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Ambient pressure X-ray photoelectron spectroscopy (APXPS) is a powerful tool to characterize the surface
structure of heterogeneous catalysts in situ. In order to improve the time resolution and the signal-to-noise
(S/N) ratio of photoemission spectra, we collected consecutive APXP spectra during the periodic
perturbation of a powder Pd/Al,O3 catalyst away from its equilibrium state according to the modulated
excitation approach (ME). Averaging of the spectra along the alternate pulses of O, and CO improved
the S/N ratio demonstrating that the time resolution of the measurement can be limited solely to the
acquisition time of one spectrum. Through phase sensitive analysis of the averaged time-resolved
spectra, the formation/consumption dynamics of three oxidic species, two metal species, adsorbed CO
on Pd® as well as Pd"* (n > 2) was followed along the gas switches. Pd™* and 2-fold surface PdO species
were recognised as most reactive to the gas switches. Our approach demonstrates that phase sensitive
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Introduction

X-ray photoemission spectroscopy (XPS) is a core-level, surface-
sensitive technique.™” Due to the localization of the core level,
XPS is element-specific and therefore well suited for studying
chemical composition, local bonding and site-specific
dynamics in the solid, liquid and gas phase as well as at the
respective interfaces.*® Until recently, the main drawback of
XPS was the necessity to work in high vacuum due to the low
kinetic energy of the photoelectrons emitted from the first
layers of the condensed material, which can be easily scattered
inelastically in the gas phase. Significant technological
improvements and scientific breakthroughs have been made in
the past decades to bridge the gap between ultrahigh vacuum
and elevated pressure conditions using ambient pressure X-ray
photoelectron spectroscopy (APXPS).** This represents a step
toward the study of realistic catalysts, i.e. materials such as
nanoparticles of catalytically relevant metals with low metal
loadings dispersed upon metal oxides, in realistic
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interface under different reaction environments with unprecedented precision.

environments. Efforts are still needed to further advance the
performance of APXPS, including improvement of the signal-to-
noise (S/N) ratio of photoemission spectra of realistic catalysts
and of the time resolution of photoemission measurements.*
The S/N ratio can be improved by increasing the content of the
active element or by averaging the signal over long or repeated
acquisition times.* By prolonged measurement time of the
spectra of samples containing high levels of the catalytically
relevant element, the time resolution of the measurement can
be considerably decreased, but the high content may not
represent the real catalytic system. Yet, improving the time
resolution becomes especially important when the purpose is to
detect active species whose concentrations are small and life-
time is limited." Indeed, the elementary steps of a reaction
occur in the picosecond range while milliseconds to seconds are
needed to follow structural surface changes of the catalyst, such
as phase transitions, surface roughening and segregation."
The data quality of any spectroscopic measurement can be
improved by the modulated excitation (ME) method," where
a perturbation to the system (i.e. optical, pressure, or chemical
modification) is introduced in order to force it away from its
equilibrium state. The perturbation is chosen such that the
species of interest, for example the catalytically active species,
will respond selectively, if not exclusively. Under these condi-
tions, the system can either return to its previous equilibrium
state (reversible process) or move to a new equilibrium state
(non-reversible process). The dynamic changes induced by the
perturbation can be followed in a time-resolved manner using

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for example infrared spectroscopy,'*** X-ray diffraction,'>"” and
X-ray absorption spectroscopy.”®?® In the case of a reversible
system, the perturbation can be applied periodically by
sequences of alternated pulses, which allow spectral averaging
along all pulses.”® This decreases the size of the dataset,
improving the S/N ratio by the square root of the number of
averaged cycles® and enabling a time resolution equal to the
acquisition duration of a single spectrum. For accurate data
alignment and averaging, this method requires performing fast
and reproducible perturbations, ideally without delay between
the perturbation event and the time at which the sample expe-
riences it. Recently, Knudsen et al.** carried out in situ APXPS
measurements with repeated gas switches over a Pd(100) single
crystal achieving a time resolution of 60 ms. To overcome the
difficulty of the alignment of the cycles due to the delay between
the gas switch and the gas replacement in the experimental cell
as well as pulse irregularities, a lock-in signal within the data
was identified that characterised a reversible structural change
and was used for data averaging. This approach requires
a sufficiently high initial S/N ratio to find the lock-in signal
using an image recognition algorithm, as well as a fully
reversible process, which are both difficult to achieve with
actual catalytic materials.

The averaged data obtained by following the ME protocol
contain the response of the active species, the spectator species
and the noise.”® Phase-sensitive detection (PSD, eqn (1); also
named demodulation)** can be then applied to the averaged
data:

T
I(e,)sin(kwt + @p°°)dt (1)

PSD 2
e = 7,
where 17 is the signal in the phase domain, T the modulation
period, k the demodulation index, w the stimulation frequency,
and ¢p°° the phase angle. PSD converts the time domain
response (I(e,t)) to a phase domain response I(¢">”) wherein the
signal from the active species affected by the perturbation
remains, whereas the signal from the spectator species and the
noise (unaffected by the perturbation) is suppressed. Hence,
PSD allows to significantly improve the S/N ratio of the signals
of species affected by the perturbation® enabling capturing
their dynamics (rate of consumption/formation) with increased
sensitivity compared to what is achieved in the time domain.

In this work, the Pd 3d photoemission signal of a commer-
cial powder 5 wt% Pd/Al,O; catalyst was followed by in situ
APXPS while switching repeatedly between oxidising (O,) and
reducing (CO) environments. The improved signal and time
resolution of the APXPS experiment obtained by the modulated
excitation experiment and PSD analysis revealed that Pd"" (n >
2) and 2-fold surface oxide species on the catalyst are the most
reactive toward CO oxidation.

Materials and methods

The powder 5 wt% Pd/y-Al,O; catalyst was available in its
reduced form (type 324, Johnson Matthey). The presence of Pd°
was verified by the observation of a reflection at a 2 theta angle
of 40.1° in the X-ray diffraction pattern of the sample (Fig. S1af).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The catalyst displayed a narrow particle size distribution, as
measured by TEM (4.4 &+ 1.1 nm; Fig. S1b and cf).

Catalyst characterization

X-ray diffraction was measured using a D8 Advance Bruker
instrument equipped with a 1D-LynxEye detector at a step size
of 0.01° and an acquisition time of 2 s. Transmission electron
microscopy images were obtained using a JEOL 2010 micro-
scope equipped with a LaB, cathode and operated at 200 keV.
The images were recorded using a slow-scan CCD camera (4008
x 2672 pixels, Orius Gaten Inc.). The average particle size was
obtained from counting 150 particles.

X-ray photoelectron spectroscopy

The experiments were carried out at the In Situ Spectroscopy
beamline (X07DB) at the Swiss Light Source of the Paul Scherrer
Institute. The solid—-gas interface endstation was connected to
a differentially pumped Scienta R4000 HiPP-2 electron analyser
to allow the manipulation of solid samples while dosing a gas
mixture in the mbar range.>* The volume of the XPS cell (ca. 150
mL) is small enough to allow performing transient experiments
with fast gas switches, while the evolution of a spectral line can
be followed either in a swept mode or a fixed mode (also known
as snapshot).** In this work, the signals of Pd 3d and Al 2p were
acquired with an excitation energy of 650 eV to generate Pd 3d
photoelectrons with a kinetic energy of approximately 315-
330 eV. A 20 eV kinetic energy window including the Pd 3d
signal was acquired in fast scan (swept) mode in approximately
6 s. Linearly polarized light was used throughout the experi-
ments. The spectra were processed and fitted using IgorPro and
XPSPeak41 software. The energy scale of the Pd 3d core level
spectra was calibrated using the Al 2p signal of Al,O; as
a reference (at 74.3 eV binding energy®). All spectra were fitted
using a Shirley background, and Gaussian peaks.

The catalyst pellet was prepared by pressing 5 mg of powder
on a Ta mesh to decrease the surface charging and was then
fixed to the sample holder using metal clips. The temperature
was monitored with a Pt 100 sensor and the sample was heated
using a tunable power IR laser (976 nm, maximum power 25 W)
projected on the back of the sample holder. In the geometry
adopted during the experiments, photoelectrons were detected
at an angle of 30° with respect to surface normal.

The gas mixing setup was composed of two mass flow
controllers, each connected to a solenoid valve (Series 9, Parker)
enabling fast exchanges in gas phase composition. The valves
were situated at the end of the gas line, directly before the
experimental cell. Periodic switches between neat O, (1 mbar)
and neat CO (1 mbar) were carried out at 300 °C every 5 min for
6 h (T =10 min in eqn (1)) while acquiring the Pd 3d core level
and for 1 h while acquiring the Al 2p core level. Prior to the
experiment, the pelletized catalyst was heated in O, (1 mbar) to
300 °C to remove surface carbon contamination and avoid any
structural change during measurements. A total of 36 full
periods (5 min O, + 5 min CO) were performed. The gas
composition in the cell was followed using a quadrupole mass
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spectrometer (MS; RGA100, SRS) located in the second differ-
ential pumping stage of the analyser.

Results and discussion

The electron count of an X-ray photoemission spectrum of
a catalyst with supported nanoparticles, such as the one used in
this work, is considerably lower compared to that of a single
crystal of the element representing the active phase when
measurements are carried out at ambient pressure due to the
collision with gas molecules in the experimental chamber.”” As
a consequence, the quality (signal-to-noise (S/N) ratio) of
a single Pd 3d fast scan of the 5 wt% Pd/Al,O; catalyst is low
despite the high Pd content (Fig. 1a). To distinguish the main
features of the Pd 3d core level, 5 to 10 spectra have to be
averaged, while 15 averaged spectra are required to achieve an
acceptable S/N ratio for meaningful fitting of the raw data
(Fig. 1). Because the acquisition time of a single spectrum with
an energy window of 20 eV was ca. 6.20 s, ca. 93 s were required
to measure 15 consecutive scans, which exceeds the time
required to follow precisely surface processes occurring in the
second to sub-second range. The acquisition time can be
decreased either by narrowing the energy window and focusing
for example, on the Pd 3ds,, core level only or by using materials
with higher Pd loading. Narrow energy windows would not
allow for cross-checking the fitting with the spin-orbit-satellite
signal, while increasing the Pd content implies working with
unrealistic samples.

4000 6000
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Modulated excitation experiment

In order to simultaneously improve the S/N ratio and the time
resolution of the APXPS experiment without compromising the
energy window, we perturbed the sample environment accord-
ing to the modulated excitation (ME) method®* by changing the
gas composition between neat O, and CO every 5 min for 6 h
while scanning the Pd 3d core level as mentioned in the
previous section. The repeated pulses caused a temporary
pressure increase in the experimental cell from 1 mbar up to 1.8
mbar (Fig. 2), which translated into a shift of the peak position
by ca. 4 eV, as exemplified by the Al 2p core level (Fig. S27). The
position of this peak stabilized only once the pressure in the cell
returned to ca. 1 mbar. Because this powder catalyst is an
insulator, the sample accumulates surface charging. During
measurements, the kinetic energy of photoemission peaks is
affected by the partial pressure in the chamber and the type of
gas. Indeed, ionization of gas molecules by the incident X-rays
can generate charges that partially compensate for the
charging at the solid surface.”® The higher the pressure, thus
density, of gas around the sample, the more efficiently surface
charging is removed. The change in pressure resulted in spikes
in O, (m/z = 32) and CO (m/z = 28) intensity measured by mass
spectrometry (MS, Fig. 2 and S3at), which were not observed in
an identical off-line experiment with a conventional catalytic
quartz plug-flow reactor loaded with the powder -catalyst
(Fig. S3bt). Hence, the geometry of the APXPS cell and/or the
intrinsic properties of the gases were responsible for this

8000
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Fig.1 Effect of averaging on the quality of Pd 3d core level X-ray photoelectron spectra of 5 wt% Pd/Al,Oz acquired with a 300 eV kinetic energy:

(a) one spectrum (ca. 6.20 s), (b) 2, (c) 3, (d) 5, (e) 10, (f) 15, (g) 20, (h) 25
34.02.
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and (i) 30 averaged spectra. S/N increases in the same order from 1.15 to
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Fig. 2 Temporal behaviour of CO (yellow) and O, (blue) MS signals as
well as of the pressure in the experimental cell (black) during alternate
O,/CO pulsing. Pulses shape and timing is shown by the dashed lines.

artefact. If the sudden change in pressure was caused only by
the geometry of the chamber, the increase in pressure upon the
gas switch would have been the same for both CO and O,, but
the effect was more pronounced at the O, — CO switch. This
can be explained by the fact that CO sticks more strongly than
O, to the metallic parts of the vacuum system and that the
pumping efficiency (root pump downstream the cell) varies with
the gas composition. Furthermore, Fig. 2 shows that the pres-
sure rises to slightly different values when comparing two
consecutive pulses of the same gas. At the same time, Fig. S3af
shows that the MS signals are similar when comparing
consecutive gas pulses. Given that MS signals are measured at
the sample site while the pressure is measured by a baratron on
top of the analysis cell, we consider the reading from the MS to
be more representative of the gas environment around the
sample. We can conclude that gas switches lead to repeatable
local gas environments.

Gases in the mbar range such as O, and CO used in these
experiments affect differently the charging and work function of
the sample by transferring electrons to holes in the solid.’ This
was observed by the energy shift by 0.25 eV between the periods
measured in O, and CO once the pressure in the cell was
stabilized at ca. 1 mbar (Fig. S2,T emphasized by the blue lines).
In order to correct the shift caused by both the change in
pressure and the sample charging, we used the 2p peak of Al
from the alumina support (Fig. 3), under the assumption that
the electronic state of Al,O; is not affected by the reactive
environment. The first step of the data treatment consisted of
aligning each Al 2p spectrum measured during the experiment
(Fig. 3d and e). This defined the extent of shift that had to be
applied to the Pd 3d core level data at each point in time in
order to align the spectra and to be able to observe only the
effect of the occurring chemistry. In order to easily apply the
shifts defined from the Al 2p data to the Pd 3d data set, the
acquisition time (time resolution) of the Al and Pd spectral
ranges has to be the same and the start of the pulses needs to be
correctly synchronized with the spectra. We achieved this by
carefully considering the status of the pulsed valves (on/off, with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a time resolution of 1 s) as well as the acquisition time of each
single scan. The second step of the data treatment consisted of
applying the shifts evaluated for each Al 2p spectrum to the Pd
3d spectra making sure that the time and the period considered
were the same. The difference in the Pd 3d core level before and
after alignment is visible in the averaged spectra in the O, or the
CO half-periods (Fig. 3¢, f and S4f). Without alignment, the
difference in binding energy (ABE = 1.75 eV) between the two
half-periods was larger than after alignment (1.5 eV), proving
that the influence of different gas environments on the sample
surface charging was correctly taken into consideration.

Structural modifications of the surface can be taken as
reference events to align spectra to perform averaging over the
repeated modulation periods. Here, we used the alternate gas
switches as defined events to precisely average the periods.
Valves installed on the chamber allowed performing equidis-
tant and well-defined gas switches and by the sufficiently
shorter delay between the switching time and the change in gas
composition in the experimental cell measured by MS (ca. 4 s to
exchange 95%; Fig. 2) than the time needed to acquire a single
spectrum (6.20 s). The cell volume (ca. 150 mL), the flow
configuration of the cell described above and the short distance
between the valves and the cell allowed for such fast gas
exchange. The rate of exchange of gas composition could be
further improved by increasing the gas flow. The pressure,
measured by a baratron head, was delayed by ca. 12 s compared
to the gas switching event (Fig. 2). This is due to the location of
the pressure sensor, on top of the cell, whereas the MS is situ-
ated in the second differential pumping stage of the electron
analyser.*** Hence, in correspondence of a gas switch, it took
a few seconds for the gases to diffuse to the top of the cell and to
reach the baratron. Since the inlet gas feed and the MS are close
to the sample, we assume that the gas composition around the
sample was exchanged almost immediately at the gas switch.
Therefore, with such a setup configuration, it is only necessary
to synchronize the acquisition of the first spectrum used for the
data processing with the time at which the first pulse occurs.

For the following phase sensitive analysis of the averaged
data, we discarded the first ten periods because the response of
the active species to the periodic stimulation needed several
periods to attain a new equilibrium around which it oscillated
reversibly at the same frequency as that of the stimulation
(Fig. S5t). Changes occurring in the first ten periods can be
evaluated separately and individually to analyze possible tran-
sitions of the structure from that before the ME experiment to
that changing reversibly during the ME experiment. Fig. 4a
shows the Pd 3d core level spectra averaged over 26 periods
and corresponding to the middle of the CO and O, half-periods
(¢ =150 s). Under oxidizing conditions (O,), the Pd 3ds,, and Pd
3d;, signals are centred at ca. 337 and 342.25 eV, respectively.
The spectral features shift to lower binding energy in the pres-
ence of CO (ca. 335.25 and 340.5 eV) and exhibit a narrower line
shape compared to those in oxidizing conditions. The
comparison between the two spectra demonstrates that
the oxidation state of palladium changes reversibly upon the
periodic modification of the reaction environment.

Chem. Sci., 2023, 14, 7482-7491 | 7485
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Fig.3 X-ray photoelectron spectra of 5 wt% Pd/Al,Os. (a and b) and (d and e) Al 2p core level with a 650 eV kinetic energy. (b and e) Heat map of
Al 2p core level spectra acquired during the 6 h measurement. (c and f) Pd 3d core level with a 300 eV kinetic energy. (a—c) Non-aligned spectra;
(d—f) aligned spectra. The vertical lines in panels (c) and (f) correspond to the maximum intensity of the Pd 3d core level features in the O, and CO

periods.

Identification of species on 5 wt% Pd/Al,O3

The repeated and alternated O,/CO pulses performed in the
modulation sequence enable to increase the time resolution of
the APXPS experiment and the S/N ratio. Fig. 4b depicts the
spectra obtained after the phase-sensitive detection (PSD)
algorithm was applied to the averaged and aligned data
(Fig. S6at). The spectral resolution (ca. 0.3 eV) is most likely
responsible for the sharp features in the averaged aligned data
and thus for what we consider the residual noise. To improve
the readability of these spectra, the averaged aligned data were
smoothed before performing PSD (binomial smoothing of
degrees 1, 2, and 3; Fig. S6b-d+t and Fig. 4). The resulting spectra
displayed similar signal features to the aligned PSD data and
were clearly distinct from the remaining noise (Fig. 4). Data
smoothing has to be considered with care since it can blur the
PSD data and affect fitting (see for example binomial smoothing
3 in Fig. S6dt). All the smoothed data were aligned prior to
smoothing, but will only be referred to as smoothed data in the
subsequent discussion.

The phase-resolved data of Fig. 4b show the changes already
visible in the time domain but with improved quality and
sensitivity. Focusing on the Pd 3ds, peak, similar to the
difference spectrum obtained subtracting the last time-resolved
spectrum in the CO pulse from the last one in the O, pulse
(Fig. 4c), they show the presence of two main peaks of opposite
sign centred at 335.0 and 337.5 eV representing the macro-
scopic changes induced by reduction in CO and oxidation in O,.

7486 | Chem. Sci,, 2023, 14, 7482-7491

Each peak is however clearly accompanied by at least two
overlapping signals at 334.2 and 337.7 eV, respectively, that are
visible in the phase domain but become difficult to identify in
the time domain. The difficulty to evaluate the number of Pd
species affected by the perturbation and contributing to the
time-resolved signal as well as to follow their dynamics
(consumption/formation) is overcome by meticulously evalu-
ating and comparing the fits of the phase and of the time
domains in order to manually cross-adjust each fit iteratively
(Fig. S77). The fitting was performed on selected phase domain
spectra of the aligned and smoothed data (binomial 1; phase
angles: 0°, 20°, and 40°) initially using two peaks (Fig. S7t). The
peak features obtained from the phase domain fit (peak posi-
tion and full width at half maximum, FWHM) were fixed to fit
the time domain spectra, corresponding to the non-smoothed
averaged and aligned data set taken at ¢ = 150 s in the
reducing and oxidising half-periods (Fig. 4). Fitting the time
domain spectra with the parameters obtained in the phase
domain (see the deconvolution of Pd 3ds,, spectra in Fig. S77)
helps to visualize where a peak might be missing in the initial fit
of the phase-resolved spectra. This information was used to
iterate the fit in the phase domain spectra including the addi-
tional features missing from the time domain. The iterative fit
started with two peaks (Fig. S7,T plots ¢ and d top, left) and
ended with seven peaks, which were needed to obtain a good
correlation with the raw data (Fig. 5 and Table 1). The reverse
strategy (fitting the data by identifying the missing peaks in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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time domain and transferring it to the phase domain) was also
carried out to validate the fits (Fig. S8t). It is important to
highlight that initial fitting guesses were based on previous
experiments performed at the same beamline on actual samples
and more peaks were added based on literature reports (see
below).?

This procedure enabled us to identify the following peaks
that are assigned according to previous literature reports. The
bulk Pd® and the surface Pd° components were detected at
334.9 eV, and 334.1 eV, respectively.**** The third Pd species
centred at 335.6 eV is attributed to Pd° with adsorbed CO. The
CO molecules can adsorb at the hollow, bridge and on-top sites
of the surface Pd° but their very close binding energy values
(within 0.7 eV) did not allow their separation.***"** The litera-
ture suggests that under the experimental conditions adopted
in this work (1 mbar, 300 °C) and the average Pd particle size
(Fig. S1ct), CO is expected to adsorb almost quantitatively on
bridge sites.*> The shift by +0.7 eV compared to bulk Pd® is in
good agreement with such an adsorption geometry, which has
been observed on supported Pd catalysts.**

Regarding the oxidized Pd species, bulk PdO was found at
337.60 €V.*** In this work, we identified two additional Pd
oxide species at 336.55 and 337.0 eV corresponding likely to a 2-
fold and a 4-fold surface oxide, respectively arising from what
was associated to the two-dimensional PdsO, phase.****** The 2-
fold oxide species of Pd;O, is an outmost surface species
formed by chemisorbed oxygen coordinated to Pd and exposed
to the solid-gas interface. The 4-fold Pd oxide species is
considered to be the subsurface oxide of Pd;0, and is regarded
as a precursor to the PdO bulk.***® Both species are defined as
sub-stoichiometric PdO,.;, which is considered an intermediate
state between chemisorbed oxygen on Pd°® and bulk PdO. Such
species were observed mainly on Pd(111) single crystals*”*® but
also on an powder Pd/Al,O; catalyst.*

e Data

Fitted data

Surface Pd°

Bulk Pd®

Adsorbed CO
Surface PdO (2-fold)
Surface PdO (4-fold)
Bulk PdO

[ Pd™ (n > 2+)

c. COenv.

336 334

B.E [eV]

340 338

336 334

B.E [eV]

338 332

Fig.5 Fit of the (a) phase (0°) and (b and c) time domain spectra (t = 150 s), X-ray photoelectron spectra of 5 wt% Pd/Al,Oz acquired at the Pd 3d
core level. (b) Averaged spectrum in oxidising conditions, (c) averaged spectrum in reducing conditions. Peaks are defined in Table 1. Only the Pd

3ds/, core level is shown.
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Table 1 List of identified peaks and corresponding assignment

Binding energy

[eV] FWHM" [eV] Assignment
Peak 1 334.1 0.4 Surface Pd’ (ref. 30-32)
Peak 2 334.9 0.9 Bulk Pd’ (ref. 30-32)
Peak 3 335.6 0.9 Adsorbed CO*"™*?
Peak 4 336.3 1 Surface PAO (2-fold)*"**~*°
Peak 5 337.1 0.9 Subsurface PdO (4-fold)*"**~*°
Peak 6 337.6 1 Bulk PdO***
Peak 7 338.6 0.8 Pd™ (n > 24)2741°53

¢ Full width at half maximum.

The assignment of the last component characterized by the
highest binding energy (338.6 eV) is more complex and
debated.**** It can be related to cationic Pd species that are
surface species (1) in an oxidation state higher than 2+***” and/
or (2) possessing strong interaction with the alumina
support®*>> as well as (3) replacing a cation in the metal oxide
lattice (depending on the support).****** Recently, we assigned
the component characterized by the peak at 338.6 eV to palla-
dium adatoms on the surface of the alumina support.””

The fit of the averaged spectrum obtained at 150 s under
oxidising conditions is dominated by cationic Pd species
(Fig. 5a and Table 2). The contribution of Pd® is low (7%), while
surface Pd° is absent. The fraction of Pd® with adsorbed CO
(11%) is not negligible and is attributed to the Pd surface
poisoning by CO due to the strong Pd-CO bond. The poisoning
effect of CO on Pd sites is supported by the very low levels of CO,
all along the O, half-period in the MS data (Fig. S3t1), after a less
pronounced sharp peak than that detected in the CO half-
period. The presence of the signals of surface and bulk Pd°
under oxidizing conditions suggests that the thickness of the
oxide layer formed is smaller than the mean escape depth of
photoelectrons and thus that metallic Pd is coated by a thin skin
of oxide.

Under reducing conditions, the fit of the averaged spectrum
at 150 s (Fig. 5b and Table 2) shows predominantly peaks cor-
responding to metallic Pd species as well as Pd° with adsorbed
CO together with minor contributions from bulk and surface
PdO but no signal of Pd"™". The poor contribution from the
surface Pd° (4%) is justified by the presence of adsorbed CO
molecules.

Dynamics and mechanism

The identification of the various signals in the fit of the phase-
resolved data allowed to select their position in the time-
resolved spectra and to plot their temporal behaviour. Fig. 6a
and b shows that changes are well recognizable in the time
domain within an 0,/CO period and that regions where no
photoelectron signal is expected (such as at 330.5 and 333 eV in
Fig. S9t) are not affected by the repeated gas switches. However,
it is also clear that in the time domain no differences in the
dynamics of the various reduced and oxidized species could be
distinguished. In contrast, the phase domain data delivered
important information on the dynamics of the species affected
by the perturbation with greater details.
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The behaviour of reduced and oxidized Pd species in the
phase domain of the smoothed data (binomial 1) is presented in
Fig. 6¢c and d, respectively. Based on the idea that a shift of the
sinusoidal response of a species to higher phase angles implies
its faster evolution over the complete O,/CO period,** the phase
behaviour of the smoothed data (binomial 1) suggests
a different (faster) response of bulk Pd® compared to surface Pd°
and Pd° with adsorbed CO (Fig. 6¢). This is emphasized when
looking at the aligned data (Fig. S10ct).

In contrast to the reduced species, significant differences are
visible in the behaviour of the oxidized Pd species. Pd"" species,
represented by the binding energy at 338.6 eV, respond faster
than the others to the O,/CO modulation, followed in the order
by the 2-fold surface PdO species, the 4-fold subsurface PdO and
the bulk PdO species. Here no significant difference can be
observed between aligned and smoothed data (Fig. 6 and S107)
likely because it is already significant in the aligned data in
contrast to the behaviour of the reduced species.

Based on the behaviour of the reduced and oxidized species
in the phase domain we can propose an explanation of the
process captured by APXPS. Taking into account that PdO
reduction by CO proceeds through oxygen diffusion from the
bulk to the surface according to the diffusion-controlled
reduction model,***® the data of Fig. 6 suggest that during
reduction bulk Pd°® grows first and is followed by the simulta-
neous formation of surface Pd° and CO adsorption. The 10-fold
faster reactivity of the Pd"™" species towards CO oxidation
compared to PdO nanoparticles at room temperature*” explains
the early change in the signal of Pd"" in the phase domain. The
observation that the 2-fold surface PdO species are more reac-
tive towards CO oxidation than bulk PdO and 4-fold subsurface
PdO species*~** due to the direct accessibility of the CO binding
sites by the surface oxides sites,***** rationalises the observed
order in the phase domain of these species. If we consider that
Pd oxidation follows the Cabrera-Mott (CM) model®® for
a surface oxide layer below 3 nm and then the 3D diffusion
model,” the initial formation of Pd surface species (Pd"" and 2-
fold surface PAO) upon oxidation is coherent with the formation
of a thin, highly defective oxide film across which electrons
diffuse from the metallic core to ionize adsorbed oxygen. The 4-
fold subsurface PdO species exhibits a faster initial formation
rate than that of bulk PdO,*>***% supporting the hypothesis
that it acts as a precursor of bulk PdO. The defectiveness of the

Table 2 Peak component fraction of the fit of the averaged time
domain X-ray photoelectron spectra of 5 wt% Pd/Al,Os acquired
under oxidizing and reducing conditions. Fits are shown in Fig. 6

Binding energy

[eV] 0,[%] €O [%]
Surface Pd’ 334.1 1 4
Bulk Pd’ 334.9 7 32
Adsorbed CO 335.6 11 36
Surface PdO (2-fold) 336.35 26 20
Subsurface PdO (4-fold) 337.1 14 4
Bulk PdO 337.6 22 4
Pd™ (n>2) 338.6 19 0

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Behaviour of normalised (a and c) time domain and (c and d) phase domain intensities of (a and c) all reduced Pd species and (b and d) all
oxidized Pd species from the aligned and smoothed (binomial 1) data set.

surface oxide layer predicted by the CM model®® possibly
explains why APXPS detects the consumption of the fraction of
bulk Pd° prior to that of the Pd® surface.

The results obtained in this work demonstrate that PSD
offers the unique possibility to extrapolate the kinetics of
species formation/consumption from in situ time-resolved
photoelectron spectroscopy acquired on a realistic catalyst,
which is very challenging to observe otherwise, e.g. plotting the
species evolution in the time domain. The reaction mechanism
of CO oxidation can be assessed through additional sets of
experiments where the conditions, such as temperature and
nature of the pulse sequences are varied, which goes beyond the
scope of this work. Such a technique can be used in other
facilities, as the main requirement is a precise control of the
reaction phases (e.g. achievable by means of switching valves)
and their synchronization with spectroscopy. Results obtained
with time-resolved in situ XPS experiments can provide
complementary information to those achievable by means of
other spectroscopy tools, because the technique is sensitive to
interfaces, where catalytic reactions take place.

Conclusions

Time-resolved in situ X-ray photoelectron measurements were
performed on a powder 5 wt% Pd/Al,O; catalyst, while repeat-
edly switching between oxidative (O,) and reducing (CO) envi-
ronment in a typical modulated excitation (ME) experiment. All

© 2023 The Author(s). Published by the Royal Society of Chemistry

the suitable modulation periods were averaged into one period
based on the gas switching events since the setup used allowed
for rapid gas switches without significant delays between the
pulsing event and the change in gas composition in the exper-
imental cell. By averaging the modulation periods both the
signal-to-noise ratio of a photoemission spectrum and the time
resolution of the measurement, which was now only limited to
the acquisition time of one spectrum, were improved. By
comparative fitting of phase and time domain spectra, a total of
seven Pd species were detected and their evolution monitored
during the gas switches: three reduced Pd species (bulk and
surface Pd’, and adsorbed CO on Pd°), and four oxidized species
(bulk, 2-fold surface PdO, 4-fold subsurface PdO as well as Pd""
species). The phase domain data obtained from the PSD algo-
rithm allowed following the dynamic evolution of these species
in great detail. It was found that the most susceptible species
towards the alternate CO and O, pulses are Pd"" species and 2-
fold surface PdO species.

The work presented here paves the way for significant
advances in the field of time-resolved ambient pressure X-ray
photoemission spectroscopy applied on powder catalysts with
low metal loadings of practical relevance, especially considering
that the proposed approach is fairly simple and can be used to
process data acquired at different facilities. Further improve-
ments of the spectral resolution of the photoemission spectra
could allow the use the ME approach to understand more
complex or novel systems.
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