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The transport and distribution of reaction products above catalytically active Pt microstructures was
studied by spatially resolved scanning mass spectrometry (SMS) in combination with Monte Carlo
simulation and fluid dynamics calculations, using the oxidation of CO as test reaction. The spatial
gas distribution above the Pt fields was measured via a thin quartz capillary connected to a mass
spectrometer. Measurements were performed in two different pressure regimes, being characteristic
for ballistic mass transfer and diffusion involving multiple collisions for the motion of CO, product
molecules between the sample and the capillary tip, and using differently sized and shaped Pt
microstructures. The tip height dependent lateral resolution of the SMS measurements as well as
contributions from shadowing effects, due to the mass transport limitations between capillary tip and
sample surface at close separations, were evaluated and analyzed. The data allow to define
measurement and reaction conditions where effects induced by the capillary tip can be neglected
(“minimal invasive measurements”) and provide a basis for the evaluation of catalyst activities on

microstructured model systems, e.g., for catalyst screening or studies of transport effects.
© 2010 American Institute of Physics. [doi:10.1063/1.3475518]

I. INTRODUCTION

Spatially resolving mass spectrometry has become an
important tool in heterogeneous catalysis research, especially
for  high-throughput  measurements and  screening
experiments.l’2 In order to evaluate the activity of a large
number of catalysts in parallel, these are loaded into a bundle
of parallel microreactors and the composition of the gas
streams exiting from the respective microreactor is analyzed
by a scanning capillary probe, which is connected to a mass
spectrometer and successively positioned above the different
outlets of these microreactors.””’ Alternatively, the different
catalysts are arranged in two-dimensional arrays on a planar,
catalytically inactive substrate. In that case, the catalytically
active materials are either located in individual wells® or they
are deposited, in an “open” design, in adjacent fields on the
substrate.”™® Often, the reactant gases are provided via a
second capillary attached to the sensing capillary, which is
either concentric or parallel to the detector capillary. Finally,
a different application of spatially resolved mass spectrom-
etry should be mentioned, which aims at studying the
progress of the reaction along the catalyst bed by analyzing
the gas composition at different positions along the
reactor."* ™ In that case, the orifice of the capillary is placed
at different positions along the catalyst bed. This way, the
influence of existing gradients (e.g., variation of partial pres-
sure of gases and/or temperature) within the catalyst bed can
be evaluated.
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In addition to catalyst screening, scanning mass spec-
trometry measurements on planar model catalysts can also be
used for studying the role of local inhomogeneities in the
catalytic activity and of transport effects in catalytic reac-
tions. By evaluating the product distribution above neighbor-
ing active fields on a microstructured model catalyst and its
dependence on parameters such as the reactant partial pres-
sures, the substrate temperature, or the size and separation of
the active fields, effective interactions between different
catalytically active regions on a sample surface can be stud-
ied and possible mesoscopic transport effects in these reac-
tions can be mapped out. In all of these studies, it is of
utmost importance that the probe, in this case the probing
capillary, does not or at least only in a well-defined way
affect the measured reactant and product distributions, i.e., it
should be minimally invasive analogous to the measurements
in fixed-bed reactors."*

These questions are topic of the present paper, where we
report on spatially resolved mass spectrometry measure-
ments of the reactant and product distribution above differ-
ently shaped active Pt microstructures on an inert SiO, sub-
strate, and their changes upon varying the vertical distance
between substrate surface and probe, the reaction pressure,
and the shape of the active microstructure. The oxidation of
CO is used as test reaction. For a detailed understanding of
the measured data, the number of CO, product molecules,
which are reaching the orifice of the sensing capillary at a
given position of the capillary relative to the active micro-
structure and are thus detected by the mass spectrometer, is
simulated by Monte Carlo techniques by computing the tra-
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jectories of the CO, molecules and their collisions with other
gas phase molecules. Furthermore, shadowing effects intro-
duced by the presence of the capillary sensor and its specific
geometry (here, a circular orifice with @=70 um), which
may reduce the reactant partial pressures in the space be-
tween capillary and substrate and hence the local reaction
rate in that area, are evaluated by fluid dynamics calcula-
tions, which consider the specific geometric configuration of
the tip orifice and the catalytically active fields, as well as the
physical properties of the involved gas species CO and O,.
CO, is neglected in these calculations because of the very
low partial pressures.

The final objective of this study is to (i) quantitatively
evaluate coupled reaction and transport processes in a run-
ning catalytic reaction while taking minimum influence on
the reaction conditions and to (ii) understand the gas trans-
port between sample and the tip of a detecting capillary to
quantitatively analyze the measured product gas evolution.
The microstructured model catalysts were prepared by litho-
graphic techniques similar to those used previously for pre-
paring microstructured Au/TiO, model catalysts.21 The scan-
ning mass spectrometer setup is largely identical to one
described recently.22 In contrast with other open designs, the
probing capillary in our setup has only a sensing function
and is not part of the reactor as, e.g., in the system presented
by Johansson et al.,""* where the reactant gases are pro-
vided via a thin tube surrounding the probing capillary.

In the following, we will, after a brief description of the
experimental setup and the experimental and theoretical pro-
cedures, first present the results of the spatially resolved
mass spectrometric measurements, considering two different
shapes and sizes of active Pt microstructures and two differ-
ent pressures of the reaction atmosphere (Sec. IIT A). Subse-
quently, shadowing effects caused by the presence of the
capillary tip are simulated in fluid dynamics calculations
(Sec. I B), the distribution of CO, product molecules is
modeled in Monte Carlo simulations (Sec. IIT C), and finally
the lateral resolution of these measurements is assessed
quantitatively by evaluating the origin of the detected CO,
molecules on the sample relative to the capillary orifice
(Sec. III D). The main results of the study are summarized in
Sec. IV.

Il. METHODOLOGY
A. Experimental

The scanning mass spectrometer setup used for measur-
ing the spatial evolution of reactant gases was described in
detail elsewhere.” Since then, the setup was modified by (i)
exchanging the positions of the quadrupole mass spectrom-
eter (QMS) and of the turbomolecular pump for differential
pumping, such that after leaving the capillary the gas mol-
ecules pass directly through the ionization room of the QMS,
which is oriented normal to the molecule flight direction, and
then hit the rotor of the turbomolecular pump. The latter is
oriented along the axis of the flight path of the molecules.
Second (ii), a larger turbomolecular pump (Varian TV 301
Navigator, 250 1s™!') was used for pumping the analysis
chamber. These changes result in a more efficient pump-off
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FIG. 1. Schematic drawing of the capillary tip used for product gas sam-
pling showing (a) the capillary geometry and (b) the principle of simulation.
The yellow circle represents the capillary orifice, which is surrounded by the
cylindrically shaped capillary wall (light gray area). The catalytically active
surface area is subdivided into finite elements representing point sources for
desorbing CO, molecules. Desorbed molecules, which move between
sample surface and capillary tip, interact with molecules in the gas phase
(mainly O,), as described by the MC simulations. This region between sub-
strate and capillary plane is divided into finite radial elements, with charac-
teristic properties of the local gas phase as determined by the CFD calcula-
tions (pressure, temperature, and velocity components). Molecular
trajectories are followed until the capillary plane is reached. For compari-
son, an optical microscopy picture of the end of a capillary with comparable
dimensions to that used for the present experiments is shown in the inset.

of the gas molecules after passing the ion source of the QMS,
which lowers the overall background of the analysis chamber
and thus increases the sensitivity of the QMS. Additional,
minor modifications were made by adding 2 micrometer
screws to the sample stage, which allows a precise orienta-
tion of the sample surface. To guarantee an accurate adjust-
ment of the pressure in the reaction chamber (especially in
the millibar regime), a bellow valve (Parker, P-Series) was
added to the system, which bypasses the existing UHV gate
valve. To reach higher reaction pressures, the main gate
valve can be closed during the measurement and the pressure
is solely adjusted via the bellow valve by controlling the
outflow of the reactant gases. Furthermore, in order to obtain
a well-defined tip geometry, the constricted end of the capil-
lary was drawn to a uniform cylindrical channel of about 3
mm in length with inner and outer diameters (capillary ori-
fice and capillary wall) of 70 and 300 wm, respectively [Fig.
1(a)].

The Pt structures (thickness of 200 nm) were produced
by vapor deposition on a Si(111) substrate, using standard
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optical photolithography under clean room conditions. Using
this procedure, Pt structures were prepared where a single Pt
field with a well-defined shape is located in the center of
each sample (surface area of 10X 10 mm?). For cleaning, all
the samples were annealed at 425 °C in O, (30 min, 3.6
mbar) prior to the reaction measurements. All measurements
were performed in an O, excess to avoid CO,4 blocking of
the active surface, at a CO: O, ratio of 1:14. Using a constant
heating power of 15 W resulted in sample temperatures of
305 and 325 °C at 0.37 and 3.7 mbar, respectively.

Sample and sample holder were mounted on a table
whose position could be varied in a controlled way along all
three coordinates (maximum scan range: 20 mm along the x-
and y-axes and 15 mm along the z-axis). The scans were
performed by stepping the sample along the x-directions and
return (step width 25 um). After each step, the O,, CO, and
CO, partial pressures were measured (waiting time after each
step is 2 s to reach steady-state conditions). The separation
between sample surface and capillary tip was controlled by a
fiber optic displacement sensor and kept constant to within
*1 wum during the measurements. By measuring the local
gas composition above the sample surface as function of lat-
eral and vertical displacement relative to the center of the Pt
field, a three-dimensional diagram is obtained, reflecting the
spatial CO, product gas evolution originating from the re-
spective underlying field and the related reactant consump-
tion.

B. Computational fluid dynamics

Computational fluid dynamics (CFD) calculations using
the commercial software package FLUENT (version 6.2.16)
were conducted to obtain details on the flow and pressure
patterns between the tip of the capillary and the sample sur-
face toward the capillary orifice [Fig. 1(b)]. Due to the large
excess in oxygen, a single-component flow simulation is suf-
ficient to compute the pressure loss between the substrate
and the capillary; the resulting pressure variation is then used
as parameter in the Monte Carlo (MC) simulations. Because
of the similar diffusion properties of CO and oxygen, the
computed total pressure also reflects the variation of the CO
partial pressure in this regime. The simulations compute the
velocity, pressure, and temperature profiles in the gap be-
tween capillary and sample. In the simulations, Dirichlet
boundary conditions were used for the pressure and tempera-
ture at the inlet and outlet, which were taken from the ex-
perimental conditions. At the heated substrate surface, no-
slip and constant temperature boundary conditions were
used, while the capillary wall was treated as adiabatic wall,
employing Neumann boundary conditions with zero heat
flux.

Due to the axial symmetry of the capillary tip, the three
independent spatial variables of the steady-state Navier—
Stokes equations can be reduced to two: the axial coordinate
z and the radial coordinate » with the corresponding compo-
nents of the velocity vector (u, v) aligned with the cylindrical
coordinates (z,r). Hence, two-dimensional simulations of the
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flow fields and the heat balance were performed in cylindri-
cal coordinates for a set of external geometrical, temperature,
and pressure conditions.

C. MC simulations

For the MC simulations, the Pt fields are divided into
finite-sized surface elements (square areas with 20
X 20 um?), where the center of each element is considered
as local (point) source of product gas molecules (CO,). After
desorption from the surface, the trajectories of the CO, mol-
ecules are determined by ballistic mass transport and inter-
molecular collisions with the gas phase in the region between
sample surface and capillary tip. The region included in these
simulations is delimited by the sample surface and by a plane
parallel to the surface (denoted as capillary plane), which
touches the final end of the capillary tip [Fig. 1(b)]. In our
model, molecules which finally pass the capillary plane dur-
ing their motion are evaluated with respect to the lateral po-
sition. If they hit the plane outside the capillary wall, they are
discarded; if they hit the capillary wall around the orifice,
they are elastically reflected analogously to molecules hitting
the sample surface, and only the CO, molecules impinging
on the capillary plane within the orifice area are considered
for the detector signal.

The angular distribution of the desorbing CO, molecules
is described by a cosine distribution”*** and a temperature of
1700 K is assumed to describe the velocity of the desorbing
CO, molecules.”*?’ Desorption of CO, molecules from the
different centers (surface elements) is treated sequentially.
Each time, the polar and the azimuth angle determining the
direction of the desorbing CO, molecule are chosen by the
MC simulation according to the distribution function of the
cosine distribution (polar angle) and an isotropic distribution
(azimuth angle), respectively; the mean velocity of the mol-
ecule at 1700 K was taken as starting velocity. (Tests using a
velocity distribution which is, per se, more realistic, showed
no significant differences in the overall characteristics). Sub-
sequently, the probability for passing the first volume ele-
ment is calculated by selecting the free path length from the
Poisson distribution of path lengths in that element, where
the latter depends on the pressure and the gas temperature in
that element and on the velocity of the CO, molecule. If the
free path length exceeds the size of the volume element, the
CO, molecule will pass this element and enter the next ele-
ment, where the same process starts again with updated local
gas properties. If the selected free path length is lower than
the element size, it comes to a collision with another mol-
ecule, most likely with an O, molecule under present reac-
tion conditions, due to the considerable O, excess. These
events are described as elastic collisions of two point masses
representing the CO, molecule and an O, molecule of the
gas phase; the Maxwell-Boltzmann velocity distribution
function is wused to select the velocity components
(VX,Vy,VZ) of the O, molecules. Collisions with CO mol-
ecules are not separately evaluated due to their low concen-
tration in the gas mixture and the small mass difference be-
tween CO and O,. In order to get reliable statistics, the
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simulation was repeated 1000 times per surface element
(see below) and capillary position.

The additional information about the macroscopic be-
havior of the gas phase around the capillary orifice obtained
in the CFD calculations (gas flow, pressure variation, and
heat dissipation) can be embedded in the MC simulations.
For this purpose, the region between the sample surface and
the capillary orifice is divided into finite radial volume ele-
ments, each of which is characterized by averaged values of
the local pressure, temperature, and radial and axial velocity
components, as derived from the CFD calculations [see Fig.
1(b)]. The size of the elements (radial/axial extension of el-
ements) varies between 1 and 10 um, depending on the cap-
illary height. The molecular flow and the heating of the gas
phase close to the sample surface enter into the MC simula-
tions, when recalculating the velocity components of the
CO, molecules after collisions in the respective elements
within the gas phase, by adding the velocity components
from the flow field to the velocity of the O, molecules and by
considering the local gas temperature in the Maxwell—
Boltzmann velocity distribution function of the O, mol-
ecules, respectively. Along the line scans, the MC simula-
tions were performed every 25 um.

lll. RESULTS AND DISCUSSION

A. Scanning mass spectrometry measurement of the
spatial gas evolution and distribution

The spatial evolution of CO, product molecules and the
position dependent reactant partial pressures above the two
different Pt microstructures were evaluated at two different
pressures. The first Pt microstructure has a quadratic shape
(800 <X 800 wm?), while the second one has a rectangular
shape (200X 10 000 wm?). The gas pressures used in these
experiments (0.37 and 3.7 mbar) result in different mean free
path lengths of about 270 and 27 wm, respectively, for CO,
molecules in an O, environment at 600 K.

Figure 2 shows the results of spatially resolved SMS
measurements on the evolution of CO, and consumption of
CO above a Pt stripe at 3.7 mbar. (The O, partial pressure
was measured as well, but is less informative because of the
rather small variations.) The data were acquired in line scans
across the Pt structure parallel to the surface [upper panel of
Fig. 2(a)] at different vertical distances between capillary
orifice and sample surface, with the distances ranging from
values close to zero up to 1000 um. At close distances be-
tween sample and orifice, the SMS signals show pronounced
peaks (CO,) and depressions (CO) above the catalytically
active field, which broaden and loose in intensity with in-
creasing vertical distance. The ion currents measured by the
scanning mass spectrometer above the center of the Pt struc-
ture are additionally plotted in the lower panel of Fig. 2(a) in
order to demonstrate the decrease (increase) of the CO, (CO)
ion current with increasing separation between sample sur-
face and capillary tip. With increasing height of the capillary
tip relative to the sample surface, the CO partial pressure
increases until it reaches the preset value in the reaction
chamber. At the same time, the CO, signal decreases. It
should be noted that the CO, signal starts to decrease also
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FIG. 2. Spatial distribution of reactant (CO) and product (CO,) partial pres-
sures above a 200 um wide Pt stripe (length: 10 000 wm) at 3.7 mbar and
600 K determined by scanning mass spectrometry, showing the (local) con-
sumption and production of reactant and product gases. (a) Line scans
across the Pt structure at different capillary heights (upper panel); (b) two-
dimensional plots representing a cross-sectional view of the spatial variation
of the partial pressures of the components. The lower panel of (a) shows the
variation of the SMS signal above the center of the Pt structure with increas-
ing capillary height.

when the capillary tip is very close to the sample surface.
This effect is related to a shadowing introduced by the cap-
illary tip. The fact that the reactant gases have to pass the
narrow channel between capillary wall and sample surface
limits the CO conversion in this distance regime (for details,
see Sec. III B).

Two-dimensional plots representing a cross-sectional
view of the lateral variation of the gas pressures above the Pt
stripe are shown in Fig. 2(b). The upper panel illustrates the
distribution of the CO, product gas originating from the un-
derlying Pt structure (indicated by the black bar in the center
of the x-axis) and the lower panel represents the correlated
spatial variation of CO in the gas phase caused by consump-
tion in the catalytic reaction and gas flow through the capil-
lary. The gas distributions in the two graphs are not exactly
complementary because the increase of CO, pressure (CO,
formation via desorption from the Pt field minus CO, losses

Downloaded 07 Oct 2010 to 129.13.72.198. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



094504-5 Product gas evolution above model catalysts

lateral displacement / ym ®
-900 -600 -300 0 300 600 900

lateral displacement / pm
-900 -600 -300 O 300 600 900

CO. ion current /nA capillary height/pm ~ @

]
=3
£
&
=]
I
a
© @

<

=

B

3

8

Q" 5

3) ]
3

£ ~

5 ®

= 1]

5 a

©

=4

feod

= /

3 o0 i

S -900 -600 -300 0 300 600 900 -900 -600 -300 O 300 600 900

lateral displacement / pm lateral displacement / um

FIG. 3. CO, product partial pressure above a square Pt field (800
X800 wm?, left panels) and a Pt stripe (200X 10 000 um?, right panels) at
0.37 (upper panels) and 3.7 mbar (lower panels). The line scans displayed in
the center were taken at different vertical distances between capillary orifice
and sample surface for capillary heights of (a) 4, 16, 26, 36, 73, 110, 355,
875, and 964 um; (b) 3, 13, 24, 34, 79, 131, 291, 701, and 951 um; (c) 4,
14, 35, 65, 108, 213, 353, 623, 873, and 973 um; and (d) 4, 15, 37, 76, 126,
193, 298, 438, 708, and 958 wum. The signal intensities of the line scans
decrease in this order, except for the gray colored data points (p
=3.7 mbar) related to the lowest capillary height (4 um). The gray areas in
the graphs represent the lateral extents of the Pt fields and the contour plots
related to the respective sets of line scans visualize the two-dimensional
product gas evolution above the fields.

through the capillary) and the loss of CO (CO consumption
on the Pt field plus CO losses through the capillary) are
related to different mechanisms. The decrease of the CO sig-
nal close to the surface also far aside the Pt field (and thus far
away from the CO sink) again indicates a pressure drop in-
duced by the presence of the capillary tip (shadowing by the
capillary tip).

The influence of the geometry of the Pt microstructure
and of the total pressure in the reaction chamber on the CO,
evolution above the Pt structures is illustrated in Fig. 3,
which shows SMS measurements over a quadratic Pt field
(left panels) and over the Pt stripe described above (right
panels) at two different pressures: 0.37 (top) and 3.7 mbar
(bottom). All graphs in this figure have identical x-axes
(from —950 to +950 wm); the lateral displacement denotes
the lateral position of the capillary orifice relative to the un-
derlying fields. To facilitate a direct comparison of the data
presented in this figure, the scales of the y-axes of the re-
spective horizontal graphs as well as the pressure levels of
the colors in the contour plots are identical over the two
different structures.

The characteristic features of the line scans (CO, signal)
in the central part of Fig. 3 are obviously strongly affected by
the geometry of the respective underlying Pt fields (marked
areas), with the highest CO, ion currents measured directly
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above the Pt fields. In contrast to the Pt stripe, the CO,
intensity shows a pronounced plateau above the broader
square field for small capillary heights [Figs. 3(a) and 3(c)],
which successively decreases in intensity and width when
the capillary is retracted from the sample. When comparing
the heights of the CO, signals above the center of the square
Pt field and the Pt stripe at lower pressure (0.37 mbar), the
values are comparable for small capillary-sample distances,
although the formation of a plateau above the Pt stripe is not
observed due to the smaller lateral size. In both cases, the
CO, signal decays rapidly to a constant signal corresponding
to the CO, background in the analysis chamber, when the
orifice is no longer located above the Pt area. It has been
shown earlier that the characteristics of this slope are mainly
dominated by the distinct geometry of the capillary tip when
it is very close to the sample surface.” At higher pressures
(3.7 mbar), the line scans generally exhibit a much rounder
and broader shape, which leads to a less pronounced plateau
and slower decay of the signal aside the Pt fields. As a con-
sequence, the CO, signal does not even reach the CO, back-
ground level within the range of the measured lateral scan.
This behavior is also reflected in the four contour plots. At
0.37 mbar, the presence of CO, molecules is mainly limited
to the region directly above the Pt fields, indicating a pre-
ferred desorption angle perpendicular to the sample surface
as expected in the case of a cosine distribution of the des-
orbing CO, molecules. In contrast, at 3.7 mbar, the spatial
evolution is more of spherical character, showing that the
primary angular distribution of the desorbed CO, molecules
is disturbed by multiple collisions with other molecules in
the gas phase.

Qualitatively, this result agrees perfectly with expecta-
tions based on the mean free path of the (product) molecules.
Due to the short mean free path of about 27 wm in the high
pressure regime (at 3.7 mbar), the molecules exhibit a much
higher number of collisions compared to the pressure regime
at 0.37 mbar, while at lower pressures the large mean free
path of about 270 wm enables an almost pure ballistic mo-
tion of the CO, molecules between the sample surface and
the capillary orifice. Thus, for small capillary heights, the
slopes of the respective line scans are dominated by the geo-
metric overlap of the capillary orifice and the Pt field in both
pressure regimes. With increasing distance, the slopes suc-
cessively broaden due to the increasing influence of the an-
gular distribution of the desorbing molecules. In the high
pressure regime, the much slower lateral decay of the signal
amplitude implies a basically different transport mechanism.
This is described in more detail together with the simulations
in Sec. III C.

B. Computational fluid dynamics calculations

Proper understanding of the shadowing effects caused by
the capillary, which were observed in the measurement de-
scribed in Sec. IIT A, requires a more detailed analysis of the
gas atmosphere and the local pressure in the region between
sample surface and capillary. Figures 4(a)-4(d) show the cal-
culated distribution of pressure, temperature, and the velocity
components (axial and radial velocity) in the small volume
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FIG. 4. Distribution of the (a) pressure p, (b) radial velocity V i, (¢) axial
velocity Vi, and (d) temperature T in the gap between sample surface and
capillary tip (10 wm) at 3.7 mbar, computed by 2D CFD simulations. The
diagram in the lower panel (e) displays the total pressure underneath the
capillary tip at different relative capillary heights vs the lateral position
relative to the center of the capillary orifice (marked area: capillary wall).
The inset shows the evolution of the pressure at the capillary orifice with
decreasing capillary height.

delimited by the capillary tip and the sample surface, which
are determined via fluid dynamics calculations, using a cap-
illary height of 10 wm and a pressure of 3.7 mbar as an
example. The pressure decreases toward the center of the
capillary, until it reaches a constant value of 2.4 mbar in the
region around the orifice [Fig. 4(a)]. Figures 4(b) and 4(c)
show that this gradient induces a molecular flow of gases
toward the capillary orifice, which is reflected by the radial
and axial velocity components. However, the maximum ve-
locity of 1.32 m s~ is rather small. Furthermore, as seen in
Fig. 4(d), the temperature of the gas increases in the region
close to the sample due to interaction of the gas molecules
with the hot sample surface. The CFD calculations were per-
formed for pressures of 0.37 and 3.7 mbar and for various
capillary heights between 2 and 1000 um in order to cover
the entire range of the SMS measurements presented in Sec.
1T A.

Figure 4(e) shows the drop of the total pressure for dif-
ferent distances between capillary tip and sample surface
(2—40 wm) at various lateral positions underneath the cap-
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illary relative to the center of the capillary (x=0). For capil-
lary heights below 20 wm, the pressure decreases strongly to
an almost constant level in the central region under the ori-
fice. The gradual pressure drop leads to a situation, where the
mean free path of the molecules decreases upon moving
away from the orifice. This results in an enhanced density of
CO, molecules around the orifice, and hence increases the
probability of CO, molecules of being detected. A similar
effect is also obtained by the effective transfer of momentum
toward the center of the capillary due to the velocity compo-
nent in that direction in the molecular flow field. Finally, the
pressure drop underneath the capillary tip leads also to
changes of the local reaction rate. In a simple power law
model the change in reaction rate and hence in the number of
CO, molecules produced per unit area and time can be de-
scribed by

dpcoz B b dpc02 -
dt =k-po, Pco= dr =k" - Piota
with
n=(a+b). (1)

Here, the partial pressures Pco,> Po,» and pco determine the
amount of produced CO, molecules and the number of O,
and CO molecules per volume with the respective reaction
orders a and b. As long as the composition of the gas mixture
is constant (and assuming comparable diffusion properties of
the two components), the total reaction order n can be used
to describe the influence of the total pressure. In a previous
publication,22 we have shown that reaction orders of a=1
(0,) and b=-0.9 (CO) for the CO oxidation on a Pt surface,
as they were determined in earlier studies,**? provide a
proper description of the reaction kinetics. Hence, a total
reaction order of n=0.1 is used to account for variations of
the reaction rate in the following MC calculations.

C. Monte Carlo simulations

In order to estimate the capability of quantitative product
gas analysis using the scanning mass spectrometer setup de-
scribed here, the measured CO, evolution above the Pt mi-
crostructures shown in Fig. 3 is modeled by MC simulations.
Following the experiments described in Sec. III A, we will
distinguish between the two pressure regimes, with a low
pressure regime (0.37 mbar) and a high pressure regime
(3.7 mbar). The variations of the local reaction rates were
calculated via Eq. (1), using the reactant pressures above the
respective position (surface element) determined in the CFD
calculations.

1. Monte Carlo Simulations in the low pressure
regime

Figures 5(a) and 5(b) show simulated line scans (open
symbols) above the square field (a) and the stripe-shaped
field (b) at a pressure of 0.37 mbar and, for comparison, the
measured CO, ion currents (solid symbols) for different cap-
illary heights between 2 and 1000 um, according to the
heights used for the CFD calculations. The simulated curves
were adjusted to the experimental results by a scaling factor,
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FIG. 5. Simulated line scans above a (a) square Pt field (800X 800 um?)
and a (b) Pt stripe (200X 10 000 um?) at 0.37 mbar, obtained by Monte
Carlo simulations and considering the variation in reactant pressures derived
from CFD calculations (open symbols, capillary heights of 2, 5, 20, 40, 80,
150, 350, 700, and 1000 wm). For comparison, results from SMS measure-
ments performed at capillary heights of 4, 26, 36, 73, 215, 355, and 964 um
in (a) and 3, 24, 34, 79, 131, 701, and 951 wm in (b) are included (solid
symbols). (c) shows the evolution of the CO, signal above the center of the
Pt stripe (lateral displacement x=0). [Note that additional experimental data
points have been used where for more clarity the line scans are not included
in (b).] The red colored data points denote the corresponding results from
the SMS measurements (Fig. 4); green dotted lines: simulation neglecting
the variation in partial pressure determined in the CFD calculations [see
inset of (c)].

which is constant for all data sets, and a constant offset
which corrects for the CO, background signal far beside the
Pt fields. In general, the simulations are in good agreement
with the measured line scans, both in the shape as well as in
the height of the signals. Figure 5(c) shows the characteristic
decay of the simulated CO, ion current (open circles) above
the center of the Pt microstructures (here for the Pt stripe as
an example) with increasing capillary height; again the mea-
sured values are shown for comparison (solid squares).

In order to assess the influence of the shadowing effects,
i.e., the pressure reduction under the capillary tip, we per-
formed the MC simulations once using the local pressures
determined by the CFD calculations and once without that
correction. The resulting differences are illustrated in the in-
set, which gives an enlarged view of the behavior at small
capillary-substrate distances. It shows that simulations in-
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cluding (open circles) or neglecting (green dotted line) the
corrections resulting from the CFD calculations differ only
for very small distances [below 20 um, see inset of Fig.
5(c)]. Even though the total reaction order of the CO oxida-
tion reaction is close to zero (n=0.1) under the present con-
ditions, the local decrease of the reaction rate leads to a
noticeable decrease in the CO, signal intensity. This effect
seems to overcompensate the influence of the molecular flow
field, which points toward the capillary orifice and thus is
expected to increase the signal intensity by “pushing” the
CO, molecules toward the capillary orifice. However, the
impact of the molecular flow limitations determined by CFD
calculations on the MC simulation results can become very
significant and has to be included in the simulation at very
small substrate-capillary distances.

2. Monte Carlo Simulations in the higher pressure
regime

In the following, we will focus on the spatial evolution
of the product gas at significantly higher pressures (3.7
mbar) in the reaction chamber where, due to the much
shorter mean free path of the molecules, a ballistic mass
transport between sample surface and capillary orifice cannot
be assumed any more. Local “measured” CO, partial pres-
sures along line scans above the square Pt microstructure
(800 800 ,umz), either determined by simulations or ex-
perimentally, are shown for different relative capillary
heights in Fig. 6. When comparing the experimentally ob-
tained line scans to the respective simulated data [Fig. 6(a)],
the simulations neither reproduce the generally much more
rounded and broader shapes of the measured lines very well,
nor do they reveal the characteristic decrease in the signal
intensity for very small capillary heights (<20 wm). Two
processes that could possibly explain this discrepancy are (i)
a backscattering of CO, molecules, which have passed the
capillary plane outside the capillary, back into the region
between substrate and capillary, and (ii) (nonballistic) diffu-
sion of CO, molecules from the outside, in particular from
areas above the active Pt structure, into this region. This was
not considered in the ballistic MC simulations for the low
pressure regime, since the mean free path length of 270 um
is in the order of magnitude of the capillary-sample distance
(150—1000 pm). In contrast, in the high pressure regime,
where the corresponding mean free path length of about
27 pm is much smaller, such kind of backscattering of CO,
molecules and diffusive influent of CO, molecules becomes
more probable and has to be taken into account. For capillary
positions above the central areas of the Pt microstructures,
the additional contributions from influent CO, are at least
partly accounted for in the calibration of the MC simulated
signals (see Sec. III C 1). For positions closer to the edges of
the microstructures and at low capillary tip heights, the ne-
glect of contributions from areas outside the active Pt field
(see Sec. III D) results in a steeper decay of the simulated
signal than observed experimentally. Unfortunately, an ex-
tension of the MC simulations to include molecule trajecto-
ries outside the capillary plane (in order to account for such
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FIG. 6. Comparison of measured line scans above a square Pt microstruc-
ture (800X 800 um?) at 3.7 mbar (solid symbols, capillary heights 14, 65,
108, 213, 353, 623, and 973 um) and (a) the corresponding simulated line
scans obtained by Monte Carlo simulations and by superposition of (b) the
gas distribution from point sources, using capillary heights of 20, 40, 80,
150, 350, 700, and 1000 um (open symbols). The inset shows the corre-
sponding evolution of the signal intensity (simulation vs measurement)
above the center of the Pt fields. Note that additional experimental data
points were used which are not shown in the line scans.

events) would considerably increase the computation time in
the MC simulations, especially for the high pressure regime,
and was therefore not included.

For comparison and in order to gain further information
on the deviations in the MC simulations, apart from the cal-
culations presented above, we also calculated the CO, prod-
uct distribution above a Pt microstructure by superposition of
the gas distribution above the different Pt surface elements,
which are considered here as point sources [see Fig. 1(b)].
The steady-state CO, partial pressure N(CO,) at a position p
above the substrate is calculated by adding all contributions
from the different surface elements i, assuming a quadratic
decay of the initial CO, concentration above each of the
respective elements i (element area: 10X 10 um?)

C2

dl-2+c2'

N(CO,) = E n’. (2)

The constant n? represents the CO, concentration directly
above the respective element i, which for simplicity is as-
sumed to be identical for all elements (no consideration of
spatial variations in the activity, as introduced, e.g., by shad-
owing effects), ¢ is the decay constant and describes the
distance at which the concentration reaches the value n?/2,
and d describes the distance from the respective surface ele-
ment i to the point p. A fit of the parameters n? and c to the
measured data, optimizing the agreement above the central
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FIG. 7. Simulation of the CO, signal intensity above the central position of
a square Pt field (800X 800 wum?) vs the height of the capillary at different
pressures and for varying reaction orders n (n=0-0.5, see legend). For
comparison, a MC simulation using noncorrected parameters (no CFD based
corrections) is included as well (black data set).

area of the microstructure, leads to the set of line scans
shown in Fig. 6(b). Comparison with the measured data
(solid symbols) shows that this model gives a rather good
account of the distance dependence of the CO, signal above
the center of the microstructure. Also, the general shape of
the line scans, in particular their characteristic slope at the
edge of the microstructure [see Fig. 6(b)], fits rather well to
the experimental data for not too small capillary heights,
above 80 wm. For a capillary height of 80 um and lower,
the simulated CO, signals show an increasingly more pro-
nounced smear-out of the decay at the edge of the line scans
than the experimental data. Hence, this description, which
neglects the effect introduced by the capillary wall, the finite
extension of the orifice, and nondiffusive effects on small
length scales, results in deviations from the experimental
data which are opposite to those in the ballistic model, where
the simulated slopes become steeper for close distances than
the experimental ones.

In total, a quantitatively correct description of the ex-
perimental data at close capillary heights, which yield the
best lateral resolution, is not possible by the above superpo-
sition model, and also the description by the present ballistic
MC simulation is limited under these conditions. More com-
plex extensions of the latter method have to be considered
for that purpose.

3. Influence of the flow field on the simulations

In order to compare the influence of the flow field on the
MC simulations in the two pressure regimes (0.37 and 3.7
mbar), we also performed MC simulations which do not in-
clude the modifications in the local pressure, temperature,
and velocity components of the gas molecules determined in
the CFD calculations. Furthermore, the influence of different
reaction orders was tested using the CFD corrected local pa-
rameters in the MC simulations. Figure 7 shows plots of the
simulated CO, signal (in arbitrary units) above the center of
a square Pt microstructure versus the capillary height, con-
centrating on small capillary heights below 45 um. First of
all, the reaction order plays an important role on the distance
dependence of the CO, signal, with an increasingly pro-
nounced decay of the CO, signal at small heights for increas-
ing total reaction orders. This can be understood from the
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effect of the local reactant partial pressure on the local prod-
uct formation rate. Second, we consider the special case of
n=0, where the influence of the reactant partial pressure on
the product formation rate disappears and where deviations
compared to calculations which do not consider the varia-
tions in the flow field parameters determined by the CFD
calculations would be solely due to the direct influence of the
molecular flow field underneath the capillary (velocity com-
ponents pointing toward the orifice, increased mean free path
due to the pressure drop under the capillary). In this case, we
find distinctly higher CO, signals for capillary heights below
10 wm in the high pressure regime (upper data set in Fig. 7).
In contrast, the data points show almost no deviation from
the results without CFD in the low pressure regime (lower
data set). The difference can be explained, on the one hand,
by the higher number of collisions in the high pressure re-
gime, resulting in a more effective transfer of momentum
from the gas phase molecules to the CO, product molecules
and, on the other hand, by a favored motion of the CO,
molecules toward the region underneath the capillary orifice
driven by the radial increase of pressure under the capillary
tip. Thus, considering the reduction of the molecular flow by
the capillary tip becomes important for properly modeling
the spatial product gas distribution at very small capillary-
sample distances (<20 wm) and, in particular, in the case of
high total reaction orders of the catalytic reaction studied.

D. Influence of the capillary-sample configuration

A comparison of the two data sets in Fig. 7 shows that
the total signal increases by a factor of about 1.4 in the high
pressure regime, independent of the flow field and of the
reaction order. To study the physical origin of this difference,
the positions of the original desorption elements of the CO,
molecules hitting the capillary orifice were evaluated. Figure
8(a) shows MC simulations (upper part: 0.37 mbar, lower
part: 3.7 mbar) evaluating the fraction of CO, molecules that
will finally reach the capillary orifice and contribute to the
CO, mass spectrometry signal, depending on the radial start
position on the catalytically active field (surface element)
with respect to the center of the capillary tip [cf., Fig. 1(b)].
These MC simulations were performed without considering
the influence of the flow field. The insets in both of the
graphs exemplarily show the respective two-dimensional
maps of the spatial origin of the CO, product molecules for a
(very low) capillary height of 2 um. As expected, the num-
ber of “detected” CO, molecules originating from the area
directly underneath the capillary orifice is almost identical
for both pressure regimes for very small capillary heights
(below 20 wm). In the high pressure regime (lower part),
however, CO, product molecules coming from the region
underneath the capillary wall contribute stronger to the CO,
signal. This tendency is also observed for larger capillary
heights, although the relative contribution from the region
directly underneath the capillary orifice is considerably
smaller in the high pressure regime. Due to the small mean
free path of the CO, molecules compared to the distance
between capillary tip and sample surface, the high number of
collisions with gas phase molecules (here, O, molecules) re-
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FIG. 8. (a) Number of CO, molecules hitting the orifice of a capillary (d
=70 wm) positioned above the center of a square Pt field (800
X800 wm?) as a function of the radial position of their origin on the sample
surface (r=0 at the center of the capillary), both for the low pressure regime
(upper panel) and the high pressure regime (lower panel). (b) Normalized
volume integral of the radial distribution of the data presented in the lower
panel of (a), representing the fraction of CO, product molecules originating
from the inside of a circular area under the capillary tip with the radius r as
a function of the respective radius.

sults in a change of the angular desorption characteristics
from a cosine-type distribution to an isotropic distribution. In
the case of small capillary heights, the increasing number of
collisions in the high pressure regime (gas-gas and gas-
surface collisions) hinders the motion of CO, molecules to-
ward the outer edge of the capillary wall and the molecules
desorbing underneath the capillary wall have a higher prob-
ability of finally contributing to the overall signal compared
to the low pressure regime, independently of the flow field or
the reaction order of the respective catalytic reaction.

To highlight the important contribution of the active area
underneath the capillary wall to the product signal in SMS
measurements in the high pressure regime, we calculated the
normalized volume integral of the radial distribution of prod-
uct desorption events displayed in the lower graph of Fig.
8(a) (p=3.7 mbar). This value, which describes the fraction
of the CO, signal originating from CO, molecules that have
desorbed inside of an area on the sample determined by its
respective radius (=distance from the center of the orifice), is
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plotted as a function of radius and for different heights of the
capillary in Fig. 8(b). Even for very small capillary heights
(below 20 um), the percentage of molecules stemming from
the area directly underneath the capillary orifice (radius
=35 um) is only 15% of the total CO, signal and a fraction
of 50% is reached only at a radius of about 75 um. On the
other side, the area contributing mostly to the total CO, sig-
nal is mainly restricted to the region underneath the tip (ori-
fice plus capillary wall; see insets of Fig. 8), at least for tip
heights of 80 wm and below, i.e., for tip heights, which are
significantly lower than the total diameter of the capillary tip.
Only for larger capillary heights, catalytically active surface
areas outside the capillary projection contribute increasingly
to the product signal.

Moreover, the perturbations caused by the presence of
the capillary tip at small capillary heights become even more
pronounced if the shadowing effects evaluated in the CFD
calculations are considered. In this case, the reaction rate in
the center of the capillary decreases, resulting in a smaller
local CO, production, and the molecular flow field pushes
product gas species from the region under the capillary wall
toward the orifice and thus decreases the lateral resolution of
the measurement. This effect has to be considered especially
when studying catalytic reactions with a higher reaction or-
der and/or at high pressures.

IV. CONCLUSIONS

Employing a combination of scanning mass spectrom-
etry measurements, Monte Carlo simulations, and CFD cal-
culations, we have analyzed the spatial evolution of CO,
product molecules above catalytically active Pt microstruc-
tures of different size and geometry and at different pressures
during continuous CO oxidation. These measurements and
calculations, which were performed at length scales and un-
der reaction conditions not easily accessible by conventional
modeling packages, provided detailed insight into the gas
transport during chemical reaction in the region between
sample surface and capillary tip, which is a precondition for
the interpretation of data measured on microstructured model
catalysts, e.g., for catalyst screening. Furthermore, they illus-
trate the effects induced by the presence of the capillary
probe (shadowing effects) and thus allow us to define mea-
surement and reaction parameter ranges where these effects
are negligible (“minimal invasive conditions”). Specifically,
the work led to the following conclusions:

(I) Both in the low pressure regime (here around 0.37
mbar), where on the length scales of the sample-probe
separation the motion of product gas molecules is
dominated by ballistic mass transport, and in the high
pressure regime (here, around 3.7 mbar), where colli-
sions with gas phase molecules become increasingly
important, shadowing of the educt gases by the capil-
lary results in an increasingly serious pressure drop
within the gap between capillary tip (@=300 wm) and
sample surface for very small capillary heights (below
20 wm). Moreover, in the high pressure regime, the
flow of reactant gas molecules directed toward the ori-
fice of the probing capillary tip pushes CO, molecules
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from the region underneath the capillary wall toward
the orifice and thus lowers the lateral resolution.

(2) Due to the shadowing of educt gases, the reaction rate
in the region underneath the capillary is lowered, with
the extent depending on the total reaction order and the
actual reaction conditions. Especially for catalytic reac-
tions with higher total reaction orders, the distance be-
tween sample and capillary tip has to be large enough
to avoid severe effects on the reaction process.

(3) Generally, a well-defined capillary tip geometry with a
very thin capillary wall is desirable to obtain high lat-
eral resolution and minimize perturbations of the cata-
lytic reaction process. However, although scaling down
of the capillary orifice can be easily achieved in com-
bination with the reduction of the length of the capil-
lary channel to maintain similar flow rates,” it is only
worthwhile if accompanied by a reduction of the capil-
lary wall thickness.

(4) At higher pressures, backscattering of product mol-
ecules which initially missed the orifice of the capillary
results in an accumulation of product gas species
around catalytically active sample areas, which compli-
cates a quantitative evaluation of the spatial gas evolu-
tion and lowers the spatial resolution.

The good agreement between measurements and the
combination of Monte Carlo simulations achieved in the low
pressure regime shows that under these conditions, with
pressures below 1 mbar and capillary heights below a critical
value of approximately 80 wm (below the diameter of the
capillary orifice), the spatial distribution of product gas spe-
cies measured by the finite size capillary can be unambigu-
ously related to desorption processes at locations on the
sample surface underneath the orifice. At higher pressures,
effects caused by multiple collisions with the flow field of
reactant molecules streaming toward the orifice of the capil-
lary and backscattering of molecules become increasingly
important and have to be considered, e.g., by CFD calcula-
tions. Also under these conditions, however, reasonable
agreement between experimental and simulated data can be
reached. In total, the data provide an excellent basis for
analysis of catalyst reactivities in microstructured model sys-
tems.
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