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Heterogeneous catalysis is inherently complex, and this makes it difficult to trace the reaction and clarify the mechanism. In
this study, we investigated the reduction of nitric oxide (NO) by water on Cu(110) in a well-defined environment. Scanning
tunnelling microscopy was used to control and image the reaction, and to characterize the product and the intermediate. A one-
to-one reaction yields a characteristic NO-water complex, in which water induces partial filling of the empty 27* orbital of NO,
leading to N—O bond weakening. Subsequent reaction of the complex with another water molecule induces further weakening of
the N-O bond, leading to bond rupture. We reveal that hydrogen-bond coupling induces back-donation and thus plays a crucial
role in N-O bond cleavage; this provides a fundamental insight into the catalytic reduction of NO under ambient conditions.

1 Introduction

The catalytic reduction of nitric oxide (NO) from exhaust
streams plays an important role in the removal of air pol-
lution. 2 Although it is challenging to unravel the catalytic
processes and understand the mechanism, the elementary pro-
cesses have been investigated using single-crystalline metal
surfaces as model systems to provide atomic-scale insights in-
to the catalysis.> Scanning tunnelling microscopy (STM) has
been used to investigate the adsorption and reaction of NO on
metal surfaces.*’ STM can identify the ‘active site’ that is
responsible for the catalytic activity by imaging on-going re-
actions at the surfaces. Zambelli ef al. revealed the essential
role of atomic steps as active site for the dissociation of NO
on Ru(0001).# It is feasible to control the reaction in a step-
by-step manner, enabling access to intermediate species, us-
ing STM as a tool to manipulate individual molecules on met-
al surfaces. Furthermore, STM can characterize and identify
products by single-molecule electronic and vibrational spec-
troscopies. 8 In this work, we induced the reaction of NO with
water on Cu(110) by manipulating individual molecules, and
used STM spectroscopic techniques to characterize the inter-
mediate as well as the product. A water molecule perturbs the
valence state of NO in such a way that the empty 27" state is
down-shifted near to the Fermi level, so it is partially filled.
As a consequence, the reaction with two water molecules in-
duces N-O bond cleavage, yielding a chain of OH and NH
groups on the surface. Our results show that hydrogen bond-
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Fig. 1 Topographic STM image of NO on Cu(110) at (a) V =30
mV and (b) V =300 mV (I = 0.5 nA). (c) dI/dV recorded over
position A in (a) (solid curve), and that recorded over position B
(dashed curve). The spectra were obtained using a tip height
corresponding to V =30 mV and I = 0.05 nA over the protrusion.
dI/dV spatial maps recorded at (d) V =30 mV and (e) V = 300 mV.
The spatial maps were obtained at a constant height corresponding
toV =30mV and I = 0.5 nA for (d), and V =30 mV and / = 0.05
nA for (e), over the protrusions. (f) Schematic illustrations of the
two orthogonal 27 orbitals, namely the 27 orbital with the lobe
along the [110] direction (left) and 27, orbital along the [001]
direction (right), viewed from the top and side. (g) Schematic
illustration of NO on Cu(110) with the 27 orbital. NO is adsorbed
upright at the short-bridge site via an N atom. The ‘dumb-bell’
shape in (a) indicates that the 27, orbital dominates the STM image
atV =30 mV, and the ‘ring’ shape in (b) indicates that 27; and 27,
orbitals both contribute to the image at V = 300 mV. The image sizes
are 18 x 14 A2 for (a) and (b), and 13 x 10 A2 for (d) and (e).
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Fig. 2 (a) STM images of NO and water molecules located on
neighbouring rows (V =30 mV, I = 0.5 nA). (b) STM image of
NO-water complex produced by manipulating the water molecule to
NO, as depicted by an arrow in (a). The lines show the lattice of
Cu(110). Schematic illustration of molecules and their appearance
for (a) and (b) are shown in (c) and (d), respectively. White, red, and
blue spheres represent H, O, and N atoms, respectively. The NO
molecule appears as a ‘dumb-bell’ shape in (a), but it turns into a
‘crescent’ shape in (b), suggesting a change in the valence state on
interaction with a water molecule. The image size is 28 x 18 A2,

ing with water induces back-donation from the substrate to the
antibonding 27* orbital, facilitating N—O bond rupture.

2 Methods

The STM experiments were carried out in an ultrahigh-
vacuum chamber at 5 K (USM-1200, Unisoku). An electro-
chemically etched tungsten tip was used as an STM probe.
Single-crystalline Cu(110) was cleaned by repeated cycles of
Ar' sputtering and annealing. The surface was sequentially
exposed to NO and H,O gases via a tube doser positioned ~1
cm from the surface, at 12 K, through a variable-leak valve.

For characterization of the valence states, scanning tun-
nelling spectra (dI/dV’) were recorded over the molecules us-
ing a lock-in amplifier with a modulation voltage of 4 mV
at 590 Hz, and displayed after subtraction of d//dV recorded
over the clean surface at the same tip height. The d//dV spatial
maps were obtained at a fixed bias voltage with the tip height
kept constant.

The vibration spectra provide information about chemical
structure of the adsorbates. The inelastic electron tunnelling
spectroscopy with STM has proved to be a powerful tool to
identify the adsorbed species at a single-molecule level.® The
vibration excitation opens an additional channel of tunnelling
electrons and usually gives rise to a peak at the correspond-
ing voltage in the d?//dV2. The vibration excitation can also
induce dynamical motion of adsorbates, which results in the
peak and/or dip in the dI/dV.1%-1* We employed the dI/dV to
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Fig. 3 (a) STM images of isolated NO molecules and NO-water
complexes on Cu(110). (b) dI/dV recorded over position A—C in (a),
with a tip height corresponding to V =30 mV and / = 0.5 nA. (c)
Schematic illustration of NO—water complex (side view). dI/dV in
(b) indicates that the 27 level is down-shifted and partially filled in
the complex, suggesting that water donates a hydrogen bond to NO,
which induces electron transfer from the substrate to the 27, orbital.
Thus, NO and water form a hydrogen-bonded complex, as
illustrated in (c). The image size in (a) is 48 x 30 AZ2.

characterize and identify the reaction product of NO with wa-
ter molecules. The modulation voltage of 6-12 mV,y,¢ at 590
Hz was used for vibrational d//dV, and the spectra were dis-
played without background subtraction.

3 Results and discussion

Figure 1a shows a typical topographic image of an isolated NO
molecule on Cu(110), recorded at a sample bias V = 30 mV
and tunnelling current / = 0.5 nA. The molecule is bonded to
the short-bridge site in an upright configuration, '4 and appears
as a dumb-bell-shaped protrusion aligned along the [110] di-
rection (Cu row direction). The originally degenerate 27* or-
bital is split into two levels, namely 27; and 27, (Fig. 1f), on
the two-fold Cu(110) surface. The 27 orbital whose lobes are
aligned along the Cu row direction is imaged by STM at V =
30mV (Fig. 1a), as shown schematically in Fig. 1g. The d//dV
spectrum taken over the protrusion (A in Fig. 1a) shows a peak
at the Fermi level (solid curve in Fig. 1c), indicating that the
27 level is nearly half-filled. In contrast, the dZ/dV spectrum
taken over the node (B in Fig. 1a) shows a monotonic increase
to 400 mV (dashed curve in Fig. 1c). This implies that the 27,
counterpart is located above 400 meV with respect to the Fer-
mi level, and therefore is almost empty. This is confirmed by
the dI/dV mapping recorded at V = 300 mV (Fig. 1le), which
shows the shape of the 27 orbital, whereas that recorded at
V =30 mV shows the shape of the 27 orbital (Fig. 1d). The
topographic image recorded at V = 300 mV (Fig. 1b) is con-
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Fig. 4 STM images of (a) NO-methanol, (b),(c) NO—-ethanol, and (d) NO-OH complexes (V = 30 mV, I = 0.5 nA), and schematic diagrams
of their structures. Two equivalent configurations are observed for the NO—ethanol complex [(b) and (c)], and this is ascribed to tilting of the
ethyl group, as shown in the inset. The tilt direction can be changed by a voltage pulse of 150 mV by the STM. In all the complexes, the NO
molecule has a ‘crescent’ shape, as in the NO—water complex (Fig. 2b). (e) dI/dV recorded over the NO molecule (dots) in the complexes. For
comparison, d//dV for the NO-water complex is also shown. In all cases, the 27 level is down-shifted and partially filled, indicating that the
complexes are stabilized by hydrogen-bond interactions via partial filling of the 27; orbital. Each spectrum is vertically offset for clarity. The

image sizes are 18 x 22 A2,

tributed by 27, as well as 27, giving rise to the superposed
ring shape.

The reaction with a water molecule alters the valence state
of a NO molecule via electrostatic hydrogen-bond interaction-
s. Figures 2a and b, respectively, show topographic images of
NO before and after reaction with a water molecule, along
with their schematic representations (Figs. 2¢ and d). An iso-
lated water molecule is adsorbed flat on the top of the Cu atom
and diffuses along the Cu row, 15 which causes a fractional im-
age, whereas a NO molecule is bonded to the short-bridge site
on the next row (Fig. 2a). By manipulating the water molecule
along the Cu row to NO, ¢ we produce a NO-water complex
bonded along the [001] direction (Fig. 2b). The complex has
a mirror plane along the [001] direction and therefore has C;
symmetry; this suggests that the water molecule is standing up
at the short-bridge site (Fig. 2d), as observed in the water—OH
(hydroxyl) complex. '® The complex can be dissociated by a
voltage pulse of V = 0.3 V by the STM. In the complex, the
NO molecule is no longer imaged as a dumb-bell shape but ap-
pears as a crescent shape, as illustrated in Fig. 2d, suggesting
that the valence state is perturbed by the water molecule.

The dI/dV spectra recorded over the NO molecule in the
complex (A and B in Fig. 3a) are shown in Fig. 3b, together
with that recorded over an isolated NO molecule (C in Fig. 3a).
The positions A and B correspond to the lobes of the 27; and
2m, orbitals, respectively, for the original NO molecule. The
dI/dV recorded over B shows a new peak at ~50 mV, indi-
cating that the 27, state shifts down to ~50 meV as a result
of interaction with a water molecule. In contrast, the dI/dV
recorded over A shows a peak centred at the Fermi level; the
2w state is not affected by the water molecule. The water

molecule is bonded to NO along the [001] direction, and thus
the 27, orbital is selectively perturbed by the water molecule.
The topographic image of NO in the complex recorded at V =
30mV is therefore contributed by the down-shifted 27 orbital
as well as the intact 27, orbital, resulting in the change of the
image from a dumb-bell shape to a crescent one. The struc-
ture of the hydrogen-bonded complex is shown schematically
in Fig. 3c; NO accepts a hydrogen bond from water and is pos-
sibly tilted from the surface normal as a result of the interac-
tion. The electrostatic interaction with water (hydrogen-bond
donor) stabilizes the 27; state near to the Fermi level, leading
to partial filling of the orbital (B in Fig. 3b). The NO molecule
is therefore negatively charged via electron transfer from the
substrate, stabilized by hydrogen-bond interactions with a wa-
ter molecule. The NO-water interaction is quite weak in the
gas phase, !’ highlighting the essential role of electron trans-
fer from the substrate in molecular interactions on metal sur-
faces. 1819

To confirm that hydrogen-bond interactions are responsible
for the change in the valence state, we examined the interac-
tions of NO with methanol, ethanol, and OH groups on the sur-
face (Fig. 4). An isolated methanol molecule diffuses across
the surface, even at 6 K, 20 and it forms a stable complex with
NO, as shown in Fig. 4a. The NO-methanol complex shows
similar features to those of the NO—water complex; it has C;
symmetry, with the NO molecule imaged as a crescent shape,
and the corresponding d//dV shows a peak at ~50 mV, at near-
ly the same voltage as the NO—water complex (Fig. 4e). The
down-shift of the 27, level is therefore caused by hydrogen-
bond interactions between NO and methanol. We propose that
the structure of the NO—-methanol complex is as shown in the
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Fig. 5 (a) STM images of a NO-water complex and a water
molecule. NO in the complex and the water molecule are located on
the neighbouring Cu rows. (b) STM image of the product yielded by
manipulating the water molecule to the complex, as shown by an
arrow in (a). Schematic diagrams for (a) and (b) are shown in (c) and
(d), respectively. The image sizes are 33 x 29 AZ for (a) and (b).

inset of Fig. 4a, in which the methanol donates a hydrogen
bond to NO along the [001] direction, in a similar way as in
the NO-water complex. The NO-ethanol complex does not
have C; symmetry, but shows two equivalent configurations
(Figs. 4b and c), suggesting that the ethyl group is tilted in
the [110] direction, as shown in the inset. Nevertheless, the
common feature in the d//dV (Fig. 4e) confirms that hydro-
gen bonding also has a role. A NO-OH complex (Fig. 4d)
was produced by manipulating a NO molecule to an immobile
OH group (Fig. S1 in ESI}). The 27, peak is positioned at
a slightly higher voltage (Fig. 4e), suggesting less hydrogen-
bond coupling in the NO-OH complex. Compared with a wa-
ter molecule, an OH group is a poor hydrogen-bond donor on
a surface,?! and this is possibly the origin of the difference in
the positions of the 27 states between the complexes.
Electron transfer from the substrate to NO in the complex-
es induces weakening of the N-O bond as a result of partial
filling of the antibonding 27, orbital. The hydrogen-bond in-
teractions with water can therefore facilitate dissociation of
NO on the surface. We investigated the effect of a second wa-
ter molecule on the NO-water complex. Figures 5a and b,
respectively, show topographic images before and after the re-
action between a NO-water complex and a water molecule,
along with schematic diagrams in Figs. 5c and d, respective-
ly. The second water molecule can interact with the complex
from the opposite side to that of the first water molecule, as
shown in Fig. 5a. The centre of the new complex (around the
NO molecule) is drastically changed from the protrusion to
the depression on the reaction with the second water molecule
(Fig. 5b). The depression suggests that 27* states of NO are
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Fig. 6 (a),(b) The STM images of the product yielded by the
reaction of the NO—-water complex with another water molecule
(Fig. 5b). The product flips between (a) and (b) under bias voltage
higher than ~250 mV. (c),(d) For comparison, the STM images of
(OH); on Cu(110) are shown. The (OH); also flips between (c) and
(d) under the same condition as in (a) and (b). The similarity in the
images suggests that the product is composed of (OH), and OH-NH,
as shown schematically in (a) and (b). (¢) The d//dV spectrum of the
product recorded with the tip fixed over the dot in (a) at the height
corresponding to V =30 mV and / = 0.5 nA with the modulation
voltage of 12 mVys. (f) The dI/dV spectrum of (OH), recorded
with the tip fixed over the dot in (c) at the height corresponding to V
=30mV and / = 0.5 nA and with the modulation voltage of 6
mVns. The H-bonded O-H stretching modes of (OH); are
observed at ~400 mV in both spectra, providing unambiguous
evidence for the N-O bond dissociation and (OH), formation. The
image sizes are 18 x 22 A2

no longer present near the Fermi level in the product; this is
ascribed to dissociation of NO, as evidenced below.

It was found that the product shows two-state fluctuation
under bias voltage higher than ~250 mV (Figs. 6a and b). This
feature is similar to the flip motion of (OH), induced by the
same voltage (Figs. 6¢c and d). The (OH), was produced by the
controlled reaction of oxygen atom with a water molecule. '3
Therefore we suggest that the N-O bond is dissociated and
(OH); is formed in the product. This is supported by the d//dV
spectrum. The dI/dV recorded over (OH); on Cu(110) shows
a peak at ~400 mV (Fig. 6f), and this was ascribed to the
H-bonded O—H stretching mode [v(O—H---0)].!3 Tunnelling
electrons from the STM tip excite the v(O-H- - - O) and induce
a flip motion of (OH); (Figs. 6¢ and d), giving rise to the peak
in the d//dV. The dI/dV recorded over the product also shows
a peak at ~400 mV (Fig. 6e); (OH); is formed in the product.
The characteristic peak-and-dip structure arises from the con-
tributions of two different O—H stretching modes, i.e., v(O—
H---0), associated with the two inequivalent configurations in
Figs. 6a and b, to the spectrum. The peak-and-dip structure in
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the d//dV is analyzed by a recently proposed analytical mod-
eling,?>?3 which yields vibrational energies of 403 and 428
meV, assigned to v(O-H- - - O), for the orientations in Figs. 6a
and b, respectively (Fig. S27). It is therefore unambiguously
shown that the N-O bond is cleaved, yielding (OH); in the
product. We propose that the structure of the product is as de-
picted in the insets of Figs. 6a and b. The configuration of the
product is represented by (OH),- - - NH-OH, and we infer from
the images that the (OH), flips back and forth by vibrational
excitation, but the NH-OH groups have a fixed orientation.

It is remarkable that two water molecules can dissociate NO
on a surface, even at 12 K. We note that although the reaction
is induced by STM, to trace individual processes, exposure
of the surface to water and NO at 12 K leads to spontaneous
formation of the dissociation product (Fig. 5b) as well as the
NO-water complex (Fig. 2b), indicating that the reaction is al-
most barrierless. The electron transfer from the metal to NO
is induced by intermolecular hydrogen-bond coupling, which
is the key mechanism for facile bond dissociation. The bond
weakening is governed by the extent of back-donation to the
antibonding 27* orbital. The adsorption itself can induce 27*
rehybridization, weakening the bond,?* but back-donation is
enhanced by intermolecular hydrogen-bond coupling with wa-
ter.

4 Conclusions

By precisely controlling individual molecules, we visual-
ized the sequential reaction processes of NO with two wa-
ter molecules on a metal surface; the product as well as the
intermediate were characterized at the single-molecule level.
Hydrogen-bond interactions with water cause a change in the
valence state of NO, facilitating dissociation. As a conse-
quence, two water molecules can reduce NO almost barrier-
lessly.
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