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ABSTRACT
The study of model catalysts under complex reaction conditions needs to address several challenges, including high-sensitivity detection and
accurate control of reaction pressure and temperature, while ensuring a contamination-free environment. Here, we developed an ultra-high
vacuum (UHV)-compatible flow reactor designed to investigate model catalytic reactions. The reactor is integrated into an existing UHV
system, which facilitates the synthesis of mass-selected clusters and their controlled deposition on model substrates. The combination of the
flow reactor with the preparation system enables catalyst preparation, characterization, and testing without exposure to ambient conditions.
The reaction cell features a dual-cup design with a reaction volume of less than 3 ml and is equipped with a near-infrared laser heater and
a quadrupole mass spectrometer for continuous product analysis. The gas handling unit allows for the use of different gas mixtures flowing
at various pressures through the reaction cell. The laser heating unit provides precise temperature regulation through programmable heating
and cooling profiles. As a proof of concept, catalytic CO oxidation was studied on a Pt(110) single crystal and CeO2-supported mass-selected
Pt200 clusters. The results demonstrate distinct reactivity trends, activation temperatures, and hysteresis behavior, highlighting the reactor’s
functionality for detailed studies in model heterogeneous catalysis.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0307891

I. INTRODUCTION

Model catalysis plays a crucial role in uncovering the funda-
mental mechanisms of surface reactions by enabling experiments
on well-defined systems under controlled conditions. These well-
defined systems (e.g., single crystals, thin films, and nanostructured
materials) provide the control needed to disentangle the influence of
critical parameters, such as surface structure, particle size, chemical
composition, and catalyst–support interaction, on catalytic behav-
ior. By isolating specific structural and chemical features, these
systems allow for a fundamental understanding of catalytic processes
often obscured in complex technical catalysts.1–6 Model catalysts
offer a direct correlation between surface structure and reactivity,

serving as a basis for the interpretation of reaction behavior under
experimentally relevant conditions.7

While ultra-high vacuum (UHV) studies provide precise con-
trol over surface characteristics, they often fail to replicate pressure
and chemical environments equivalent to realistic catalytic con-
ditions. Many surface reactions exhibit remarkable differences in
kinetics, surface reconstruction, and active-site populations when
transitioning from UHV to ambient or near-ambient pressures.8–12

This so-called “pressure gap” limits the direct translation of
reaction-level understanding from idealized model systems to prac-
tical catalytic conditions. Bridging this gap requires an experimental
setup capable of systematic investigation of the same catalyst under
both UHV and realistic reaction environments. Such studies are

Rev. Sci. Instrum. 97, 013907 (2026); doi: 10.1063/5.0307891 97, 013907-1

© Author(s) 2026

 02 February 2026 09:07:21

https://pubs.aip.org/aip/rsi
https://doi.org/10.1063/5.0307891
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0307891
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0307891&domain=pdf&date_stamp=2026-January-30
https://doi.org/10.1063/5.0307891
https://orcid.org/0000-0002-1627-0318
https://orcid.org/0009-0006-1680-3571
https://orcid.org/0000-0001-5701-4006
https://orcid.org/0000-0003-4951-0717
https://orcid.org/0000-0001-9901-3861
mailto:horst.hahn@kit.edu
https://doi.org/10.1063/5.0307891


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

essential for identifying pressure-dependent effects, validating reac-
tion pathways proposed from UHV studies, and ultimately build-
ing a holistic understanding of catalytic behavior under operating
conditions.13–16

Owing to the well-defined reaction pathway and the avail-
ability of model catalyst systems, CO oxidation (CO + 1/2 O2
→ CO2) is among the most extensively studied reactions in het-
erogeneous catalysis and surface science.9,17 The relatively sim-
ple stoichiometry of CO oxidation makes it a suitable bench-
mark reaction for exploring fundamental processes, such as sur-
face adsorption, reaction kinetics, and structure–activity relation-
ships. As efforts continue to bridge fundamental studies with
more realistic conditions, CO oxidation remains a robust plat-
form for evaluating new instrumentation aimed at probing catalytic
behavior.18–20

Various pioneering designs have enabled catalysis studies
under pressures ranging from UHV to ambient pressures on low-
surface-area model catalysts. The first efforts to develop a high-
pressure cell (HPC) reactor compatible with UHV systems were
initiated by Somorjai and co-workers in the 1970s.21,22 Building on
this concept, the entire chamber volume typically served as the reac-
tion vessel, allowing in situ surface characterization under UHV
conditions. At higher pressure ranges, the isolation of the catalyst
in a dedicated reaction cell facilitated gas analysis using mass spec-
trometry, complemented by pre-reaction and post-reaction char-
acterizations. Based on this foundational work, numerous reactor
designs have since been introduced and tailored to accommodate
specific reactions or experimental conditions. Notably, the groups of
Chorkendorff and Rupprechter have developed various highly sen-
sitive, UHV-compatible reactors that integrate sample preparation,
in situ surface analysis, and gas analysis techniques.4,8,11,13,14,23–26

More recently, Zhang et al. reported a quasi-closed reactor system
for ammonia synthesis studies, employing a quartz glass capillary
sniffer to confine the reaction volume at a pressure of 1 bar while
maintaining compatibility with UHV analysis.27

Despite significant progress, all proposed designs exhibit inher-
ent advantages and limitations. In static (batch-mode) reactors,
the reaction volume is typically large, allowing for extended resi-
dence times of reactants on the catalyst surface, but at the cost of
side reactions on other reactive components. In contrast, dynamic
(flow-mode) reactors enable real-time kinetic monitoring of reac-
tion products; thereby, they minimize undesired side reactions and
more accurately represent realistic catalytic conditions. However,
the operational pressure range is often constrained by the require-
ments of the gas detection system. Given the low number of active
sites in model catalysts, an ideal dynamic reactor must fulfill several
key criteria: (i) a small reaction volume to ensure sufficient sensi-
tivity, (ii) efficient heating capable of reaching high temperatures,
(iii) a safe and contamination-free handling environment, and (iv) a
reliable and highly sensitive gas detection system.4,24,27

In this work, we present a newly developed UHV-compatible
flow reactor designed for model catalyst studies, integrated with
an existing cluster ion beam deposition (CIBD) system. The reac-
tor features a dual-cup design with a small reaction volume (less
than 3 ml, depending on the sample size), precise and sensitive
temperature control, and a quadrupole mass spectrometer (QMS)
for gas-phase analysis. This setup enables the deposition of mass-
selected noble metal clusters onto various substrates, followed by

clean UHV transfer to the reaction cell for catalytic testing and
subsequent characterization using standard UHV techniques.

The following section describes the general layout of the exper-
imental setup and the design principles of the reactor in detail. As a
proof of concept, CO oxidation was investigated under various reac-
tion conditions using a Pt(110) single crystal and oxide-supported
mass-selected Pt clusters as model catalysts.

II. EXPERIMENTAL SETUP
A. System overview

An overview of the experimental setup is shown in Fig. 1. The
UHV facility comprises several interconnected systems designed
for the preparation, modification, and characterization of model
catalysts. The main components include the following:

(1) Cluster ion beam deposition (CIBD): A custom-built sys-
tem for the generation and deposition of mass-selected
clusters from various metallic materials. The working prin-
ciples of the CIBD system have been described in detail
elsewhere.28,29 Briefly, the metal atoms are sputtered using
a DC-powered magnetron sputter head mounted in a cryo-
genic condensation tube, where they collide with a stream of
He and Ar to form clusters of various sizes. Upon exiting the
source into the UHV beamline, the cluster beam is acceler-
ated by multiple sets of electrostatic lenses toward the 90○

magnet bender, which separates the clusters based on their
kinetic energies, which directly correlate with their mass. The
mass-selected clusters are subsequently steered and deceler-
ated to the required energy prior to deposition on a substrate.
The system allows fine control over deposition parameters,
such as impact energy and temperature, enabling precise tun-
ing of the size, shape, coverage, and structure of the deposited
clusters. This level of control facilitates the preparation of
well-defined cluster configurations, including isolated clus-
ters or porous/dense cluster-assembled films. This versatility
makes it particularly suitable for preparing model catalyst
samples.

(2) Pulsed laser deposition (PLD): A flexible thin-film depo-
sition system equipped with a Coherent KrF excimer laser
(248 nm) for target ablation, dual gas inlet lines for reactive
or inert gas environments, a laser heating stage monitored by
a pyrometer, and a kSA 400 RHEED system for in situ sur-
face analysis. The PLD system supports the growth of oxide
thin films (using both commercial and synthesized oxide tar-
gets) as a support material for noble metal clusters in various
morphologies—epitaxial, nano-, and polycrystalline.

(3) Central distribution hub: A central distribution hub con-
nects both CIBD and the catalytic chamber to the rest of
the UHV facility. With a base pressure of ∼5 × 10−8 mbar,
the distribution chamber ensures safe and clean UHV-
compatible sample transfer between deposition and testing
systems.

(4) X-ray photoelectron spectroscopy (XPS): The surface char-
acterization system, which can be accessed without exposure
to ambient conditions from the distribution hub, is equipped
with X-ray (Al Kα), ion, electron beam, and UV sources,
along with a Specs HSA 3500 hemispherical analyzer. XPS
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FIG. 1. Overview of the experimental setup: (left side) schematic of the UHV facility, including CIBD (A), PLD (B), central distribution hub (C), XPS (D), and CAT chamber
(E); (right side) 3D CAD model of the CAT chamber integrated with the CIBD system via the central distribution hub.

is used to investigate the surface composition and elemen-
tal chemical states of thin films and clusters, quantify the
deposited cluster coverage, and analyze the catalyst surface
before and after reactions.

(5) Catalytic chamber (CAT chamber): A UHV-compatible
reactor was explicitly developed for catalytic performance
measurements under controlled reaction conditions. The
integration of the CAT chamber with the existing UHV
facility allows for a complete cycle of preparation, charac-
terization, and performance testing of the model catalysts.
Details of the technical components are described in the
following section (B. Equipment design).

All modules operate as independent UHV units, each equipped
with pumps and fast-entry load-locks, separated by gate valves,
with base pressures ranging from the low 10−8 mbar range in the
distribution hub and CAT chamber, to the low 10−9 mbar range
in the PLD and XPS systems, and to the mid 10−10 mbar range
in the CIBD. System accessibility is further enhanced via a cen-
tral UHV transfer line that connects to additional deposition units
(e.g., PLD) and pre-treatment systems for substrates (e.g., Ar+

sputtering).
The integrated architecture of the facility enables a fully

UHV-compatible workflow supporting pre-treatment, oxide sup-
port preparation, noble metal cluster deposition, and catalytic
testing—all performed without exposing the sample to ambient
conditions. This approach minimizes contamination risks and is
critical for the reliable investigation of highly sensitive model catalyst
systems.

B. Equipment design
Following the overview of the experimental setup, the key

components of the CAT chamber are described in the following
sections (1)–(4): the UHV-compatible reaction cell, the heating
unit, the gas-handling and pumping system, and the gas analysis
unit.

1. UHV-compatible reaction cell
Figure 2(a) presents the overall design of the CAT chamber.

The left-hand-side chamber serves as a load-lock, allowing the recep-
tion of samples from CIBD via the distribution hub and the insertion
of samples from outside. The load-lock can store up to eight sam-
ples. The load-lock operates as an intermediate chamber between the
high-pressure reactor and the distribution hub, acting as a buffer to
prevent vacuum loss in the event of a leak. The load-lock is equipped
with a Pfeiffer HiPace 80 turbomolecular pump, a viewport, and a
fast-entry access door.

The right-hand-side chamber, separated by a UHV gate valve,
serves as the reaction chamber. The main feature of this chamber is
the flow reactor located at its center. A magnetically coupled trans-
fer arm, connected to a side flange, facilitates the transfer of samples
from the load-lock to the reaction cell. On the top flange, an x–y–z
manipulator positions the reaction cell at the center of the cham-
ber, along with the fiber-optic feedthrough for the laser heating unit
(described in Sec. II B 2). The multiport flange beneath the manip-
ulator accommodates vacuum and absolute pressure gauges, an
overpressure relief valve, and a UHV-tight leak valve. The leak valve,
connected to inert gas (argon in this case), backfills the main reac-
tion chamber. Its precise leak rate, combined with a gas-independent
capacitive gauge, enables fine control of the chamber pressure. The
gas-handling and pressure-sensing system is described further in
Sec. II B 3.

The multiport flange at the bottom of the reaction chamber
provides the gas inlet/outlet connections (CF16 flange to Swagelok
fittings), a thermocouple feedthrough, and the turbomolecular
pump, which can be isolated by a UHV gate valve. This gate valve
allows separation of the pumping system while reactant gases flow
through the chamber for measurement.

In Fig. 2(b), the detailed two-cup design of the reaction cell is
shown. The upper cup is the moving part of the reactor, containing
the sample-receiving stage and the laser heating unit. At the top, a
hanger assembly connects the upper cup to the manipulator flange.
The manipulator moves the upper cup along the z-axis to open and
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FIG. 2. 3D CAD model of the CAT chamber: (a) overall view and the main components of the CAT chamber (the inset displays a real image of the open reaction cell); (b)
key components of the reaction cell in a cross-sectioned view.

close the cell, and along the x- and y-axes to ensure precise alignment
of the upper cup with the lower, stationary cup. To close the cell
correctly, two indicator pins on the lower cup must align with the
corresponding holes on the upper cup.

The custom-designed conical geometry of the reaction cell pro-
vides reliable sealing. In this small-volume reactor (2.5 ml) with low
gas flow, it is crucial that the gas reaches the sample and exits to
the analyzer without leakage. To prevent leakage of reactant gases, a
small force is applied using the manipulator when the cell is closed.
In addition, before starting the experiment, the pressure in the main
chamber is set slightly higher than the pressure inside the cell. The
resulting isostatic pressure of the backfilled gas minimizes leakage
from the cell to the main chamber. The backfill gas is chosen to
match the carrier gas in the reaction mixture, so any minor flow from
the main chamber into the cell does not affect the experiment.

In a typical experiment, the sample (mounted on a modified
Omicron holder) is prepared in CIBD and transferred to the load-
lock, where it can also be stored. The transfer arm places the sample
in the receiving stage of the reaction cell, where the sample surface
faces downward to contact a miniaturized type-K thermocouple.
Heating is achieved by means of a laser beam striking the sample
from the backside. At this stage, the sample in the open cell can be
thermally cleaned in vacuum (or an inert gas atmosphere), oxidized,
or reduced by backfilling the chamber with the appropriate gas. The
cell is then closed by the vertical motion of the manipulator at the
top, and a mixture of reactant gases, controlled by mass flow con-
trollers (MFCs) in the gas manifold, flows into the cell and is pumped
out through the outlet to the gas analyzer. This setup enables the
catalytic testing of model samples over a wide pressure range and at

temperatures from room temperature up to 1000 ○C. Nevertheless,
the case studies (catalytic CO oxidation) are conducted from room
temperature up to 500 ○C.

2. Heating unit
To minimize potential contamination from conventional resis-

tive heaters and provide localized heating, a near-infrared laser is
employed as the heating unit. Figure 3 illustrates the configuration
of this unit. A customized laser unit with a diode-driven source
(0–100 W) generates a 940 nm laser beam, which is guided through
a 600 μm fused silica fiber optic. Due to the high laser output and to
avoid energy loss at junctions, a one-piece fiber optic with a pigtail
design (Wyoptics Co.) is used to transfer the beam from the source
to the back of the sample.

On the atmospheric side, the laser beam couples to a 3 m long
metal-armored patch cord connected to a CF16 flange feedthrough.
On the vacuum side, the polyimide-coated fiber is attached to a lens
collimator, which ensures that the beam spot heats only the sam-
ple crystal and not the surrounding components. Within the tube
lens collimator, an aspheric condensing lens converges the beam to
a ∼5 mm diameter spot that matches the opening at the center of
the sample holder. In this way, only the sample is heated, and, due to
minimal thermal contact between the sample and the sample holder,
heat transfer to the rest of the receiving stage is minimized. This
configuration avoids the need for a cooling medium and eliminates
background reactions on the surrounding metallic parts. For model
catalysts with very few active sites, preventing background reactions
is crucial for achieving reliable and precise measurements.
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FIG. 3. 3D CAD model of the reaction cell showing the reaction cell closed during the test; an illustration of how the laser beam heats the sample from the backside and
how the T/C measures the temperature of the active surface.

At the bottom of the lower cup, a vacuum-sealed NPT fitting
(WFR series, Spectite Ltd.) passes the bare thermocouple leads (type
K, Alumel/Chromel) through a Viton insulator. Figure 4 illustrates
how the hot junction of the 0.1 mm diameter thermocouple wires
is positioned to lightly press against the sample, ensuring sufficient
physical contact for accurate temperature measurements. The open-
ing of the sample holder and the spring plungers beneath the holder
provide flexibility, allowing proper contact between the thermocou-
ple and the sample. In this way, the exact temperature of the active
surface of the model catalyst is measured. The thermocouple signal
is transmitted directly to the proportional–integral–derivative (PID)
controller (Eurotherm 3505 series) of the laser unit, which regulates
the output power of the source.

3. Gas manifold and pumping system
The gas manifold consists of three gas lines: high-purity (N5)

oxygen (O2) and carbon monoxide (CO) as the primary reac-
tants, and argon (Ar) as the carrier gas. Both reactant gases are
connected to gas-specific, calibrated mass flow controllers (1179C
Legacy series, MKS Instruments Inc.). To further purify the CO gas,
a carbonyl trap (Leiden Probe Microscopy B.V.) is installed on the
CO line before the MFC. The trap consists of copper tubing filled
with pure Cu shots inside an insulated oven (heated to 300 ○C dur-
ing operation), followed by a cooling stage and a 15 μm particle filter
downstream.

After passing through the MFCs, all three gases flow through
check valves that allow unidirectional flow and prevent backflow or
intermixing of the main gas lines. The gases are then combined in a

single line and fed into the reaction cell through the gas inlet. The
flow chart of the gas manifold is shown in Fig. 5. After each exper-
iment, the gas lines and reactor are flushed with Ar and pumped
to a pre-vacuum via bypass lines connecting the gas manifold to a
scroll pump. The gas lines upstream of the MFCs are maintained at
a pressure slightly above 1 bar to minimize contamination.

The vacuum in both the load-lock and the main chamber is
maintained by turbomolecular pumps (80 l/s Pfeiffer HiPace 80)
backed by a dry scroll pump (Leybold SC15). A UHV gate valve
is installed between the main chamber and the rest of the pump-
ing system to isolate the turbo pump during gas purging. This
isolation allows the main chamber turbo pump to remain contin-
uously operational, thereby avoiding time-consuming acceleration
and deceleration. After the experiment, when the gas lines are shut
off, pre-vacuum is achieved by opening the fore-pump valve to the
scroll pump and then opening the gate valve connecting the running
turbo pump, quickly establishing a vacuum. At this stage, the sample
can be unloaded from the reaction cell and transferred or exchanged
without venting or opening the UHV chamber.

The pressure-sensing system is illustrated in Figs. 5(a) and 5(b).
Vacuum in the load-lock, main chamber, and gas inlet is monitored
using vacuum gauges (Pirani/cold cathode, range 1 × 10−9 mbar to
1 × 10−1 mbar, Pfeiffer PKR360). Since the Pirani gauge is less pre-
cise at higher pressures (particularly for Ar), the absolute pressure
in the main chamber (backfill pressure) is measured by a gas-
insensitive capacitive manometer (INCONEL diaphragm, range 1
× 10−1mbar to 103 mbar, Leybold CERAVC CTR100). To monitor
the vacuum level in the gas inlet when the gas lines are shut off
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FIG. 4. Sample-receiving stage: physical contact between the T/C hot junction and the sample surface.

FIG. 5. (a) UHV schematic view of the CAT chamber pumping system; (b) detailed flow chart of the gas-handling unit, including the gas lines and the dosing system.
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and pumped, a Pirani/cold cathode gauge (range 1 × 10−9 mbar
to 10−1 mbar) measures the base vacuum. Absolute pressures in
the inlet and reaction cell are measured by piezoresistive gauges
(ceramic membrane, range 1 mbar to 2 × 103 mbar, Leybold
DU2000) installed on the gas tubes using Swagelok adapters, posi-
tioned immediately before and after the reaction cell. These gas-
independent pressure gauges are suitable for measuring the absolute
pressure of mixed gases and provide accurate pressure measure-
ments within the reaction cell. The difference between the readings
of the two sensors indicates any potential gas leak into or out of the
reaction cell. The pumping system and pressure sensing in the gas
analysis unit are described in the following section.

4. Gas analysis unit
A quadrupole mass spectrometer (QMS, HIDEN HPR-20

TMS) is employed to analyze the product gases. The QMS is
equipped with a Pulse Ion Counting (PIC) secondary electron mul-
tiplier detector (<5 ppb detection limit) and a heated quartz-lined
inlet capillary (QIC). During the entire experiment, the QMS records
the mass intensities of five gases: O2, CO, CO2, H2O, and Ar. Here,
Ar serves as both an inert carrier gas and an internal reference to
normalize the recorded intensities.

Gas concentrations are quantified using the QMS software
(QGA 2.0), accounting for background signals in the zero scan,
spectral overlap of mass peaks, and relative sensitivities. The pro-
cessed data are ultimately reported as corrected partial pressures or
percentages.

In Fig. 6, the detailed gas sampling method is illustrated. Gas
exits the reaction cell, driven by differential pumping at the QMS

inlet. A 1/8 in. Swagelok T-piece connects the 3 mm-diameter gas
outlet tube to the diaphragm pump of the first pumping stage. A
variable needle valve is installed here to control the pumping rate in
the first stage according to the pressure in the reaction cell. On the
other side, a tube fitting adapter connects the QIC tip (1/16 in. male
Swagelok fitting) to the T-piece. The ultra-low-flow quartz capillary
is fixed inside a sheathed flexible tube using a rubber ferrule. A resis-
tive heating element is wrapped around the quartz capillary inside
the protective tube, heating the inlet up to 200 ○C to minimize gas
and vapor condensation.

At the interface between the capillary and the QMS cham-
ber, the second pumping stage is located. A second variable leak
valve controls a bypass line to the QMS scroll pump, maintain-
ing the pressure inside the QMS chamber below 5 × 10−6 mbar,
which is within the safe operating range for the analyzer detector.
This differential pumping configuration improves gas flow stabil-
ity and enables precise control of the pressure inside the reaction
cell.

III. OPERATION AND PERFORMANCE TEST
OF THE REACTOR

In this section, a brief description of system operation and addi-
tional information about the calibration tests are presented. Prior
to measurement with the CAT system, the model catalyst sample
is prepared. The reference model samples (e.g., single crystals) are
cleaned using special procedures and then loaded into the CAT
load-lock for measurement. The cluster-assembled model catalysts
with desired characteristics (i.e., support material, cluster size, areal
coverage, deposition energy, etc.) are designed and subsequently

FIG. 6. Flowchart of the gas analysis unit: illustration of the gas sampling via QIC setup.
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prepared. Prior to cluster deposition, the base substrate (typically
a Si or Si/SiO2 wafer) is cleaned using chemical solvents in an
ultrasonic bath and then mounted on an Omicron sample holder.
After transfer to the PLD load-lock, the oxide thin film is deposited
with the desired thickness, crystal structure, and morphology. In
the next step, the sample is transferred under UHV to the CIBD
system, and the metal clusters with the desired size and cover-
age are deposited onto the oxide layer. During cluster deposition,

the current of the charged clusters is monitored on the substrate
using a picoamperemeter. Since the generated clusters carry a single
negative charge (PtN

-1), the total deposited charge, and subsequently
the total number of deposited clusters, can be determined from the
measured current and deposition time. From this value, the cluster
loading and corresponding areal coverage are calculated based on
the total substrate area. Once the deposition current is calibrated
with respect to time, target coverages, corresponding to defined

FIG. 7. Characterization of the heating
unit performance: (a) temperature pro-
file of the sample surface during the
heating/cooling ramps (different rates)
recorded vs time; (b) accuracy at set-
point temperature via PID-controlled
laser heater (<0.2 ○C fluctuation at the
setpoint); (c) heat leak from the hot
sample to the sample stage.
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cluster–cluster distances, can be precisely designed and reproducibly
prepared.

Before catalytic testing, the sample is analyzed by XPS to deter-
mine the elemental composition of the oxide film and the metal clus-
ters. The amount of active material can be estimated by comparison
with previous reference samples.

Next, the sample is transferred from the CAT load-lock to
the reaction cell under vacuum. By opening the main gate valve,
the transfer arm accesses the sample and loads it onto the sample
stage. At this point, the gate valve in front of the pumping line is
opened, and the main chamber is pumped. With the reaction cell
still open, the sample undergoes a cleaning routine to remove any
residual species from the surface. This routine may include heating
in vacuum and/or backfilling with argon.

After cleaning, the manipulator moves the upper cup down to
close the cell, and the gas mixture is introduced into the reaction
cell. The gas lines have already been flushed with Ar and pumped
to pre-vacuum. After setting the desired ratio of reactant gases
(stoichiometric, rich, or lean), the main inlet and outlet valves are
opened. The leak valve is used to adjust the backfill gas pressure
slightly above the cell pressure to establish isostatic conditions, min-
imizing gas leakage. The outlet gas flow, driven by the differential
pumping system, reaches the tip of the heated capillary tube. The
cell pressure (and consequently the QMS chamber pressure) can
be further controlled by the first-stage pumping power. Once the
QMS pressure is stabilized and a steady mass spectrometer signal
is achieved, the heating program is initiated, and the gas analyzer
records the masses of all gases (O2, CO, CO2, Ar, and H2O) and
temperature data as a function of time.

In Fig. 7, the calibration and performance tests of the CAT sys-
tem are presented. Sample heating by the laser beam enabled precise
and controllable programming of the temperature profile. As shown
in Fig. 7(a), different heating and cooling ramps were employed,
ranging from rapid (10 ○C/s) to moderate (1 ○C/s) rates, all of which
closely followed the programmed profiles. It is worth noting that
controlled cooling ramps utilize the balance between the laser heat-
ing and the flow of gas inside the reaction cell as the cooling medium.
The gas flowing in the inlet tube is at room temperature and heats up
as it flows over the hot sample. Therefore, the flow of cold gas over
the sample’s surface dissipates the thermal energy of the hot sample.
The amount of heat uptake depends on the flow rate and pressure of
the gas. Additional tests were performed at different cell pressures,
which showed that the gas temperature can reach up to 50% of the
sample temperature (see supplementary material, Fig. S1).

Figure 7(b) demonstrates the accuracy of the sample tempera-
ture at the setpoint. The heating unit achieved a setpoint of 527 ○C
with an accuracy of <±0.2 ○C and a short-time overshoot of less than
0.5 ○C. Maintaining a stable temperature at the sample surface is
crucial in flow reactors, as the overflowing (cold) gas continuously
decreases the sample temperature. Therefore, careful consideration
of the temperature sensor placement is essential. If the sensor is con-
nected to the hot plate or the sample holder near the active surface,
higher gas flows can induce significant discrepancies between the
measured and actual temperature at the active surface. An accurate
PID loop coupled with a well-positioned temperature sensor ensures
the required precision.

The accuracy of the temperature measurement [reported in
Fig. 7(b)] refers to the laser-focused spot (5 mm diameter). As previ-
ously mentioned, the collimating lens is designed to match the beam
size to the deposited spot (5 mm diameter) of the active material.
However, to ensure the uniformity of the lateral temperature distri-
bution across the sample’s surface, additional validation tests were
conducted (see supplementary material, Figs. S2 and S3), which
confirmed a uniform temperature distribution.

Figure 7(c) depicts the so-called heat leak from the hot sam-
ple to the sample-receiving stage, which is crucial for evaluating
the localization of the heating method. Since the active material on
model catalyst samples is very limited, heating of the surrounding
parts can introduce background signals, potentially causing signif-
icant errors by generating reactions on unwanted surfaces. During
the heat-leak test, two type-K thermocouple leads were attached to
both the sample and the sample stage. Upon heating the sample
at 1 ○C/s to 527 ○C (800 K), the stage temperature began increas-
ing from Tsample > 300 ○C and reached a maximum of 43 ○C. This
test confirmed the localized heating of the samples, demonstrating
minimal thermal contact between the sample and the sample stage
assembly, as well as precise alignment of the collimated laser beam.

Figures 8(a)–8(c) show the mass signals of O2 (16 m/z), CO (28
m/z), CO2 (44 m/z), and Ar (20 m/z) recorded during the zero scan
(with a blank sample holder) and background scan (before/after the
main test). The zero scan is performed to evaluate the performance
of the gas analyzer and the sealing of the reaction cell. During the
zero-scan, the main chamber is backfilled with Ar, while a typical
reactant mixture (1% CO, 20% O2 in Ar at 200 mbar) flows into
the cell. The CO2 signal recorded during the test on the Pt crys-
tal (control sample) shows a clear CO/CO2 evolution upon heating.
During the light-on period, the decrease in the CO signal is more
pronounced than that of O2, reflecting the differences in concen-
trations and the excess O2 in the reactant mixture. In addition, the
slight increase in the Ar signal may be due to backfill Ar leaking into
the cell. After cooling the sample, all signals return to their initial
levels.

Figure 8(b) compares the CO2 signals for the Pt single crys-
tal with those of a blank sample holder during the same test. The
stable CO2 signal of the blank confirms that no reaction occurs on
unwanted surfaces, even at high temperatures.

After completing the heating/cooling loop, the gas inlet was
closed and the reaction cell was opened, allowing the mass spec-
trometer (MS) to sample the backfill gas in the main chamber.
Figure 8(a) shows that, upon closure of the inlet, the reactant
gas signals drop immediately. Signals recorded after opening the
cell match those from the background scan [Fig. 8(c)] performed
before the test (backfilled Ar). This observation indicates that the
slightly higher backfill pressure in the main chamber compared to
the cell pressure effectively minimizes diffusion of reactant gases
from the cell, confirming the integrity of the sealing method. Con-
sequently, the calculation of species concentrations is accurate and
reliable.

In the following section, catalytic CO oxidation is studied as
a proof of concept on two model systems [Pt(110) and oxide-
supported Pt clusters]. The acquired data are compared with
literature values to validate the performance of the new reactor.
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FIG. 8. QMS mass signals recorded vs
time showing: (a) CO/CO2 evolution on
a blank sample vs Pt single crystal; the
stable flow of gases during the zero-
scan and no reactant diffusion out of
the cell; (b) zoom-in view of the zero
scan on the blank sample compared with
the Pt single crystal; (c) background gas
signals recorded before/after the main
scan (H2O signal corresponds to the
remaining amount in the QMS chamber).

IV. RESULTS AND DISCUSSION
A. CO oxidation on Pt (110) single crystal

Pt(110) is a well-studied model catalyst due to its anisotropic
atomic structure, which includes both terrace and step sites within
the same crystallographic plane.30–32 This structural complexity
allows for the probing of site-specific reaction pathways and surface
reconstructions under reaction conditions. Compared to the most
reactive and close-packed Pt(111) surface, which often maintains
structural stability under reaction conditions, Pt(110) is prone to
reorganization under CO/O2 adsorption and exhibits more complex
surface behavior, including reconstruction and bistability during CO
oxidation. In early work, Ertl and coworkers studied the surface
reconstruction and oscillations of CO oxidation on Pt(110) to model
its bistable behavior.30

In this work, the Pt(110) crystal surface was first treated by
cyclic Ar+ sputtering and UHV annealing to ensure a well-defined
model surface prior to testing. The crystal (6 mm diameter) was held
on a modified Omicron holder via the central groove and subjected
to repeated cycles of Ar+ sputtering (1.5 keV in an Ar pressure of 3
× 10−6 mbar at RT), followed by annealing at 550 ○C between sput-
tering cycles. This procedure removed ∼250 monolayers from the
surface. Catalytic tests were conducted under 200 mbar cell pressure,
with temperatures ranging from RT to 527 ○C (800 K), and at vary-
ing CO concentrations. Between test cycles, the sample surface was
heated in Ar at elevated temperature to remove any residual species.

The results of reactive CO oxidation on the Pt(110) sur-
face are illustrated in Figs. 9(a)–9(c). The light-off temperature
exhibits a substantial shift (150–350 ○C) as the CO content increases
[Fig. 9(a)], suggesting that CO poisoning or high CO adsorbate
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FIG. 9. CO oxidation on Pt (110) single crystal surface at 200 mbar: (a) reactive heating/cooling at 50–527 ○C (O2 20% constant, rest Ar) shows the hindrance of CO/CO2
conversion with increasing CO content; (b) three cycles of heating/cooling at 1% CO (20% O2 in Ar) showing the hysteresis; (c) Arrhenius plot of the turnover frequency
(TOF) for CO/CO2 conversion on Pt (110). [Note: for the calculation of TOF, see below in the text].

coverage suppresses catalytic turnover until sufficient thermal
energy is available to desorb or react adsorbed CO. This behavior
is consistent with competitive adsorption: CO has a higher adsorp-
tion probability, blocks active sites, and suppresses O2 adsorption or
dissociation.31

For further study and comparison, a 1% CO mixture was
chosen. Figure 9(b) displays consecutive heating/cooling cycles con-
ducted at 1 ○C/s. The light-off and light-out curves display symmet-
rical heating/cooling behavior with a wide hysteresis loop. During
heating, the CO2 onset temperature is delayed, while during cool-
ing, the reaction persists to lower temperatures than expected from

a simple reversible mechanism. Such hysteresis is well known for CO
oxidation on Pt(110) and is attributed to surface structural changes
(e.g., reconstructions between the 1 × 1 and 1 × 2 phases), differ-
ential adsorption energies, and possibly the formation of subsurface
oxygen or an oxide layer.30,31

In all tests on Pt(110), a distinct “kink” is observed during both
heating and cooling. The reaction rate increases sharply at the kink
temperature rather than gradually, indicating that more than one
type of active site (exposed terraces and edges) becomes operative, or
that a phase transition occurs in the surface structure. This observa-
tion aligns with previous studies of reaction-induced reconstruction
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on Pt(110), which leads to varied diffusion, adsorption, and reaction
rates along different crystal directions.20,30,33,34

To evaluate the reaction rate and activation energy, the low-
temperature region (5%–15% total conversion, where most active
sites are assumed to be operative) was analyzed. The experimen-
tally determined temperature uncertainty in the low-temperature
region was minimal, and its potential contribution to the overall
uncertainty is expected to be negligible. The turnover frequency
(TOF) was determined from the CO2 production rate, calculated
based on the measured partial pressures and gas flow, and normal-
ized to the number of surface Pt atoms on the crystal. The surface
atom count was estimated from the geometric surface area of the
Pt(110) crystal and the known surface atomic density correspond-
ing to the Pt(110) facet, assuming full surface exposure of active sites
[Fig. 9(c)]. Applying the Arrhenius equation, the apparent activa-
tion energy (Ea) of 37.6 ± 1.1 kJ/mol was obtained for the Pt(110)
surface, in good agreement with literature values for a similar
system.30,33,35,36

B. CO oxidation on oxide-supported Pt clusters
Supported noble metal clusters—particularly monodispersed

systems—serve as excellent model catalysts due to their tunable size,
defined structure, and strong metal–support interactions.4,37–42 As a
model catalyst, PtN/CeO2 (N = 200 atoms) was prepared to evaluate
the performance of the CAT system in the measurement of deli-
cate samples. In contrast to single-crystal surfaces, which provide a
high number of active sites, ceria-supported mass-selected clusters
with low areal coverage offer a very limited number of active sites.
Therefore, highly accurate and reliable measurement techniques are
required to study such delicate systems.

CeO2 redox flexibility provides lattice oxygen to the active
sites and stabilizes small Pt clusters through strong metal–support
interactions.43–46 Therefore, a CeO2 thin film was deposited using
PLD on a silicon wafer as the oxide support for the Pt clusters. The
deposition of CeO2 was performed at a substrate temperature of
550 ○C and an O2 partial pressure of 0.05 mbar, resulting in a con-
tinuous film with 15 nm thickness. The sample was subsequently

FIG. 10. [(a) and (b)] STEM images of Pt200 clusters deposited on a CeO2 thin film; (c) the narrow size distribution of Pt200 clusters, confirming the precision of the
mass-selection method.

FIG. 11. XPS surface analysis of the Pt200/CeO2 catalyst: (a) Ce 3d region scan shows Ce4+/Ce3+ multivalency of 80%–20%; (b) Pt 4f region scan demonstrates a dominant
Pt0 doublet peak, confirming metallic Pt clusters.
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transferred to the CIBD system, where Pt200 clusters (1.9 nm dia-
meter) were deposited on the CeO2 thin film under soft-landing
conditions (<0.1 eV per Pt atom) to achieve an areal coverage of
5%. A low coverage was intentionally chosen to minimize sinter-
ing during catalytic operation and to assess the detection sensitivity
of the CAT system. The STEM images shown in Figs. 11(a) and
11(b) depict the homogeneous spatial distribution of Pt200 clusters
on the oxide support. Moreover, Fig. 10(c) presents the size distri-
bution analysis of the corresponding Pt200 clusters with a mean size

of 1.87 nm. The well-defined size range demonstrates the successful
preparation of dispersed clusters with minimal agglomeration.

Prior to catalytic testing, the elemental composition of the
deposited clusters and the oxide support was analyzed by XPS at
RT at 5 × 10−9 mbar, using an Al Kα source (1486 eV). The spec-
tra were analyzed and deconvoluted using CasaXPS software. As
shown in Fig. 11(a), the Ce 3d orbital photoemission peaks appear
in the binding energy range of 880–920 eV. In cerium oxide, Ce
often exhibits both Ce3+ and Ce4+ oxidation states, and XPS is

FIG. 12. CO oxidation on Pt200/CeO2 at 200 mbar: (a) cyclic reactive heating/cooling at 50–400 ○C (1% CO, 20% O2 in Ar) displays no significant hysteresis; (b) comparison
of light-on/out curves of Pt200/CeO2 with the Pt (110) surface at 1% CO (20% O2 in Ar); (c) Arrhenius fit of TOF values showing the activation energy for CO/CO2 conversion
on supported Pt200 clusters.
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extensively employed to investigate these valence states.47 Decon-
volution of the XPS data, using established fitting parameters for
Ce3+ and Ce4+ from the literature,48,49 indicates multivalency with
a Ce4+/Ce3+ ratio of ∼80%–20%. The mixed-valence composition
suggests the presence of oxygen vacancies (Ov) in the deposited
film.

The analysis of the Pt 4f spin–orbit doublet (4f7/2–4f5/2) shows a
doublet separation of 3.3 eV, a peak area ratio (4f7/2:4f5/2) of 4:3, and
binding energies of 71.5 and 74.8 eV for 4f7/2 and 4f5/2, respectively
[Fig. 11(b)]. These parameters confirm that the clusters remain in
the metallic state (Pt0) with no oxidation during deposition and are
in excellent agreement with previously reported literature.24,43

To compare the reactivity of the oxide-supported Pt200 clus-
ters with Pt(110), three consecutive cycles of catalytic oxidation
of CO were carried out under similar conditions (temperature
range from RT to 400 ○C and 200 mbar total cell pressure), and
the results are shown in Figs. 12(a) and 12(b). The CO2 produc-
tion of CeO2-supported Pt200 clusters ignites at lower temperatures
(126 ○C) under similar reaction conditions (200 mbar, 1% CO, and
20% O2 in Ar). This suggests that the clusters provide a higher den-
sity of active sites and that the CeO2 support contributes to the
oxygen supply. The potential pathway for the contribution of the
oxide support can be via mobile oxygen vacancies, thereby low-
ering the barrier for CO oxidation. CeO2 is known for its high
oxygen storage capacity and facile redox cycling between Ce3+ and
Ce4+, which can supply surface oxygen during the reaction and sus-
tain catalytic activity. These synergistic effects likely contribute to
the superior catalytic performance and stability observed for the
Pt200/CeO2 system.44,45,50–53

As shown in Fig. 12(a), after the first cycle of CO oxidation, the
light-off temperature for the CeO2-supported Pt200 clusters exhibits
a slight decrease, while the total conversion remains stable over
three consecutive cycles. This cyclic stability demonstrates that the
Pt200/CeO2 catalyst maintains catalytic activity and resists deactiva-
tion over multiple light-off cycles, particularly when cluster sintering
is minimized and strong metal–support interactions are preserved.

To evaluate the reaction rate of the supported Pt200 clusters, the
low-temperature region (5%–15% total conversion) with minimal
temperature uncertainty was analyzed. Based on the known clus-
ter size (PtN, N = 200 atoms), the areal coverage, and the deposited
surface area, the total number of Pt atoms on the CeO2 thin film
was estimated. The number of surface and interfacial Pt atoms con-
tributing to the reaction was determined using a geometric model
(developed by Cargnello et al.53). Using the measured CO2 for-
mation rate derived from the partial pressures, the TOF in the
low-temperature region was then calculated. The Arrhenius plot fits
the calculated TOF values well [Fig. 12(c)], yielding an apparent acti-
vation energy (Ea) of 54.4 ± 1.7 kJ/mol, which is consistent with
literature reports for supported clusters/nanoparticles smaller than
2 nm. The agreement between the measured data and previously
reported results, along with reproducibility, confirms the reliabil-
ity and precision of the newly designed UHV reactor for studying
various model catalysts.7,43,44,46,53–58

The cyclic heating/cooling hysteresis of the supported clus-
ters is insignificant compared to that of Pt(110), suggesting rapid
reversibility of adsorption/desorption dynamics, quick equilibra-
tion, and reduced competitive adsorption of CO and O2. In contrast
to Pt(110), where low-temperature CO adsorption blocks active sites
and hinders the reaction, Pt200/CeO2 exhibits a smooth transition
from low to high reactivity (Fig. 13). This gradual increase is con-
sistent with the operation of the Mars–van Krevelen mechanism
at the cluster–support interface, where the participation of lattice
oxygen reduces surface competition.7,44,45,51–53,58 The support con-
tribution eliminates the need for an additional O2 adsorption step,
as required on the Pt single crystal, leading to an earlier reaction
onset and a smooth transition between the low- and high-reactivity
regimes

Moreover, the absence of the “kink” in the light-off curve for
the supported clusters indicates greater uniformity in active site
behavior. Unlike the abrupt transitions observed on Pt(110), the
onset of CO oxidation on clusters is smoother, suggesting that
catalytic sites across the cluster population and support interface

FIG. 13. Zoomed-in view at the light-off
region of (a) Pt200/CeO2 and (b) Pt(110)
surface. The gradual initial slope of sup-
ported Pt clusters indicates less surface
competition and oxygen supply from the
oxide support.
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are more similar, or that structural or phase changes are less pro-
nounced. Literature reports support that smaller particles or clusters
often exhibit less distinct structural transitions and more distributed
reactivity.7,45,53

V. CONCLUSION
A novel UHV-compatible flow reactor with a small volume

(2.5 mL) was developed to enable precise testing of model catalysts
under well-controlled conditions. The two-cup design of the reac-
tion cell, combined with the differential-pressure sealing method,
allowed for high sensitivity in product detection. Localized heating
via a PID-controlled NIR laser provided accurate control over the
sample temperature, while the integration of the reactor into the
UHV facility ensured that the sample remained contaminant-free
throughout the entire experimental workflow, preserving surface
cleanliness and enabling reproducible measurements.

The reactor’s functionality was validated through CO oxida-
tion studies on two model catalysts: a Pt(110) single crystal and
CeO2-supported mass-selected Pt200 clusters. The Pt(110) system
exhibited the expected hysteresis behavior, light-off temperature
shifts, and surface restructuring effects. In contrast, Pt200/CeO2 clus-
ters demonstrated a lower light-off temperature, smooth reactivity
onset, enhanced cyclic stability, and no hysteresis, reflecting the
critical role of oxide support in facilitating oxygen activation. The
calculated activation energies align with literature values, confirming
the accuracy and reliability of the system.

With the functionality of the new reactor now established,
its application can be extended to the investigation of a broader
range of heterogeneous catalytic reactions, including CH4 activa-
tion, NH3 oxidation, and NOx reduction. Furthermore, integration
with the CIBD technique opens new possibilities for precise fab-
rication of cluster-assembled model catalysts, while the reactor’s
modular design provides a robust and accurate testing environment.
This combination offers a versatile platform for systematic investi-
gations across catalytic materials and reaction conditions, bridging
the gap between fundamental surface science and realistic catalytic
environments.

SUPPLEMENTARY MATERIAL

Additional calibration and validation tests related to tempera-
ture measurement are provided in the supplementary material, and
the corresponding data are available online.
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