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A Introduction

Surface-enhanced chemical reactivity is central for heteroge-
neously catalyzed processes that provide the foundation for the
production of fine chemicals, materials, and pharmaceuticals.
In such processes, when gas-phase reactants adsorb onto a sur-
face, this interaction with the surface leads to bond weakening,
thus facilitating the reaction. When elucidating the elementary
reactions in heterogeneous catalysis, we normally consider only
surface bound species involved in processes such as adsorption,
dissociation, diffusion, reaction, and desorption; however, recent
advances indicate that sub-surface species, which are absorbed at
the selvedge of the catalyst, may also exert a strong influence on
catalysis.>™ These species not only provide an additional source
of reactants, but they may also advantageously change the geo-
metrical and electronic structure of the surface, or they even may
provide altered reactivity due to the emergence of unique surface
sites.°® Consequently, theoretical models that describe the
chemical reactivity of such systems need to take the dynamics
of sub-surface species into account and experiments providing
data to develop suitable models are necessary.

On many transition metal surfaces, oxygen molecules
readily dissociate to form adsorbed oxygen atoms (O,q) and
create characteristic adsorbate structures or induce surface
reconstruction.” " At high O, dosages or with aggressive oxi-
dants like NO, or gas-phase atomic oxygen (AO), sub-surface
oxygen (Ogyp,) may also form in the selvedge of the metal.”>™** In
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contrast to oxygen bound in metal oxides, Og,p is dissolved in
the metal and mobile under many real-world conditions. In
recent years, O/Rh(111) has established itself as a benchmark
system for the study of sub-surface oxygen formation; hence,
much is already known. On dosing Rh(111) with O, at room
temperature, oxygen readily dissociates and saturates at an
oxygen surface-coverage (0p) of 0.5 monolayers (ML, 1 ML =
1.6 x 10" atoms cm 2)'® in a (2 x 1)-O adlayer."” At these
modest temperatures and low pressures, the rate of sub-surface
oxygen formation is low. In contrast, when exposing Rh(111) to
AO at elevated temperatures, sub-surface oxygen and single-
layer RhO, surface oxide domains are created in addition to the
(2 x 1)-0 adlayer."® Interestingly, dosing Rh(111) at room
temperature with AO produces no RhO, surface oxide but
results in the coexistence of the (2 x 2)-30 (6o = 0.75 ML)
phase and the (2v/3 x 2v/3)R30° (0, = 0.67 ML) phase along
with Ogyp."*' When heating up such a prepared surface to
700 K, the high oxygen density phases transform to the (2 x 1)-0
adlayer with some oxide growth at the step edges, while the
originally formed Og,, remains below the surface. At an even
higher temperature (~800 K), sub-surface oxygen desorbs, which
appears as a sharp desorption peak in the temperature-
programmed desorption (TPD) experiment.'®

Still little is known about the microscopic details of the sub-
surface oxygen desorption process. In general, defect sites and
step edges likely provide a highly reactive environment on the
(111) surface, potentially facilitating the emergence of Ogy, Oon
the surface. However, a recent study on high index surfaces
has shown that defects alone are not enough to explain
the formation of Og.>* Instead, an indication was observed
that Og,, emerges along the RhO,-metallic boundary,
which forms when heating up O-adlayers at Rh(111). When
sufficient amounts of RhO, are formed, eruptive sub-surface
oxygen desorption occurs.'® Once Og, is depleted, the oxide
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decomposes and the resulting surface-bound oxygen recombi-
natively desorbs.

Velocity map imaging (VMI) has recently been implemented
to surface science studies in velocity resolved kinetics (VRK)
experiments. Here, a pulsed molecular beam of reactants
adsorbs at the surface on a microsecond timescale and the
product flux is measured in front of the surface by ion imaging
after laser ionization.?* This new technique has enabled
a variety of studies resolving surface reaction kinetics with
unprecedented resolution including CO oxidation on Pt,
desorption kinetics of chiral molecules, H, oxidation on Pt,
and CO, functionalization to formate on hydrogenated Pt.>>™®

In this paper, we present velocity distributions of
recombinatively-desorbing oxygen from Rh(111) obtained during
TPD experiments in combination with VMI. Such distributions
are valuable dynamical fingerprints of the microscopic processes
involved in the desorption of sub-surface oxygen. Such finger-
prints are used to test and refine theory.>® Specifically, we
present results from a study combining VMI with TPD, allowing
us to assign velocity distributions of desorption products to
distinct peaks in the TPD spectrum with high temperature and
velocity resolution. We observe hyperthermal velocity distribu-
tions for recombinatively-desorbing sub-surface oxygen as well
as for recombinatively-desorbing surface oxygen from Rh(111) at
T > 850 K. In contrast, O, surface desorption around 7 = 750 K
occurs sub-thermally indicating different desorption dynamics.

B Experimental

We performed the experiments under ultra-high vacuum (UHV)
conditions at a background pressure of 3 x 10~ '° Torr. The
Rh(111) crystal (MaTecK, 99.99%, & 10 mm, 2 mm thickness,
and <0.1° orientation accuracy) is mounted on a copper
sample holder and can be temperature controlled by cryogenic
He cooling (ARS Cryo CS-204AB) and resistive heating between
30 K and 1300 K. The surface is cleaned by Ar-ion sputtering at
2000 V (Staib instruments IG-5-C), and subsequent annealing in
an oxygen atmosphere (1.0 x 10~ ° Torr) at 1300 K. Cleanliness
of the surface and oxygen adsorption is checked by Meitner—
Auger electron spectroscopy (Staib Instruments ESA-150) and
X-ray photoelectron spectroscopy (Staib PSP CTX400). We dose
the surface at room temperature with AO that we produce by
using a microcapillary array beam doser’® and positioning the
surface close to an Ir filament, through which we run (2.0-3.0)
A at a chamber pressure of 1.0 x 10~° Torr of O,. We do not see
any indication of Ir in the Meitner-Auger spectrum after the
dosing procedure.

For VMI, we position the surface close to an ion-imaging
detector as depicted in Fig. 1. While linearly increasing the
temperature at the rate of 3 K s~ ', we ionize the desorbing
molecules with the focused (f = 300 mm) output of a regen-
eratively amplified femtosecond laser (800 nm, 35 fs, Solstice,
Spectra-Physics). We record 10 images s~ ' with 50 ionization
events per image. The imaging detector consists of microchan-
nel plates (MCPs, Topag MCP 56-15) and a phosphor screen
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Fig. 1 Experimental setup for temperature-programmed desorption
experiments in combination with velocity map imaging. (a) lonization
region of the ion imaging detector. Desorbing oxygen is ionized between
a repeller (+3000 V) and a grounded grid. A Nb shield with a 8 mm
diameter hole biased at +60 V protects the imaging detector from heat
radiation and emitted electrons from the resistively heated Ta wires. (b)
Sectional view of the time-of-flight tube attached to the ionization region.
lonized oxygen is accelerated towards microchannel plates (MCPs) and a
phosphor screen. Velocity map imaging is achieved when biasing the ion
lens to 1445 V. The inset shows a typical raw image consisting of two parts:
the symmetric signal around zero velocity is caused by background gas
and is subtracted during data analysis. Desorbing molecules appear as a
non-symmetric signal with velocity components parallel to the surface
normal in the positive v, direction.

(ProxiVision). Images are recorded with a CMOS camera (Basler
ace acA1920-155 um, (1920 x 1200) px). The MCPs are gated to
the O, time-of-flight by increasing the MCPs voltage by 450 V
for a 200 ns time window. We bias the repeller to +3000 V and
achieve VMI mode when attaching +1200 V to the ion lens in
the time of flight tube. In this mode, ions with the same velocity
components in v and v, are mapped on the same position on
the phosphor screen. Synchronization of the experiment
and data acquisition during heating of the crystal is achieved
by a homebuilt LabVIEW program. For calibration of the
VMI detector, we backfill the chamber with argon and non-
resonantly ionize with a femtosecond laser pulse. The VMI
image is fitted with a thermal Maxwell-Boltzmann distribution
providing the pixel to velocity scaling factor of the detector as
explained in detail in a previous publication.?” Additionally, we
record conventional TPD spectra by linearly ramping up the
sample temperature in front of a mass spectrometer (RGA-200,
Stanford-Research-Systems).

This journal is © the Owner Societies 2022
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C Results and discussion

Fig. 2 shows a conventional TPD spectrum of molecular oxygen
desorption after dosing the surface with AO (with an Ir filament
current of 2.0 A) for 300 s at Ty, = 400 K. In agreement with
previous studies, we observe two distinct features: sub-surface
oxygen desorption causes a sharp peak around 815 K (o), while
surface oxygen desorption is detected as an overall lift of the
baseline signal over a wide temperature range at T, > 850 K
(B)- Studies that combined scanning tunneling microscopy with
TPD have shown that the B-peak corresponds to the decom-
position of the (2 x 1)-O adlayer while the coverage decreases
monotonically from 0.5 to 0. The a-peak corresponds to the
desorption of subsurface oxygen accompanied by surface oxi-
des and the (2 x 1)-O adlayer."®

When recording the TPD spectrum with the velocity map
imaging detector, we position the surface in front of the ion
detector, and detect O, desorption products by ionizing using a
femtosecond laser (see Fig. 1). For mass resolution, we gate the
ion time-of-flight to mass 32 amu while linearly ramping up the
surface temperature at the rate of 3 K s™*. At this mass, the
phosphor screen records VMI images for desorbing oxygen
molecules. We record 30 images per Kelvin of the temperature
ramp, which provide velocity distributions in the TPD spectrum
with significantly less than 1 K resolution. Summing up all
images obtained during the desorption temperatures of a
distinct peak allows us to assign velocity distributions to the
chosen peaks. The shaded regions in Fig. 2 indicate the
temperatures at which VMI images had been summed up to
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Fig. 2 Temperature-programmed desorption (TPD) spectrum of oxygen
molecules after dosing Rh(111) with atomic oxygen at Tg,+ = 400 K. We
integrate the total ion signal for 32 amu while ramping up the surface
temperature. We observe a distinct sharp desorption peak around 815 K (a)
and a broad desorption feature at temperatures T > 850 K (B). The a-peak
is caused by recombinatively-desorbing sub-surface oxygen atoms, and
the B-peak by recombinatively-desorbing oxygen from the surface.’® The
B-peak is broad and ranges up to 1300 K.2! Due to experimental limita-
tions, we cannot detect ions up to this temperature.
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obtain the velocity distributions of recombinatively-desorbing
oxygen during o-peak and B-peak desorption.

We obtain angular distributions of desorbing molecules by
moving the surface relative to the ionization region. VMI allows
the measurement of angular distribution of desorption pro-
ducts as the desorption angle appears directly in the image.
However, the geometrical setup of the experiment limits the
sensitivity for large desorption angles due to the distance
between the ionization region and the surface (see Fig. 3). With
the used ion imaging setup, we obtain velocity map imaging
conditions within a circular region of 10 mm in diameter.
Considering the distance between the surface and laser ioniza-
tion of 30 mm, it is clear that desorbing molecules at large
angles with respect to the surface normal will not be detected in
this region. These molecules can only be detected if the relative
position of the detector and surface is changed. We therefore
systematically move the surface position with respect to the
detector as shown in Fig. 3 and record velocity map images as
described above. For each position, we obtain an image providing
desorption velocities at larger angles.

Fig. 4a shows the corresponding flux of desorbing O, in the
corresponding composite velocity map image for the o-peak.
We extract the image from the raw data by subtracting the
thermal background and converting density to flux by multi-
plying the signal with the corresponding velocity.””

We deduce velocity distributions for a certain desorption
angle by integrating velocity segments of the image as depicted
in Fig. 4a. In Fig. 4b, we show velocity distributions of the
a-peak and the B-peak for an angle of 3° with respect to the
surface normal. We do not observe significant differences
between the two distributions. Velocity distributions obtained
from desorbing molecules at different temperatures within one
desorption peak look identical. We also plot a flux-weighted
thermal Maxwell-Boltzmann distribution as in eqn (1) with
Tsure fOr comparison.

(1)

M()X~U2 )
2'R'Tsurf

ﬂwafem(

Here, v is the velocity, Mo, the molar mass of oxygen molecules,
and R the universal gas constant. We calculate Ty, of the

Top View

Repeller

lonization Region 1~

ik

l Rh(111)
Laser

Fig. 3 Top view of the ionization region. The dashed circle in the center
illustrates the area from which ions are accelerated towards the detector.
QOutside of this area, no ions can be detected. We move the surface along
the y-axis to detect desorption velocities at larger angles with respect to
the surface normal.
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Fig. 4 Panel (a) shows the flux of recombinatively-desorbing oxygen for a
wide angular range in a composite velocity map image. v denotes the velocity
component parallel to the surface normal, v, denotes the component
perpendicular to the normal. Panel (b) shows the velocity distributions at a
certain angle by integrating the signal within the radial segments as indicated in
panel (a). Velocity distributions for the a-peak and the B-peak are shown and
do not exhibit significant differences. We do not observe significant changes
of the distributions within one desorption peak. The velocity distributions of
a-peak and B-peak are shifted towards higher velocities compared to a flux-
weighted thermal distribution fixed to the surface temperature.

desorption peak as the weighted average of the desorption peak
using the total ion signal as a function of the temperature. The
velocity distributions of the o-peak and f-peak are clearly
shifted towards higher velocities and are narrower compared
to a thermal distribution fixed to the surface temperatures of
815 K and 920 K.

From the integrated flux into a certain angular segment, we
construct angular distributions from Fig. 4a, which can be
fitted with a cos*(0-4°) function. See Fig. 5, where we plot the
results of the a-peak. We also calculate mean energies from the
velocity distributions at various angles. The mean energy
reduces at larger desorption angles. The dashed line indicates
a cos?(0-4°) function, which is expected for normal energy
scaling.® Identical results are obtained for the B-peak.

In a second experiment, we increased the atomic oxygen
dosage by running 3.0 A instead of 2.0 A through the Ir
filament. We again positioned the Rh crystal in front of the
filament and dosed for 300 s. In Fig. 6a, we present the
corresponding TPD spectrum. In addition to the desorption
features observed with 2.0 A, we detect oxygen desorption at
temperatures below the a-peak (v).

Previous studies using atomic oxygen as the oxidizing agent
did not detect the y-peak.'®>' However, in contrast to those
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Fig. 5 Dark blue circles: angular distribution of the flux density of
recombinatively-desorbing oxygen from Rh(111) for the a-peak. The distribu-
tion is well-fitted with a cos*(0-4°) function (solid line). The offset originates
from a tilted mounting of the surface. Light blue triangles: mean energies of
recombinatively-desorbing oxygen as a function of the desorption angle for
the a-peak. The dashed line indicates a cos?(0—4°) function, which is expected
for normal energy scaling. The distributions look identical for the B-peak.

studies, the here employed experimental setup produces
significantly higher AO fluxes towards the surface due to an
elevated Ir filament temperature and the use of a microcapillary
array beam doser. This probably leads to increased sub-surface
oxygen generation. Fig. 6b shows the TPD spectrum after flash
annealing the surface at 815 K, inducing the depletion of the
v-peak. The inset in Fig. 6 shows Meitner-Auger electron
spectra before and after annealing at 815 K, indicating no
significant change in the surface structure. We therefore
exclude the formation of RhO, at temperatures around the
v-peak desorption. If the y-peak was from a phase transition, we
would expect a sharp peak (like o); however, it is a broad feature
and could be the result of the leakage of metastable sub-surface
oxygen accompanied by the transition of a high-density oxygen
surface phase to the (2 x 1)-O adlayer.'® We will continue to
investigate the origin of the y-peak in our subsequent studies.

We record velocity map images from the a-, -, and y-peaks
as explained above. The velocity distributions of the a-peak and
the B-peak are identical to the measurements with a low Ir
current as shown in Fig. 3. The y-peak desorption occurs with
a distribution significantly shifted towards lower velocities
compared to the distributions of the a- and B-peaks.

Table 1 summarizes the characteristics of the velocity
distribution of different recombinatively-desorbing oxygen
features in the TPD spectrum. The velocity distributions corres-
ponding to desorption after sub-surface emergence (a-peak)
and desorption after surface recombination at elevated
temperatures (B-peak) resemble each other and are both
hyperthermal as shown in Fig. 4. This might indicate a com-
mon intermediate surface state prior to desorption involving
for instance RhO, at the surface as suggested by Turano et al.*®
In contrast, desorption of the y-peak is sub-thermal and
significantly shifted towards lower velocities indicating a
different desorption mechanism.

The here presented results are in qualitative agreement
with the previous work of Gibson et al., who measured the

This journal is © the Owner Societies 2022
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Fig. 6 Panel (a) shows the TPD spectrum of molecular oxygen desorbing
from Rh(111) after dosing for 300 s with 3.0 A at the Ir filament. In addition
to the a- and B-peaks, we observe a third desorption peak at lower
temperatures (y). Also, the desorption feature of sub-surface oxygen is
shifted towards higher temperatures. Panel (b) shows the TPD spectrum
after dosing under the same conditions as shown in panel (a) and flash
annealing at 815 K. This leads to the depletion of the y-peak and a shift of
the a-peak towards lower temperatures. The inset shows Meitner—Auger
electron spectra (MAES) for both surfaces. We do not observe significant
changes in the MAES.

hyperthermal time-of-flight (ToF) of desorbing sub-surface
oxygen from Rh(111) and discussed their results in the frame-
work of detailed balance.** Considering the principles of
detailed balance, hyperthermal velocity distributions indicate
an activated dissociative adsorption process, presuming an
equilibrium between dissociated atoms at the surface and
desorbed gas-phase molecules. A well-studied reaction of this
kind is the H, dissociation on Cu(111), for which a large data
set of ToF measurements exists after H atom permeation
through the bulk.>***7® For this system, permeated hydrogen
atoms reach local equilibrium at the surface, recombine, and
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Table 1 Mean desorption velocities and energies of the different
recombinatively-desorbing oxygen features in the TPD spectrum deduced
from the distributions shown in Fig. 7. Also shown are mean velocities v,
for a flux-weighted velocity distribution of the respective desorption
temperatures

Peak T/K Type vms * Vr/m st EleV
o 815 Ouus 940 865 0.131
B 910 O.a 955 914 0.136
Y 750 ? 766 830 0.0813

f(v) / a.u.

" 1 n
800
v/ms™

n I 1 1 n
0 400

Fig. 7 Velocity distributions for recombinatively-desorbing oxygen from
Rh(111) at different desorption temperatures. The desorption of the y-peak
is significantly shifted towards lower velocities compared to the o-peak
and the B-peak.

desorb. The reactivity is well described by the principle of
detailed balance, which provides state sensitive energy barriers
for dissociation. On first glance, the O/Rh experiments pre-
sented here look similar, as oxygen atoms recombine and
desorb from the surface. However, one should note that the
employed universal detection method does not allow deducing
quantum state resolved velocity distributions (e.g., v, J). Hence,
the distributions are averaged over all quantum states that are
populated in desorbing molecules from the surface.

In Fig. 8, we analyze energy distributions of a- and y-peak
desorption following the concepts of detailed balance. Panel (a)
shows the energy distribution of recombinatively-desorbing
sub-surface oxygen during the eruptive a-peak. Also shown is
a flux-weighted thermal energy distribution at 815 K, which is
clearly shifted towards lower energies. We fit the experimental
data using eqn (2) which is the product of the flux-weighted
thermal energy distribution and the sticking function:*°

E .
‘f(Etn Tsurf) =K- Etr : exp( kin ) : S(Etr)dEtrA (2)

kB * Tsurf
Here, K is a constant factor, E; is the translational energy of
desorbing molecules, Ty, is the surface temperature and S(E.,)
is the sticking function. We plot the sticking function in Fig. 8
as dashed lines. For hyperthermal distributions as observed for
the a-peak, the sticking function increases at elevated transla-
tional energies indicating an activated desorption process.
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Fig. 8 Panel (a) Energy distribution of recombinatively-desorbing sub-
surface oxygen during the a-peak. Also displayed is a flux-weighted
thermal energy distribution at 815 K. The measured distribution is clearly
hyperthermal and can be modeled with the product of the flux-weighted
thermal energy distribution and the sticking function (eqn (2), f(Ex, Tsurf))-
Panel (b) The energy distribution of oxygen molecules desorbing during
the y-peak. The experimental data are clearly sub-thermal. The dashed
lines show the sticking functions, which are fundamentally different for
a-peak and y-peak desorption.

In panel (a), we apply an error function to describe sticking as
has been done in previous studies:***”~*

S(Ey) = %{1 +erf (ﬁ%ﬂ . (3)

Here, W represents the width and E, represents the inflection
point. We can fit our data using E, = 0.045 €V and W = 0.1 eV.
This leads to a non-zero sticking probability at E, = 0 eV.
The presented sticking curve is deduced from an energy
distribution obtained from desorbing molecules populating
different quantum states. We therefore cannot assign energy
barriers to O, dissociation on Rh(111) as these barriers are state
dependent. For the vibrational ground state, theory predicts
a dissociation barrier for O, on Rh(111) smaller than
200 meV.*>** The fact that we observe non-zero sticking at
Ei = 0 eV is indication that we produce significant amounts of
vibrationally excited molecules when recombinatively desorbing
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from Rh(111). This vibrational energy might promote the dis-
sociation reaction of O, on Rh(111) leading to reactivity at Ey, =
0 eV considering the O, frequency of 1580 cm ™" (196 meV). State-
resolved experiments on oxygen desorption from Rh(111) are
necessary for a more detailed understanding. The results look
identical for the B-peak, indicating a common intermediate
surface state of adsorbed oxygen (B-peak) and absorbed oxygen
(o-peak) prior to desorption.

In contrast, desorption of the y-peak occurs with an energy
distribution which is clearly sub-thermal as shown in Fig. 8b.
Consequently, the sticking probability decreases at elevated
energies, shown as dashed line. We again employ eqn (2) to
fit the data, but using another sticking function following the
lines developed by Rettner et al.:**

1
T l+expla-Ey— @)

S(Ew) (4)

We can model the data using a =11 eV " and ¢ =2 eV as fitting
parameters. The shape of the sticking function has the opposite
trend to that of the o- and p-peaks, indicating that the
desorption of the y-peak occurs via an intermediate physi-
sorbed molecular oxygen state. The sticking probability of such
a precursor state would decrease at elevated incident energies
as observed in the experiment. This is in qualitative agreement
with TPD experiments on molecular oxygen physisorption on
Rh(111), which appears at 140 K.** Based on the Polanyi-
Wigner equation, one calculates for this temperature a
desorption energy of E4 = 350 meV using v, = 10" s in a
first order process. This corresponds to the energy, at which the
sticking function shown in Fig. 8b approaches zero.

Conclusions

In this work, we have combined velocity map imaging (VMI)
with temperature-programmed desorption (TPD) experiments
to obtain velocity distributions of distinct peaks in the TPD
spectrum of recombinatively-desorbing oxygen from Rh(111).
The desorption of sub-surface oxygen after recombination at
the surface (T = 815 K) exhibits a similar hyperthermal dis-
tribution to the desorption of surface oxygen at T > 900 K
indicating a similar surface state prior to desorption. The
velocity distribution of oxygen desorbing at T = 750 K is
significantly shifted towards lower velocities and exhibits sub-
thermal characteristics. We analyze the results using the
principles of detailed balance to obtain energy dependent
sticking functions. We identify different desorption dynamics
on specific desorption peaks in the TPD spectrum. The o- and
B-peak desorption occurs via activated recombination, while
v-peak desorption exhibits indication of an intermediate phy-
sisorbed molecular oxygen state prior to desorption. This study
provides valuable data, on which models for sub-surface oxygen
dynamics can be developed, tested, and refined, and also
provides insight into the energetics of oxygen on metal surfaces
relevant to heterogeneous catalysis.
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