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First-principles study of water adsorption monolayer on Pt(111):
Adsorption energy and second-order nonlinear susceptibility
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To establish first-principles calculation accuracy and methodology for a metal/water interface, we investigated
the H,O adsorption monolayer on a Pt(111) surface and developed a density functional theory (DFT)-based
method for analyzing the second-order nonlinear susceptibility XZ(ZZZ). The H,O adsorption structures of /3x.4/3
with H-up/H-down models, /39 /39 with a six-member ring model, \/39% /39, and /37x /37 with five-
and seven-member ring models were considered by applying DFT calculations. The last two structures were
found to be the most stable, and their heats of adsorption, including zero-point vibration correction, were in good
agreement with the activation energy of desorption in the experiment with the vdW-DF2-B86R functional. Fur-
thermore, by employing the density functional perturbation formulation combined with the effective-screening
medium (ESM) + a finite electric field approach, we obtained the second-order nonlinear susceptibility X({) of
the /39 and /37 5—7-ring structures. The negative and positive signs of Im x2 in the high (3000—3500 cm™")
and low (600—2400cm™") frequency regions, respectively, were obtained. The spectra show negative double
peaks in the high-frequency region, consistent with those obtained by heterodyne-detected sum frequency
generation spectroscopy. This study provides a fundamental basis for improving our understanding of H,O

adsorption on metal surfaces.
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I. INTRODUCTION

In electrochemistry, a charge-transfer reaction occurs at the
interface between a metal electrode and an electrolyte solution
[1,2]. In particular, the metal/water interface is of general im-
portance and continued interest [3], because aqueous solutions
are often utilized for energy conversion devices such as fuel
cells or water electrolysis systems. Thus, it is useful to under-
stand and predict the properties of H,O molecules on a metal
surface to improve the performance of such devices [4,5].
In addition, the conversion efficiency of an electrochemical
reaction depends on the free-energy landscape [6] of its rate-
determining step, such as the oxygen reduction reaction. Then
an accurate description of the interactions between water—
water, electrolyte—water, and metal surface—water is essential
to estimate the free energy of reaction intermediate states. In
this study we focus on the metal-water interaction and select
a fundamental system: H,O adsorption on a Pt(111) surface.

Growth of an epitaxial structure with adsorbed H,O
molecules and crystalline ice film has been observed on a
Pt(111) surface at low temperatures [7]. A variety of surface
science techniques, such as He-atom scattering (HAS), low-
energy electron diffraction (LEED), temperature-programmed
desorption (TPD), scanning tunneling microscopy (STM),
infrared reflection adsorption spectroscopy (IRAS), and
first-principles density functional theory (DFT) calculations
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have been applied to investigate the Pt(111)/H,O structure
[8-10].

In 1997, Glebov et al. showed the formation of
a well-ordered H,O overlayer on Pt(111) surface with
(V/37x+/37)R25.3° or (/39x+/39)R16.1° symmetry by
HAS diffraction patterns [11]. They suggested possible lat-
eral arrangements of H,O molecules commensurate with
the /37 and /39 supercells, in which the hydrogen bonds
construct six-member rings. Haq et al. also observed a
(v/39%4/39)R16.1° LEED pattern on the first layer of H,O
molecules on Pt(111) [12]. They also investigated the activa-
tion energy of desorption E, for the H,O layers on Pt(111) by
TPD analysis, which showed E, = 52 4+ 2 kJ/mol [12]. How-
ever, the experimental condition of TPD is not isothermal,
and the activation energy from TPD analysis contains some
errors. After that, Daschbach et al. measured the desorption
rates of the H,O layers on Pt(111) by HAS under isothermal
conditions and a more accurate estimation by an Arrhenius
plot (E, = 54.2 & 3 kJ/mol) [13].

In 2010, Nie et al. observed triangular depression STM
images on the H,O first layer and proposed that the triangle
represents a hexagon of H, O molecules surrounding five- and
seven-member rings [14,15]. In a subsequent study, Feibel-
man et al. assigned low-frequency modes (ca. 2000cm™")
observed by IRAS on the H,O monolayer to redshifted OH-
stretch modes, which come from six anomalously short O-O
distances (2.5—2.6 A) per /37 and /39 supercells, predicted
by DFT calculations [16]. From the consistency between the
experimental observation and the theoretical calculations, the
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structure suggested by Nie ez al. can be considered thermody-
namically stable at low temperatures. The detailed structure
and activation energy of desorption can be obtained, and the
H,O adsorption monolayer on Pt(111) can be considered an
ideal system for discussing the accuracy of first-principles
calculations.

In these applications, sum frequency generation (SFG)
vibrational spectroscopy has become an advanced method
for determining the configuration of H,O on a metal sur-
face. In 1998, Su et al. observed SFG spectra at OH-stretch
resonances as a function of ice film thickness on Pt(111)
[17]. Because the SFG spectral is proportional to the square
amplitude of second-order nonlinear susceptibility and is al-
lowed only in a medium without inversion symmetry, they
discussed that the enhancement suggests the polar order-
ing of H,O molecules in the films. Recently, the ice film
structure was further investigated using heterodyne-detected
SFG spectroscopy, which can obtain the imaginary part of
the second-order nonlinear susceptibility, Im x®. Because
a positive/negative sign of Im x @ corresponds to the H-up/
H-down structure of surface H,O molecules, Im x® spec-
tra observed by Sugimoto et al. in 2016 clarified that an
H-down oriented structure on Pt(111) is formed from the
first layer to hundreds of layers [18]. In contrast, Im x?®
signals on Rh(111) indicated that adsorbed H,O molecules
take a mixture of H-down and H-up configurations, namely,
crystalline films with disordered H orientations [19]. Thus,
second-order nonlinear susceptibility x ? is helpful in deter-
mining the configuration of H,O adsorption layers [10]. For
further quantitative comparisons between theory and experi-
ment, it is desirable to calculate y ® using the first-principles
method.

In this study we used DFT calculations to investigate the
most stable structure for HO adsorption on Pt(111), and we
calculated the adsorption energies of several model structures
with /39 and /37 cells. In addition, the zero-point vibration
energies of stable structures were considered. We discuss the
prediction accuracy of the DFT calculations by comparing
the corrected adsorption energies with the activation energy
of desorption in an experiment, assuming that the H,O ad-
sorption process can be described as typical physisorption. We
further developed a practical approach to treat metal/adsorbate
systems using first-principles calculations and evaluated the
vibrational responses, namely, infrared (IR) and Raman inten-
sity, and second-order nonlinear susceptibility x ? for stable
structures. We compared them with those obtained in ex-
periments; in particular, the imaginary part of x® should
be comparable to that obtained by heterodyne-detected SFG
spectroscopy [18].

This paper is organized as follows: Section II A describes
the previous DFT calculations of the ice Th phase and H,O
adsorption on Pt(111). The heat of sublimation in ice Ih
and the adsorption energy of one H,O molecule on Pt(111)
are also provided. Section II B presents the structure of the
H,O adsorption monolayer used in this study. Section IIC
describes the calculation method for second-order nonlinear
susceptibility within the DFT calculations. Section II D lists
the computational details. Section III A provides the results
for the adsorption energies, pair distribution functions, and
heats of adsorption. Section III B provides the results of the

IR and Raman intensity and second-order nonlinear suscepti-
bility. Finally, Sec. IV presents the conclusions.

II. METHODS AND MODELS

A. DFT calculations of crystalline ice
and adsorbed H, O monomer

Electronic structure calculations based on DFT, repre-
sented as an applied exchange—correlation density functional,
have become a state-of-the-art method for predicting adsorp-
tion structures and properties in surface science. However,
the quantitative description of the interaction between H,O
molecules, that is, hydrogen bonding, remains problematic
for the proposed functionals. Using the Bernal-Fowler peri-
odic model of the ice Ih phase, Hamann reported the lattice
energies obtained by some density functionals in 1998 [20].
In subsequent studies it was shown that common generalized
gradient approximation functionals gave large lattice energies
compared with a reference value (the errors were approxi-
mately 50-100 meV/H;,0). In contrast, van der Waals (vdW)
type functionals, in which a nonlocal correlation term accu-
rately describes intermolecular interactions, gave closer lattice
energies (the errors were within 20 meV/H,0) [21,22].

For the discussion of functional accuracies, we evaluated
the lattice energy Ejy, zero-point vibration correction AEzpg,
and heat of sublimation Hy, of ice Th from Egs. (S1)—(S3)
in the Supplemental Material (SM) [23]. The computational
details are described in Sec. S1 [23]. The calculated values
using the Perdew-Burke-Ernzerhof (PBE) [26], vdW-DF [27],
and vdW-DF2-B86R [28] functionals are listed in Table S1
[23]. The lattice parameters and energies of PBE and vdW-DF
are consistent with those of previous DFT studies [21,22].
All functionals estimated almost the same AEzpg; the zero-
point energy in ice Ih is not sensitive to these functionals.
Compared with the heat of sublimation in the thermochemical
data (Hg, = 491 meV/H,0 at 0 K) [29], PBE and vdW-DF
overestimated and underestimated it, respectively. In addition,
vdW-DF2-B86R overestimated the lattice energy and heat
of sublimation by approximately 100 meV. However, these
estimated accuracies of the H,O—H,O interaction cannot be
invoked for the Pt-H,O interaction, because vdW-DF2-B86R
is considered to be the best choice among the three functionals
for describing the properties of the H, O adsorption monolayer
on Pt(111).

In addition to the H,O—H,O interaction, it is also
ambiguous whether the metal—H,O interaction can be cor-
rectly described by DFT calculations. For physisorbed H,O
molecules on the Rh(111) surface, Hamada et al. showed that
the interaction energies of Rh—H,O by PBE and vdW-DF
are small and comparable, respectively, compared with those
of HO—H,O0 in ice Th [30]. Carrasco et al. reported that
some functionals predicted that H,O adsorption layers on
metal surfaces are thermodynamically unstable, although the
wetting layers have been well characterized experimentally
[31]. They suggested that nonlocal correlations included in
advanced vdW functionals influence the relative stabilities of
wetting H,O layers on metal surfaces and bulk ice [31,32].

Here, considering the adsorption of one H,O molecule on
Pt(111), the difference in Pt—H,O interactions obtained by
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(a)

FIG. 1. Structures of H,O adsorption monolayer on Pt(111) surface supercells: (a) one H-para molecule in 2,/3x2./3 cell, (b) /3 H-down,
(c) 4/39 6-ring, and (d) /39 5—7-ring. The Pt, O, and H atoms are shown as gray, red, and white circles, respectively.

the selected functionals is discussed. The adsorption energy
E,q is defined using the DFT total energy Eppr:

E.q = —{Eprr(Pt/nH,0) — Eppr(Pt) — nEprr(H,0)}/n,

ey
where Pt/nH,0, Pt, and H,O represent the systems of nH,O
adsorption on the Pt(111), pristine Pt(111) surface, and an
isolated H,O molecule, respectively. According to this defini-
tion, larger adsorption energy leads to a more stable structure.
We conducted DFT calculations and evaluated E,q4 of one
H,0 molecule. The adsorption structure is shown in Fig. 1(a),
and the computational details are described in Sec. II D. The
results of E,q and the interatomic distances between the Pt
and O atoms dp;_¢ are listed in Table 1. The adsorption en-
ergy obtained by vdW-DF2-B86R was approximately twice
that obtained by the other two functionals. The interatomic
distances are discussed in comparison with monolayer H,O
on Pt(111) in Sec. IITA.

B. H,O adsorption monolayer structures

An ordered H,O layer on Pt(111) with (4/3x4/3)R30°
symmetry is a basic model for investigating H,O adsorp-
tion. In 2004, Meng et al. conducted DFT calculations of
the ordered layer with different H-up/H-down configurations
on various metal surfaces [33]. They also considered the su-
percell (/37 and ./39) model with a six-ring on Pt(111),

TABLE 1. Adsorption energies E,q and interatomic distances
dp_o of one H,O molecule on Pt(111) calculated by three DFT
functionals.

Functional E,q (meV) dpe—o (A)
PBE 225 2.45
vdW-DF 253 271
vdW-DF2-B86R 423 2.37

suggested by Glevob et al. [11] and Feibelman et al. [34],
and concluded that Glevob’s model is more stable than the
conventional /3 model [33]. Following that study, we treated
the H-up/H-down structures with a /3 cell (represented as
/3 H-up/H-down), and the six-ring model consists of 32 H,O
molecules in a /39 cell (/39 6-ring) as shown in Figs. 1(b)
and 1(c), respectively. We introduced a small amount of
dissociated H,O molecules, that is, H;O and OH, into the
/39 six-ring model and evaluated E,q by optimizing several
structures with some combinations of dissociated H,O and
H-up/H-down orientations. We further considered the adsorp-
tion model with five- and seven-member rings proposed by
Nie et al. consisting of 28 H,O molecules in a /39 cell (/39
5—7-ring) as shown in Fig. 1(d). Almost the same structure
consisting of 26 H,0 in a /37 cell (/37 5—7-ring) was also
considered.

For selected adsorption structures, we evaluated the zero-
point vibrational correction AEypg and the heat of adsorption
H,q, defined as

AEzpg = —{Ezpe(Pt/nHy0) — Ezpg (Pt) — nEzpe(H20)}/n,
2

H,q = Eyq + AEzpE. 3)

The zero-point vibrational energy Ezpg within the har-
monic approximation is evaluated by the summation of the
vibrational (phonon) eigenfrequencies w,:

1 1
Egpr = 5 Z fiw, or 3 / fiw g(w) do, 4)

where A and g(w) are the Plank constant over 27 and the
density of states (DOS) of vibrational (phonon) modes, re-
spectively. Finite-temperature vibrational contributions are
ignored in this study, because the contributions estimated by
the independent harmonic oscillator approximation [35] were
negligibly small compared with AEzpg at typical spectro-
scopic temperature, see Sec. S2 [23].
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C. Second-order nonlinear susceptibility

The second-order nonlinear susceptibility x ® represents
the second-order response of the macroscopic polarization P
under an external electric field E. When two fields enter a
polarizable medium, E(wr) and E(wyis), the frequencies of
which belong to the IR and visible regions, the second-order
term generates macroscopic polarization oscillating with the
sum of the two frequencies: P(wspg = wir + wyis), resulting
in SFG signals with an intensity proportional to |P|?>. Con-
sidering the sum-over-states representation of x® derived
from the perturbation theory and SFG experimental conditions
(wr K wyis and wys 18 far from the electronic transition ener-
gies of adsorbate molecules), x ®) can be approximated by an
IR resonant frequency term only [36-39]:

A
2) afy.v

) = s 5
Xo,,gy( IR) EU ) " ir, (5)

where w, and I, represent the vibrational (phonon) frequency
of the eigenmode v and the corresponding dephasing rate,
respectively. In principle, I, can be estimated by phonon-
phonon or electron-phonon coupling constants; however, this
study treats I, as phenomenological parameters. The sub-
scripts «, B, and y represent directions. The other resonant
and nonresonant terms are ignored in this study. The numer-
ator Ay, , is composed of the transition matrix elements
between vibrational eigenmodes |0) and |v) with respect to the
polarizability and dipole moment: (0|d&qg|v) x (V|1 |0) (Gqap
and f1, are the operators of the polarizability tensor and dipole
moment, respectively).

Using the density functional perturbation theory (DFPT)
[40,41] within the harmonic approximation, the numerator
can be represented as

Aaﬁy.v = <O|&Dtﬁ|v) <V|My|0 ZRK apfy' Uv,q= O(K Yy )
K.y
Z k.yy U,q=0(K1 )//) s (6)

where U, q—o(k, @), Z:,a g and R, g, represent the displace-
ments of vibrational (phonon) eigenmodes at reciprocal space
q = 0, the Born effective charge tensor [40], and the Raman
tensor [42] (a third-rank tensor related to the Raman process
[43,44]) on an atom index k. The notations conformed to the
previous study [40]. Because the first and second components
of Eq. (6) are interpreted as the related Raman and IR com-
ponents, respectively, the Raman- and IR-active vibrational
(phonon) modes only contribute to the second-order nonlinear
susceptibility x®, which is discussed in Sec. III B. In addi-
tion, decoupled molecular treatment has been widely applied
to evaluate the second-order nonlinear susceptibility x ) in
experimental analyses and theoretical studies [36-39,45-47];
however, this approximation is not required for the DFPT rep-
resentation of Eq. (6). It should be noted that only the dipole
contribution is considered in Eq. (5) based on the absence of
the bulk quadrupole response [48,49] in the H,O adsorption
monolayer on the metal surface.

The Born effective charge tensor Z7 4 is defined as the
partial derivative of the polarization P, with respect to the
atomic displacement 7, g under a zero electric field:

Ziwp = 0

(N

The oscillator strengths Sy, and IR absorption intensity

o (w) are easily obtained using Z7 , ; as

aﬂv— Z’(“a qu(Ka)

Z * spUna=o(k.8) |, (®)

o(w) = ZSW,V 5w — ). ©

o,V

However, the conventional expression of P, under the
periodic boundary condition (PBC) is unsuitable for a
metal/adsorbate system due to the lack of an energy gap [41].
Feibelman et al. evaluated the polarization derivative of sur-
face normal direction z in Eq. (7) from the change in the work
function with finite atom displacements and obtained the IR
intensity of the H,O monolayer on Ru(0001) [50] and Pt(111)
[16]. In this study we adopted a slightly different approach; we
directly applied a finite electric field and used an alternative
representation of the response tensors. Because Z7 ,, and
Ry .y can be connected to the mixed second- and third-order
energy derivatives with respect to atomic displacements and
external electric fields, respectively, both quantities can be
transferred to the derivative of the Hellman-Feynman force
F, o with respect to &,:

_3F
z £ 10
fan = (10)
capy = PFey (11)
: 9E,0E;

Using the effective-screening medium (ESM) method [51],
a finite electric field &, can be applied along the surface
normal direction z. Then Egs. (10) and (11) can be evaluated
using the finite difference of F, , with respect to &;.

To confirm the validity of the above ESM + &£ approach,
we evaluated the dipole moment p,, polarizability tensor
Qug, Z:a , and R, g, of an isolated H,O molecule using
Egs. (S8), (S9) [23], (10), and (11), respectively. The com-
putational details are described in Sec. S3 [23]. The selected
components are listed in Table S2 [23]. Although small dif-
ferences arise from different functionals, the ESM + £ results
are consistent with previous quantum chemical calculations
[38].

D. Computational details

A four-layer slab of Pt(111) was constructed by cutting fcc
crystals. Since the adsorption energy was slightly influenced
by the cell parameters suggested by a previous study [52], we
fixed the lattice constant of the Pt(111) surface at an experi-
mental value of 3.924 A. Throughout this study, the Pt atom
positions in the first and second bottom layers were fixed in
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the crystal positions. We confirmed that the adsorption energy
E.q obtained for the four-layer slab with two fixed layers was
almost the same as that of the six-layer slab with two fixed
layers within a few meV/H,0. The detailed configurations
of the /39 6-ring, /39 5—7-ring, and /37 5—7-ring are
shown in Figs. S3(a), S3(b), and S3(c), respectively [23]. The
VESTA package was used to visualize the slab and bulk atom
coordinates in this study [53]. The cell parameters with the
surface parallel directions of the /3, 4/39, and /37 cells were
set to 4.807, 17.332, and 16.882 A, respectively. The unit-cell
lengths along the surface normal direction were set to 25 A
and extended to 30 A in the absence and presence of a finite
electric field, respectively, which provided the correct work
function for Pt(111). A previous study showed that the work
functions under these conditions and from experiment are 5.77
and 5.9 eV, respectively [54].

To obtain the DFT total energy Eppr, the QUANTUM
ESPRESSO (QE) code [55,56], a plane-wave basis within the
ultrasoft pseudopotential framework [57,58], was used to
conduct the spin-unpolarized DFT calculations. The elec-
tronic configurations were 1s' for H, 2s?2p* for O with
nonlinear core correction (NLCC) [59], and 6s161705d9 for
Pt with NLCC [60,61]. The cutoff energies were set to 40
and 320 Ry (1 Ry =13.606 eV) for the wave functions
and the augmented charge, respectively, which provided the
correct behavior of adsorption and dissociation of H,O on
oxide surfaces [62]. We also confirmed that the adsorp-
tion energy E,q obtained by the cutoff energies of 40/320
Ry is almost the same as that of 60/480 Ry within a few
meV/H,O. In DFT calculations, converged shifted k-point
samplings of 12x12x1, 6x6x1, 4x4x1, and 4x4x1 were
adopted for the /3, 2./3, /39, and /37 cells, respectively.
The electron occupation numbers were determined using the
Gaussian smearing technique with a broadening parameter
of 0.01 Ry. The atomic positions of H,O and Pt were re-
laxed until the residual forces were less than 0.001 Ry/bohr
(1 bohr = 0.52918 A).

To obtain the phonon frequency w, and phonon DOS
g(w), DFPT phonon calculations implemented in QE were
applied with the same pseudopotentials, cutoff energies, and
cell parameters as those in the DFT calculations. Nonshifted
k-point samplings for electronic states of 8x8x1, 1x1x1,
and 1x1x1 were adopted for /3, /39, and /37 cells, re-
spectively. Nonshifted g-point samplings for phonon modes
of 4x4x1, Ix1x1, and 1x1x1 were adopted for the /3,
/39, and /37 cells, respectively. In the /3 cell calculation,
phonon frequencies obtained on g-point grids of 4x4x1 in
reciprocal space were interpolated to dense 24 x24 x 1 g-point
grids using Fourier interpolation. A self-consistent loop was
continued until the residual sum of squares for the response
potential was less than 10~'* Ry [2]. For the dynamical matrix
components, as Pt surface phonon frequencies (< 200 cm™!)
are decoupled from OH vibrational frequencies, only the inter-
atomic force constants of H,O were considered, and those of
Pt were ignored. Corresponding to this decoupling, the zero-
point vibration energy of the pristine Pt(111) slab Ezpg(Pt) in
Eq. (4) is neglected in this study.

In DFT calculations under a finite electric field us-
ing the ESM method, the boundary condition of a
metal/vacuum/metal system was used [51]. A self-consistent

loop was continued until the estimated energy error was less
than 107'" Ry. In the ESM + £ method, Z; ,, and Ry apy
were obtained using the four- and ﬁve-poinf central-finite-
difference formulas to evaluate the first and second derivatives
of the DFT forces, respectively. The finite displacement of
the electric field was set as 0.005 Ry/e bohr (1 Ry/ebohr =
25.711 V/A). For the IR intensity in Eq. (9), only the com-
ponents of the surface normal direction (o = z) were used.
The Raman intensity was obtained using the representation
described in Ref. [63], and only the components of the surface
normal direction (¢ = B = z) were used. In the phonon DOS,
IR intensity, and Raman intensity plots, the § function was
replaced by a Gaussian distribution with a standard deviation
of 30cm™~!. In the second-order nonlinear susceptibility of
Eq. (5), the dephasing rate I', was set to 30 cm ™.

III. RESULTS

A. Adsorption structures and energies

Table II shows the calculated adsorption energies E,q and
surface HyO coverage np,o/np;, where ny,o and np, repre-
sent the number of adsorbed H,O molecules and top-layer Pt
atoms, respectively. In the /3 cell, the PBE and vdW-DF2-
B86R functionals showed that E,q of the H-down structure
was larger than that of H-up, consistent with previous studies
[33], whereas the vdW-DF functional showed that E,q of the
two structures were comparable. Figure 2(a) shows the pair
distribution function of the /3 H-down structure, calculated
using the PBE functional. The O-O distances were 2.69 and
2.82 A. This short distance was the same as that in the ice ITh
phase. The long distance reflects the incommensurate lattice
parameters between the ice Th and the Pt(111) substrate. The
Pt-O distances of H-parallel and H-down H,O molecules
were 3.07 and 3.28 A, respectively, which is much longer
than that of monomer H,O adsorption (2.45 A, see Table D.
The Pt—O distances of H-parallel and H-up molecules were
3.10 and 3.68 A, respectively (graph is not shown). Similar
distance relationships were also observed for the vdW-DF and
vdW-DF2-B86R functionals (see Figs. S4(a) and S4(b) [23]).
The distances of the v/3 H-down structure had a small advan-
tage in terms of the energy gain from H,O-H,O interactions
and Pt — H;O interactions on the Pt(111) surface for the PBE
functional; however, it is difficult to determine which structure
18 more stable from the distances, because the small difference
in E,y easily disappears for other functionals.

Next, E,q of the /39 6-ring structure was larger than
that of /3 H-down by 10-25 meV/H,0 in the PBE and
vdW-DF2-B86R functionals. Note that the opposite result
was obtained using the vdW-DF functional, which might be
attributed to the H-down configurations of the /39 6-ring
structure. Here we describe the results obtained using only the
PBE functional. If we do not mention, similar trends were also
observed by the other two functionals (the results of vdW-DF
and vdW-DF2-B86R are shown in Figs. S4(c)-S4(f) [23]).
The pair distribution function and detailed structure calculated
using the PBE functional are shown in Figs. 2(b) and S3(a),
respectively. As reported by Meng et al. and Feibelman et al.
[33,34], the partial dissociation of H;O molecules was found
in the /39 6-ring structure, forming H3O and OH groups
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TABLE II. Coverages ny,o/np;, adsorption energies E,q, and the heats of adsorption Hyq of H,O adsorption structures on Pt(111).

E,q [meV/H,0]

Hyq [meV/H,0]

Lattice Structure nH,0/ NP PBE vdW-DF vdW-DF2-B86R PBE vdW-DF vdW-DF2-B86R
V3x4/3 H-up 2/3 468 508 612
H-down 486 502 640 391 400 531
/39%4/39 6-ring 32/39 511 476 654
/39%.4/39 5—7-ring 28/39 556 529 710 447 403 589
37x./37 26/37 558 537 709 446 404 605

(while no dissociation was found in the other structures). The
dissociation automatically occurred in the relaxation process,
which can be attributed to the high H,O density of the /39
6-ring model. We confirmed that the structure containing two
dissociated molecules, 2(H30 + OH), was more stable than
those containing one and three dissociated molecules. We also

(a) 00 —

Distribution

Distribution

Distribution

0 L L L
12 16 20 24 28 32 36 40

Radial coordinate (A)

FIG. 2. Pair distribution functions of (a) /3 H-down, (b) /39
6-ring, and (c) 4/39 5—7-ring structures (PBE functional). The dis-
tributions of O-0, O-H, and Pt-O are shown as the black, red, and
blue lines, respectively.

confirmed that the structure containing one H-up molecule
was more stable than those containing zero or two H-up
molecules. From this confirmation, the difference in E,q for
the H-up/down orientation and H,O dissociation was within a
few meV/H,0. Reflecting the high H,O density, the structure
has large irregularities in the surface normal direction. Conse-
quently, the 5H,O molecules in the /39 cell were located at
Pt—O distances of 2.1—2.3 A, which are close to the optimized
Pt—O distance of the H, O monomer on Pt(111) compared with
that of the /3 H-down structure. It should be noted that the
obtained H,O dissociations may be artificial due to overpack-
ing of H,O molecules, considering that more stable structures,
the 5x7-ring structures, do not contain such dissociations.
The absence of a dissociated H,O molecule on Pt(111) is
consistent with observed O 1s spectra by high-resolution x-ray
photoelectron spectroscopy [64].

Contrary to the 6-ring structure, the /39 5—7-ring struc-
ture had highly ordered H,O configurations, as shown in
Fig. S3(b) [23]. In this structure, 6H,O molecules in the /39
cell were located near the surface (dp_o = 2.21—2.25 A)
and the other molecules were located relatively far from the
surface (dpi_o = 3.3—4.0 A), except for one H,O molecule
(dpi—o = 2.53). Some structures with various H-up orienta-
tions were also examined, and E,4 decreased with two or more
H-up H,O molecules (there were some structures in which
E,q did not change with the rotation of one H,O molecule).
This implies that the distant H,O molecules from the Pt(111)
surface tend to orient the H-down configuration, consistent
with the experimental results of SFG spectroscopy [18]. In
this study, the /39 5—7-ring structure (and the similar /37
structure) had the largest E,y; the 5—7-ring structures maxi-
mized the energy gain from the interactions of Pt — H,O and
H,0—H;0. The pair distribution functions of the /39 5—7-
ring structure are shown in Fig. 2(c). Some H,O molecules
had small O-O distance (2.5A) that originated from five-
member H,O rings, corresponding to the connection between
the anchored 6H, O molecules and the distant H,O molecules
from the surface. It is expected that the frequencies of O-H
vibrations are redshifted in such a structure with short O-O
bonds [65], as discussed in Sec. III B. It is noted that the
redshift can be explained by the effect of internal bond an-
harmonicity [38].

Table II also lists the heats of adsorption H,q of the
/3 H-down, /39 5—7-ring, and /37 5—7-ring structures.
The zero-point vibration corrections AEzpg of the three
structures were —100 to —120 meV/H,O, obtained from
the vibrational (phonon) DOS, as shown in Fig. S5 [23].
Although the OH stretching frequencies of the adsorption
structures were redshifted compared to those of an isolated

115803-6



FIRST-PRINCIPLES STUDY OF WATER ADSORPTION ...

PHYSICAL REVIEW MATERIALS 7, 115803 (2023)

H,O molecule, collective modes along the surface parallel
directions increased Ezpg, resulting in negative values of
AEzpg. A previous study reported a comparable AEzpg of
the undissociated /3x4/3 structure on the Ru(0001) surface
[50]. If we assume that the desorption process of the H,O
monolayer on Pt(111) has a minimal activation barrier, such
as a typical physisorption process, the activation energy of
the desorption at 0 K can be approximated by H,y. Compared
with the activation energy of desorption in the experiment, 562
meV /H,0 [13], Hyq obtained by the PBE, and vdW-DF func-
tionals underestimated the experimental value by 115 and 158
meV, respectively, while that obtained by vdW-DF2-B86R
slightly overestimated it by 43 meV. In addition, the wetting
condition (Hyq > Hgy,) was satisfied by vdW-DF2-B86R only;
this functional is favorable for describing the thermodynamics
of H,O adsorption monolayer on Pt(111). However, consider-
ing the estimated errors of Hyy, in ice Th (see Table S1 [23]),
this agreement could be attributed to the cancellation between
the overestimation of the interaction energy of H,O—H,0O and
the underestimation of that of Pt—H,O by vdW-DF2-B86R.
This implies that the interaction energy of Pt—H,O is under-
estimated by all three functionals (see Table I). While more
accurate functionals are required to satisfy the thermodynamic
stability condition of multilayer H,O on Pt(111), PBE and
vdW-DF2-B86R functionals are expected to obtain quantita-
tively accurate vibrational IR, Raman, and SFG spectra, as
shown in the next section.

B. IR intensity, Raman intensity, and second-order
nonlinear susceptibility

It is useful to describe the properties of IR and Raman in-
tensities to interpret the second-order nonlinear susceptibility
x@, because the value of x® is finite only for the IR- and
Raman-active modes. Figures 3(a) and S6(a) [23] show the IR
intensities of the /39 and /37 5—7-ring structures, respec-
tively. The results of the /39 structure obtained by the PBE
functional will be explained, but a similar argument holds for
the /37 structure and the vdW-DF2-B86R functional. The
stretching modes were located at 1800—3500cm™!, while
the bending modes were located at lower frequencies. The
main components of the displacements U, q—o(x, ct), corre-
sponding to @, = 3200—3500 and 3000—3200cm~', were
distributed to the distant H,O molecules from the surface and
the anchored 6H,O molecules, respectively. In addition, those
corresponding to @, = 1800—2400cm™~' were distributed to
the connected five-ring H,O molecules with a short O-O
distance (2.5 10%), which was expected from the phenomeno-
logical theory [65].

The outline of IR intensity was highly consistent with
the previous DFT results reported by Feibelman et al. [16].
Overall vibrational frequencies, and the peak intensity ratio of
1600—3500 cm ™!, were also consistent with the experimental
IRAS results [16,66]. The IR intensity at 1800—2400 cm™!
was higher than the other intensities in this study; however,
the peak intensity at 2000cm™' was considerably small in
the experiments [16,66]. In DFPT calculations, considering
that the main component of Zf  , comes from the surface
normal direction (B = z), the vibrational modes originating
from the connected five-ring H,O molecules have a large
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o vdW-DF2-B86R ,
g
g | ]
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S
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& L ,
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2000 3000

0 1000
Frequency (cm™)

4000

FIG. 3. (a) IR intensities, (b) Raman intensities, and (c) imag-
inary part of second-order nonlinear susceptibility, Im x'2, of the
A/39 5—7-ring structure. The intensities calculated by PBE and
vdW-DF2-B86R functionals are shown as black and blue lines,
respectively.

U,.q=0(k, @) in a = z direction, resulting in relatively large
oscillator strengths Sy, in Eq. (8). From this argument the
calculated intensity at 1800—2400cm™' is sensitive to the
angles between the surface normal direction and the upward
OH directions of the connected five-ring H,O molecules, with
angles ranging from 58° to 62° in the /39 5—7-ring structure.
The IR intensity was expected to decrease significantly as the
angle approached 90°. However, the origin of the disagree-
ment between the DFT calculations and IRAS experiments
remains unclear; this would be a good topic for future study.
Figures 3(b) and S6(b) [23] show the Raman intensities
of +/39 and /37 5—7-ring structures, respectively. Although
the experimental Raman intensity of monolayer H,O on the
Pt(111) surface has not been reported yet, it is expected that
the x and y components of the transfer coefficients and local
field factors are minimal compared with those of the z com-
ponent in the H,O adsorption layer system on Rh(111) and
Pt(111) surfaces [67,68]. Thus the calculated results obtained
by o = 8 = z components could capture the characteristics of
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the Raman intensity to some extent. The intensities of the
stretching modes at high and low frequencies (3000-3500
and 1800—2400cm~!) were significantly higher than and
comparable to those of the bending modes at 1600cm™",
respectively. The intensity of the bending modes is relatively
low, similar to that of the Ice Ih phase [69,70]. The relatively
low Raman intensities indicate the high symmetric property of
the stretching and bending modes. In addition, the alternative
selection rule for IR and Raman spectra [68,71], i.e., high
IR and low Raman intensities, holds well at approximately
1800—2400cm™!, suggesting that these vibrational modes
are composed of in-phase OH collective modes because such
collective modes satisfy the above conditions.

The second-order nonlinear susceptibility x® behavior
is described as follows, with the prospect that only the
IR- and Raman-active modes can contribute x® spectrum.
Figures 3(c) and S6(c) [23] show Im X(ZZZ) of the /39 and
/37 5—7T-ring structures as a function of IR frequency wg, re-
spectively. The peak intensity of Im Xz(zzz) at wr > 3000 cm™!
was significantly higher than those of the other low-frequency
regions. The negative sign of Im x2 at wr > 3000cm™!
was due to the stretching modes assigned to H-down H,0O
molecules, which is consistent with the analyses by the de-
coupled molecule approximation [10,18,47,67,68]. Although
the low-frequency region (wr < 3000cm™') has not been
observed in experiments thus far, the positive sign of Im X(Z)
in that region was predicted. For the stretching modes at wg =
1800—2400cm™"!, the connected five-ring H,O molecules
include H-up H,O molecules, which results in a positive
amplitude. For the bending and libration modes at 1600 and
600—1200 cm™!, respectively, a qualitative one-molecule de-
scription can explain the sign of Im x2); see the discussion
in Sec. S4 and Fig. S7 [23]. We briefly describe the real part
of x/ in Fig. S8 (only the results for the PBE functional are
displayed) [23]. The 51gn of Re X(z) reversed at wr = 3460,
2170, and 1590 cm ™', which corresponds to the peak position
of Im X(z) Note that we did not account for the nonresonant
term X(Z) in this study, which can shift the real part value.

The spectra of Im x2 calculated with the /39 and /37
5—7-ring structures by vdW-DF2-B86R were compared with
those obtained by heterodyne-detected SFG spectroscopy
(0.8, 1.4, and 2.6 BL samples, 1 BL &~ 1.1x 1015 HZO/cmz)
[10] as shown in Figs. 4(a) and 4(b), respectively. The re-
sults obtained using the PBE functional were compared to
those obtained using vdW-DF2-B86R, as shown in Fig. S9
[23]. The two functionals give qualitatively similar spectra, so
we focus on the vdW-DF2-B86R functional hereafter. Both
/39 and /37 spectra show the highest amplitude peaks at

r ~ 3430cm™!, which well reproduced the experimental
peak position at ~3370cm~! of 0.8 and 1.4 BL samples.
In addition, the second-highest peaks of the /39 and /37
structures at approximately 3250 cm™! are consistent with the
peak positions at 3300 and 3290 cm~! for 0.8 and 1.4 BL,
respectively. The negative amplitude of the second-highest
peak of the /39 structure was larger than that of the /37
structures. With an increase in the number of H,O layers, a
similar increase in the negative amplitude was observed in
the experiment; the experimental peak at 3280cm™! of 2.6
BL can be attributed to the OH stretching mode in the bulky

(2)

Im y

0 LTy =
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s \_ \"\ /
- \ i
\\/\ \ /,
A
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g Vo
L] \\ /I
Y/ ---- 0.8 BL
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3100 3200 3300 3400 3500 3600
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FIG. 4. Im x/2 as a function of IR frequency wi. (a) Spec-
tra of the /39 and /37 5—7-ring structures calculated using the
vdW-DF2-B86R functional are shown as blue and green lines,
respectively. (b) Experimental spectra of 0.8, 1.4, and 2.6 BL
from Ref. [10] are shown as black, red, and yellow dotted lines,
respectively.

upper layers. Therefore it is interesting to determine which
vibrational molecules contribute to the increase in the negative
amplitude. Figures S10(a) and S10(b) [23] show the vibra-
tional (phonon) DOSs of /39 and /37 5—7-ring structures,
respectively, projected onto three types of H,O molecules:
the center six-ring, the upper five-ring, and the other six- and
seven-ring HO molecules, as indicated in Figs. S10(c) and
S10(d) [23]. The DOSs of the two structures at 3250 cm™!
are entirely composed of the five-ring and six- and seven-ring
H, O molecules, and that of the /39 structure is slightly larger
than that of the /37 structure because of additional two H,O
molecules belonging to the six- and seven-ring. From the
above discussion, the method developed in this study is useful
for attributing the peak of x ®) spectral to characteristic modes
and atoms.

IV. CONCLUSIONS

We investigated the system of adsorbed H,O monolayer
on the Pt(111) surface using DFT and DFPT calculations.
The adsorption energies E,g of /3 H-up/H-down, ./39
6-ring, /39 5—7-ring, and /37 5—7-ring structures were ob-
tained by employing the PBE, vdW-DF, and vdW-DF2-B86R
functionals. The atom pair distribution functions indicated
that the highly ordered 5—7-ring structures, which con-
tained anchored and distinct H,O molecules on the Pt(111)
surface, maximized the interaction energies of Pt—H,O
and H,O—H;0. We further included zero-point vibration
correction and estimated the heats of adsorption Hyy of /3
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H-down, /39 5—7-ring, and /37 5—7-ring structures, which
indicated that H,gq obtained by vdW-DF2-B86R was in good
agreement with the activation energy of desorption in the
experiment. However, those of the PBE and vdW-DF func-
tionals were underestimated. In addition to the IR and Raman
intensities, the second-order nonlinear susceptibility sz) was
obtained by applying the DFPT formulation combined with
the ESM + £ approach. The IR intensity of the /39 5—7-ring
structure was consistent with that of the IRAS experiments,
except for the relatively high intensity at 1800—2400 cm™!.
In the same structure, the negative and positive signs of
Im XZ(ZZZ) were obtained in the high (3000—3500cm™") and
low (600—2400cm™") frequency regions, respectively. Fi-
nally, the spectra of Im x? calculated with the /39 and
/37 5—7-ring structures were consistent with those obtained
by heterodyne-detected SFG spectroscopy. The peaks of the
/39 and /37 structures at approximately 3250cm~! are
composed of the OH stretching of the upper five-ring and
six- and seven-ring H,O molecules. This study paves the
way for understanding the properties of metal-adsorbed water

systems and electrochemical interfacial systems using SFG
spectroscopy.

The supporting data for this article (the raw data of op-
timized structures) are openly available from the ISSP data
repository [72].
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