the repulsive eff#fcthe surface potential energy is high
around the top site if the H atom is near the serfaBinding energy values were shown
to be very close to each other on both of the oBades for the H atom. Furthermore,
it was determined that there was almost same behafPES around fcc-hollow and

hcp-hollow sites. It was also showed that for domdition of the H atom passing

through the fcc-hollow site to the subsurface, #item could proceed without

encountering an energy barrier up until the thérget.

However, it could penetrate up to the second lajgethe hcp-hollow site. Although H
atom could be trapped in the subsurface via thesetion paths, it was also shown that
it could be scattered from the top site. Therefdres seen that both hollow sites are
appropriate for the adsorption of an H atom ont riietal surface. Finally, if the H
atom has sufficient kinetic energy it can travethwparalel to surface from one hollow
site to the other hollow site via the bridge site.
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