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Abstract
From a theoretical point of view, the estimation
of intermediate state free energy is essential for
finding more efficient electrocatalyst. To
investigate the accuracy of density functional
theory functionals at the metal/water interface,
we focus on an ideal metal/ice system: the H,O
adsorption monolayer on a Pt(111) surface.
Three DFT functionals (PBE, vdW-DF, and
vdW-DF2-B86R) are used to compare the
adsorption energies of ¥39xV39 (and V37x\37)
5-7-member ring structure with the experimental
activation energy of desorption. It is found that
the vdW-DF2-B86R  functional  slightly
overestimates the Pt—H>O interaction while
others seriously underestimate it.

Furthermore, we develop a first-principles

methodology for analyzing the second-order

15

nonlinear susceptibility xﬁ; applicable for
metal/adsorption systems. The calculated Im Xg
spectra show negative double peaks in the high-
frequency region, consistent with those obtained
from the measured sum-frequency generation
spectra. This study provides a fundamental basis
for analyzing the structure of H>O adsorbed on

metal surfaces.

1 Introduction

In electrochemistry, a metal/water interface has
general importance and continued interest
because of the applicability of fuel cells, water
and The conversion

electrolysis, SO on.

efficiency of an electrochemical reaction
depends on the free energy landscape of its rate
determining step, e.g., the oxygen reduction

reaction (ORR). Therefore, to estimate the free
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energy of reaction intermediate states, accurate
description of the interactions between H20
molecules and a metal surface is beneficial. In
this study, we focus on an experimentally well-
confirmed system, i.e., H>O adsorption
monolayer on a Pt(111) surface. [1, 2] In order
to investigate how accurate the interaction
description of density functional theory (DFT)
calculations, we compare the properties
obtained by first-principles calculations and
previous experiments.

At low temperatures (= 100 K), the growth of
layered structure of adsorbed H,O molecules (in
other words, crystalline ice film) was observed
on a Pt(111) surface, [3] and structural analysis
methods in surface science have been applied to
investigate the Pt(111)/H>O structure. In 1997,
Glebov et al. observed He-atom scattering
(HAS) diffraction patterns of the H,O adsorbed
molecules on Pt(111) surface and found a well-
ordered 2D ice layer with a (V37xV37)R25.3° or
(V39x\39)R16.1° symmetry. [4] They suggested
possible lateral H>O arrangements, in which the
hydrogen bonds construct 6-member rings. As
well as the HAS measurement, Haq et al.
obtained an equivalent low-energy electron
diffraction (LEED) pattern on the first layer of
H,0 adsorption molecules on Pt(111). [5] In the
same study, Haq et al. showed the activation
energy of desorption, E, = 52 + 2 kJ/mol, for the
adsorption layers by temperature programmed
desorption (TPD) analysis. [5] Daschbach

measured the desorption rates of the H>O layers
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on Pt(111) by HAS and estimated the activation
energy E. = 54.2 + 3 kl/mol, by the Arrhenius
equation. [6]

In 2010, Nie et al. obtained scanning tunneling
microscope (STM) images on the H,O first layer.
Inferred from an observed triangular depression,
the authors proposed the first layer structure as a
hexagon of H>O molecules surrounding 5- and
7-member rings. [7, 8] From the consistency
between the experimental observation and DFT
calculations, we consider the structure suggested
by Nie to be thermodynamically stable at low
temperatures. Thus, the detailed structure and
activation energy of desorption can be compared
with first-principles calculations in the Pt/water
system.

In this study, we confirmed the stable structure
for HO adsorption monolayer on Pt(111) by
comparing the DFT calculated adsorption
energies of several model structures. The zero-
point vibration energies of stable structures were
considered. We further discuss the prediction
accuracy of the DFT calculation for this Pt/water

system.

2 Ice Th and H20 monolayer models
For the discussion of functional accuracies, we
evaluated the lattice energy Ei. in bulk ice (Ih
phase), which is defined using the DFT total
energy Eprr:

Eia = —{Eprr(nH20) — nEprr(H20) }/n (1),
where nH>O and H>O represent the systems of

ice Th and an isolated H>O molecule,
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respectively. Here, the Bernal-Fowler periodic

model was employed as the structure of Ih phase.

[9] The resulted values by using three DFT
functionals, PBE, [10] vdW-DF, [11] and vdW-
DF2-B86R, [12] are listed in Table 1.

Table 1. Lattice parameter ratios c/a, cell
volumes V (A*/H,0), and lattice energies Eiu
(meV/H20). Experimental values are taken from

refs. [13, 14].

Functional  c/a Vo Elat
PBE 1.634  29.90 655
vdW-DF 1.635 33.19 582
vdW-DF2-
BS6R 1.632 2941 697
Experiment 1.629  32.55 580

The lattice parameters and energies of PBE and
vdW-DF are consistent with those of previous
DFT studies. [15, 16] The lattice energy of vdW-
DF is good agreement with the experimental
value, and those of PBE and vdW-DF2-B86R
are overestimated it c.a. 100 meV/H,O. It is
worth noting that these estimated accuracies of
the HoO—H»O interaction cannot be invoked for
the Pt-H,O interaction.

In addition to the HO-H,O interaction, it is
also ambiguous whether the metal-H,O
interaction can be correctly described by DFT
calculations. Here, considering the adsorption of
H,0O monolayer on Pt(111), the difference in Pt—
H>O interactions obtained by the selected

functionals is discussed. The adsorption energy
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E,q is defined as
Ew=—{Epr1(Pt/nH,0)

— Eprr(Pt) — nEprr(H20) }/n (2),
where Pt/nH>O and Pt represent the systems of
nH>O adsorption on the Pt(111) and pristine
Pt(111) surface, respectively. We conducted
DFT calculations and evaluated E.q of several
model monolayer structures, i.e., simple H-
down configurations with  (V3xV3)R30°
symmetry (called V3 H-up/down), realistic 6-
and 5-7-ring configurations with (V39x\39)
R16.1° symmetry (called V39 6-ring and V39
5-7-ring) as shown in Figs. 1 (a), (b), and (c),
respectively. We further considered the
adsorption model with 5-7-ring with (\37x\37)
R25.3° symmetry. We evaluated the zero-point
vibrational correction AEzpe and the heat of
adsorption H,q defined as

AEzpg = —{Ezpe(Pt/nH,0)

— Ezpe(Pt) — nEzpe(H20) }/n - (3),

.

The zero-point vibrational energy Ezpe within

Hyq = Eaa + AE7pE

the harmonic approximation is evaluated by the
summation of the vibrational (phonon) eigen-

frequencies.

2.1 Computational details for Hq

A four-layer slab of Pt(111) was constructed by
cutting face-centered cubic (fcc) crystals. We
fixed the lattice constant of the Pt(111) surface
at an experimental value of 3.924 A. The Pt atom
positions in the first and second bottom layers

were fixed in the crystal positions. The VESTA
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Fig 1. Structures of H,O monolayer: (a) V3 H-
down, (b) V39 6-ring, and (c) V39 5-7-ring.
Adapted with permission from ref. [17].

Copyright 2024 American Physical Society.

package was used for visualization of atom
coordinates. [18] Quantum ESPRESSO (QE)
code [19] was used to perform spin-unpolarized
DFT calculations. The cutoff energies were set
to 40 and 320 Ry for the wave functions and the
augmented charge, respectively. In surface slab
calculations, converged k-point samplings of
12x12x1, 4x4x1, and 4x4x1 were adopted for
the V3, V39, and V37 cells, respectively.
Vibrational and modes

frequencies were
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obtained from the diagonalization of dynamical
matrix implemented in QE. Non-shifted k-point
(g-point) samplings for electronic states of
8x8x1 (4x4x1), 1x1x1 (1x1x1), and 1x1x1
(1x1x1) were adopted for V3, V39, and V37 cells,
respectively. The raw data of the structures
obtained are made available in the ISSP data

repository. [20]

3 Results of adsorption energies

Table 2 shows the obtained adsorption energies
Eqq in this study. Eaq of the V39 6-ring was larger
than that of V3 H-down by 10-25 meV/H;O in
the PBE and vdW-DF2-B86R functionals. The
opposite result was obtained using vdW-DF
functional. The V39 5-7-ring structure had
highly ordered H>O configurations, with perfect
hydrogen bonds along surface parallel direction.
In addition, 6 H,O molecules in the V39 cell
were close to the surface (dpio = 2.21-2.25 A),
while the other H,O molecules were located
away by one step (dpr-o0 = 3.3-4.0 A). The latter
molecules tend to point a H atom toward the
surface. These features and adsorption energies
indicate that the 5-7-ring structure has the largest
advantage from the Pt-H,O interaction.

Table 2 also lists the heats of adsorption Hag of
the V39 5-7-ring and V37 5-7-ring structures.
The zero-point vibration corrections AEzpe of
the two structures were c.a. —100 meV/H>O.
Considering a typical physisorption process of
H>O adsorption, the activation energy of the

desorption can be approximated by Had.
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Compared with the experiment, H,q obtained by
the PBE, and vdW-DF functionals under-
estimated the experimental value (c.a. 110-160
meV), while that obtained by vdW-DF2-B86R
slightly overestimated (c.a. 40 meV). In addition,
the wetting condition was satisfied by vdW-
DF2-B86R only; this functional is optimal
among the three functional. However, going
back to the estimated errors of Eiy in ice Ih (see
1),

accidental cancellation about overestimation of

Table this agreement come from the
interaction between H>O-H>O and under-
estimation between Pt-H»O. Therefore, more
accurate functional will be required to satisfy the
thermodynamic condition of multilayer H,O on

Pt(111).

Table 2. Adsorption energies Eaq, and the heats
of adsorption Haqg. Adapted from ref. [17].

. vdW-DF2-
Functional PBE vdW-DF BS6R
Structure Eaq [meV/H0]
V3 H-down 486 502 640
V39 6-ring 511 476 654
V39 5-7-ring 556 529 710
V37 5-7-ring 558 537 709
Hayg [meV/H20]
V39 5-7-ring 447 403 589
\375-7-ring 446 404 605

4 Second-order non-linear susceptibility
Recently, sum frequency generation (SFG)
vibrational spectroscopy has become a
frequently used method to determine the

configuration of adsorbed H>O on various metal
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surfaces. The heterodyne-detected SFG
spectroscopy can be applied to the ice film on
Pt(111) to obtain the imaginary part of the
second-order nonlinear susceptibility, Im @,
revealing the structure. [21, 22] In this study, we
develop a DFT-based method for calculating 3.

We use the sum-over-states representation of

% derived from perturbation theory: [23, 24]

aﬁyv
—or — i,

aﬁy(wIR) = Z o,

where wr, @y, and ', represent the infrared (IR)

%,

frequency, vibrational frequency of the eigen-
mode v, and dephasing rate, respectively. The

components of o, f, and y are x-, y-, or z-

direction. The numerator is defined as

aﬂyv ZRKaﬁyU(Ky)

Zz Uer)

where U, (x,0a), Zmﬁ, and R

(6),

apy TEPresent the

displacements of vibrational eigenmodes, the
Born effective-charge tensor, and the Raman
tensor on an atom index «, respectively. For the

calculations of Z:yaﬁ and R we used the

K,0fy »

representation of response tensors with respect

to electric field &,:

7 _ OFp .
K,(Xﬂ_ ag(x ( )n
o O°F,, .
Kofy — 88(168[; ( )9

where F is the Hellman-Feynman force. By
modifying the effective-screening medium

(ESM) method to apply &, along surface normal



Activity Report 2023 / Supercomputer Center, Institute for Solid State Physics, The University of Tokyo

direction, [25] egs. (7) and (8) can be evaluated

using the finite difference method.

4.1 Computational details for

The ESM boundary condition of the
metal/vacuum/metal system was used under a

finite electric field. [25] Z:,aﬁ and R were

Kafy
obtained using the 4- and 5-point central-finite-
difference formulae, respectively. AE: was set to
0.005 Ry/e-bohr. The dephasing rate I', was set

to 30 cm™ in eq. (5).

5 Results of second-order non-linear
susceptibility: HO monolayer on Pt(111)
Figure 2 shows Imy® of the V39 5-7-ring
structure. The PBE and vdW-DF2-B86R
functionals gave qualitatively similar results.

The intensity at greater than 3000 cm™ region

was significantly higher than that at lower region.

The large negative amplitude of Im Xg at this
region can be attributed to the stretching modes
of the H-down molecules. This trend is
consistent with those of water and ice surfaces.
[21-24]

We compared the calculated spectra of Im y'2)
with the V39 5-7-ring structure by vdW-DF2-
B86R functional with the heterodyne-detected
SFG spectroscopy. [21, 22] The first-highest
amplitude peak located around 3430 cm™ is in
good agreement with the SFG peak positions of
0.8 and 1.4 BL samples (~ 3370 cm™). The

second-highest peak at 3250 cm™ is also in

reasonable agreement with the peak positions of
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Im X(Z)

0.8 and 1.4 BL samples (3290-3300 cm™). The

results suggest that the experimental peak at

zzz

2000 3000

0 1000
IR frequency (cm™)

4000

Fig 2. Im x2) as a function of IR frequency wi.
The amplitudes obtained by PBE and vdW-
DF2-B86R functionals are shown as black and
blue lines, respectively. Adapted with
permission from ref. [17]. Copyright 2024

American Physical Society.

3280 cm™! of 2.6 BL could be come from the OH
stretching mode of bulky surface layers. To
determine which vibrational mode contributes to
the negative amplitude, the vibrational density
of states of V39 5-7-ring structures were
projected onto center 6-ring, upper 5-ring, and
the other 6-7-ring H,O molecules. The DOSs of
the two structures at 3250 cm™ are exclusively
composed of the 5-ring and 6-7-ring H>O
molecules. Such analysis is useful to attribute
2 spectral to characteristic modes and atoms.
To the best of our knowledge, Im )(gg of
Pt(111)/ice system at low-frequency region (wir
< 3000 cm™) has not been observed by SFG

measurements; however, the first-principles
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method developed in this study can provide all
frequency region. The small positive amplitude
of Imy?) in the low-frequency region was
predicted as shown in Fig. 2. For the stretching
modes at wir = 1800-2400 cm’!, the connected
5-ring H2O 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 description can be used to explain the
sign of Im y\2), as follows; we consider the
bending and libration (rotation around y-axis)
motions of one H-down H>O molecule as shown
in Fig. 3. For the bending motion, the z-
component amplitude of H1 atom is negligible.
On the other hand, the z-component amplitude
of H2 atom is finite. Because the OH direction
of the contributed H atom are upward, the
positive sign of Im Xg; is expected. In the same
way, for the libration motion, the downward H1
and upward H2 atoms have no and positive

contributions to Im ng, respectively.

(a) (b)

H2

z z
l—vx
y

Fig 3. Schematic images of (a) bending and (b)

libration motions of one H-down H,O molecule.
Reprinted with permission from ref. [17]. Copy-

right 2024 American Physical Society.

s

‘\a

Hl1
y
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6 Conclusions

The adsorbed H,O monolayers on Pt(111)
surface were treated within first-principles
methods. The adsorption energies Ea of \3 H-
down, V39 6-ring, V39 (and V37) 5-7-ring
structures were calculated by three (PBE, vdW-
DF, and vdW-DF2-B86R) functionals. It is
indicated that the 5-7-ring structure has great
advantage of the interaction energies between
Pt—H>0 and H,O-H;O. The heats of adsorption
Haa of \3 H-down, V39 5-7-ring, and \37 5-7-
ring structures show that the vdW-DF2-B86R
functional is the most reliable one among them.
In addition, the second-order nonlinear
susceptibility )(22 was obtained by developing
the ESM + applied field approach. The negative
and positive amplitudes of Im Xﬁ; were obtained
in the high and low frequency regions,
respectively. The spectra calculated with the V39
5-7-ring structure were consistent with SFG
spectroscopy. This study paved the way for the

understanding of metal-adsorbed water and

electrochemical interfacial systems.
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