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Theoretical study on adsorption and reaction of polymeric formic acid on the Cu(111) surface
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We investigate the polymeric adsorption of formic acid (HCOOH) on the Cu(111) surface by means of density
functional theory. We present structural models for the polymeric form of HCOOH on Cu(111) and characterize
their stability, electronic, and vibrational properties. Based on the energetics and dynamics, as well as simulated
scanning tunneling microscopy and atomic force microscopy images, we propose that the o polymorph is likely
to be formed on the Cu(111) surface and can explain the experimental findings. We also study the initial step of
the catalytic dehydrogenation of HCOOH and find that the O-H bond dissociation at the edge of the polymer is
facilitated, rather than that forming hydrogen bonding, agreeing well with the experiments.
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I. INTRODUCTION

Hydrogen is one of the promising renewable energy
sources to replace the fossil fuels and to reduce carbon emis-
sion, and to realize a sustainable society. Proton exchange
membrane fuel cells (PEMFCs) are used to generate elec-
tricity by reacting hydrogen with oxygen to emit water only.
Conventional PEMFCs use the compressed hydrogen gas as
fuel, and there are safety concerns (such as flammability)
during storage and transportation. As an alternative, other
materials have been investigated to store hydrogen for use
in the fuel cells. One of the promising candidates is formic
acid (HCOOH) [1-3]. Formic acid exists as a stable molecule
at standard temperature and pressure conditions, is nontoxic,
and shows a low crossover rate through the Nafion membrane,
making it a promising material to solve the safety issues in the
fuel cell technology. In general, HCOOH can be catalytically
converted into CO, and H, via dehydrogenation or into CO
and H,O via dehydration. On the low index metal surfaces
(i.e., Pd [4,5], Pt [6-8], Ag [9], and Cu [10-13]), HCOOH
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is known to be selectively decomposed into CO, and H, via
the formate species (HCOO), which is an important reaction
intermediate for the methanol synthesis and hydrogen genera-
tion. Therefore, adsorption and catalytic reactions of HCOOH
on those surfaces have been investigated extensively.

The HCOOH is found to form polymeric structures when
exposed to clean surfaces at low temperature [9-12,14].
Columbia et al. [14] studied HCOOH adsorption on Pt(111)
by using high energy electron loss spectroscopy and infrared
reflection absorption spectroscopy (IRAS) and proposed the
formation of overlayer in « and 8 polymorphs, depending on
the coverage and temperature (see Fig. 1 for the schematic
structures). On clean Ag(111), by using a combination of
reflection absorption infrared spectroscopy (RAIRS) and tem-
perature programmed desorption (TPD), similar polymeric
HCOOH was also reported [9]. Baber er al. [10] investi-
gated HCOOH on Cu(111) by using IRAS, scanning tunneling
microscopy (STM), x-ray photoelectron spectroscopy (XPS),
and near edge x-ray absorption fine structure spectroscopy,
and found that HCOOH is assembled to form a polymeric
chain. Based on the characteristic vibrational modes (out-of-
plane O—H deformation and C=0 stretching) they concluded
that «-polymeric HCOOH chains are formed, which is
then deprotonated to form HCOO by annealing. Shiozawa
et al. [12] studied desorption and deprotonation kinetics of
HCOOH on Cu(111) by using TPD, XPS, and time-resolved

©2021 American Physical Society
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FIG. 1. Schematic structures of (a) «-polymeric and (b) B-
polymeric HCOOH. The red dashed line between the HCOOH
molecules represents the hydrogen bonding in the polymeric
structures.

IRAS, and they also assigned the structure of adsorbed
HCOOH to the «-polymeric form. On the other hand,
Marcinkowski et al. [11] conducted temperature programmed
desorption/reaction (TPD/R) and high-resolution STM ex-
periments and concluded that the S-polymeric HCOOH is
formed on Cu(111) based on the distance between the bright
spots in the acquired STM images. Apparently, there is a
contradicting conclusion in the literature, in terms of the
polymeric structure of HCOOH on Cu(111), which calls for
further experimental and theoretical research. The proposed
structural models of the « and B polymers are based on
crystalline HCOOH and composed of trans-HCOOH, and the
difference between these polymer lies in the relative position
and orientation. The B polymer was derived from crystalline
HCOOH in the 8 form, initially proposed by Holtzberg et al.
[15], and later reinvestigated by Nahringbauer et al. [16] On
the other hand, the o form was postulated by the Mikawa
et al. [17,18] to explain the doublet peak observed in IRAS,
but the actual structure has not been reported. Aside from
the controversies over the stable polymorphs of crystalline
HCOOH, we here focus on the overlayer structures in the
a and B forms on the surface. Despite a large number of
studies on HCOOH adsorbed on various metal surfaces, we
consider the HCOOH on Cu, since it is inexpensive, low CO
poisoning, and various analyses for polymeric HCOOH have
been conducted that can be used as references.

On the theoretical side, a number of studies have also
been conducted to investigate the adsorption and decompo-
sition of HCOOH on the Cu(111) surface [5,8,13,19-24].
Most of the studies considered monomeric HCOOH (i.e.,
single molecule), and there have been no theoretical inves-
tigation of polymeric HCOOH on Cu(111). Recently, Chen
et al. [25,26] investigated the decomposition of hydrogen-
bonded HCOOH'’s on a number of surfaces and demonstrate
the importance of hydrogen bonding in the catalytic reac-
tion of HCOOH. Furthermore, the edges of the polymeric
structures have been reported to play a key role in the de-
hydrogenation process [10]. Yet, the detailed structure and
the catalytic reaction of the polymeric HCOOH are to be
clarified. Very recently, we investigated the structures of poly-

meric HCOOH as well as assemblies of HCOOH/HCOO
and HCOO on Cu(111) by combining high-resolution STM,
noncontact atomic force microscopy (AFM), and density
functional theory (DFT) [27].

In this work, we expand on the polymeric HCOOH and
describe the models for the o- and B-polymeric forms of
HCOOH on Cu(111) in detail, and discuss their stability,
electronic and vibrational properties, and dehydrogenation by
means of DFT. We consider polymeric HCOOH in the forms
of the infinite chain (overlayer) and finite cluster on the sur-
face to study the bulk and edge of the polymeric structures.
We also simulate the IRAS spectra as well as STM and AFM
images based on the structures discussed here. The natures of
the HCOOH polymorphs on Cu(111) are discussed in detail.

II. METHODS

Electronic structure calculations were performed by us-
ing the STATE code [28], which has been used to investigate
adsorption and catalytic reactions such as HCOOH ad-
sorption and decomposition [24], HCOO adsorption and
hydrogenation [29,30], and formate decomposition [31]. The
electron-ion interactions were described by using the ultra-
soft pseudopotentials [32]. Wave functions and charge density
were expanded in terms of a plane wave basis set with the ki-
netic energy cutoffs of 36 Ry and 400 Ry, respectively. For the
exchange-correlation functional, we used the rev-vdW-DF2
[33,34] as implemented [35] in the STATE code. This func-
tional has been shown to predict accurate adsorption energy
of HCOOH on Cu(111) [24]. The Cu(111) surface was mod-
eled by using a three-monolayer-thick slab. Adsorbate and the
top two layers were allowed to relax until the forces acting
on atoms became smaller than 5.14 x 1072 eV/A (1 x 1073
Hartree/Bohr), while the atoms in the bottom-most layer were
fixed to their respective bulk positions. We performed the
calculations by using thicker four- and six-layer slabs, and
confirmed that the change in the adsorption energy is less than
10 meV. To minimize the artificial electrostatic interaction
between the image slabs, a 31-A-thick vacuum was intro-
duced. We also performed calculations by using the effective
screening medium (ESM) method [36,37], which eliminates
the artificial electrostatic interaction between the image slabs,
and confirmed that the error in the adsorption energy associ-
ated with the use of the periodic boundary condition is less
than 10 meV. We modeled infinite polymeric structure as well
as finite polymeric clusters of HCOOH in the « and g forms.
For the infinite polymeric HCOOH structures, we employed a
(\/ﬁ X ﬁ) supercell, while for the finite clusters, a (5 x 5)
one was used. For comparison, we performed calculations
of monomeric HCOOH in a (5 x 5) supercell. The surface
Brillouin zone was sampled by using 3 x 5 and 2 x 2 k-point
grids for the former and the latter supercells, respectively. The
harmonic vibrational frequencies were obtained by diagonal-
izing the mass weighted Hessian matrix, which was calculated
by using the finite difference method. Only the vibrational
frequencies at the I point were considered, because of the
relatively large supercell used in our simulation. We then
calculated the IRAS spectra of HCOOH’s on the Cu(111)
surface. The intensities were calculated from the squared dy-
namic dipole moments, which were estimated by the work
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FIG. 2. Adsorption configurations of (a) infinite «-polymeric,
(b) infinite B-polymeric, (c) finite «-polymeric, and (d) finite B-
polymeric HCOOH’s on the Cu(111) surface. The upper (lower)
panel shows a top (side) view. The brown, gray, red, and white

spheres represent the copper, carbon, oxygen, and hydrogen atoms,
respectively.

function changes induced by the atomic displacements for
each mode [38]. The ESM method [36,37] was used to cal-
culate the work function change. The activation energy for
the dehydrogenation of HCOOH was calculated by using the
climbing-image nudged elastic band method [39,40].

II1. RESULTS
A. Adsorption state of polymeric HCOOH on Cu(111)

In this study, we modeled the «- and B-polymeric
HCOOH’s on Cu(111) based on the experimental high res-
olution STM and AFM images [10,11,27]. Although the
polymeric HCOOH was found to be incommensurate with
respect to the underlying Cu(111) substrate, the polymeric
structures were modeled/approximated by employing period-
ically repeated HCOOH structures containing four HCOOH
molecules in a Cu(111) (+/21 x +/7) supercell. We exam-
ined a number of structures and determined the most stable
adsorption structures of «- and B-polymeric HCOOH on
Cu(111) as shown in Figs. 2(a) and 2(b), respectively. We
found that polymer in (+/21 x +/7) supercell gives the lowest
energy among the supercells considered in this work (see S6
in Supplemental Material [41]). In both «- and B-polymeric
HCOOH structures, HCOOH molecules adsorb with their
molecular plane parallel to the surface and with their carbon
(C) atoms located near the fcc or hep hollow site, and both
oxygen (O) atoms, on or close to the atop sites of surface Cu
atoms. The average surface-molecule distances are 3.48 A and
3.49 A for a- and B-polymeric HCOOH structures, respec-
tively, implying that the interaction between the surface

TABLE 1. Calculated adsorption energies per HCOOH of
monomeric and polymeric HCOOH on the Cu(111) surface (E,qs)-
The zero-point energy (ZPE) was taken into account, and those
without the ZPE correction are given in parentheses. The calculated
surface-molecule (E~™) and molecule-molecule (E™-™") ad-
sorption energies are also shown. For ESS™™! and Em™! the
ZPE correction is not taken into account. In the case of monomeric
HCOOH, parallel (Para) and perpendicular (OH-Perp) configurations

are considered. The unit of energy is eV/HCOOH.

Monomer Infinite polymer  Finite polymer
Para  OH-Perp o B o B
Eqqs -0.19 -044 055 —-0.68 —-044 —-0.49
_ (—=0.20) (—0.44) (-0.59) (—0.71) (—0.46) (—0.52)
Ejmml 020 —044 -0.17 -0.16 -0.28 —0.24
Emol—mol - - —-042 -055 —-0.18 —0.28

ads

and the molecular layer is considerably weak. We con-
firmed that the optimized geometries are the equilibrium ones
by calculating the total energies as functions of molecule-
surface (molecular layer) distance (Supplemental Material,
Fig. S1 [41]). We also performed the calculations of the fi-
nite HCOOH clusters in the « and 8 forms containing three
HCOOH molecules in a (5 x 5) supercell, which are extracted
from the infinite polymeric structures [Figs. 2(c) and 2(d),
respectively]. After the structural optimization, the HCOOH
molecules in the edges of the finite a-polymeric HCOOH
cluster were found to be tilted, while other molecules remain
flat. On the other hand, finite B-polymeric HCOOH remains
almost flat after the structural optimization, but the edges of
HCOOHs are slightly tilted.

We then calculated the adsorption energy of polymeric
HCOOH defined by

Eys = l{Etot[(HCOOH)n/ Cu(111)]
n

— E[Cu(111)] — nEo(HCOOH)}, ey

where n is the number of HCOOH molecules in the supercell,
E[(HCOOH), /Cu(111)], Ei [Cu(111)], and E\,(HCOOH)
are total energies of the adsorbed system, the clean surface,
and the HCOOH molecule in the gas phase, respectively.
The calculated E,qs’s for polymeric HCOOH on Cu(111)
are summarized in Table I, along with those for monomeric
HCOOH’s. We found that E,4 for the infinite B-polymeric
HCOOH is slightly larger than that of the « one, meaning that
B-polymeric HCOOH is more stable on Cu(111). The calcu-
lated E,q45’s after ZPE correction for the «- and B-polymeric
HCOOH are —0.55 eV and —0.68 eV, respectively, which
are 0.11-0.24 eV larger than that of the monomeric ones,
implying that the stabilization of the polymeric structures is
due to the attractive interaction with neighboring molecules.
We note that the value of E,y in the present work is different
from that reported in Ref. [27], although the structure of the
o polymorph is exactly the same. This is because (i) ZPE
was not taken into account in Ref. [27], and (ii) in order to
compare the E,q4s’s of different phases (mixtures of HCOOH
and HCOQO with various coverages and compositions), it was
corrected by using the monomer HCOOH adsorption in a
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much larger unit cell (see Supplemental Material [41] for fur-
ther detail). The E,q4s’s for the finite polymeric HCOOHs show
a similar trend to the infinite ones. The finite B-polymeric
HCOOH is slightly more stable than the «-polymeric one,
but the energy difference is much smaller than the finite
ones. This suggests the competing nature of the HCOOH
polymorphs on the Cu(111) surface. We also calculated E,4’s
by using different exchange-correlation functionals and con-
firmed that our conclusions are unchanged (see Supplemental
Material [41]). Furthermore, we performed calculations of
free-standing polymeric HCOOH structures with rev-vdW-
DF?2 and found that the S-polymeric structure is more stable
[41], in line with the accurate quantum chemistry calculation
results for the one-dimensional HCOOH chains by Hirata
[42].

The E,4 discussed above includes contributions of both
surface-molecule and molecule-molecule interactions. To
quantify their contributions and gain insight into the mecha-
nism of the stability of the polymeric HCOOH, we decompose
E.s into the surface-molecule (EJj: surf=moly  and molecule-

molecule (E;‘;‘S’l moly adsorption energles defined by

Egtmel = —(Emt[(HCOOH»l/Cu(l11)]

— E[Cu(111)] — Eu[(HCOOH), ),  (2)

and

mol—mol
E ads

_{Etot (HCOOH),] — nEio(HCOOH)},  (3)
where E:[(HCOOH),] is the total energy of the HCOOH
layer calculated in its adsorption configuration. The calculated
adsorption energies are summarized in Table I. In both infinite
a- and B-polymeric phases, Ejé‘srf mobg are slightly smaller
than E,q of the flat-lying (parallel) monomeric HCOOH, and
E;gi’l mol’s are much larger than E;g;f_m"]’s, suggesting that
the surface-molecule interaction is very weak and polymer
formation is favorable, and that Ef° "™ is a dominant factor
determining the stability of the polymeric structure. For the
finite polymeric structures, E;(‘jlgrf molg are larger than E,q,
of the flat-lying monomeric HCOOH. This is because one
of the O atoms in an edge HCOOH interacts more strongly
with the surface than the flat-lying monomer of polymeric
structures, which can be inferred from the facts that the struc-
ture is slightly distorted (Fig. 2), and that the more distorted
finite & structure has larger 55" ~™!. The molecular distortion
caused by the stronger surface-molecule interaction induces
the weakening of the intermolecular interaction, resulting in
the smaller &0~

To further 1nvest1gate the intermolecular interaction, i.e.,
hydrogen bonding between HCOOH molecules, we calcu-
lated the charge density difference for the polymeric structures

defined by

n

Ap(r) = prcoon), /cu11)(X) — Pcu1n)(r) — Z Phicoon (T
i

@

where pgcoom), /cu1h)(F), Pcu1n(r), and plicooy(r) are the
electron densities of the combined system, substrate, and ith
HCOOH molecule, respectively. All the electron densities
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FIG. 3. Charge density differences (Ap) for (a) infinite o-
polymer, (b) infinite B-polymer, (c) finite ¢-polymer, and (d) finite
B-polymer HCOOH on Cu(111). Ap’s in the plane containing
molecular planes (top view) or carboxyl group (side view) are plot-
ted. The upper (lower) panels in (c) and (d) show the top (side)
views. Maximum and minimum values are 3.5 x 1072 ¢/A? and
—3.5 x 1072 ¢/A3, respectively. The dark arrows indicate the polar-
ization between the HCOOH molecules in the polymer, and dark blue
arrows indicate the polarization between HCOOH and underlying
substrate.

were calculated for their respective adsorption configura-
tions. A previous study [43] reported that the intermolecular
interaction of HCOOH is determined by strong hydrogen
bonds, originating from the significant attractive interaction
between the hydrogen atom attached to an electronegative
atom (O atom), and another electronegative atom. As can
be seen in Fig. 3, all the polymeric HCOOH structures ex-
hibit charge polarization between OH and carboxyl groups
(OH - - - OC), implying the formation of hydrogen bondings
between HCOOH molecules. In the infinite polymer struc-
tures [Figs. 3(a) and 3(b)], there is no considerable charge
polarization between surface and molecules, which indicates
their weak interaction, and is consistent with the calculated
adsorption energy. On the other hand, the finite polymeric
clusters [Figs. 3(c) and 3(d)], in particular, the finite «-
polymeric HCOOH shows the sizable charge polarization
between the O atom and Cu atom underneath. This in-
dicates stronger HCOOH-substrate interaction in the finite
a-polymeric HCOOH and agrees well with the calculated
E;;‘ff mol Tn the finite polymeric clusters, there are dangling
hydroxyl and carboxyl groups, leading to smaller E™°-m°!"g
and thus the smaller E;?i;’l_m"l’s than those of the infinite ones.
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FIG. 4. Calculated IRAS of the infinite «-polymeric (red solid
line) and B-polymeric (black solid line) HCOOH on Cu(111).

1. Vibrational modes and IRAS spectra

In the previous studies, the structure of the polymeric
HCOOH was determined based on the measured IRAS spec-
tra: Baber et al. [10] observed a distinct vibrational feature
at 975 cm~!, which was assigned to the out-of-plane OH
deformation [7(O—H)], based on the assignment of the
7(O—H) mode of the polymeric formic acid on Pt(111)
by Columbia et al. [14], they concluded that o«-polymeric
HCOOH is formed on Cu(111). They also observed character-
istic out-of-plane CH deformation [ (C—H)] at 1084 cm™!,
C=O0 stretching [v(C=0)] at 1720 cm~'. Shiozawa et al.
[12] observed similar vibrational frequencies for 7 (O—H),
7(C—H), v(C=0) at 980 cm~', 1080 cm™~!, and 1709 cm~!,
respectively, which supports the formation of the «-polymeric
HCOOH on Cu(111). Note, however, that Marcinkowski et al.
[11] proposed the formation of the S-polymeric HCOOH
based on the high resolution STM experiment.

We performed the vibrational mode analyses and IRAS
simulations for both «- and B-polymeric structures on
Cu(111). The simulated IRAS of the infinite polymeric
HCOOH structures on the surface are shown in Fig. 4, and the
assignment of the characteristic vibrational modes are sum-
marized in Table II. Each vibrational mode are visualized and
can be found in Ref. [41]. We also calculated the vibrational
frequencies and IRAS for the finite polymeric HCOOH struc-
tures for comparison (see Supplemental Material [41]). For
the infinite a-polymeric HCOOH, we obtained the vibrational
frequencies in the range of 862-876 cm~! and 1014-1033
cm™!, which are assigned to 7(O—H) and 7 (C—H), respec-
tively, and v(C=0)’s appear in the range of 1658—-1717 cm™!
(Table II). Characteristic 7 (O—H), 7 (C—H), v(C=0) peaks
can be found at 877 em~', 1033 cm~!, and 1658 cm™!
in the simulated IRAS (Fig. 4). On the other hand, peaks
for 71 (O—H), 7 (C—H), and v(C=O0) of the infinite 8 poly-
meric are found in the range of 1058-1085 cm™!, 975-992
cm~ !, and 1553-1683 cm™!, respectively. Overall, the cal-
culated vibrational frequencies of 7 (O—H) and 7 (C—H) for
a-polymeric HCOOH are lower than for the 8 one, whereas
those for v(C=0) are higher for the former than the latter.
The calculated vibrational frequencies for the «-polymeric
HCOOH are smaller than the experimental ones, but the
peak assignments, relative vibrational frequencies, and rela-
tive IRAS intensities of 7 (O—H), 7 (C—H), and v(C=0) are
consistent with the experimental results by Shiozawa et al.
[12]. On the other hand, the absolute vibrational frequencies
for the B polymeric one seem to be in better agreement
with the experimental values, but the order of 7(O—H) and
m(C—H) frequencies are reversed (relative intensities agree
with the experiment) and the intensities of v(C=0) modes
are negligibly small.

Our results indicate that the « structures reproduce the
vibrational signatures well: Although the absolute vibra-
tional frequencies are underestimated, relative frequencies
and relative IR peak heights agree well with the experimental
findings. The possible reasons for the error in the vibrational

TABLE II. Calculated vibrational frequencies of infinite polymeric HCOOH structures adsorbed on Cu(111), along with the experimental
values. The values in boldface refer to those with high IRAS intensities. See Fig. 4.

Frequencies
Mode (cm™h)
o 7(0—H) 862, 872, 876, 877
7(C—H) 1015, 1018, 1026, 1033
3(0—H) 1130, 1136, 1150, 1160, 1263, 1272, 1286, 1308
3(C—H) 1354, 1355, 1358, 1376
v(C=0) 1658, 1663, 1702, 1716
B 7(0—H) 1058, 1071, 1081, 1086
7(C—H) 976, 978, 989, 992
3(0—H) 1396, 1405, 1427, 1436
8(C—H) 1213, 1216, 1238, 1245, 1332, 1337, 1338, 1340
v(C=0) 1553, 1562, 1662, 1684
Expt. 7(0O—H) 975%,980°
7(C—H) 1084 2, 1080 °
v(C=0) 1720¢, 1709 ®

4IRAS spectra taken from Ref. [10].
PIRAS spectra taken from Ref. [12].
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frequencies are as follows: The infinite polymeric struc-
ture models presented in this work are commensurate with
the underlying substrate, whereas the polymeric HCOOH
observed in the experiments is incommensurate. Use of a
commensurate model may lead to tensile/compressive strain
to the HCOOH overlayer, which affects the strength of the
intermolecular hydrogen bonding and hence the vibrational
frequency of the 7(O—H) mode, leading to the discrepancy
with the experiment. In our simulation, estimated intra- and
inter-molecular-chain distances are 6.77 A and 5.91 A, respec-
tively, whereas those estimated in the experiment are 6.51 A,
and 5.51 A, respectively, and the calculated intermolecular
distances are slightly larger. We calculated the vibrational
frequencies of the free-standing two-dimensional HCOOH
layers in the « and B forms, and found that the vibrational fre-
quencies for the out-of-plane 7 (O—H) and 7 (C—H) increase
slightly when the intra-molecular-chain distance is decreased,
while the change in the inter-molecular-chain distance does
not affect the vibrational frequencies significantly, because of
the weak interchain interaction, of the order of few tens of
meV. Unfortunately, the changes in the vibrational frequencies
are not large enough to reach the agreement with the experi-
mental values. We can see that the vibrational frequency of the
7(O—H) mode in the o form is particularly underestimated.
It was reported that vdW-DF tends to overestimate the hydro-
gen bonding strength of extended systems (2D/3D ice) [44],
and for the ¢-polymeric HCOOH, hydrogen-bonding strength
may also be overestimated, which results in the O-H bond
elongation and lowering of the vibrational frequencies. In
addition, we found that the frequency of the 7 (O—H) mode is
very sensitive to the direction of hydrogen bonding and more-
over, to the balance between surface-molecule (E:u™")
and molecule-molecule (E;g‘s’l_m"l) interactions. Thus, we may
need more accurate electronic structure and/or vibrational
theory to obtain better agreement with the experiment.

2. Simulated STM and AFM images

We also simulated the STM images by using the Tersoft-
Hamann theory [45—48] as well as AFM images by using the
probe-particle method [49,50], based on our optimized infinite
polymeric HCOOHs on Cu(111) (Fig. 5). The simulated STM
images for o and B polymers look very similar, but by a
closer look at the protrusion shapes, the simulated STM image
for the o polymer is found to be in better agreement with
those by Marcinkowski et al. [11] and by Shiotari et al. [27],
in particular, the round edge parts of the zig-zag chains. In
the AFM simulation, the HCOOH molecules are imaged as
connected boomerang-shaped protrusions, and the buckling
angle between the neighboring molecules is much larger in
the B polymer than o polymer, and the AFM image for the
a polymer is in good agreement with the experimental image
by Shiotari et al. [27]. These results lead us to conclude that
the structure of the adsorbed HCOOH on Cu(111) can be well
explained by the «-polymeric form.

B. Dehydrogenation of polymeric HCOOH

Finally, we investigated the dehydrogenation of HCOOH
in the polymeric HCOOH structures on Cu(111). We assumed
that one of the HCOOH molecules in the a- or S-polymeric

FIG. 5. Simulated STM image of (a) infinite a- and (b) infinite
B-polymeric HCOOH images, and simulated AFM image of (c) in-
finite - and (d) infinite B-polymeric HCOOH on Cu(111). The
bias voltage of +0.2 V was used to simulate the STM images. For
the AFM simulations, the CO-functionalized tip was used with the
bending stiffness of 0.25 N/m and the effective charge of 0.05 e.

structures decomposes into bidentate HCOO (bi-HCOO) con-
figuration, in which the HCOO molecule adsorbs in the
perpendicular configuration with two O atoms adsorbed on
top of Cu atoms. The decomposition process is essentially the
same as that for the flat-lying monomeric HCOOH discussed
in Ref. [24]. We took the most stable polymeric HCOOH
structure as the initial state (IS), and for the final state (FS), we
choose the bi-HCOO with the H atom in the fcc-hollow site.
At the transition state (TS), the HCOOH molecule is in the
perpendicular configuration with the OH bond elongated. The
structures of IS, TS, and FS for infinite polymeric HCOOH
structures can be found in Fig. 6 and the calculated activation

FIG. 6. Molecular configurations for dehydrogenation of (a) in-
finite «- and (b) infinite S-polymeric HCOOH on Cu(111). IS,
TS, and FS indicate initial, transition, and final states, respectively.
The yellow dashed circle shows the part of the polymer that is
dehydrogenated.
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TABLE III. Calculated activation energies for HCOOH dehydro-
genation (E4.) in the polymeric structure on Cu(111) along with
those for monomeric HCOOH on Cu(111) and experimental value.
The zero-point energy correction is not taken into account. The unit
of energy is eV.

Structure Configuration Eqec
Infinite polymer o 1.25

B 1.04
Finite polymer o 0.55

B 0.45
Monomer OH-perp 0.62
Expt. 0.67 £0.05*

4Reference [12].

barriers are summarized in Table III. The calculated activation
energies for dehydrogenation (Ege.’s) are 1.25 and 1.04 eV
for the infinite @- and B-polymeric HCOOHs on Cu(111),
respectively, which are larger than that for the monomeric
HCOOH dehydrogenation of 0.52 eV. This means that dehy-
drogenation of the infinite polymeric HCOOH on Cu(111) is
kinetically less favorable, because of the hydrogen bonding
formed between HCOOH molecules.

We also investigated the dehydrogenation of HCOOH in
the finite polymeric HCOOH clusters. Figure 7 shows the
minimum energy paths for the finitt HCOOH clusters on
Cu(111) and the activation energies are summarized in Ta-
ble III. We examined dehydrogenation from different parts of
the cluster and found that the dehydrogenation from the edges
that have dangling OH bond are more favorable than those
forming hydrogen bonding (see Supplemental Material [41]).
The calculated Eg4e.’s for o- and S-polymeric HCOOH’s are
0.55 and 0.45 eV, respectively, which are smaller than that
for monomeric or infinite polymeric chains, suggesting that

Vau

- 9o
Y VY VY VY YV YN

a0
' vV Y Y Y
FIG. 7. Molecular configurations for dehydrogenation of (a) fi-
nite - and (b) finite B-polymeric HCOOH clusters on Cu(111). The
IS, TS, and FS represent initial state, transition state, and final state,
respectively. The yellow dashed circle shows the part of the polymer
that is dehydrogenated.

dehydrogenation of HCOOH having an OH bond is favorable
and it starts from the edge of the polymeric HCOOH. Our
results are consistent with the experimental observation, in
which HCOOH decomposition starts from the edges of the
polymeric chain, rather than the middle of the chain [10,11].

IV. CONCLUSION

We investigate the adsorption state, electronic and vibra-
tional properties, and catalytic dehydrogenation of polymeric
HCOOH structures on Cu(111) surfaces by employing van
der Waals inclusive DFT. We present models for the poly-
meric HCOOHs in the o and 8 forms on Cu(111), which
are approximated by commensurate two-dimensional periodic
arrays of the HCOOH molecule with respect to the underlying
substrate. We also present finite HCOOH clusters to inves-
tigate the effect of the edge in the polymeric HCOOHs on
the surface. We found that infinite polymeric HCOOH struc-
tures are stabilized by the intermolecular hydrogen bonding
and that they interact weakly with the surface. On the other
hand, in the finite polymeric clusters, the dangling OH of
HCOOH at the edge interacts more strongly with the surface
and disrupts the intermolecular interaction. In both infinite
and finite polymeric structures, the intermolecular interaction
is stronger in the B polymer than in the « polymer, and
thus the former is more stable than the latter by about 0.10
eV/HCOOH. We calculated the vibrational frequencies and
performed IRAS simulation. The characteristic vibrational
frequencies of the out-of-plane 7 (O—H) and 7 (C—H) modes
for the B-polymeric structure seem to agree with the experi-
ment at first sight, but the relative frequencies and intensities
are not consistent with the experiment. On the other hand,
the relative vibrational frequencies and peak intensities in
the simulated IRAS for the o polymer are consistent and
agree better with the experiments [10,12]. Furthermore, our
simulated STM and AFM images of the o polymer agree well
with the experimental ones by Marcinkowski et al. [11] and
Shiotari et al. [27].

Taken together, although the energetics suggest it is
thermodynamically less favorable, we conclude that the a-
polymeric HCOOH is likely to be formed on Cu(111). We
note that differences of adsorption energies between « and 8
polymers are small (~0.1 eV) in both infinite and finite cases,
and they are competing energetically. Although rev-vdW-DF2
used in the present work gives the binding energy of the
HCOOH dimer comparable to that obtained with the highly
accurate coupled cluster method, our results call for the use
and/or development of a more accurate electronic structure
method to explain the experimental finding more precisely.
At present, it is challenging because of the large system size,
but we envisage further development of the accurate method
capable of simulating a complex interface of the current size.

From the dehydrogenation of HCOOH in the infinite poly-
meric structures, we found that similar to the monomeric
HCOOH, dehydrogenation starts from the OH bond, but the
activation barrier is much higher than that of the monomeric
one, because of the hydrogen bonding formed between the
OH bond and one of the terminal O atoms of the neighboring
molecule. On the other hand, the calculated activation ener-
gies of the HCOOH having a dangling OH bond in the finite
polymeric clusters are smaller, suggesting that the dehydro-
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genation starts at the edge of the polymeric structure, not from
the middle of it.

In summary, we have clarified the structure of polymeric
HCOOH on Cu(111) relevant to the catalytic reaction in
the working condition, vibrational property of the polymeric
HCOOH, and the active site for the dehydrogenation of
HCOOH on Cu(111). We believe our work improves the un-
derstanding of the catalytic dehydrogenation of HCOOH and
helps develop catalysts used in energy and materials conver-
sion, such as hydrogen production and storage, and methanol
synthesis.
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