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The interaction of atomic hydrogen with the Cu(l11) surface was studied by a combined
experimental-theoretical approach, using infrared reflection absorption spectroscopy, temperature
programmed desorption, and density functional theory (DFT). Adsorption of atomic hydrogen at
160 K is characterized by an anti-absorption mode at 754 cm~! and a broadband absorption in the
IRRA spectra, related to adsorption of hydrogen on three-fold hollow surface sites and sub-surface
sites, and the appearance of a sharp vibrational band at 1151 cm™! at high coverage, which is also
associated with hydrogen adsorption on the surface. Annealing the hydrogen covered surface up
to 200 K results in the disappearance of this vibrational band. Thermal desorption is characterized
by a single feature at ~295 K, with the leading edge at ~250 K. The disappearance of the sharp
Cu-H vibrational band suggests that with increasing temperature the surface hydrogen migrates to
sub-surface sites prior to desorption from the surface. The presence of sub-surface hydrogen after
annealing to 200 K is further demonstrated by using CO as a surface probe. Changes in the Cu-H
vibration intensity are observed when cooling the adsorbed hydrogen at 180 K to 110 K, implying the
migration of hydrogen. DFT calculations show that the most stable position for hydrogen adsorption
on Cu(111) is on hollow surface sites, but that hydrogen can be trapped in the second sub-surface
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layer. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816515]

. INTRODUCTION

The interaction of hydrogen with metals is of great im-
portance to many catalytic reactions including hydrogena-
tion and dehydrogenation reactions, fuel cells, and hydro-
gen storage.' Copper-based catalysts attract considerable
interest due to their use in methanol synthesis,* purifica-
tion of hydrogen® and unique reactivity for CO, electrore-
duction into hydrocarbon fuels.® To obtain mechanistic in-
sights of these reactions, fundamental understanding of the
interactions of hydrogen with catalysts is essential. Even
though hydrogen is the simplest atom, its interaction with
transition metal surfaces is quite complex. The interaction
of hydrogen with single crystal transition metals has been
widely investigated (Ref. 7 and references therein), includ-
ing Cu(111).7-30 The interaction of hydrogen with surfaces
involves both adsorption onto the surface and absorption into
the sub-surface. The study of sub-surface hydrogen is an
active field, and it is been carried on a number of transi-
tion metals.”1%14.19.25.26.3137 For copper, and in particular
on Cu(111), the role of sub-surface hydrogen is still not well
understood.'>!'* Even though an early photoemission study
by Plummer and Greuter!! tentatively suggested that the bind-
ing energy of sub-surface sites is more favorable than that
of surface sites, their subsequent electron energy loss spec-
troscopy study® did not show evidence for the presence of
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sub-surface hydrogen. Temperature programmed desorption
(TPD) data have also been reported previously for the des-
orption of H from H/Cu(111).'1:1317:19.20 1 Joyd et al. ob-
served two desorption features, one at ~200 K («) and one
at 300 K (B).!” The B-peak was assigned to surface hydro-
gen, whereas the « feature was associated to sub-surface hy-
drogen. In contrast, Luo et al. assigned the g feature to sub-
surface hydrogen and the o to bulk hydrogen, based on the
results from helium atom scattering (HAS) experiments.!?
Since helium atoms scatter of surfaces only, this method is
extremely surface sensitive. They concluded that sub-surface
absorption of hydrogen on Cu(111) is energetically favored
in the limit of zero coverage and without surface recon-
struction. These data are in conflict with earlier conclusions
from TPD data, where the most stable adsorption site (8-
300 K desorption) has been assigned to H adsorbed on the
surface.!”- %20 Density functional theory (DFT) calculations
predicted that sub-surface hydrogen is less stable than surface
hydrogen.’-22-24.26

Only a few studies have reported vibrational information
for H/Cu(111) surfaces, with controversial results over the
spectra and their assignments.”'%!® The low dynamic dipole
moment associated with the main metal-H stretch vibration,
easily detected by high resolution electron energy loss spec-
troscopy (HREELS), has prevented its detection by infrared
reflection absorption spectroscopy (IRRAS). Chabal et al. de-
tected the presence of hydrogen on Mo(100) and W(100) by
IRRAS, and assigned the observed sharp features to the over-
tone of the wagging mode from hydrogen adsorbed on bridge

© 2013 AIP Publishing LLC
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sites, coupled with sharp electronic surface states on molyb-
denum and tungsten. 384

In the present work we employed temperature pro-
grammed IRRAS (TP-IRRAS) in combination with TPD and
DFT calculations to characterize the adsorption of hydrogen
on Cu(111). Our data clearly show that surface hydrogen eas-
ily migrates to sub-surface sites prior to desorption from the
B-state, and that hydrogen can be detected by IRRAS both in
the sub-surface and surface.

Il. EXPERIMENTAL AND THEORETICAL METHODS

Experiments were performed in a three level ultra-high
vacuum (UHV) chamber (base pressure 2 x 1070 Torr),
which contains facilities for IRRAS, low energy electron
diffraction (LEED), Auger electron spectroscopy (AES),
and TPD. Vibrational spectra were obtained with a Bruker
IFS/66v FTIR spectrometer at a resolution of 4 cm~'.#! Time-
evolved spectra were obtained by co-adding 100 scans at time
intervals of 40 s, either at a constant temperature during ex-
posure to hydrogen or in a temperature-programmed mode
during slow heating of the sample with a linear heating rate
of 0.1 K/s. TPD data were collected in a line-of-sight geom-
etry with a UTI-100C mass spectrometer using a heating rate
of 3 K/s. The sample mount allowed cooling to 90 K and
heating to 1000 K using a programmable temperature con-
troller. The Cu(111) sample was cleaned with argon ion sput-
tering followed by annealing to 800 K for 15 min. With the
Cu(111) sample in the IRRAS position, the surface was ex-
posed to atomic hydrogen at normal incidence from an atomic
hydrogen source (Omicron “EFM H”) mounted in line-of-
sight. 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 expo-
sure the molecular hydrogen pressure was typically kept at
1 x 1077 Torr (as measured in the UHV chamber), and ex-
posures are quoted in Langmuirs of molecular hydrogen. The
total hydrogen coverage was calculated correlating the molec-
ular hydrogen exposure with the integrated intensity from
subsequent TPDs, and referenced to the saturation coverage.
The saturation coverage used in the current experiments cor-
responds to the full development of a (3 x 3) LEED pattern,
which has been reported in the literature to be correlated with
a hydrogen coverage of 0.67 ML.!7

Unrestricted periodic DFT calculations were carried out
using the code Dmol.*>*3 The generalized gradient approxi-
mation (GGA) proposed by Perdew and Wang** was used for
the exchange and correlation functional. The electron-ion in-
teraction was described using effective core potentials. Wave
functions were expanded in terms of a double-numerical basis
set with a polarization d-function on all non-hydrogen atoms.
A global orbital cutoff of 5.5 A was employed. The Cu(111)
surface was modeled by a five-layer slab with a (2 x 2) unit
cell, separated by a 15 A-thick vacuum layer. The bottom two
layers of atoms were fixed in their optimized bulk positions.
The top three layers were allowed to relax together with the
adsorbates. Brillouin-zone integrations were conducted on a
grid of 3 x 3 x 1 Monkhorst-Pack special k-points.*’
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FIG. 1. Time-evolved transmission spectra illustrating the change in IR
background during exposure of atomic hydrogen to Cu(111) at 180 K. Inset:
plot of background transmission at 2000 cm~! (red squares) and integrated
absorbance of the 1150 cm™!-band (blue circles) vs. total hydrogen coverage
on Cu(111) at 180 K.

lll. EXPERIMENTAL RESULTS

A. Broadband absorption and anti-absorption at low
hydrogen exposures

Exposure of Cu(111) to atomic hydrogen results in a
broadband absorption of the IR light, leading to a broad-band
change of the IR background. Figure 1 shows IRRAS data
obtained during exposure of Cu(111) to atomic hydrogen at
180 K. The data are displayed in transmittance mode (with-
out background correction). The spectra show a broadband
absorption, which increases for higher frequency (wavenum-
ber). Broadband absorption has been observed previously for
CO and NO on copper surfaces.*® The theory proposed for
this broadband absorption has been based on the surface re-
sistivity concept,*”-*® where the scattering of the metal con-
duction electrons from the adsorbate causes a broadband ab-
sorption of the IR light. Such broadband IR absorption has
also been previously observed for saturation coverages of H
and D adsorbed on Cu(111) in a (3 x 3)-layer by Lamont
et al.'’ Our data in Figure 1 show a similar broadband ab-
sorption as a function of increasing hydrogen exposure. The
major change in the background occurs at total hydrogen cov-
erage of ~0.3 ML, where the appearance of a (2 x 2) LEED
pattern has been reported, and before the onset of a sharp band
at ~1150 cm™!, which is discussed in detail in Sec. III B. The
inset in Figure 1 shows a plot of the IR background change at
2000 cm™! and the integrated absorbance of the 1150 cm™!
band as a function of total hydrogen coverage for the adsorp-
tion sequence in Figure 1. The data in Figure 1 also show an
anti-absorption mode at 754 cm ™!, which seems to grow with
the broadband absorption, but does not grow further as the
1150 cm™! mode increases in intensity. An anti-absorption
band at 770 cm~! (590 cm~! for D) was previously assigned
to the parallel asymmetric stretch of H adsorbed on three-fold
hollow sites by Lamont et al.'® Our data clearly indicate that
the change in IR broadband absorption occurs largely at low
exposure, where previous HREELS data have detected only
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FIG. 2. Time-evolved IR spectra obtained during the adsorption of atomic
hydrogen on Cu(111) at 160 K. Spectra were collected at 40 s time intervals,
and the initial period without the peak at 1150 cm™! has not been included.
(Absorbance spectra are baseline corrected.) Inset: extended spectral range
from 1500 to 950 cm ™.

the presence of three-fold hollow site adsorbed hydrogen,’
but is not directly related to the growth of the IR band at
1150 cm™'. We suggest that the major change in broadband
absorption at low exposure is related to a combination of ad-
sorption of hydrogen on three-fold hollow sites on the surface
and absorption in the sub-surface region.

B. Adsorption of H at high exposures

Figure 2 presents time-evolved IR spectra obtained at
40 s time intervals during exposure of atomic hydrogen to
Cu(111) at 160 K (termed “160 K-surface”). The first spec-
trum corresponds to the time where the peak at 1150 cm™! is
initially observed. The spectra are dominated by a single vi-
brational band (termed the “1150 cm~! band”), which shifts
with increasing exposure from 1151 to 1139 cm~! and in-
creases in half width (FWHM) from 7.5 to 10 cm~!. The
frequency is the same as the main feature observed by Mc-
Cash et al. by IRRAS,'® with an even higher apparent inten-
sity. The inset of Figure 2 displays the spectra from 950 to
1500 cm™!, which show the absence of other significant
absorption bands in this spectral range. In our study, this
1150 cm~! peak appears after high exposures to atomic hy-
drogen at 160 K, following the initial occupation of hydro-
gen atoms on sub-surface and three-fold hollow surface sites.
In order to further confirm that the peak at 1150 cm™! is re-
lated to adsorbed H, we have performed experiments using
deuterium. When pure deuterium was used, a sharp and in-
tense feature at 870 cm™! (see inset in Figure 4) was ob-
served, which correlates with the isotope shift expected from
the ~1150 cm™! peak from hydrogen adsorption. Based on
the observed isotopic ratio of 1.32 this mode can be assigned
to a vibration of hydrogen, as discussed further below.

Adsorption of hydrogen at 180 K results in similar
vibrational spectra compared to those observed at 160 K
in Figure 2. However, the intensity of the band observed at
saturation is strongly reduced. A comparison of the integrated

J. Chem. Phys. 139, 044712 (2013)
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FIG. 3. Time-evolved IR spectra obtained for the 160 K-surface in Figure 2
during heating from 140 K to 200 K. (Heating rate = 0.1 K/s; 4 K/spectrum.)
Inset: integrated IR absorbance as a function of temperature for the 160 K-
surface (red squares) and the 180 K-surface (blue circles). (Integration range
from 1120 to 1160 cm™!.)

intensity observed for adsorption at 160 K and 180 K shows
that adsorption at 180 K results in saturation of the band in-
tensity at approximately half of that of the 160 K surface.

C. Temperature-programmed IRRAS

Time-evolved IRRAS spectra obtained during heating of
the H-saturated surface from 160 K to 220 K are presented
in Figure 3. The vibrational spectra show that heating above
170 K results in the decrease of IR intensity and the eventual
disappearance of the IR band at 200 K. Simultaneously with
the decrease in IR intensity, the band’s frequency shifts from
1137 to 1150 cm™', reversing the shift observed during ad-
sorption. The plot of the integrated absorbance as a function
of temperature, in the inset of Figure 3 (red squares), shows
the onset of the intensity decrease at 165 K, and the virtual
disappearance of the band at 200 K. A comparison with the
heating sequence of the 180 K-surface (blue circles) shows
almost identical behavior with a temperature range of 185—
200 K for the disappearance of the 1150 cm~! band. We note
that both for the 160 K- and the 180 K-surface, heating does
not result in a significant change in linewidth (<1 cm™"). This
is important, since it implies that the disappearance of the IR
band is not related to vibrational dephasing at higher tempera-
ture, which could result in band broadening such that the band
disappears below the noise level.

D. Thermal desorption

A TPD spectrum obtained from a Cu(l11) surface
saturated with atomic deuterium at 160 K is shown in
Figure 4 (a similar spectrum was observed from a Cu(111)
surface saturated with atomic H). The spectrum has a strong
and broad peak at 296 K, denoted as B-state, and has been
reported in previous studies.'”!%2° Anger et al*® found
this peak to follow second-order desorption kinetics with a
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FIG. 4. Thermal desorption spectrum (mass 4) after the adsorption of a sat-
uration coverage of deuterium on Cu(111) at 160 K. (Heating rate = 3 KI/s).
The corresponding IR spectrum is shown in the inset.

coverage-dependent desorption energy of 20 to 15 kcal/mol.
The B-state was assigned to desorption of hydrogen from the
surface.!”- %20 At higher exposures two additional desorption
features, | and o, were observed at 200 and 220 K, respec-
tively, by Lloyd et al.'® The o-state saturated at about one
half of the coverage of the 8-state and was assigned to H ab-
sorbed in sub-surface sites. The w,-state, which did not sat-
urate, exhibited zero-order kinetics and was assigned to hy-
drogen absorbed in the bulk. A different assignment for the
B-state has been suggested by Luo et al.'>'* Based on HAS
experiments discussed in detail below, these authors found
that surface hydrogen is not stable at low coverage and higher
temperature (>200 K), which lead them to conclude that the
B-state is not due to desorption of surface hydrogen, but to
first-order desorption from sub-surface hydrogen.

A comparison of the vibrational data from TP-IRRAS
(Figure 3) with the TPD data (Figure 4) reveals an absence
of causative link between the disappearance of the Cu-H vi-
bration and the desorption of hydrogen from Cu(111). The
vibrational data show that the band at 1150 cm™! disappears
at 200 K (Figure 3), whereas the major desorption peak in
TPD occurs ~100 K higher at 296 K (Figure 4), with its lead-
ing edge at ~250 K. Note that this 100 K difference cannot
be due to the difference in heating rates between TP-IRRAS
and TPD (0.1 K/s vs. 3 K/s), since the latter would result in
a much smaller shift of 10-20 K to lower temperature.*’ A
TPD experiment performed right after observing the disap-
pearance of the ~1150 cm™! feature shows the same desorp-
tion peak of H, observed without the intermediate annealing
step. This clearly demonstrates that the disappearance of the
1150 cm™" band in IRRAS is not related to desorption of hy-
drogen from the surface. Since no other significant desorption
peak is observed below 250 K in Figure 4, we conclude that
the H is still present on the sample in a form which is not
visible in IRRAS. Thermally activated hydrogen migration to
form structures with no dipole moment perpendicular to the
surface could make hydrogen invisible. The probable arrange-

J. Chem. Phys. 139, 044712 (2013)

ment is the formation of sub-surface hydrogen. A similar con-
clusion has been reported by Luo et al.'>'* Based on he-
lium atom scattering, an experimental technique of exclusive
surface sensitivity, and TPD data, these authors have shown
that hydrogen disappears from the surface between 180 and
250 K, i.e., before the onset of the desorption from the S-
state observed with TPD at 300 K. Based on their data, these
authors found that hydrogen adsorbed on the surface is ther-
modynamically not stable at 210-245 K, and conclude that H
atoms are transported from the surface to sub-surface sites by
an activated process.

E. CO adsorption as a surface probe

Direct observation of a vibrational mode assigned to sub-
surface hydrogen adsorbed on metal surfaces has been re-
ported only in one case.’® Utilizing HREELS in specular
and off-specular geometries and thermal desorption, Johnson
et al. observed the adsorption of atomic hydrogen on Ni(111)
in two bonding states. A strongly adsorbed state, desorbing at
320-380 K, was characterized by an energy loss at 144 meV
(1161 cm™") in dipole scattering, and was assigned to the Ni—
H stretch mode of surface hydrogen. A second weaker state
with a desorption temperature of ~200 K and an energy loss
at 99 meV (798 cm™') was only observed with impact scatter-
ing indicating a dipole-forbidden mode which was assigned to
sub-surface hydrogen. Therefore, we use an indirect method
for further confirmation of the presence of sub-surface H.

In order to interrogate the surface for the presence of
H we used CO as a probe molecule, since the presence
of H atoms can strongly affect the adsorption of CO by
weakening the Cu—CO bond and suppressing CO adsorption.
Figure 5 shows IRRAS spectra obtained for different states
of the H-Cu(111) surface. Spectrum (a) was obtained after
exposure of atomic hydrogen to Cu(111) at 160 K and subse-
quent exposure to CO at 105 K. We observe two bands due to
a Cu-H vibration at 1132 cm~! and a C-O stretching vibra-
tion at 2059 cm™'. This spectrum is characteristic of the co-
adsorbed CO and H, as it shows that the presence of surface
H suppresses the adsorption of CO. The C-O band is shifted
to lower frequency and its intensity is strongly reduced com-
pared to that of a saturation coverage of CO on clean Cu(111).
Heating of the surface to 200 K results in the complete des-
orption of CO and the disappearance of the Cu—H vibration
band. Spectrum (b) was obtained after re-adsorption of CO
and re-cooling to 95 K. The H band at 1132 cm™! has virtually
disappeared, but CO adsorption is still strongly suppressed
as indicated by the reduced intensity of the C—O band at
2058 cm~!. The latter band is also accompanied by several
small bands at higher frequencies (2095-2120 cm™'), simi-
lar to the previously reported results by King ef al. on the
formation of electronically modified atop adsorption sites for
co-adsorbed CO and H on Ni(110).>' Since the diffraction
HAS data do not show any evidence of surface reconstruction
due to sub-surface hydrogen,'>!* it appears likely that these
bands are due to the electronic modification of the surface by
the presence of sub-surface hydrogen. The observed shift in
frequency above 2100 cm™~! is consistent with CO adsorbed
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FIG. 5. (a) CO adsorption on a H-Cu(111) surface during cooling to 105 K
(see text for details). (b) CO adsorption after TP-IRRAS to 220 K and during
re-cooling to 95 K. (c) CO adsorption after heating to 310 K and re-cooling
to 104 K. (a)-(c) Pco =1 x 108 Torr CO.

at electron deficient Cu®* sites of a hydride-like layer. Heat-
ing of the surface beyond desorption of the B-state to 310 K
and exposure of the surface to CO at 105 K results in spec-
trum (c). We observe a substantial increase of the intensity of
the C—O band and a shift to 2072 cm™!, with both intensity
and frequency being characteristic of CO adsorbed on clean
Cu(111).5%33

The data presented in Figure 5 corroborate the conclusion
we reached after collecting and interpreting the TP-IRRAS
and TPD data: there is clear evidence that the disappearance
of surface hydrogen after heating to 220 K is not related to
desorption of hydrogen. Therefore, the disappearance of the
surface hydrogen must be attributed to the transfer of hydro-
gen to sub-surface sites. This mechanism has been suggested
earlier by Luo et al.,'>'* who demonstrated with helium atom
scattering data that at elevated temperatures (>200 K) ad-
sorbed hydrogen is transported from surface to sub-surface
sites in an activated process, as discussed above. This model
for the disappearance of surface hydrogen by transfer to the
sub-surface is further corroborated by vibrational data, which
can only be understood in the context of this model.

F. Diffusion of sub-surface hydrogen
to the surface sites

Figure 6 presents vibrational data obtained after expo-
sure of atomic hydrogen to Cu(111) at 180 K and subsequent
cooling of the surface to 110 K. A strong increase in inten-
sity of the Cu—H band at 1150 cm~! is observed during this
process. A plot of the integrated absorbance in the inset of
Figure 6 shows an increase of ~50%. We attribute this in-
crease in band intensity to a transfer of sub-surface hydro-
gen back to the surface with decreasing surface temperature.
We also note that the intensity increase is accompanied by a
change in lineshape of the band, which is more asymmetric
at 180 K than after cooling to 110 K. The asymmetry at the
higher temperature results from a more inhomogeneous layer
due to the presence of hydrogen in the sub-surface region. Al-
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FIG. 6. IR spectra obtained after adsorption of H at 180 K and re-cooling of
the surface from 180 K to 110 K. Inset: integrated absorbance as a function
of exposure (left) and recooling (right).

ternatively, the band asymmetry could also be a result of the
segregation of surface H into two regions of different cover-
age. However, the latter is less likely in our view, since such a
segregation is more likely to occur upon cooling the surface,
as observed, for example, for CO adsorbed on Ru(001).%*

IV. DFT CALCULATION RESULTS

In our calculations, the interaction of atomic hydrogen
with Cu(111) was modeled at the saturation coverage (0.75
mono layers-ML), where the possible adsorption sites for the
hydrogen atoms are on the surface (SH), in the sub-surface
between the surface layer and the first sub-surface layer
(SSH-1st), and in the sub-surface between the first and the
second sub-surface layer (SSH-2nd). Note that in these cal-
culations we do not consider hydrogen adsorbed on weaker
surface adsorption sites, since their concentration would be
lower than that of H on fcc and sub-surface sites, and its dif-
fusion to sub-surface sites would proceed through the more
stable three-fold hollow sites. The binding energy is defined
as: B, = E[3H/Cu(111)] — E[Cu(111)] — 1.5 x E[H(g)].
The results of our calculations, presented in Figure 7, show
that the surface sites (E, = —0.85 eV) are more favorable
than sub-surface sites for the adsorption of hydrogen, which is
in agreement with previously reported calculations using low
hydrogen coverages.”-?>426:2% There are two other adsorp-
tion configurations, which lead to an exothermic process. One
corresponds to the case with 0.25 ML of SSH-1st and 0.50
ML of SH atoms; the other represents 0.25 ML of SSH-2nd
and 0.50 ML of SH (Figure 7). The calculated adsorption en-
ergies for both cases are negative and very similar in magni-
tude (~—0.35 eV). As shown in Figure 7, the diffusion barrier
for SSH-2nd — SSH-1st is 0.24 eV, while there is practically
no barrier for SSH-1st — SH (0.03 eV). That is, during the
process of SH penetration to the sub-surface, SSH-1st is the
least stable and therefore present at only small concentrations,
while SSH-2nd may be trapped by the larger activation bar-
rier and be observable experimentally. It seems possible for an
incident atomic H to penetrate and populate the sub-surface
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FIG. 7. Potential energy diagram for the adsorption and absorption of H at
high coverage (3 hydrogen atoms per unit cell). The top view of the optimized
structures for the 3SH, TS1, 2SH +1SSH-1st, TS2 systems, and the side
view of the 2SH+1SSH-2nd system are also shown. SH-surface H, SSH-1st
— H between the surface layer and the first sub-surface layer, SSH-2nd — H
between the first and the second sub-surface layer (SSH-2nd), TS-transition
state. Big brown: Cu; small white: H.

sites at elevated temperatures, though the overall reaction, SH
— SSH-2nd, is endothermic with an enthalpy change (AH) of
0.50 eV. Our experimental results are in agreement with this
prediction and clearly show that atomic hydrogen adsorbed at
160-180 K has enough energy to penetrate through the surface
and populate the sub-surface sites.

The transition from SH — SSH-1st is the rate limiting
step in the diffusion of hydrogen into the bulk, and the ac-
tivation energy E, for this process can be evaluated experi-
mentally with an Arrhenius plot, using the coverage of SH
measured in Figure 3:

dink E,

d(1/T) R’

The total hydrogen coverage is maintained constant, since no
desorption of hydrogen is observed in the 160-200 K temper-
ature region with TPD experiments. The result is presented in
Figure 8 (E, = 0.55 £ 0.05 eV), where a good agreement is
obtained with our calculated value of 0.53 eV (Figure 7) and
from HAS experiments using typical pre-exponential factors
(0.66 V).

Based on the energy diagram shown in Figure 7, we can
now explain the experimental results described above. Atomic
hydrogen dosed to the Cu(111) surface is absorbed initially in
the SSH-2nd sites, due to the kinetic energy of the imping-
ing H atoms produced by the hot capillary source. As the
hydrogen concentration increases, a temperature-dependent
equilibrium is reached in the occupation of SH and SSH-2nd
sites. The occupation of SSH-1st sites is always very small,
due to the facile diffusion of sub-surface H atoms to SH sites.
When the adsorption of H is carried out at higher temperatures
the surface/sub-surface concentration equilibrium is shifted
towards the SSH-2nd sites. Cooling the sample moves the
equilibrium back towards the SH sites, as seen in Figure 6.
During the annealing of H-covered surfaces, above 200 K
the equilibrium shifts to primarily sub-surface occupancy in

J. Chem. Phys. 139, 044712 (2013)

4
2
- a
o
v 7 o
£ =
1 o ~
] [ ]
4 ] Ea =0.55 + 0.05 eV
[ ]
6 T : T u T z T v T T T T
5.0 5.2 54 5.6 5.8 6.0 6.2
1000 K/IT

FIG. 8. Experimental E, calculation between SH and SSH-1st sites, from the
SH coverage measurements in the inset of Figure 3.

SSH-2nd or deeper into the bulk sites. Further annealing leads
to H recombination to form H, in a reaction limited step with
a desorption peak at ~290 K in the TPD spectrum. The en-
tire process is possible due to the asymmetric nature of the
activation barrier for diffusion between SH <> SSH-2nd.

V. DISCUSSION ABOUT VIBRATIONAL
ASSIGNMENTS

There is only one vibrational study report on the Cu—
H system, where hydrogen was observed by both IRRAS
and HREELS.'® A tentative assignment of the peaks was
proposed, relating the most intense and sharp peak in the
IRRAS spectra at 1151 cm™! to an overtone of the wagging
mode from hydrogen adsorbed on bridging sites, based on the
assignment by Chabal er al. described above, and the other
observed at ~1040 cm™' on both IRRAS (weak and broad)
and HREELS (strong) to the stretching mode of Cu-H in a
two-fold bridge site. However, the assignment corresponding
to the stretching mode of bridge bonded hydrogen was con-
tradicted by calculated vibrational frequencies for hydrogen
on hollow and bridge sites of Cu(111).2' Later HREELS data
for the same Cu-H(D) system have shown one major loss at
~1040 cm™! (774 cm™"), which was assigned to the Cu-H(D)
vibration in three-fold hollow sites, in disagreement with the
previous assignment, and one feature at ~927 cm™! (661
cm™!) for high coverage, which was tentatively assigned to
sub-surface hydrogen.’ A synchrotron IR study found an anti-
absorption feature at 770 cm~!, which was assigned to the
asymmetric stretch mode (parallel to the surface) of hydro-
gen adsorbed on three-fold hollow sites, but did not observe
any bands above 800 cm~! due to instrumental limitations,
neither clear evidence of the stretch mode from deuterium be-
low 800 cm~!.1° The dipole forbidden vibration (the parallel
asymmetric stretch hydrogen mode) could only be observed
due to its coupling to electrons from the copper substrate.'%+

The appearance of the sharp peak at 1150 cm™!
(870 cm™!) for H(D) adsorption at high coverage on Cu(111)
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is similar to the results reported by Chabal et al. for H on
Mo(100) and W(100),34 assigned to an overtone of the
wagging mode from hydrogen adsorbed on a bridge site. The
enhanced intensity of those overtone peaks was attributed
to their coupling with sharp surface-electronic states, and
could only be observed by IRRAS but not by HREELS.*
HREELS is in turn very sensitive to the corresponding stretch-
ing modes. Plummer and Lee observed a peak at 115 meV
(82 meV) [927 cm~! (661 cm™')] for the H(D)/Cu(111)
system at high coverages, after the (3 x 3) LEED pat-
tern appeared, which was tentatively assigned to sub-surface
hydrogen.’ This feature matches the 117 meV (85 meV) main
vibrational feature assigned to the symmetric stretching mode
of bridging hydrogen on the reconstructed Cu(100) surface
by HREELS.>® Therefore, the 1150 cm™! peak observed at
high coverage of hydrogen on Cu(111) could be related to ad-
sorption on weaker two-fold bridge sites. Alternatively, the
1150 cm™! (870 cm™') peak could be related to the vibra-
tional coupling between surface and sub-surface H (D) atoms.
In any case, there is no doubt of its relation to the presence of
surface hydrogen, indicating the possibility of the direct de-
tection of this elusive species by IRRAS.

VL. CONCLUSIONS

In summary, vibrational and thermal desorption data
provide clear evidence that atomic hydrogen adsorbed on
Cu(111) can occupy both surface and sub-surface sites:

(i) Based on vibrational TP-IRRAS data we observe the
disappearance of surface hydrogen at much lower tem-
perature than its desorption from the S-state, which is
observed in TPD at 296 K.

(i) The adsorption of CO, used as a surface probe, is sup-
pressed by the presence of both surface and sub-surface
hydrogen.

(iii)) Adsorption of hydrogen at 180 K results in a strongly
reduced intensity of the Cu—H vibration at 1150 cm 1,
but after re-cooling to 110 K the band intensity in-
creases commensurate with a transfer of sub-surface
hydrogen back to the surface.

(iv) A broadband absorption observed at low exposure, be-
fore the onset of the 1150 cm™' band, suggests the ab-
sorption of hydrogen in the sub-surface region even at
low coverages.

(v) DFT calculations demonstrate the presence of sub-
surface hydrogen between the first and the second sub-
surface layer (SSH-2nd), rationalizing our current ex-
perimental results and some inconsistencies previously
reported in the literature.
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