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ABSTRACT
An experimental approach is described in which well-defined perturbations of the gas feed into an Ambient Pressure X-ray Photoelectron
Spectroscopy (APXPS) cell are fully synchronized with the time-resolved x-ray photoelectron spectroscopy data acquisition. These experi-
ments unlock new possibilities for investigating the properties of materials and chemical reactions mediated by their surfaces, such as those in
heterogeneous catalysis, surface science, and coating/deposition applications. Implementation of this approach, which is termed perturbation-
enhanced APXPS, at the SPECIES beamline of MAX IV Laboratory is discussed along with several experimental examples including individual
pulses of N2 gas over a Au foil, a multi-pulse titration of oxygen vacancies in a pre-reduced TiO2 single crystal with O2 gas, and a sequence of
alternating precursor pulses for atomic layer deposition of TiO2 on a silicon wafer substrate.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039957

I. INTRODUCTION

Exposure of solid surfaces to gaseous environments is an essen-
tial part of experimental studies in many disciplines including
surface science, heterogeneous catalysis, materials science, or het-
erogeneous chemistry of aerosols. Gas treatments are used, for
example, to remove surface contaminants, to alter the chemical
composition of surfaces and/or adsorbed layers, to grow thin films,
and, importantly, to perform surface-mediated (catalytic) chem-
ical reactions. Exposure to gaseous stimuli can also be used to
elicit various responses in the bulk of certain materials through
electronic (current), mass (diffusion), or other forms of trans-
port processes, which is relevant in sensing and energy conversion
applications. Therefore, it is highly desirable to be able to exert

precise control over the amount and temporal modality of gas expo-
sure in combination with spectroscopic and structural characteri-
zation tools employed in fundamental studies of various materials.
Experiments with well-defined transient perturbations (pulse, step,
and periodic wave) are especially valuable, as they deliver more
quantifiable real-time data about the investigated physico-chemical
processes.

In chemical kinetics, transient gas perturbations are routinely
employed to investigate the reaction mechanisms and derive the
intrinsic reaction parameters of gas–surface interactions.1–3 For
example, step perturbations in the isotopic composition of the
feed are used in Steady-State Isotopic Transient Kinetic Analysis
(SSITKA) to evaluate the mean surface residence times and abun-
dances of reaction intermediates.4–6 Concentration step-transients
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under flow conditions are widely used for kinetic investigations.7
Periodic (pressure) waves are used in frequency methods to scruti-
nize the reaction kinetics under such operating conditions that may
not be accessible to other transient methods.8,9 Transient perturba-
tions of the gas composition are also utilized in many spectroscopic
and structural methods, e.g., Refs. 10–12, especially to enhance the
sensitivity to such reaction intermediates that have their signals
obscured by spectator species.13–15

This work derives motivation from Temporal Analysis of Prod-
ucts (TAP)—a powerful transient technique for the precise kinetic
characterization of complex catalytic materials and reactions.16,17

TAP employs nanomolar pulses of reactants that are injected over
an evacuated sample (packed bed configuration) to probe its kinetic
properties. Time-resolved (in the range of 1 ms) Quadrupole Mass-
Spectrometry (QMS) responses of gaseous species are quantitatively
analyzed, primarily within the model of Knudsen diffusion,18 to
extract a rich variety of intrinsic kinetic characteristics. Well-defined
gas perturbations (pulses) also allow for the superior control over the
chemical status of the catalyst surface.16,17,19,20 When complemented
by surface spectroscopy measurements on a comparable timescale,
such pulse-response experiments can have profound implications
for mechanistic studies in catalysis and materials science. For exam-
ple, complementary spectro-kinetic data can be assimilated in a
unified modeling framework, such as mean-field microkinetics or
the Rate-Reactivity Model (RRM),21 which improves our funda-
mental understanding of complex surfaces. Implementation of such
perturbation-enhanced experiments in conjunction with surface-
sensitive electron spectroscopies is particularly desirable for inves-
tigating correlations between the electronic structure and kinetic
properties of materials.22 However, this pursuit faces a number of
technical and methodological challenges.

X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet Pho-
toelectron Spectroscopy (UPS) are essential surface-sensitive tech-
niques that are widely applied for characterization of materials.
Historically, Molecular Beam Scattering (MBS) methodology was
utilized in conjunction with XPS and Infrared (IR) and Electron
Energy Loss Spectroscopy (EELS) measurements in surface science
as a mean to impose a well-defined gas perturbation, whereby the
probe molecules are delivered onto a sample surface by using a
focused molecular beam source in a continuous or periodic man-
ner.23,24 From the kinetics point of view, MBS experiments derive
their strength from the well-defined, single-collision mode of gas
transport in the free molecular flow regime, which facilitates quan-
titatively accurate estimations of intrinsic kinetic parameters from
the time-resolved mass-spectrometric and spectroscopic signals.25–27

When molecular beams are employed, gaseous species can be quan-
titatively monitored by using a mass-spectrometer in addition to
monitoring surface species with spectroscopy. These combined
spectro-kinetic data can be very informative for elucidating the reac-
tion mechanisms on well-defined model surfaces, such as single
crystals or thin films. However, MBS-enhanced spectroscopic exper-
iments on model surfaces are limited in scope when it comes to
investigating more structurally complex materials under technolog-
ically relevant operating conditions (e.g., higher pressure). More-
over, molecular beam sources and mass-spectrometers are rarely
installed in the vicinity of the sample in conventional (commer-
cial) XPS systems due to additional technical complexities. As a
result, most surface spectroscopies are performed in high vacuum

or in a static gas environment inside “back-filled” vacuum cham-
bers. One notable example to the contrary is the Dynamic High
Pressure (DHP) approach developed at the Elettra synchrotron,28 in
which gaseous pulse transients are employed to augment conven-
tional XPS measurements. DHP utilizes short, intense pulses of gas
to briefly expose the sample surface to elevated pressures of gaseous
reactants. Although it may not be possible to acquire XPS spectra
while such a pulse is in progress, they can readily be acquired in
between the pulses to monitor the evolution of the surface within
a series of pulses or to monitor the reactions of relatively long-
lived adsorbents that remain on the surface immediately after a
pulse.

Over the course of recent decades, a number of methodolog-
ical and instrumentation advancements have opened new possibil-
ities for in situ XPS investigations of chemically reactive surfaces,
as recently reviewed by Schnadt et al.29 Ambient Pressure XPS
(APXPS) instruments (e.g., see Refs. 30–32 and references therein)
have become commonplace at large synchrotron radiation facili-
ties and, increasingly, in many home laboratories.33 These instru-
ments allow for the gas pressure in the vicinity of the sample sur-
face to be increased up to 50–100 mbar, while still providing XPS
spectra of high quality. This is achieved by placing a very narrow
(100–1000 μm diameter) aperture of a differentially pumped elec-
tron analyzer only one or two aperture diameters away from the
sample surface in order to minimize the escape path of the pho-
toelectrons through the gas layer, while maintaining the elevated
pressure of reactants at the sample surface. Subsequently devel-
oped small dead volume cells34,35 feature a more rapid gas exchange
within the cell volume—an essential pre-requisite for kinetically
well-defined in situ APXPS experiments. The cutting edge APXPS
cells with unique geometries36 or capped with graphene mem-
branes37,38 achieve unprecedented high pressures up to several bars.
Furthermore, highly sensitive detectors such as Delay Line Detectors
(DLDs)39,40 provide a sufficient signal-to-noise ratio for acquiring
XPS spectra on the sub-second time scale. Other factors contribut-
ing to the improved data quality and temporal resolution include
the high brilliance of synchrotron radiation and the high transmis-
sion of electron analyzers. Valuable kinetic insights about surface
reactions have been gained by temperature-programmed APXPS
measurements.41 The aforementioned technological developments
in photoelectron spectroscopies can potentially offer unprecedented
experimental capabilities, whereby well-defined perturbations of the
surrounding gas composition can be delivered to the model and
complex materials, while their surfaces are simultaneously moni-
tored by real-time XPS. We refer to this mode of experimentation as
perturbation-enhanced APXPS, and the first examples of such exper-
iments have already appeared for powdered catalysts in the recent
literature.42

One of the practical challenges in conducting perturbation-
enhanced XPS measurements is the synchronization of electronic
components for precise gas control and data acquisition, which
is crucial for achieving accurate temporal alignment of the result-
ing datasets and implementing advanced automation. We foresee
that such a precise synchronization will become increasingly impor-
tant for kinetically well-defined, TAP-like APXPS measurements.
Here, we report the development of a hardware/software inter-
face for performing well-defined, fully automated gas perturbations
that are synchronized with the time-resolved XPS data acquisition.
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Selected experimental case studies are described to illustrate the
potential application scope of these novel capabilities in the research
of materials, evaluate their limits in the context of the state-of-the-
art APXPS instruments, and discern the directions in which further
developments could be fruitful.

II. IMPLEMENTATION
Experiments were developed at the APXPS end station of the

SPECIES beamline43,44 at MAX IV Laboratory. The end station35 is
equipped with an ambient pressure XPS cell, a differentially pumped
electron analyzer (SPECS Phoibos 150 NAP), and a DLD from Sur-
face Concept. An Al/Si3N4 window mounted on the cell allows the
x rays (either from an anode source or the synchrotron) to enter the
cell without compromising the high vacuum conditions of the beam-
line and the rest of the vacuum system. The main aim of this work
is to extend the capabilities of the instrument to enable simultane-
ous triggering (i.e., in the same time frame) of the gas perturbation
by using an arbitrary injection device placed upstream of the AP cell
and the XPS data acquisition by using the spectrometer.

A. Hardware
Different components of the system are schematically depicted

in Fig. 1 and include (1) a synchronizing controller interfaced with
(2) an injection device and (3) DLD. The Raspberry Pi 3 unit
(RPi)45 that runs the Raspbian operating system was selected as
the core of the system. RPi has many advantages in the context of
this application, such as low price and compact dimensions, but
the most important feature is its fully integrated general-purpose

input/output (GPIO) circuit, which allows the RPi to easily inter-
face with external equipment (see the circuit in Note 1 of the
supplementary material).

Gases are supplied into the AP cell (inner volume ∼200 ml)
via two ∼2 m long inlet lines (4 mm ID), both of which open into
the conically shaped annulus surrounding the nozzle of the elec-
tron analyzer in order to deliver gas in close proximity of the
sample surface. Pneumatically actuated diaphragm-sealed valves
from Swagelok (model 6LVV-DPS4-C) were used as gas injectors
upstream of the inlet lines, and their actuation was synchronized
with the DLD data acquisition. Gases were evacuated from the back
of the AP cell volume through an ∼2 m long outlet line (4 mm ID)
by using a turbo-molecular pump (pumping speed 67 l s−1). The
composition of the outlet gas stream was measured at the end of
the outlet line by using a Quadrupole Mass-Spectrometer (QMS)
via a variable leak valve. In order to control pressure inside the AP
cell (measured by using a CERAVAC CTR 100 N capacitance pres-
sure gauge at the outlet line, ∼2 m from the cell and before the QMS
entrance), a variable leak valve was placed upstream of the pneu-
matic valves. The leak rate was adjusted in advance to achieve the
desired pressure in the cell and later kept at this constant opening
during the experiment. The two pneumatic valves were operated
in a dual mode with two configurations (see Fig. 2): (a) the inlet
valve open and the bypass valve closed, which allows for gas injec-
tion into the AP cell, and (b) the inlet valve closed and the bypass
valve open, which creates a gas-flow to the outlet pump and ensures
no pressure build-up in the line. The bypass line was connected to
the gas evacuation line of the APXPS end station pumped by using
a turbo-molecular pump. The trigger signal was level-shifted to

FIG. 1. A general scheme of the APXPS cell with a sample, the gas feeding section, and the electron analyzer. The insets show the imposed (square pulse) gas perturbation
on the same time scale with the QMS signal at the cell outlet (left) and the synchronized DLD XPS signal recorded from the sample surface (right).
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FIG. 2. The operating principles of pneumatic valves whose actuation was synchronized with the DLD via RPi: (a) gas injection mode and (b) gas bypass mode.

24 V with relays to operate the pneumatic valve actuators [shown in
the upper right corner of Fig. S1(b) of the supplementary material],
which were, in turn, controlled by using the RPi.

B. Software
The control software was written in Python, which offers a wide

variety of libraries for, among other things, the control of the RPi’s
GPIO circuit and user interfaces.45,46 Python software was devel-
oped to (1) implement the gas injection sequences by triggering the
pneumatic valves and (2) initiate the data acquisition by triggering
the DLD. Some of the data acquisition parameters, such as the pass
energy of the analyzer, are determined by the voltages applied to
the spectrometer, which are set externally by the SpecsLab Prodigy
software. The acquisition of the electron spectra by using the DLD,
on the other hand, was controlled by a software provided by the
Surface Concept GmbH. This data acquisition software records indi-
vidual “snapshots” of the detector image when provided by an exter-
nal trigger signal, which here was generated by using the RPi. The
acquired images are converted into spectra by integrating over the
non-dispersive (non-energy) axis. The energy scale is calibrated in a
separate experiment with synchrotron light by measuring a known
photoelectron line at different positions on the detector by changing
the incident photon energy. This enables the calibration of the detec-
tor energy scale. Finally, the acquired APXPS spectra are aligned to
the gas injection sequences in time by the time stamps in the data
files.

III. EXAMPLES OF APPLICATION IN APXPS
EXPERIMENTS

The newly developed hardware/software interface was tested
in three types of experiments, all of which have a potential to sig-
nificantly enhance the studies of reactive materials at the SPECIES
beamline: (1) pulse-response real-time analysis of gas and surface
species, (2) pulsed titration of surface species for step-wise alter-
ation of the surface composition, and (3) cycled exposure of surfaces
to the Atomic Layer Deposition (ALD) precursors. Experiments
were conducted in the “off-line” mode with a Mg Kα x-ray source
(SPECS XR50, 1253.6 eV, 250 W), which can be used in addition to
synchrotron light at the APXPS end station.

A. Time-resolved monitoring of gas
and surface species

Monitoring the sample surface with XPS in real-time in
response to a transient change in the gas composition is of great
interest for applications in catalysis and surface chemistry. To
demonstrate the perturbation-enhanced time-resolved data acqui-
sition mode, nitrogen gas was injected over the gold foil, while XPS
signals at N 1s and Au 4f binding energies were monitored as func-
tions of time (see Fig. 3). Nitrogen gas does not react with gold under
these conditions, making their combination a convenient model for
elucidating the temporal characteristics of the signal in the absence
of chemical reactions. The beginning of the injected square pulse
[see Fig. 3(a)] defined the origin of the time axis (t = 0) for the
DLD. The QMS located downstream (outlet line) from the AP cell
was operated in a continuous data acquisition mode, and the QMS
data were aligned with the DLD timeline postfactum based on the
time stamps in the data files. The valve opening time (or pulse dura-
tion) tv served as the control parameter regulating pulse intensity.
The pressure in the AP cell was adjusted using the variable leak valve
to 1 mbar with the pulse valve fully open.

XPS responses of nitrogen gas (N 1s) above the sample surface
and of the gold foil (Au 4f) are shown in Figs. 3(b) and 3(c), respec-
tively. These data were recorded at 100 eV analyzer pass energy,
3 mm slit width, and 100 ms dwell time for each DLD image. Raw
images (see, example, Note 2 of the supplementary material) were
summed over all channels to produce time-resolved signals. Tran-
sient changes in both N 1s and Au 4f signals are distinguishable
from the background already for the 1 s valve opening time, albeit
with a low signal-to-noise ratio, and they become significantly more
prominent for a longer valve opening. The inverted shape of the
pulse in the Au 4f signal is due to the increased attenuation of
photoelectrons from the surface by the injected N2 gas molecules.
Both N 1s and Au 4f signals in Figs. 3(b) and 3(c) were binned to
the time resolution of 300 ms in order to improve the signal-to-
noise ratio, which provided significant signal quality even though
a Mg Kα anode was used as the x-ray source. Synchrotron light is
expected to afford even higher quality and time resolution of XPS
spectra.

The N1s XPS signal for nitrogen gas can be directly compared
to its QMS signal (amu 28) simultaneously recorded at the cell
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FIG. 3. A transient (pulse-response) APXPS experiment (Mg Kα x-ray source) enabled by the synchronization interface: (a) temporal profile of the gas perturbation (pulse);
(b) N 1s and (c) Au 4f transients recorded by using the DLD after single N2 pulses over the gold foil, comparing responses for different valve opening times (tv); (d) QMS
signal at amu 28 recorded at the cell outlet for different tv; (e) the time difference between the raising N 1s XPS vs QMS signals; (f) normalized zeroth moments and (g)
mean residence times of N 1s XPS (DLD) and QMS signals as functions of valve opening times tv; and (h) reproducibility of pulse characteristics (relative deviations from
the sample-mean values of the center, size, and width). The ovoid depicts the maximal encompassing volume for the entire dataset.

outlet. As shown in Fig. 3(d), QMS signals generally reproduce the
same pulse shape as N 1s signals, but with a much higher signal-to-
noise ratio. Closer inspection [see Fig. 3(e)] of the rising pulse edge
for height-normalized signals reveals that the QMS response is con-
sistently delayed with respect to the XPS response by 3(±1) s. This
delay can be attributed to the increased (doubled) distance in the gas
lines between the injection point and the QMS as compared to the
injection point and the sample, which is in good agreement with the
delay expected based on the vacuum conductance of the outlet line
under these conditions (see Note 3 of the supplementary material).

To further characterize the XPS and QMS signals, zeroth (m0)
and first (m1) statistical moments were calculated for all transients
after baseline correction (see Note 2 of the supplementary material).
Zeroth moments (i.e., area under the curve) are proportional to the
amount of injected gas molecules (pulse size). Figure 3(f) demon-
strates that the pulse size (normalized m0) increases linearly with
the increasing valve opening time (tv) and that both QMS and XPS
signals respond to this increase with comparable sensitivity. How-
ever, we note that the XPS-derived zeroth moment exhibits higher
uncertainty due to its lower signal-to-noise ratio.

Both signals yield approximately the same mean residence time
of gas molecules in the AP cell (τres) of 50(±2.5) s, which is indepen-
dent of the valve opening time [Fig. 3(g)]. A comparison of the mean
residence time and the average rising pulse edge delay of the QMS
(50 s≫ 3 s) suggests that the majority of molecules primarily reside
within the AP cell, where they collide extensively with each other and
with the cell walls before being evacuated either through the outlet

or the nozzle of the electron analyzer. This is the characteristic of a
device with considerable degree of mixedness, despite the presence
of relatively long inlet and outlet pipes.

Reproducibility of perturbations is another highly desirable
per-requisite for systematic transient kinetic experiments. In order
to assess pulse reproducibility, a series of 80 pulses (tv = 4.5 s)
were supplied into the cell under otherwise constant conditions,
and the variances of the corresponding responses were ana-
lyzed within the sequence. The response shapes were regressed
(Levenberg–Marquardt algorithm) using a combination of a linear
background and an exponential Gaussian pulse as a model (see Note
2 of the supplementary material). The three independent parame-
ters in this simple model (i.e., the pulse size, the mean delay, and
the variance) were not strongly correlated with either each other or
the pulse order within the sequence and were normally distributed
around their mean values. Figure 3(h) illustrates a scatter plot of
all 80 pulses, as relative deviations from the sample-mean, in three
principal parametric dimensions: area, FWHM, and mean delay.
The dataset is scattered along the area and mean delay axes only
within the 10% radius, although it is more broadly scattered along
the FWHM axis (within 20%).

The amount of gas molecules injected per pulse can be esti-
mated from the known flow rate of 1 SCCM (10−6/60 m3/s) and pres-
sure of 1 mbar (100 Pa) that were observed at steady-state feed con-
ditions prior to the pulsing experiment, i.e., with the pulsing valve
fully open. Assuming the ideal gas law, the amount of molecules
injected at the valve opening time of 1 s (tv = 1 s) can be estimated as
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Np = tv ⋅ Pv
RT
= 1 s ⋅ 100 Pa ⋅ (1.0/60) ⋅ 10−6

300 K ⋅ 8.314
≈ 1 ⋅ 10−9mol. (1)

We note that this estimate provides an upper bound of the pulse
size since in reality, the pressure may not reach 1 mbar during the
entire valve opening period due to a finite transient time. This
“order-of-magnitude” estimate falls within the typical range of TAP
experiments, which further illustrates that TAP and APXPS oper-
ate at similar pressure/temperature conditions and can potentially
be combined in a fully reconciled transient spectro-kinetic experi-
ment, albeit it is likely that despite considerable residence time in
the cell, not all gas molecules collide with the sample surface.

The overall reproducibility of pulses and the robustness of
simple phenomenological pulse descriptors (Fig. 3) achieved in
this work constitute an important step toward the development of
spectro-kinetic approaches involving APXPS. The inert gas-phase
and surface tracer responses presented herein are already amenable
to simple kinetic estimations within specified uncertainties. More
systematic tracer studies would be necessary to fully understand the
model of gas transport within the AP cell, highlighting the need
for well-defined gas transport conditions that can be employed as
standard processes for precise kinetic measurements, similarly to
Knudsen diffusion in TAP. Nevertheless, the phenomenological val-
ues provided in this work for the mean (transport) residence time of
gas inside the AP cell (including the gas lines) can readily be used
to constrain the range of characteristic time scales for (chemical)
kinetics that can be quantified under the used experimental condi-
tions. Assuming an ideally mixed reaction volume, i.e., Continuous
Stirred-Tank Reactor (CSTR) in the AP cell, for which conversion is
given3 by

X = kappτ
1 + kappτ

, (2)

a device with the mean residence time τ of 50 s can potentially pro-
vide kinetically meaningful data (still subject to other, more strin-
gent, criteria) with conversions between 0.05 and 0.95 for chem-
ical processes with characteristic apparent rate constants kapp of
10−3–10 s−1. The corresponding range of intrinsic rate constants
k, m3 mol−1 s−1 can be estimated by taking into account a typical
surface-to-volume ratio SV in the AP cell (for a 5 ⋅ 10−5 m2 sample
inside the 0.2 ⋅ 10−3 m3 AP cell) and a typical site-density aS on a
metal surface of 1 ⋅ 10−6 mol m−2,

k = kapp

aSSV
, (3)

resulting in the k range of ∼103 to 106 m3 mol−1 s−1. In the context
of heterogeneous catalysis, this range of values would correspond
to extremely fast processes, comparable to the rates of oxygen dis-
sociation on Pt at similar conditions.47 These order-of-magnitude
estimates indicate that kinetically relevant transient APXPS experi-
ments for a wide range of catalytic reactions with lower intrinsic rate
constants can be implemented if the surface-to-volume ratio in the
AP cell is considerably increased, for example, by employing samples
comprised of porous films. For significantly slower reactions, the
cell volume must also be reduced. For example, at 423 K, methanol
reacts with oxygen atoms adsorbed on a surface of nanoporous gold
with an intrinsic rate constant48,49 of k ∼ 102 m3 mol−1 s−1. Consid-
ering that the realistic oxygen coverage on this material is limited to

fractions of a monolayer (0.01ML) due to the low oxygen dissoci-
ation probability, the apparent rate constant of this reaction would
reach the lower bound of the sensitivity window if the volume of the
cell is reduced to 2 ⋅ 10−6 m3, while the surface area is increased to
1 ⋅ 10−4 m2,

kapp = kaSSV = 102 ⋅ 0.01 ⋅ 2.3 ⋅ 10−5 ⋅ 10−4

2 ⋅ 10−6 = 1 ⋅ 10−3s−1, (4)

where 2.3 ⋅ 10−5 mol m−2 is the atomic monolayer of a model
Au(111) surface.

Aside from increasing the surface-to-volume ratio in the AP
cell, experiments reported herein suggest potential avenues for fur-
ther methodological improvements. Perturbations with even better
control over the injected amounts, reproducibility, and gas trans-
port times, comparable to those of TAP and modulation excitation
techniques, could be achieved with deeper integration of hardware
components in future instruments, e.g., installing the gas injection
valves in the immediate vicinity of the sample.

B. Pulse-wise titration of surface species
Monitoring the evolution of the sample surface within a series

of many successive pulses is another useful mode of operation for
the developed pulsing capabilities. This allows for the controlled
preparation of specific surface states and systematic studies of sur-
face changes (i.e., titration or well-defined state-altering TAP-like
experiments50). To illustrate this operation mode, re-oxidation of
a partially reduced titanium oxide surface was used as an example
(Fig. 4). TiO2 is a highly relevant material in (photo)catalysis51 and
aerosol science,52,53 where its chemical properties are greatly affected
by the surface oxidation state.

In this work, a single crystal of the rutile TiO2 exposing (110)
surface (supplier: PI-KEM) was first reduced by Ar+ ion sputtering
(1.5 kV, 10 mA, 2 ⋅ 10−5 mbar Ar, 20 min), which created oxygen
vacancies. Then, the surface was gradually re-oxidized by injecting
a train of O2 pulses (1 s valve opening time, 60 s between pulses),
while monitoring Ti 2p XPS spectra with the DLD at an analyzer
pass energy of 50 eV, 3 mm slit width, and 100 ms dwell time for
the image acquisition. The initial reduction and subsequent pulse-
wise re-oxidation of the titania (110) surface are reflected promi-
nently in its Ti 2p spectra, as shown in Fig. 4(a). Here, non-transient
high-resolution Ti 2p XPS spectra are plotted for the initial (fully
oxidized, UHV reference), sputtered (deeply reduced), and partially
re-oxidized (after 20 room temperature O2 pulses) states of tita-
nia. Different oxidation states of Ti can clearly be distinguished in
these spectra, in agreement with reference data on bulk materials54

and recent APXPS measurements on Ti(110).55 The spectrum of
fully oxidized TiO2 (UHV reference) is composed of a characteris-
tic Ti4+ doublet (due to spin–orbit coupling) with the more intense
Ti4+ 2p3/4 component centered at 459.7 eV and a less intense Ti4+

2p1/2 component centered at 465.5 eV, without any signs of Ti3+.
The spectrum of sputtered titania features an additional spin–orbit
pair of Ti3+ 2p components, which are shifted with respect to Ti4+

to lower binding energies. In the partially re-oxidized spectrum,
the intensity ratio between the two predominant oxidation states
Ti4+/Ti3+ is shifted back toward the fully oxidized UHV refer-
ence. Even without rigorous deconvolution of these complex spectra,
which was not pursued in these proof of principle studies, it can be
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FIG. 4. A multi-pulse APXPS experiment (Mg Kα x-ray source) with re-oxidation of pre-reduced TiO2 (110) single crystal. (a) High-resolution scans of the initial fully oxidized
surface in UHV (bottom), partially reduced, sputtered surface (middle), and partially re-oxidized surface after O2 pulses. (b) A schematic representation of the pulsing
sequence used for the crystal re-oxidation. (c) Examples of raw DLD spectra after the first and 20th pulses. (d) The nominal Ti4+/Ti3+ ratio as a function of O2 exposure
at various temperatures. Data binned to 34 s (gray line) and 1 individual pulse (blue squares) to illustrate the trade-off between the temporal resolution and signal-to-noise
ratio. The Ti4+/Ti3+ ratio was obtained by integrating the corresponding spectral regions that are highlighted in gray in (a) and (c).

seen that the ratio between the integrated intensities within the Ti4+

and Ti3+ bands (Ti4+/Ti3+) can be used as a descriptor of the average
surface oxidation state.

To quantify the average surface oxidation state during the
re-oxidation pulse sequence, the acquired raw DLD spectra were
binned in time and integrated in two spectral regions representa-
tive of the Ti4+ species (channels 320–440 or 460.14–459.13 eV) and
Ti3+ species (channels 470–650 or 458.88–457.38 eV). These spec-
tral ranges are highlighted in Fig. 4(c) for DLD snapshots and in
Fig. 4(a) for reference spectra. The initial state of sputtered, partially
reduced TiO2 was characterized by the ratio of Ti4+/Ti3+ spectral
regions of 0.9 in the raw DLD data, which agreed well with the
corresponding ratio of 0.86 in the full scan [Fig. 4(a)]. The evolu-
tion of the Ti4+/Ti3+ ratio during an ensuing series of oxygen pulses
demonstrated the ability to precisely control the oxidation state of
the titania surface within the 0.9–1.2 range of the Ti4+/Ti3+ ratio.
The resulting nominal Ti4+/Ti3+ ratio increased with the number
of injected oxygen pulses, as expected from the re-oxidation pro-
cess [see Fig. 4(d)]. Furthermore, several regimes in the re-oxidation
kinetics could be clearly distinguished: the initial rapid increase in
the Ti4+/Ti3+ ratio during the first five pulses at room temperature,
followed by a slower (linear) increase with the slope largely unaf-
fected by the temperature change from room temperature to 100 ○C.

A similar pattern was observed again, while the material was fur-
ther re-oxidized at a higher temperature of 200 ○C. A comparison
with the fully oxidized UHV reference in Fig. 4(a), which exhibited a
nominal Ti4+/Ti3+ descriptor ratio of 2 despite not containing Ti+3

(integration artifact), reveals that the surface was not completely
oxidized into original stoichiometric TiO2 by the end of the pulse
sequence at 200 ○C. It should be noted, however, that this compari-
son is also affected by the difference in backgrounds in the two data
acquisition modes.

Drawing parallels with multi-pulse TAP experiments, the
sequence-based experimental approach in APXPS presents novel
opportunities for the systematic characterization of chemically reac-
tive and dynamically evolving surfaces. For example, the rate of O-
vacancy diffusion from the bulk of the material can be evaluated
by monitoring the chemical state of the surface with XPS after a
pre-defined number of pulses have been delivered. Likewise, pulse
sequences of reagent molecules can be used to prepare and probe
chemical properties of well-defined surface states in catalysis, e.g.,
see the work of Shekhtman et al.50 or Wang and Makkee.56 We
note that in the specific example of multi-pulse data presented in
Fig. 4, the evolution of the titania surface occurred on relatively slow
time scale, which could have been captured by the less time-resolved
data acquisition mode. However, in the future, the newly developed
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FIG. 5. The operation of pneumatic valves during ALD half-cycles: (a) metal precursor injection and (b) water injection.

synchronization capabilities will facilitate quantitative reconciliation
of the kinetic and spectroscopic data related to a broader range of
reaction kinetics.

C. Precursor delivery for atomic layer deposition (ALD)
A pulsed valve system similar to the one described in this

paper is commonly employed in Atomic Layer Deposition (ALD)
processes.57 In ALD, a substrate is exposed periodically and alter-
natingly to different precursor gases, which create—under ideal
conditions—atomically thin, conformal layers of materials, depend-
ing on the precursors used. Thicknesses of these films can be con-
trolled accurately and simply by the number of deposition cycles
repeated. APXPS measurements have emerged as a valuable source
of fundamental information about the surface reactions involved in
ALD.58–61 We have used the pulsed valve system together with the
RPi electronics to automate the pulsing of the precursor gases in
order to study ALD processes in situ using APXPS.

For the ALD experiments, the gas lines and the pulsed valves
were slightly re-configured from the experiments described above,
as shown in Fig. 5. In this case, there had to be two inlet tubes to
the AP cell, one for each precursor and at least one pulsed valve
in each inlet tube in order to supply reagents for the both ALD

FIG. 6. Use of synchronized valves for ALD: (a) the pulsing sequence used for TiO2
deposition and (b) time-resolved APXPS data during the TTIP precursor pulse
recorded using the Mg Kα x-ray source.

half-cycles. Likewise, the Python script controlling the valves was
adjusted to implement the sequential injection of ALD precursors.
As the programming is done fully in the Python environment, it
is easily adaptable to different applications and relatively quick to
reprogram in order to meet different experimental needs and more
complicated pulsing sequences. In this case, the program emulated
pulse-purge-pulse-purge cycles of an ALD process, in which titania
(TiO2) layers were grown on a silicon substrate at 200 ○C.

The pulsing sequence [see Fig. 6(a)] consisted of an expo-
sure to titanium (IV) tetraisopropoxide (TTIP)—the source of
titanium—followed by a period of purging with inert gas of the cell,
and then followed by an exposure to water—the source of oxygen.
A final purge period completed the cycle, after which another ALD
cycle could begin. Figure 6(b) demonstrates an example of APXPS
data recorded during the first (TTIP) half-cycle (tv = 2000 s). XPS
was measured in a snapshot mode, with a fixed kinetic energy win-
dow focusing on the Ti 2p region at a binding energy of ∼460 eV.
A considerable delay between the pulse injection and the appear-
ance of the surface Ti signal in XPS is caused by the reaction of the
TTIP precursor with surfaces of the feed lines and the APXPS cell
that have either never been exposed to the precursor before or have
been exposed to water prior to the TTIP injection. The TiO2 growth
on the sample surface is observed only after all preceding surfaces
are saturated with the precursor.

Overall, this example clearly demonstrates the utility of pro-
grammable perturbations of gas composition fully synchronized
with the APXPS data acquisition for reproducibility of ALD cycles
in the APXPS spectroscopic cell and, potentially, for acquiring time-
resolved APXPS data on the kinetics of ALD growth reactions. One
must note, though, that the time constants of the cell are still too
large to capture kinetics of the most relevant ALD processes that are
completed in fractions of seconds in actual ALD reactors. In other
words, the current setup appears to operate in a transport-limited
rather than reaction-limited mode. Therefore, the main value of
these experiments is expected to lie in the chemical identification
of the surface intermediates formed in each ALD reaction step.

IV. CONCLUSION AND PERSPECTIVES
A hardware/software interface is described that allows for the

injection of well-defined gas pulses into an APXPS cell on the
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same time frame, i.e., fully synchronized, with the triggering of a
DLD XPS system. This interface enables a number of fast, time-
resolved, perturbation-enhanced APXPS experiments to be system-
atically performed with a wide variety of materials and reactions.
The synchronizing interface was implemented at the APXPS branch
of the SPECIES beamline at MAX IV Laboratory based on a Rasp-
berry Pi controller with a Python API and a number of other easily
accessible components. The capabilities of this approach were illus-
trated by three experimental examples. First, N2 pulsing over the Au
foil demonstrated that XPS signals, in this case N 1s and Au 4f, can
be monitored with sub-second time resolution for a single gas pulse.
In combination with downstream QMS data, these pulses demon-
strated that the APXPS cell has a characteristic residence time of
50 s, which can tentatively be assigned to the inner well-mixed vol-
ume of the cell, rather than the upstream and downstream feed lines.
Second, Ti 2p XPS spectra recorded during a multi-pulse sequence
of O2 injections over pre-reduced TiO2 were used to quantitatively
monitor the evolution of the Ti oxidation state, which revealed a
non-trivial behavior of re-oxidation kinetics. Finally, time-resolved
XPS data were presented for the precursor-loading half-cycle of an
ALD process for TiO2 deposition.

Although developed for model systems already in the early
days of surface science, such experiments with synchronous gas per-
turbations and surface characterization have not found their way
into the standard repertoire of modern APXPS measurements, par-
tially because the methodology development efforts were primarily
focused on maximizing the pressure of reactants in the vicinity of
the sample. Perturbation-enhanced APXPS experiments developed
herein were inspired by the success of pulse-response TAP experi-
ments in elucidating the intrinsic kinetics of gas–solid reactions on
complex materials from a gaseous perspective. We foresee that the
perturbation-enhanced APXPS approach will provide complemen-
tary time-resolved data from a surface perspective, which eventu-
ally can be reconciled with gaseous reaction kinetics for a more in
depth understanding of underlying structure–activity relationships
in catalysis and beyond.

SUPPLEMENTARY MATERIAL

See the supplementary material for the detailed descriptions
of (1) the synchronization circuitry, (2) data treatment that was
employed in the analysis of gas pulses and (3) estimates of the
vacuum pipe conductance.
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