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Proton Transfer in a Two-Dimensional Hydrogen-Bonding Network:
Water and Hydroxyl on a Pt(111) Surface
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The time scale of proton transfer between H,O and OH adsorbed on a Pt(111) surface was determined
by a combination of laser-induced thermal desorption (LITD) and microscale x-ray photoelectron
spectroscopy (micro-XPS). The patterned distribution OH + H,O/H,0/OH + H,O was initially pre-
pared on the Pt(111) surface by the LITD method and the time evolution of the spatial distribution of H,O
and OH was observed by the micro-XPS technique. From quantitative analyses based on a diffusion
equation, we found two proton-transfer pathways with different time scales of 5.2 = 0.9 ns and 48 *
12 ns at 140 K, which were attributed to direct proton transfer to the neighbor site and H;O*-mediated

transfer to the next-nearest site, respectively.
DOI: 10.1103/PhysRevLett.100.106101

Proton transfer in hydrogen bonded systems is one of
fundamental processes in nature and plays significant roles
in many physical, chemical, and biological processes, such
as solvation [1], proton conductive polymer electrolyte [2],
acid-base reaction [3], catalyst [4], and enzymatic reaction
[5]. It is also a key process for “protonics’ that is the
alternative of electronics [6]. The time scale of the proton
transfer is essential for understanding the above processes
and it is challenging to determine the transfer rate experi-
mentally. Recently, Katoh et al. measured the proton trans-
fer in highly pressurized ice by infrared reflection (IR)
spectroscopy [7]. Water molecules form well-ordered
two-dimensional (2D) networks on metal surfaces [8].
Because the 2D ice supported by a metal surface is ener-
getically stable, it is a promising system to study the proton
transfer in the 2D hydrogen-bonding network.

Water formation from oxygen and hydrogen on a plati-
num surface is one of the well-known catalytic reactions
and has attracted much attention recently because it is the
key reaction for a practical fuel cell [8]. The reaction
mechanism has been extensively investigated by using
model systems; for example, an oxygen-precovered
Pt(111) surface was exposed to hydrogen gas to form water
molecules [9]. During the reaction, the OH species appears
as an intermediate [10]. Recent temperature programmed
desorption measurements revealed that the OH species
does not exist as a pure OH phase but forms a mixed
overlayer with H,O [11]. Figure 1(a) shows a structure of
the mixed overlayer, where both OH and H,O occupy the
atop sites of Pt(111) [12], with a honeycomblike structure
[13]. Density functional theory calculations suggested a
facile proton transfer from H,O to OH in the mixed OH +
H,O overlayer [14]. The presence of the proton transfer in
the mixed overlayer was also evidenced by broadening of
the O-H bending mode with the IR spectroscopy [11].
Recently, we applied the kinetic Monte Carlo simulation
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method to the water formation reaction on Pt(111), and
found a possibility that the proton transfer has a significant
role to supply H,O (autocatalytic reactant) to the reaction
front [15]. However, any firm evidence has not been ob-
tained for actual long-range mass transport by the 2D
proton transfer. Furthermore, the time scale of the proton
transfer in such a 2D hydrogen-bonding network is still
unknown.

In this study, the rate of the proton transfer between H,O
and OH on a Pt(111) surface was investigated by the
combination of laser-induced thermal desorption (LITD)
and microscale x-ray photoelectron spectroscopy (micro-
XPS). A one-dimensional (1D) pattern consisting of H,O
and OH, OH + H,0/H,0/0H + H,0, was prepared on
Pt(111) by the LITD method as illustrated in Fig. 1(b). The
OH coverage in the central H,O region is expected to
increase by the proton transfer, which can be examined
by the time evolution of OH and H,O distributions moni-
tored with micro-XPS. From quantitative analyses of the
distribution change, we estimated the time scale of the
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FIG. 1 (color online). (a) Schematic model of proton transfer
between H,O and OH in the mixed OH + H,O overlayer on
Pt(111). The distance [ of unit cell is 2.8 A. (b) Schematic of 1D
surface modulated distribution OH + H,0/H,0/0H + H,0 on
Pt(111). The width of H,O region d was 400 pm.
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proton transfer in the mixed OH + H,O overlayer on
Pt(111), and found two different paths of proton transfer.

The experiments were performed at soft x-ray beam line,
BL-7A [16] of the Photon Factory, High Energy
Accelerator Research Organization (KEK-PF), using an
ultrahigh vacuum system (below 1.0 X 107! Torr). First,
an oxygen-covered Pt(111) surface was prepared by ex-
posing to 30 L (1 L = 1.0 X 10® Torrs) O, gas at 120 K,
followed by annealing at 240 K. This surface was exposed
to5 L H,0 at 130 K, and annealed at 175 K. As a result, the
mixed OH + H,O phase was formed on a Pt(111) surface
[Fig. 1(a)]. Under this condition, the ratio of OH and H,O
becomes 2:1, and the total coverage of the mixed phase is
0.75 ML [11] as was confirmed by XPS.

To prepare the 1D spatial distribution of adsorbates,
OH + H,0/H,0/0H + H,O0, as shown in Fig. 1(b), the
pristine OH + H,O mixed overlayer was patterned by
LITD using a pulsed laser beam [Q-switched Nd: yttrium
aluminum garnet (wavelength: 532 nm, duration time:
5 ns)]. The laser beam was focused into a small spot
400 pum in diameter by a lens with a focal length of
300 mm located outside the chamber. The sample was
scanned along one direction to make a 1D vacant band.
To avoid the laser-induced surface damage, the laser power
was reduced to 7 mJ/pulse, which was as low as possible
to remove the mixed OH + H,O overlayer. Then, the
patterned surface was exposed to 2 L H,O at 130 K for
filling the vacant area with H,O, and subsequently an-
nealed at 160 K to remove excess H,O. In the pure H,O
overlayer, H,O molecules also occupy atop site, and form
the same honeycomb structure [17]. The distributions of
OH and H,0O were measured by O 1s XPS spectra with an
excitation energy of 630 eV. The kinetic energy of the
emitted electron was measured by using a position sensi-
tive electron energy analyzer. The coverage changes of OH
and H,O were monitored with a spatial resolution of
16.5 pwm at 140 K.

The top of Fig. 2 shows the micro-XPS image obtained
from the initial distribution of the 1D pattern of adsorbates
OH + H,0/H,0/0H + H,0 [18]. The width of the cen-
tral H,O region was 400 um. To obtain the coverage
distribution of OH and H,O on the surface, these XPS
spectra were fitted by the standard spectra of OH and
H,0. The peak position of OH and H,O are 530.2 and
531.8 eV, respectively. Each XPS spectrum taken from the
image is shown in the bottom of Fig. 2. The mixed OH +
H,O region (A) consists of OH and H,O, whose ratio is
2:1. In the border region (B), the OH coverage is lower,
while the H,O coverage is higher instead. In the central
H,0 region (C), only H,O molecules exist on the surface.
After 16.3 h, OH species appears in this region at 140 K as
shown in (D).

Figure 3 (top) shows the OH and H,O coverage distri-
butions at 140 K with different elapsed times. In the central
region, OH coverage increases while H,O coverage de-
creases with time. Note that OH species does not diffuse at
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FIG. 2 (color online). (Top) The image of XPS spectra ob-
tained from the initial distribution of the 1D modulated OH +
H,0/H,0/0H + H,0 structure. The horizontal and vertical
axes of the image correspond to the surface position and the
binding energy of XPS spectra, respectively. (Bottom) The XPS
spectra taken from the different positions of the surface, as
indicated in the top figure. The spectra (A),(B), and (C) were
taken from the initial distribution. The spectrum (D) was taken
after 16.3 h, showing the increase of OH coverage.

140 K, as confirmed by scanning tunneling microscopy
experiment [10]. We also confirmed that the appearance of
OH is not due to x-ray-induced dissociation of H,O by the
fact that long-period x-ray irradiation on a pure H,O over-
layer does not cause formation of OH. Thus, the OH
species observed in the central region results from the
proton transfer from H,O to OH.

From obtained distribution changes, we estimated the
rate of proton transfer based on the diffusion equation.
First, only a simple proton transfer was considered, where
H,O and OH exchange their positions when they are
located at two adjacent sites as illustrated in Fig. 4(a). If
a single OH is mixed in the H,O network, the OH species
freely travels in the H,O network by the proton transfer and
vice versa. In the 1:1 mixed OH + H,O phase shown in
Fig. 1(a), however, this pathway is significantly sup-
pressed, because once a proton hops to the adjacent avail-
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FIG. 3 (color online). (Top) The coverage distribution of OH
and H,O obtained from surface modulated structure with differ-
ent elapsed times. The region between two dashed lines was used
for fitting. (Bottom) The OH coverages after 10.1 and 16.3 h are
shown with the fitted curves: Two processes with the coverage
dependence (solid lines), and simple proton transfer without the
coverage dependence (dashed lines).

able site, it cannot find a next available site. This confine-
ment prevents the OH/H,O species from traveling in the
1:1 mixed phase. Nevertheless, our experiments show the
increase of OH coverage in the central region of the
modulated structure. Another path of proton transfer
should be taken into account, which proceeds even in the
1:1 mixed phase. As a possible process to satisfy this
condition, we assume a pathway in which a proton of
H,0 moves to next-nearest OH via H;O" formation, as
shown in Fig. 4(b). This pathway was also proposed by
previous molecular dynamics simulation [19]. The proba-
bility for this second path has a maximum at the 1:1 mixed
phase (0.33 ML), when in contrast the first path has a
minimum probability, as shown in the inset of Fig. 4. By
assuming two pathways of proton transfer with the pro-
ceeding probability, the diffusion equation of OH coverage
(OH(x, r) = N) for proton transfer is formulated as [20]

ON 92N 9°N
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X

where the term D is the diffusion coefficient of first pro-
cess, and that of second process is set to be a times larger

FIG. 4 (color online). The schematics of two process of proton
transfer: Simple proton transfer (a), and proton transfer via
H;07" species (b). In the right upper part, the proceeding
probabilities of the two processes are shown as a function of
the coverage.

than the first one. The theoretical change of surface cover-
age distribution was calculated by integrating this equa-
tion. Then, the fitting procedures were performed with two
parameters, D and a.

Resultant fitted curves are shown as solid lines in
Fig. 3(bottom), together with fitting results without the
second process and coverage dependence (dashed lines).
Obviously, the consideration of the second process is nec-
essary to reproduce the observed distribution. As a result,
the diffusion coefficient D was determined to be 3.0 *
0.5 um?s~ !, and the ratio & was 0.33 = 0.03. Thus, the
diffusion coefficients of the first and second processes
amount to (3.0+0.5) X 1072 and (9.9 *2.5) X
10713 m? s~ !, respectively. Furthermore, the dwell time 7
of proton between two successive proton-transfer events
was determined by using the relation D = A?/27, where
the term A is the effective hopping length of each proton
transfer [21]. The dwell time 7 for the simple proton
transfer from H,O to adjacent OH was found to be 5.2 =
0.9 ns, and that for the H;O " -mediated one becomes 48 +
12 ns. Therefore, the proton transfer on a Pt(111) surface
occurs with a time scale of nanosecond at 140 K. We also
found that the rate of proton transfer via H;O" species is
slower than that of the simple proton transfer by an order of
magnitude. Note that these pathways of proton transfer are
probably accompanied by proton-coupled electron trans-
fer, leading to net effects of H migration. These processes
are influenced by the Pt(111) surface as well as adsorbate
configurations.

The diffusion coefficient of proton transfer in the three
dimensional (3D) ice VII phase is ranged from 10717 to
101 m?s™! [7], which is much smaller compared to that
on Pt(111) (107 3-10"'2 m?s~!). The proton transfer in
the solid acid CsHSO, also exhibits a smaller coefficient
(107" m?s™1) [22]. On the other hand, the protonic dif-
fusion in the liquid acid-base reaction proceeds much
faster with the time scale from femto- to picosecond [3].
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In the acid-base reactions in solution the degree of freedom
available for proton transfer is relatively high, whereas it is
limited in the solids; for example, in the CsHSO, the
reorientation of SO, tetrahedra, which is necessary to
forward the proton transfer, is a rate-limiting process,
resulting in a slower time constant. The proton transfer in
the present 2D-solid system shows an intermediate time
scale between liquid and 3D-solid phases.

A recent time-resolved infrared spectroscopy study re-
vealed proton itinerary into solvent water molecule(s)
bridging the acid and base, which causes lowering of the
transfer rate of protons [3,23]. In order to check such a
solvent effect, we performed spatiotemporal tracing of an
OH + H,0/H,0/0H + H,O0 layer on Pt(111) after depos-
iting multilayers of water at 140 K and consequently the
diffusion coefficient was estimated to be 0.29 *
0.07 um?s~! with the ratio a of 0.63 = 0.03. The rate
of proton transfer is reduced by an order of magnitude in
the presence of water multilayer. This might be explained
by peripatetic behavior of proton into the H,O molecule(s)
which bridges two hopping sites on the surface.

In conclusion, the time scale of the proton transfer from
H,O to OH in the 2D hydrogen-bonding network on a
Pt(111) surface was determined from micro-XPS ob-
servations of spatiotemporal changes in the patterned dis-
tribution OH + H,0/H,O/OH + H,O initially prepared
by the LITD method. The obtained spatiotemporal changes
were explained based on the diffusion equation, taking
account of two different pathways: the direct proton trans-
fer to the neighbor site and the H;O"-mediated proton
transfer to the next-nearest site. As a result, the time scales
of the two proton-transfer pathways are found to be 5.2 =
0.9 ns and 48 * 12 ns, respectively, at 140 K. The rate of
this 2D proton transfer is significantly lowered in the
presence of water multilayers on top of the 2D system,
which suggests proton itinerary into the water molecule(s)
in the upper layer. The understanding of proton dynamics
at the 2D interfaces will be important to the protonics at
interfaces like fuel-cell electrodes and biological
membranes.
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