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An Atomic Force Microscope (AFM) has been integrated in a miniature high-pressure flow reactor
for in-situ observations of heterogeneous catalytic reactions under conditions similar to those of
industrial processes. The AFM can image model catalysts such as those consisting of metal nanopar-
ticles on flat oxide supports in a gas atmosphere up to 6 bar and at a temperature up to 600 K,
while the catalytic activity can be measured using mass spectrometry. The high-pressure reactor
is placed inside an Ultrahigh Vacuum (UHV) system to supplement it with standard UHV sample
preparation and characterization techniques. To demonstrate that this instrument successfully bridges
both the pressure gap and the materials gap, images have been recorded of supported palladium
nanoparticles catalyzing the oxidation of carbon monoxide under high-pressure, high-temperature
conditions. © 2015 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4916194]

I. INTRODUCTION

Fundamental research on heterogeneous catalysis has
been one of the driving forces behind the development of
the field of surface science. However, the idealised world of
surface-science experiments in Ultrahigh Vacuum (UHV) is
radically different from industrial catalytic processes.

While traditional surface chemistry research takes place
on single crystal surfaces at pressures below 107% mbar and
temperatures ranging from a few K to beyond 1000 K, the
chemical industry uses reactors at pressures that are easily 10
orders of magnitude higher, and only elevated temperatures.
In addition, a commercial catalyst usually consists of a com-
plex multi-scale material, e.g., metal nanoparticles on some
porous oxide support pressed into cm-sized pellets, whereas
the typical surface-science experiment is performed on single
crystal samples that are extremely flat and homogeneous (the
only structure is on the atomic scale, i.e., the crystal lattice).

These two differences between the conditions in tradi-
tional surface science and industrial catalysis are known as
the pressure gap and materials gap, respectively. It is now
accepted that it is often incorrect to extrapolate observations
across those gaps. This is due to kinetic barriers that cannot
be overcome at low temperatures,1 differences in coordination
number between single crystal surfaces and nanoparticles,’
and metal-support interactions.>*
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During the last decade, new instruments have been devel-
oped that bridge the pressure- and/or materials gap and allow
surface-sensitive in-situ measurements at the atomic or molec-
ular scale. These instruments are based on either averaging
techniques or real-space microscopy.

The averaging techniques are all photon based. Examples
are vibrational sum frequency generation laser spectroscopy”
and near-ambient pressure X-ray photoelectron spectroscopy,’
giving information on the vibrational states of adsorbed mole-
cules and the chemical state of atoms, respectively. A third
example is surface X-ray diffraction (SXRD) that provides
information on surface structure.

Two approaches are starting to deliver microscopic struc-
tural information under catalytic conditions. One is the devel-
opment of ultrathin reactors for transmission electron micros-
copy.®? The other is formed by scanning probe microscopes
(SPMs). While electron-based techniques are challenging at
high pressures because of the short mean free path of elec-
trons, scanning probes do not have this intrinsic limitation. The
potential of scanning tunneling microscopy (STM) for in-situ
catalysis studies was first explored in 1992.'° Twenty years
later, our group was the first to demonstrate atomic resolution
under high-pressure, high-temperature conditions using the
ReactorSTM. -2

Although the ReactorSTM bridges the pressure gap, it can
only operate on conductive samples, usually in the form of
metal single crystals. To bridge the materials gap, a different
scanning probe technique is needed: Atomic Force Micros-
copy (AFM). STM uses an electrical current to probe the sam-
ple, whereas AFM uses the interaction force between tip and
sample and is independent of the conductivity of the sample.
The typical, more realistic, model catalyst that can only be
imaged with AFM would consist of a flat oxide substrate, for

© Author(s) 2015
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example, a single crystal of @—Al,O3 or quartz, with metal
particles on top with a diameter of 1-100 nm of some cata-
Iytically active material, for example, a pure metal or an alloy.
This paper introduces the ReactorAFM. It is based on
the proven design of the ReactorSTM, but its capability to
image supported nanoparticles adds unique value for in-situ
catalysis research. Some other variable pressure AFMs have
been reported in literature. The easiest approach is to operate
a standard AFM in an environmental chamber,!>'* but this
severely limits the operating temperature range and choice of
gases (e.g., no corrosive gases). A more advanced approach
uses a high-pressure flow cell that is separated from the piezo
of the AFM scanner by a flexible membrane, to operate up
to 423 K and 6 bar in liquids,'> or up to 350 K and 100 atm
in supercritical CO,.'® These two instruments are limited to
static AFM (i.e., contact mode) and constant temperature (long
equilibration times), but could in principle be applied to cata-
lytic systems. The ReactorAFM uses a similar concept with a
high-pressure cell that is separated from the scanner, but has
superior characteristics for catalysis research.

Il. DESIGN SPECIFICATIONS

The purpose of the ReactorAFM is to image heteroge-
neous catalytic processes, with gaseous reactants and model
catalysts consisting of nanoparticles on a flat substrate un-
der conditions relevant for industrial applications. The design
specifications described here are a delicate balance between
high-resolution imaging, realistic operating conditions, and
technical feasibility.

The catalytic reactions in the ReactorAFM must take
place under conditions similar to those used in industry, which
can be characterised by temperatures ranging from 400 to
1000 K and pressures from 1 to 100 bar. We limit ourselves
to the low side of this pressure regime, and to a maximum
sample temperature of 600 K, to allow the use of elastomers
to seal off the high-pressure cell. In this way, a very compact
design can be made for the reactor and scanner, which has
distinct advantages related to mechanical stability, thermal
management, and gas handling, as will be discussed in Sec. I1I.

Under any of these operating conditions, the AFM scanner
must be able to resolve nanoparticles supported on flat surfaces
with sufficient detail: the minimal requirements are a lateral
resolution of 1 nm and a vertical resolution of 0.1 nm, with
a range of at least 1 um in each direction. Ideally, atomic
resolution on flat surfaces should be achieved, corresponding
to one order of magnitude improvement in lateral and vertical
resolution.

The AFM scanner should be sufficiently stable to allow
uninterrupted imaging of a single feature on the surface for at
least 1 h during high-temperature, high-pressure conditions.
This places constraints on the thermal drift of the scanner and
the thermal drift of the force sensor. In particular, the drift in the
lateral directions must be less than 50 nm/min and the vertical
drift per hour must be less than the vertical piezo range of 1 pm.
After a temperature change of more than 25 K, a thermalisation
period of at most 30 min is acceptable to stabilise the force
Sensor.
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To interpret atomic-scale microscopy images of catalytic
processes, it is essential that the starting situation is known in
great detail, i.e., the structure and composition of the freshly
prepared sample needs to be controlled down to the atomic
scale. This requires standard surface-science techniques that
operate in UHV. In addition, the gases and catalyst materials
must have the highest available purity (impurity level typically
1-100 parts per million), and the sample cannot be transferred
through air once it has been prepared in UHV. Thus, the high-
pressure reactor and scanner must be embedded in a UHV
system equipped with sample preparation and analysis tools.
For some samples, exposure to air might not be a problem,
so it should be possible to transfer the sample out of the
UHYV system to use external preparation or characterisation
techniques.

Highly relevant for catalysis is the correlation of the sur-
face structure of the catalyst with the activity and selectivity
of the process, i.e., the rate of formation of the reaction prod-
uct(s). To do this with high sensitivity and time resolution, the
reactor needs to be operated in a flow configuration and the gas
stream leaving the reactor has to be analysed continuously. The
gas manifold that feeds the reactor needs to allow independent
control over flow and pressure, to be able to mix several gases
over a wide range of mixing ratios. To allow time-resolved
experiments, any change in parameters must be performed
with a transition time shorter than 5 s.

For accurate reactivity measurements, it is important to
avoid spurious catalytic activity on components of the reactor,
so all components that are exposed to the high-pressure gases
must be inert under the conditions to which they are subjected
during normal operation. This means, for example, that stain-
less steel is an acceptable material for the capillaries of the gas
handling system, which is at room temperature, but not for a
reactor wall that will become hot during operation.

In summary, the requirements are the following.

e Imaging: Height-resolution of 0.1 nm on flat surfaces
and supported nanoparticles, lateral resolution of 1 nm,
under high-pressure, high-temperature conditions, e.g.,
at 1 bar and 450 K. Acquisition time of 1 min per frame.

o High-temperature operation: Sample temperature from
room temperature up to 600 K. Thermal drift below
1 um/h (piezo range) in z and below 50 nm/min in x
and y, after an initial thermalization period of 30 min.

e High-pressure gas conditions: reactor pressure beyond
1 bar. Arbitrary gas mixtures up to 1:100 ratio. Time
constants in gas system (refresh rate of reactor, delay
between gas system and reactor, delay between reactor
and gas analyser) below 5 s.

lll. DESIGN

Many of the design specifications are met by the Reac-
torSTM, an instrument that has been developed in our group
and has recently been described in this journal.!' Most of the
supporting infrastructure (UHV system, gas handling, vibra-
tion isolation) and the general design of the scanner/reactor
(coarse approach, UHV/reactor sealing, sample holder) could
be directly used for the AFM, and will not be described in detail
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here. The AFM scanner, however, is substantially different
from the STM version.

The AFM scanner is based on the piezoelectric readout of
a quartz tuning fork (QTF). The miniature design of the reactor
of the ReactorSTM (volume 0.5 ml) does not offer optical
access to the tip, ruling out the laser deflection techniques that
are common in many AFMs. Quartz is chemically inert, and
exceptionally high resolution has been reported using QTF-
based AFMs,!”!8 making it the ideal choice for the Reac-
torAFM.

A. UHV system

The UHV system is identical to that of the ReactorSTM,
and is equipped with several standard techniques for sam-
ple preparation (annealing using electron bombardment or
radiation heating to over 1000 K, low pressure exposure to
oxygen, hydrogen, or other gases, ion bombardment, metal
deposition) and characterization (low-energy electron diffrac-
tion, Auger electron spectroscopy, and in a later stage, also
X-ray photoelectron spectroscopy). The system is divided
into several compartments, one chamber containing the high-
pressure AFM scanner, another chamber for sample prepara-
tion, a third chamber for analysis, and a load lock to transfer
samples in and out of the system. This configuration separates
the tasks and makes it possible to use corrosive gases for
sample preparation, as the sensitive components in the other
chambers are not exposed to those gases. A base pressure in
the low 107!° mbar range is routinely achieved after bake-out,
using a corrosion resistant turbo-molecular pump and several
ion pumps combined with titanium sublimation pumps.

Samples can be transferred throughout the setup and into
the ReactorAFM without exposure to air. The sample holders
are equipped with 5 electrical connections, two for a heating
filament, two for a K-type thermocouple connection, and one
to set the sample bias and/or measure (tunnelling) currents.
The sample is electrically isolated from the body of the sample

(a) sample holder
sapphire spacer

heating filament
sample backplate

high pressure
reactor volume

flat oxide sample
Kalrez O-ring
Zerodur body with

sample clamp

sample mounting screws
isolation ceramics
spacer legs

scanner with integrated

gas channels coarse

Viton O-ring
reactor wall

ceramic spacers

magnet

quartz tuning fork
sliding tip-holder
electrical shielding

tip-holder guidance tracks
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holder. The thermocouple is kept outside the high-pressure
environment and if possible it is laser spot-welded directly
to the side of the sample. For non-metallic samples, this is
usually not possible, so the thermocouple is welded to a molyb-
denum backplate that supports the sample. For a weakly heat-
conducting oxide substrate, this is estimated to limit the accu-
racy of the temperature measurement to a few tens of K.

The reactor with scanner is isolated from building vibra-
tions by a spring suspension system with eddy current damp-
ing. The UHV setup is supported by four laminar-flow air legs
and rests on a separate foundation.

B. Gas system

A computer-controlled gas system mixes up to 5 different
gases at ratios ranging from 1:1 up to 1:100, and the mix-
tures can be made to flow through the reactor (typical flow
5 ml,/min, up to 6 bar). It is equipped with a carbonyl trap
consisting of a copper capillary filled with copper braids that
is heated to 250 °C. A separate UHV system equipped with a
quadrupole mass spectrometer (QMS) and pumped by a turbo
molecular pump is used to continuously sample the reaction
products. The entire gas system is electrically isolated from the
main UHV system by the use of PEEK capillaries to reduce
interference from the computer and the gas controllers. The
system is optimised for minimal unrefreshed volume, and in
combination with the small reactor volume this results in a
response time of several seconds, e.g., when changing the
composition of the gas mixture. To achieve high purity gas
flows, the manifold is bakeable to 70 °C.

C. High pressure reactor with AFM scanner

Figure 1(a) shows the design of the AFM scanner in
the high-pressure reactor cell. The model catalyst sample
(typically 10 x 10 mm?, thickness 250 um to 1 mm) forms
the topside of the reactor, and the AFM tip approaches it

(b)

FIG. 1. (a) The AFM version of the scanner/reactor. The QTF is mounted on a magnetic rod that can slide up and down inside the piezo tube. The sliding rod
rests on two tracks and is held in place by a magnet. The small high-pressure reaction cell is defined by the sample surface, two polymer O-rings, the reactor
body with gas channels, and the holder for the sliding rod and tracks. The piezo tube and the sample heating filament are outside the reactor volume and remain
in UHV. (b) Three views of the sliding rod with the QTFE. The rod consists of two halves, each in contact with one of the two tracks. The slider has a special
shape with a groove and a flat side to have a well-defined contact area with the two rods. The QTF is glued in a QPlus!® configuration on a ceramic piece that
defines a 2.5° tilt to ensure the upper prong is the highest point of the assembly. The two electrodes of the QTF are each connected by thin gold wires to one of
the halves of the sliding rod (not shown). The two tracks traverse the reactor wall and are connected by coaxial cables to the preamplifier outside the vacuum

system.
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from below. A Kalrez O-ring forms a leak-tight seal between
the sample and the top of the scanner and closes the reactor
volume. The sample is heated from the rear by a filament.
Kalrez is specified for continuous use up to 600 K, and since
the O-ring is in direct contact with the sample, this determines
the maximum operating temperature of the scanner.

The scanner, O-ring, and sample are pressed together by
inflating a bellows with pressurised air. Three spacers limit the
compression of the O-ring and define the mechanical loop of
the scanner, resulting in a very stiff and compact design.

A lead zirconate titanate (PZT) piezo tube® is used for
both the coarse approach and the three-dimensional scanning
motion, the latter having a lateral range of approximately
2 wm and vertical range of 1 pm. The piezo tube is located
outside the high-pressure cell to avoid convective heating via
the gas phase, which would result in chaotic thermal drift when
operating at high temperatures.

The QTF with the AFM tip is mounted on a rod that is
magnetically clamped inside the piezo tube. The rod can slide
up and down during coarse approach using a stick-slip motion.
The rod consists of two halves, and is held against two tracks
by a Sm,Co,7 magnet located next to the piezo tube. Both the
slider and the tracks are made of machine steel and are gold-
coated. With this coating, the static friction between the slider
and tracks is sufficient to ensure that the slider does not move
during normal scanning motion, but low enough to allow the
stick-slip motion during coarse approach.

The tracks supporting the slider are mounted on a capped
cylinder made of polyetherimide (PEI), which is located in the
piezo tube. An additional cylinder made of aluminium between
the PEI component and the piezo tube provides electrical
shielding from the high piezo voltages. The PEI cylinder also
forms part of the reactor wall, so the piezotube is not exposed to
the high-pressure gases to avoid chemical and thermal stability
issues.

The two tracks are also used as feedthroughs for the two
electrical signals of the QTF through the PEI reactor wall. Each
track is in contact with one of the two halves of the slider. The
tracks traverse the (insulating) PEI component and are con-
nected by coaxial cables to floating-shield BNC feedthroughs
on the UHV flange of the scanner.

D. Tuning fork and tip

The quartz tuning fork is a commercial miniature crys-
tal with a resonance frequency of 32.768 kHz, type number
CMS8V-T1A from Micro Crystal AG, that has been shortened
by wafer cutting such that the prong length is reduced from
1.6 mm to 1.15 mm without altering its electrode topology.
After modification, the overall dimensions of the tuning fork
are 1.9 x 0.5 x 0.12 mm? and the fundamental resonance fre-
quency is about 96 kHz.

The tuning fork is mounted using Stycast 2850 epoxy
(with catalyst 24 LV) on the slider in the QPlus configuration,”
i.e., the lower prong is completely fixed in glue and the upper
prong acts as a single piezoelectric cantilever. After gluing, the
Q-factor of the first resonance at ambient conditions is 3 - 10°.
A ceramic (Macor??) spacer is used to tilt the tuning fork to
an angle of 2.5° to ensure that the apex of the upper prong is

Rev. Sci. Instrum. 86, 033706 (2015)

FIG. 2. Scanning Electron Microscopy images with false colours for en-
hanced contrast of the QTF glued on a ceramic spacer which is glued to
the slider, with a close-up of the apex of the upper prong. The tip is grown
using electron-beam-induced deposition of platinum from a MeCpPtMes
precursor.?!

the first part to come in contact with the sample surface. The
resulting assembly is shown schematically in Figure 1(b), and
in Figure 2.

On the apex of the upper prong of the tuning fork, a
micrometre-sized tip is grown using Electron-Beam Induced
Deposition (EBID) of platinum using a Scanning Electron
Microscope (SEM). This is done at room temperature in a
FEI Nova NanoSEM 200 with MeCpPtMes as precursor,?!
resulting in a structure consisting of 16 atom% platinum, the
remainder being amorphous carbon.?? Typical growth parame-
ters are 15 keV electron energy, beam current of 1.4 nA, beam
focused to a single spot of 5 nm, pressure 3 - 10~ mbar, for
2-5 min. This results in a tip with a length of 2-5 um and a
diameter of 0.1 um. The radius of curvature of the tip apex
is 30 nm. The tip is positioned on one of the electrodes of
the tuning fork, but the conductivity is too low to measure
tunneling currents. The tip is mechanically stiff enough for
AFM measurements, but it can easily be wiped off with a tissue
and replaced with a new one if needed.

The electrical connections from the tuning fork electrodes
to the slider are made by ball bonding using 25 um diameter
gold wires. The electrical path continues via the tracks that
support the slider, followed by coaxial cables to the UHV
feedthroughs.

E. Electronics

The AFM operates in a mode known as Non-Contact
(NC) or Frequency-Modulation (FM), a technique that has
been demonstrated to even give sub-atomic resolution and
quantitative force measurements for sufficiently sharp tips.?*
In this mode, a cantilever is oscillated at resonance (frequency
typically tens to hundreds of kHz) with an amplitude in the
range of 10 pm—100 nm. When the tip is near the surface,
the tip-sample interaction force gradient will influence the
effective spring coefficient of the mechanical oscillator and
this results in a shift of the resonance frequency. In the case
of dissipative forces, there is also a decrease of the amplitude
and an additional phase shift. The resonance frequency is
measured using a phase-locked loop. The output signal of the
phase-locked loop is used as the input for the height feedback
loop of the AFM scanner in order to trace the surface at
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FIG. 3. Mono-atomic steps on a Ag(111) single crystal at room temperature. No post processing has been performed except for line-by-line background
subtraction. Left panels, in UHV, image size 1.6x 1.6 um?, frequency shift +18 Hz, 1.0 nm oscillation amplitude, acquisition time 524 s. Right panels, in a
flow of 2 ml,/min of 120 mbar ethylene gas with sulfur impurities, image size 800 x 800 nm?, frequency shift +21 Hz, oscillation amplitude 1.0 nm, acquisition
time 262 s. Under these conditions, the surface shows roughening of the steps, and structures with sub-angstrom height on the terraces. To estimate the lateral
resolution, the broadening of atomic steps has been measured and was typically 5 nm, the grey lines in the height profile mark this width (the lateral resolution

in the left panels was limited by the scan speed).

constant frequency shift. A separate feedback system adjusts
the drive amplitude to keep the oscillation amplitude constant,
thereby ensuring that the surface of constant frequency shift
corresponds to a surface of constant force gradient. The drive
signal of this amplitude feedback loop is recorded in a separate
channel and can be used to derive the dissipative force.

The tuning fork motion is controlled via an excitation/
detection circuit located directly outside the UHV system.
It is based on a circuit introduced by Grober et al.?> which
compensates for the stray capacitance of the tuning fork and

measures the (oscillating) current through the tuning fork with
an I-V convertor when it is driven at resonance by an external
oscillator voltage source. The I-V converter is based on the
OPAG657 operation amplifier from Texas Instruments and has
a gain of 1 V/nA and a bandwidth of 100 kHz.

A Zurich Instruments HF2LI lockin amplifier with phase-
locked loop detects the shift in resonance frequency of the QTF
and supplies the oscillating drive voltage at resonance. The
height feedback and scanning is performed using high speed
SPM electronics from Leiden Probe Microscopy.?®

Vertical (nm)

o LN w A uw

Vertical (hm)

0 20 40 60 80 100

Lateral (nm)

0 20 40 60 80 100 120
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FIG. 4. Palladium nanoparticles on a—Al,O3, image size 700x 700 nm?2, frequency shift setpoint +5 Hz, oscillation amplitude 5 nm, acquisition time 131 s

per frame. No post processing has been performed except for planar background subtraction. Left panels, 425 K, 1 bar 1:1:20 Ar:CO:0O, mixture, total flow
5.5 ml,/min. Right panels, 475 K, 1 bar 10:1:30 Ar:CO:0O, mixture, total flow 4.1 ml,/min.
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IV. PERFORMANCE
A. Imaging

Due to limitations of the SPM control electronics, it
was not possible to systematically characterise the perfor-
mance of the ReactorAFM using force-distance curves. In-
stead, monoatomic terraces and steps on the (111) surface of
a silver crystal have been imaged, in UHV and in flows of
ethylene (Figure 3). These images show a lateral resolution of
5 nm and a vertical resolution of 0.05 nm, as determined from
the line profiles. The lateral resolution is presumably limited
by the sharpness of the EBID tip.

A catalytically more relevant demonstration is the imag-
ing of palladium nanoparticles on a single crystal of a—Al,Os.
Figures 4 and 5 show these particles at 425 and 475 K in
two mixtures of carbon monoxide, oxygen, and argon at
1 bar. This sample has been produced ex-situ by a spark-
discharge method.?” Ex-situ sample preparation gives addi-
tional flexibility, for example, this spark-discharge method
produces particles with a well-defined size, but it adds the risk
of introducing contaminations during sample transfer. Even
though the lateral dimensions of the images of the particles are
influenced by the shape of the tip—a common problem with
AFM?®—these images directly give unique information on
the particle morphology and size distribution under catalytic
conditions. Such images enable us to accurately measure
the particle density and the height distribution. Even though
the observed lateral size of the particles is affected by the
convolution with the tip contour, variations in the particle size
in response to changes in the chemical environment can be
followed easily.

B. Influence of environment on QTF

Quartz resonators can be employed to measure tempera-
ture and several fluid properties (density, viscosity, and derived
quantities).>>** These sensor applications use the resonance
frequency or the damping of the oscillator to detect changes
in the environment. Unfortunately, the same parameters are
used to perform the height feedback in a NC-AFM configura-
tion. Since the “parasitic” influences of the environment can
be dominant over the effects “of interest” of the tip-sample
interaction, a brief discussion is in place on the influence of
the gas environment and the temperature.

Rev. Sci. Instrum. 86, 033706 (2015)

The density and viscosity of the surrounding fluid influ-
ence the damping of the QTF, but this is easily compensated
for by the amplitude feedback, and at high Q it only results
in a small change in resonance frequency. More problematic
is that the fluid adds to the effective mass of the resonator,°
thereby further affecting the resonance frequency. For the Re-
actorAFM, filling the reactor with 1000 mbar argon starting
from low vacuum (< 10 mbar) leads to a frequency shift of
—50 Hz and a drop in Q-factor from 1 - 10* to 3 - 10°.

When using mixtures of gases such as oxygen, carbon
monoxide, nitric oxide, carbon dioxide, nitrogen, and argon,
only limited total pressure variations can be tolerated because
of these gas effects on resonance frequency and damping, but
partial pressures can be changed freely since the fluid prop-
erties of these gases are sufficiently similar. However, when us-
ing mixtures of light gases such as hydrogen or helium together
with a heavy gas, care needs to be taken not to change the total
density and viscosity too much while scanning. This can be
achieved by adjusting the total pressure or by compensation
of the mixture by adding an appropriate amount of a heavy
inert gas such as argon or xenon. In addition, the resonance
frequency of the QTF is sensitive to temperature. This derives
from the anisotropic thermal expansion of the crystal lattice.
Since our particular QTF is designed as a reference oscillator
and not as a temperature sensor, the orientation of the lattice
is optimised for frequency stability at its standard operating
temperature, 25 °C. However, in the ReactorAFM the sample
can be heated to 600 K, and even though the QTF will not
reach this temperature, it will have an effect on the resonance
frequency. In this case, the resonance frequency typically shifts
by 150 Hz when heating from RT to 423 K in 120 mbar argon
in the first 45 min, during which scanning should be avoided,
followed by a continuous drifting of 30 Hz per hour, which
is attributed to the long-term thermalization of the scanner.
While scanning, it is convenient to operate the sample heater
at constant power (i.e., without temperature feedback) to keep
the drift (both spatial and resonance frequency) monotonous.

A further complication can be introduced by combined
effects of the fluid properties with temperature: changing the
gas mixture changes the thermal conductivity of the gas in the
reactor and this results in a change of temperature of the QTF.
Additionally, the viscosity of a fluid is strongly dependent
on temperature, and this in turn influences the damping.
These effects, however, are minimised using the precautions
mentioned here.

FIG. 5. A three-dimensional view of the images in Figure 4.
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V. CONCLUSION AND OUTLOOK

The ReactorAFM combines a UHV system with a high-
pressure reactor and allows in-sifu investigations of model
catalysts. The scanner uses a miniature quartz tuning fork with
a micrometre-sized tip, operates in non-contact mode, and fits
in the 0.5 ml reactor. Nanometre resolution is demonstrated
under high-temperature, high-pressure conditions on a sample
of supported metal nanoparticles. This instrument establishes
an essential step to bridge the pressure gap and materials gap.

The sharpness of the EBID tip is currently the limit-
ing factor for the lateral resolution of the instrument. Tests
with a micromanipulator are in progress to attach various
prefabricated tips to the QTF, e.g., an etched metal wire (as
commonly used in STM and NC-AFM) or a tip from a stan-
dard AFM silicon cantilever. Another development in progress
is the modification of the ReactorAFM to enable NC-AFM
with simultaneous tunneling current measurements (STM), by
adding a separate electric path to the tip. In addition, prelim-
inary experiments have been performed with a version that
fits onto the high-pressure flow reactor for SXRD and grazing
incidence small angle X-ray scattering (GISAXS) developed
by van Rijn et al.” This instrument will allow higher oper-
ating temperatures and it opens the way towards the direct
correlation of real-space observations with reciprocal-space
measurements.
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