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Adsorbate-driven morphological changes of pitted-Cu(111) surfaces have been investigated following the

adsorption and desorption of CO and H. The morphology of the pitted-Cu(111) surfaces, prepared by Ar+

sputtering, exposed a few atomic layers deep nested hexagonal pits of diameters from 8 to 38 nm with steep

step bundles. The roughness of pitted-Cu(111) surfaces can be healed by heating to 450–500 K in vacuum.

Adsorption of CO on the pitted-Cu(111) surface leads to two infrared peaks at 2089–2090 and 2101–2105 cm�1

for CO adsorbed on under-coordinated sites in addition to the peak at 2071 cm�1 for CO adsorbed on atop

sites of the close-packed Cu(111) surface. CO adsorbed on under-coordinated sites is thermally more stable

than that of atop Cu(111) sites. Annealing of the CO-covered surface from 100 to 300 K leads to minor

changes of the surface morphology. In contrast, annealing of a H covered surface to 300 K creates a smooth

Cu(111) surface as deduced from infrared data of adsorbed CO and scanning tunnelling microscopy (STM)

imaging. The observation of significant adsorbate-driven morphological changes with H is attributed to its

stronger modification of the Cu(111) surface by the formation of a sub-surface hydride with a hexagonal

structure, which relaxes into the healed Cu(111) surface upon hydrogen desorption. These morphological

changes occur B150 K below the temperature required for healing of the pitted-Cu(111) surface by annealing

in vacuum. In contrast, the adsorption of CO, which only interacts with the top-most Cu layer and desorbs

by 160 K, does not significantly change the morphology of the pitted-Cu(111) surface.

A Introduction

Surface science studies are traditionally performed with well-
annealed, ‘‘smooth’’ and stable surfaces and interactions/reac-
tions of adsorbed species are investigated on coordinatively
saturated surface-sites or atoms. However, in catalytically active
surfaces, chemical reactions often occur at under-coordinated
active-sites. Therefore, probing the interactions of adsorbed
species with defect-sites or -surfaces is essential for the under-
standing of catalytic reactions. These defect sites are in general
changing under reaction conditions and have been described
as dynamic active-sites.1 Isolating and investigating the stabi-
lity of these catalytically active defect-sites is important in
heterogeneous catalysis.

Low-energy ion bombardment, e.g. with Ar+, introduces a
wide variety of surface defects in the form of mounts and pits.2

Even though the ion bombardment increases the roughness of

a surface, its crystallinity is preserved.1,3–5 There have been
numerous studies on defective Cu, Au, Pt, Ni and Ag surfaces
prepared by ion sputtering,1,3–18 characterizing morphological
changes due to ion sputtering as well as the interactions of
adsorbates with defective surfaces. The roughness of defective
surfaces can be removed by heating the sample to sufficiently high
temperatures, so that the mobility of atoms is high enough to reach
their thermodynamic equilibrium and thus flatten the surface. In
addition, adsorbate-driven morphological changes have been
observed on sputtered Au(111) following the adsorption of CO
under ultra-high vacuum (UHV) conditions at low temperatures1 as
well as high pressures9 up to 1 mbar at around 300 K. Weakly
interacting adsorbates can be stabilized on defective surfaces, e.g.
as shown for ethene adsorption on defective Cu(111) compared to
its adsorption on smooth Cu(111).10

Copper-based catalysts are used for various important cata-
lytic processes involving CO and H2, such as the water gas shift
reaction,19–22 the hydrogenation of CO for the synthesis of
methanol,23 and CO oxidation.24–26 Copper nanoparticles used
as industrial catalysts expose many surface defect sites compared
with the flat Cu(111) surface. Therefore, investigating the adsorp-
tion of CO and H on defect-sites of Cu(111) and monitoring the
dynamic morphological changes during adsorption–desorption
processes is essential for the mechanistic understanding of
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catalytic reactions under reaction conditions. CO is also widely
used as a probe molecule to characterize catalytic surfaces due to
its very intense IR signal and its sensitivity to changes in local
environments and adsorption sites, and we use it in this study to
probe surface morphological changes on Cu(111). We show that
the presence of hydrogen atoms induces relatively strong mor-
phological changes upon annealing to 300 K in contrast to the
adsorption of CO. These adsorbate-driven morphological changes
occur B150 K below the temperature required to remove the
roughness of the pitted-Cu(111) by annealing in vacuum.

B Experimental

Scanning tunnelling microscopy (STM) experiments were per-
formed using a SPECSt Aarhus HT-NAP STM, which contains
an ambient pressure (AP) cell housed in a UHV chamber.27 The
Cu(111) single crystal was cleaned by Ar+ sputtering and 800 K
annealing cycles. The pitted-Cu(111) surfaces were prepared by
sputtering the surface at normal incidence at 300 K with Ar ion
energy = 1 keV and current density B1 mA cm�2. Infrared reflection
absorption spectroscopy (IRRAS) experiments were performed in a
combined UHV surface analysis chamber and elevated-pressure
reactor/IRRAS cell system.1 The surface analysis chamber is
equipped with Auger electron spectroscopy (AES), low energy
electron diffraction (LEED), and temperature programmed
desorption (TPD) techniques. The elevated-pressure cell is coupled
to a commercial Fourier transform infrared (FT-IR) spectrometer
(Bruker, IFS 66v/S) for IRRAS experiments. The Cu(111) single
crystal was held tightly using a Ta loop embedded in a groove
machined around the crystal edge. The Ta loop was attached
directly to the manipulator feed-through which was used for both
mechanical support and heating/cooling. The sample temperature
was measured by a K-type thermocouple attached to the top edge
of the crystal. The sample was exposed to CO by backfilling the
IRRAS cell via a precision leak valve. The surface was exposed to
atomic hydrogen at normal incidence from an atomic hydrogen
source (Omicron ‘‘EFM H’’) mounted in line-of sight of the
crystal.28 Molecular hydrogen was introduced with a leak valve at
the flange end of the atomic hydrogen source and pumped through
the UHV chamber. During atomic hydrogen exposure, the mole-
cular hydrogen pressure was typically kept at 1 � 10�7 Torr. IRRA
spectra were collected at 4 cm�1 resolution using a grazing angle of
approximately 851 to the surface normal. All the IR spectra collected
were referenced to a background spectrum acquired from the
pitted-Cu(111) sample prior to CO or H adsorption. AES spectra
of the surfaces before AP experiments showed no measurable
presence of oxygen or carbon on the surface, and a small amount
(B1%) of carbon after the AP experiments.

C Results and discussion

Fig. 1A shows the STM image of a pitted-Cu(111) surface obtained
after brief sputtering of a smooth-Cu(111) surface for 1 minute at
300 K. After sputtering, the Cu(111) surface was covered mainly
with hexagonal pits with a diameter from 8 to 38 nm. Depending

on the sputtering parameters, one layer deep pits develop first
followed by pits several layers deep with narrow (steep) steps, as
shown by the line scan in Fig. 1B. After extended sputtering the
ion bombarded surfaces reach dynamic equilibrium with char-
acteristic size, depth and density of nested pits.4,6,7,29–32

Fig. 2 shows a series of IRRA spectra obtained during the
adsorption and desorption of CO on the pitted-Cu(111) surface,
which was prepared by sputtering the flat Cu(111) surface for
5 minutes at 300 K. Fig. 2A shows IRRA spectra collected during
the adsorption of CO while cooling the sample from 200 K to
100 K in CO background (B2.0 � 10�9 Torr). The vibrational
spectrum obtained at 180 K (second from the top) shows two
peaks at 2090 and 2105 cm�1 indicating the presence of two
different adsorption sites. With a decrease of the temperature
to 150 K (fifth from the top), a third peak appears at 2071 cm�1

and the peak at 2105 cm�1 shifts to 2100 cm�1. The peak at
2071 cm�1 can be assigned to CO on the regular sites of well-
ordered Cu(111) surface as reported previously.33,34 Further
decrease in temperature leads to increasing intensities of peaks
at 2071 and 2100 cm�1 and the disappearance of the peak at
2090 cm�1 as it is masked by the intense peaks at 2071 and
2100 cm�1. The peaks observed at 2090 and 2105 cm�1 can be
assigned to CO adsorbed on under-coordinated defect sites
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Fig. 1 Surface topography of pitted-Cu(111) under UHV conditions. (A) An
STM image at 300 K. The red line indicates a line scan shown in (B). Scale
bar: 10 nm, scanning current: 0.67 nA; scanning voltage: 1.63 V.

Fig. 2 (A) IRRA spectra for the adsorption of CO while cooling down the
sample from 200 K in CO (B2.0 � 10�9 Torr) on the pitted-Cu(111) prepared
by sputtering the Cu(111) surface at 300 K for 5 min. (B) IRRA spectra collected
during the annealing of the CO saturated pitted Cu(111) surface shown in (A)
(bottom spectrum) from 150 to 203 K with 0.1 K s�1 heating rate.
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formed as a result of the pits generated by Ar+ sputtering as
shown by the STM image in Fig. 1.

Table 1 summarizes the IRRAS data reported in the litera-
ture for the adsorption of CO on various surfaces with the top-
most Cu atoms having different coordination numbers. The
peak observed at B2090 cm�1 can be attributed to adsorbed CO
on Cu sites with a coordination number between 7 and 8. This
agrees with the reported formation of (100)-microfacet steps on
shallow Cu(111) pits.39,40 The peaks at 2105–2100 cm�1 can be
assigned to adsorbed CO on Cu sites with a coordination
number of 6, which could be located at kinks/corners on the
steps and on the facets created by the narrow (steep) steps
shown in Fig. 1, which could lead to under-coordinated adsorp-
tion sites similar to the high index Cu(211) surface.

Fig. 2B shows a series of IRRA spectra collected during
annealing of the CO covered surface in Fig. 2A (bottom spec-
trum) from 105 to 203 K with a 0.1 K s�1 heating rate. The peak
at 2071 cm�1 for adsorbed CO on top sites of Cu(111) disappears
due to the desorption of CO at 155 K.34 With a further increase in
the temperature, the intensity of the peak at 2088 cm�1 initially
increases slightly with a simultaneous decrease of the intensity of
the peak at B2104 cm�1 and then both peaks disappear com-
pletely at 203 K. These data clearly show that the adsorbed CO on
the under-coordinated Cu sites are more strongly bound than that
on regular sites on Cu(111).

Fig. 3 shows a series of IRRA spectra collected following the
adsorption of CO on several pitted-Cu(111) surfaces prepared
by different sputtering times. The spectrum obtained after the
adsorption of CO on a surface sputtered for 1 minute shows
only a slightly broadened peak compared with the spectrum
obtained from smooth Cu(111) (top spectrum). CO adsorbed on
the surface prepared by sputtering for 2 minutes shows a peak
at 2101 cm�1 in addition to the peak at 2071 cm�1 for CO on
regular Cu(111) sites. With increasing sputtering time, the
intensity of the peak at 2101 cm�1 increases whereas the
intensity of the peak at 2071 cm�1 decreases simultaneously.
The spectrum obtained from the surface prepared by sputtering
for 11 minutes shows two peaks at 2071 and 2101 cm�1 with
equal intensities. In the system prepared by sputtering for
21 minutes, the intensity of the peak at 2101 cm�1 is higher
than that of the peak at 2071 cm�1. These results clearly show
the expected increase of the density of defect sites with increas-
ing sputtering time, which results in an increase in the total
steps length of the pits.

Fig. 4 shows the IRRA spectra obtained from a pitted-
Cu(111) surface followed by annealing the sample to the
specified temperatures and subsequent adsorption of CO at
100 K. First the Cu(111) sample sputtered at 300 K for 5 minutes

was cooled down and exposed to CO at 100 K. The spectrum
collected at 100 K shows two peaks at 2071 and 2101 cm�1 (top
dashed-line spectrum in Fig. 4). After annealing of this CO
covered surface to 300 K (note that adsorbed CO desorbs
completely at 200 K), the sample was re-cooled and exposed
to CO at 100 K. This second CO adsorption spectrum (Fig. 4, top
solid-line spectrum) is similar to that observed after the first CO
adsorption with only slight intensity changes. These results
indicate that CO adsorption–desorption and annealing to 300 K
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Table 1 CO stretch IR frequency on copper sites

Sample C.N. Wavenumber (cm�1) Ref.

Cu(111) 9 2071 34–36
Cu(100) 8 2085 35, 37
Cu(110) 7 2091 35, 37
Cu(211) 6 2100 37
Cu/SiO2/Mo(110) Particle 2106 38

Fig. 3 IRRA spectra obtained for the saturation coverage of CO on pitted-
Cu(111) surfaces as a function of sputtered time. The spectrum obtained
for saturation coverage of CO on smooth Cu(111) at 100 K is also displayed
for comparison (top spectrum).

Fig. 4 IRRA spectra obtained following the adsorption of CO on pitted-
Cu(111) at 100 K and re-adsorption of CO at 100 K after annealing to the
specified temperatures (heating rate 2 K s�1). The dashed-line spectrum
was obtained following the first adsorption of CO on the pitted-Cu(111)
surface at 100 K.
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does not lead to significant morphological changes of the
sputtered surface probed by CO adsorption. In contrast, on
the pitted-Au(111) surface, repeated adsorption and desorption
of CO resulted in drastic morphological changes of the sur-
face.1 Annealing to 400 K of the pitted-Cu(111) surface leads to
an almost complete loss of defect sites, as shown by the strong
reduction in intensity of the 2101 cm�1 peak (third spectrum
from the top in Fig. 4). The loss of defect sites is accompanied
by an increase in intensity of the 2071 cm�1 peak for CO on
regular Cu(111) sites by more than a factor of two. A very weak
feature remains at 2101 cm�1 for CO adsorbed on defect sites
after annealing to 450 K and it completely disappears after
annealing to 500 K. At this temperature the surface mobility
and intra-layer transport is high enough for the complete
removal of the surface roughness/defects.4

Fig. 5 shows AP-IRRA spectra obtained during the exposure
of pitted-Cu(111) to CO at the specified pressures at 300 K. At 8
mTorr pressure, two smaller peaks at 2103 and 2089 cm�1,
superimposed on a broad double band (due to gas phase CO),
are observed. The two peaks at 2103 and 2089 cm�1 are
characteristic for CO adsorbed on defect sites similar to the
results obtained at 100 K under UHV conditions. As the
pressure increases, the intensity of the peak at 2103 cm�1

increases, and the weak peak at 2089 cm�1 disappears. At
600 mTorr pressure, a peak for (weaker bound) CO on regular
Cu(111) sites appears at 2070 cm�1 and grows with increasing
pressure. The strong intensity of the 2103 cm�1 peak demon-
strates that defect sites are stable at 300 K under 1.0 Torr of CO
pressure. The loss of the defect sites is observed only after
annealing to 450 K, as shown in the bottom spectrum of Fig. 5,
which shows the loss of the 2103 cm�1 peak and a simulta-
neous intensity increase of the 2070 cm�1 peak. The presence

of only one peak at 2070 cm�1 for CO on regular sites on
Cu(111) indicates that a well-ordered smooth surface formed
during annealing to 450 K in 1.0 Torr.

These results show a higher stability for the pitted-Cu(111)
surface under these reaction conditions (1 Torr at 300 K) than
the pitted-Au(111) surface,9 where CO exposure under compar-
able conditions (0.75 Torr at 300 K) resulted in massive atomic
movements on the pitted-Au(111) surface leading to its smooth-
ing and consequently to a lower CO binding capacity.9 Atomic
movements on the pitted-Au(111) surface have been observed
even under much milder conditions at temperatures below
180 K and very low CO pressures (5 � 10�9 Torr), where weakly
adsorbed CO induced irreversible morphological changes of
the surface.1

In order to investigate the effects of ambient pressure CO on the
morphology of the pitted surface, AP-STM images were obtained
before exposure to CO and under 700 mTorr of CO at 300 K as
shown in Fig. 6. The comparison between the images in Fig. 6
shows that the original hexagonal shape of the pits under UHV,
shown in Fig. 6A, is rounded off when exposed to CO, as shown in
Fig. 6B during CO exposure, and the edges of the pits are decorated
by nano-sized particles, similar to the case of Au(111).1 In addition, a
triangular-shaped step edge in the image obtained before exposure
to CO is also smoothened. The overall area of pits was maintained.

The fact that Cu(111) is active for the hydrogenation of CO2, at
temperatures between 500–600 K and H2 pressures B4.5 atm,41

indicates that it can dissociate H2 at elevated temperature and
pressure. But dissociation of molecular hydrogen could not be
detected at room temperature (300 K) even after exposure of the
pitted surface to 1.5 Torr of H2. Therefore, in order to investigate
the effect of hydrogen on the morphology of the pitted surface, we
decided to expose the nano-pitted surfaces to atomic hydrogen.

Fig. 7 shows IRRA spectra for the adsorption of H on pitted-
Cu(111) together with spectra of adsorbed CO to characterize
the surface before and after the adsorption of H.

The top spectrum (a) was obtained for the saturation coverage
of CO on pitted-Cu(111) at 100 K. Characteristic of the pitted-
Cu(111) surface, we observe two peaks at 2071 and 2099 cm�1 for
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Fig. 5 AP-IRRA spectra obtained during the exposure of pitted-Cu(111) to
CO at 300 K. A series of IR spectra were collected as a function of CO
pressure. All the spectra were collected under CO gas at the specified
pressure at 300 K. The bottom spectrum was obtained at 300 K after
annealing to 450 K in 1.0 Torr of CO. The pitted-Cu(111) system was
prepared by sputtering the Cu(111) surface for 4 min at 300 K.

Fig. 6 AP-STM images of pitted-Cu(111) at room temperature. (A) Pitted-
Cu(111) surface with one layer deep shallow hexagonal pits, and (B) same
place as (A) but after 0.9 min exposure to 700 mTorr CO. The image was
scanned under CO pressure. Scale bar = 10 nm. Scanning conditions:
0.64 nA, 1.53 V, scanning from bottom to top. (The pitted-Cu(111) surface
was prepared by 30 s gentle sputtering at B360 K with 0.50 keV source
power and 0.8 mA target current.)
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CO adsorbed on regular and defect copper sites, respectively. After
removing CO by annealing to 160 K, this surface was then exposed
to atomic H at 160 K. A peak observed at 1144 cm�1 as shown in
spectrum (b) for the adsorbed Cu–H was reported previously
for H adsorbed on smooth Cu(111).28 The spectrum (c) was
obtained after exposure of pitted-Cu(111) to H at 160 K and
subsequent exposure to CO at 100 K. Spectrum (c) shows a
broad and weak peak for adsorbed CO at 2071 cm�1 in addition
to the peak at B1141 cm�1 for adsorbed H. The CO peak
intensity is strongly reduced compared to that of a saturation
coverage of CO on pitted-Cu(111) (spectrum (a)). The spectrum
(c) is characteristic of co-adsorbed CO and H, as it shows that the
presence of H suppresses the adsorption of CO.28 The spectrum
obtained after similar preparation using flat Cu(111) shows a
slightly red shifted peaks at 1132 and 2059 cm�1 for adsorbed H
and CO, respectively, as reported previously.28 Annealing of the
system in (c) to 200 K results in the complete desorption of CO
and the disappearance of the surface Cu–H vibration peak as
shown in spectrum (d) due to the migration of H to sub-surface
sites, leading to the formation of a thin copper hydride (CuH)
layer as described earlier on Cu(111) surfaces.28 Spectrum (e) was
obtained after re-cooling to 100 K and re-adsorption of CO on top
of the CuH surface. The Cu–H peak at 1141 cm�1 has completely
disappeared, but CO adsorption is still strongly suppressed as
indicated by the reduced intensity of the C–O peak at 2059 cm�1.
This 2059 cm�1 peak is also accompanied by several small
peaks at higher frequencies (2095–2124 cm�1) similar to pre-
viously reported results on the CuH layer formed on the
annealed Cu(111).28 The bottom spectrum (f) in Fig. 7, which
shows an intense peak for adsorbed CO on regular Cu(111) sites
at 2071 cm�1, was obtained after annealing the system in (e) to

300 K, where all the hydrogen has desorbed from the surface, as
previously observed by TPD,28 and re-adsorption of CO at 100 K.

To further corroborate the healing of pitted-Cu(111) surfaces
by adsorption–desorption of hydrogen, we carried out STM
studies. Fig. 8 shows the process of healing the pitted-Cu(111)
surface by exposure to atomic hydrogen. After gentle Ar+

sputtering, a Cu(111) surface is shown with shallow hexagonal
pits (Fig. 8A). After 5 min exposure to atomic hydrogen at 300 K,
the pits on the surface are partially healed (Fig. 8B). This trend
continues with further exposure to atomic hydrogen (Fig. 8C).
After 20 min atomic hydrogen treatment, the pitted-Cu(111)
surface is completely healed (Fig. 8D). We also carried out
control experiments where a similar pitted-Cu(111) surface was
scanned in vacuum at 300 K for longer time (B4 hours) than
used for the hydrogen healing experiment described above.
Mobility of the pits was observed under vacuum, similar to the
effect reported on Ag(111),33 but pits were not healed and
remained present on the surface at all times.

In contrast with earlier work on nano-pitted Au(111) surfaces,
the current results show that annealing of a CO covered pitted-
Cu(111) surface to 300 K or its exposure to ambient pressure CO at
300 K does not lead to significant morphological changes of the
pitted surface as shown by Fig. 4 and 5. But if atomic hydrogen is
provided to a rough Cu surface it can fully heal it. Annealing of a H
covered pitted-Cu(111) surface to 300 K, or its exposure to atomic
hydrogen at 300 K leads to significant morphological changes
resulting in a flat Cu(111) surface.

In order to elucidate the effect of subsurface hydrogen on
the morphology of the pitted Cu surface, we can first refer to the
interaction of hydrogen with bulk copper. Bulk copper hydride
(CuH) has been shown to form a hexagonal structure.42 It was
recently reported that the absorption of atomic H on Cu(100) at
low temperatures leads to the formation of a metastable surface
hydride, which induces the reconstruction of the originally
square surface into a structure with an approximated hexagonal
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Fig. 7 IRRA spectra collected: (a) after saturation coverage of CO on
pitted-Cu(111) at 100 K; (b) after adsorption of saturated coverage of H at
160 K; (c) co-adsorption of CO on the system in (b) at 100 K; (d) after
annealing of the system in (c) to 200 K (spectrum was collected at 200 K);
(e) after re-adsorption of CO on the system in (d) at 100 K; (f) after the
annealing of the system in (e) to 300 K followed by re-cooling and the re-
adsorption of CO at 100 K.

Fig. 8 STM images of the pitted-Cu(111) surface and its topography before
and after atomic hydrogen treatment at 300 K. (A) Pitted-Cu(111) surface as
prepared; exposure to atomic hydrogen for (B) 5 min, (C) 10 min and (D) 20 min.
Scale bar = 15 nm. 0.51 nA, 1.00 V, scanning from bottom to top.
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cell.43 We can then explain the reconstruction of our hetero-
geneous nano-pitted Cu(111) surface by the formation of a thin
surface hydride with hexagonal structure, which upon
desorption of the hydrogen fully relaxes to the hexagonal
structure of the bulk crystal Cu(111). This explanation could
also help us to understand the reconstruction of copper nano-
particles supported on oxide powder catalysts under reaction
conditions.44 Based on in situ environmental transmission
microscopy (E-TEM) experiments at temperatures used for
methanol synthesis and the WGS reaction (B220 1C), it was
reported that Cu/ZnO catalysts present a higher fraction of
Cu(111) facets in the presence of H2 than under a mixture of
H2 and H2O under the same total pressure. The result was
explained by the possible adsorption of water molecules on the
surface of the copper nanoparticles and the stabilization of
(110) and (100) facets. Since water adsorption energies on
metals including Cu, either molecular or dissociative,45 are
small and more than 1 eV weaker than the absorption energies
of hydrogen in hydrides,46 we can now offer an alternative
explanation based on our current results. The preponderance
of (111) facets on Cu nanoparticles in the presence of higher
partial hydrogen pressures can be related to the dynamic
formation of small metastable CuH domains and their conver-
sion to stable Cu(111) facets. This in turn can influence the
catalytic activity of the reconstructed nanoparticles in hydro-
genation reactions such as the methanol synthesis.

Conclusions

After Ar+ sputtering, Cu(111) surfaces were covered mainly with
hexagonal pits of diameter from 8 to 38 nm. The small pits sit
inside of bigger ones, forming sharp step bundles. In addition
to pits, some hexagonal islands were also observed on terraces.
The roughness of the pitted-Cu(111) surface can be removed
by annealing in UHV to 450–500 K. Adsorption of CO on the
pitted-Cu(111) surface shows two peaks at 2089–2090 and
2101–2105 cm�1 for adsorbed CO on under-coordinated sites
and a peak at 2071 cm�1 for CO on regular Cu(111) sites.
Adsorbed CO on defect sites is thermally more stable than that
on regular Cu(111) sites. Annealing of the CO adsorbed pitted-
Cu(111) surface at 100 K to 300 K or exposing of the pitted-
Cu(111) surface to 1.0 Torr of CO at 300 K does not lead to
significant morphological changes of the rough surface to remove
defect sites. In contrast, the adsorption of atomic hydrogen on the
pitted-Cu(111) surface at 160 K followed by annealing to 300 K to
desorb H or exposing the pitted-Cu(111) surface to atomic hydro-
gen at 300 K completely reconstructs the surface leading to a
smooth Cu(111) sample. This adsorbate-driven morphological
changes occur B150 K below the temperature required to remove
the roughness of the pitted-Cu(111) by annealing in vacuum. The
observation of the drastic adsorbate-driven morphological
changes with H is attributed to the formation of a sub-surface
hydride with an hexagonal structure, which relaxes into the healed
Cu(111) surface upon hydrogen desorption. In contrast, the
adsorption of CO, which only interacts with the top-most Cu layer

and desorbs by 160 K, does not significantly change the defect
sites of the pitted-Cu(111) surface. These results highlight once
more the importance of investigating the properties of the adsorp-
tion sites in the presence of adsorbates or under reaction condi-
tions to identify dynamic active sites.
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