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Abstract

This study demonstrates how Fourier transform infrared imaging (FTIR) can be employed as a powerful spectroscopic
tool for the parallel investigation of multiple member heterogeneous catalyst systems. FTIR imaging combines the chemical
specificity and high sensitivity of infrared spectroscopy with the ability to rapidly analyze multiple samples simultaneously. A
new implementation, using a rapid-scan FTIR spectrometer instead of a step-scan FTIR spectrometer, allows much improved
data collection times without sacrificing data quality. Using CO adsorption and CO oxidation as model systems, it was
established that FTIR imaging is very well suited to high-throughput parallel analysis of adsorbates and reaction products
from supported catalyst libraries. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ultimate goal of the combinatorial approach is
to find the optimum formulation, be it pharmaceuti-
cal, engineering material, or catalyst, with the mini-
mum amount of research effort. Practically, this is ac-
complished by a systematic and efficient exploration
of the parameter space that controls the properties of
the final product. The two key parts to a successful
combinatorial approach are the controlled synthesis of
a collection of materials with systematic variations in
structure and the subsequent high-throughput analysis
of libraries of these materials. Speed, through paral-
lel synthesis and characterization, therefore becomes
critical for the success of the combinatorial discovery
process. The combinatorial approach has great poten-
tial in any discipline to optimize systems that have
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large parameter spaces. Until recently, the combina-
torial approach has been utilized mainly by the drug
industry, where it has proven very successful in accel-
erating the process of drug discovery [1-3]. In the past
few years, this concept has also been exploited in the
field of material science [4]. The present study reports
a novel high-throughput screening technique based on
FTIR (Fourier transform infrared) spectral imaging for
truly parallel screening of libraries of heterogeneous
supported catalysts.

1.1. Synthesis and screening of combinatorial
materials libraries — an overview

The essence of combinatorial synthesis is the abil-
ity to generate large numbers of chemical composi-
tions very quickly. In solid-state chemical synthesis,
several methods of rapidly creating variations in
chemical composition have emerged. A binary mask-
ing scheme was used by Schultz and co-workers
[5S] to create small arrays of high-temperature
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superconducting and giant-magneto-resistive thin film
materials by sputtering. This idea demonstrates the
potential for much higher diversity in sample compo-
sition than previous work and has been extended to
include several novel deposition technologies. Phys-
ical vapor deposition, electron-beam evaporation,
radio frequency sputtering, and pulsed-laser ablation
can be used as the molecular sources with moving
or stationary masks to achieve spatial variations in
composition. All these techniques are suited to create
catalyst libraries for initial screening. However, they
cannot produce very realistic supported catalyst sam-
ples, because this approach ignores many important
issues, such as reliable manufacturing processes of
supported catalysts with promising material composi-
tions, particle size issues, metal-support interactions,
and transport limitations. Solution-dispensing meth-
ods, developed for the pharmaceutical industry, have
recently been extended to inorganic and organometal-
lic catalyst systems. Solutions containing different
amounts of several different metal precursor solutions
were dispensed onto the supports using automated
liquid-dispensing systems [6—10]. In this manner,
samples with a variety of compositions of each com-
ponent can be quickly and reliably synthesized.
When research in traditional combinatorial meth-
ods first began, the methods used to screen the
combinatorial libraries were the traditional ‘“one
sample at a time” techniques. These included FTIR
spectroscopy [11], NMR (nuclear magnetic reso-
nance) [12], MS (mass spectrometry) [13], and HPLC
(high-performance liquid chromatography) [11,12].
Several novel methods have been recently published
for screening catalyst libraries. The first collection of
techniques comprises methods based on conventional
serial techniques, which have been modified using
various automation approaches in order to decrease
the screening time. Amongst these are scanning mass
spectrometry and REMPI (resonance-enhanced mul-
tiphoton ionization) [14—17]. High-throughput scan-
ning mass spectrometry is based on rapidly analyzing
the gases from one sample in a combinatorial library
at a time in a sequential manner. There are two differ-
ent approaches to this technique. The first approach
uses a single probe composed of coaxial gas delivery
and gas analysis tubes. Libraries are analyzed by se-
quentially placing the tube over each element of the
library [18]. This approach is mainly useful for initial

screening of deposited libraries due to its gas delivery
design. The second approach uses array of microreac-
tors with supported catalysts, coupled with capillary
microprobe sampling. Reactants, products, and carrier
gas are withdrawn from each microreactor channel
using a capillary sampling probe. By repeating this
approach for each microreactor, the entire library can
be screened [19]. Another high-throughput screen-
ing approach is based on photoionization of reaction
products using tunable UV lasers [7,8]. Under REMPI
conditions, the resulting photoions are detected by
an array of microelectrodes in close proximity to the
sample. A tunable UV laser beam is passed above the
catalysts and microelectrodes placed above the sites
then collect the signal. One disadvantage of this tech-
nique, however, is that a suitable laser frequency for
each species of interest must be known and accessible
with the particular experimental setup [7,8].

Truly parallel screening techniques gather data si-
multaneously from all the elements in a library. This
category includes infrared thermography and FTIR
imaging. Thermography detects the infrared radiation
emitted by objects and has been used to detect activity
for exothermic reactions in combinatorial libraries in a
truly parallel fashion [20]. However, thermal imaging
does not possess the ability to chemically resolve the
product composition, which is a key issue when study-
ing catalysts. Here lies the true advantage of FTIR
imaging — the ability to gather chemically sensitive
information from each library member simultaneously.

2. Experimental setup
2.1. Imaging spectrometer setup

Spectral imaging in the infrared region was first de-
veloped for remote sensing, specifically for military
and astronomical applications. More recently, spec-
troscopists in laboratory and industrial settings have
adopted spectral imaging. The original approach to the
image collection of spatially resolved infrared infor-
mation was to use a microscope coupled to a disper-
sive infrared spectrometer [21,22]. The next step was
to join a FTIR spectrometer with an IR microscope
[23]. These techniques are both mapping approaches.
In order to sample radiation from a well-defined re-
gion of the sample, a physical aperture is placed in the
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beam path. To collect information from an entire sam-
ple, this aperture is moved in discrete steps over the
selected sampling area. The main drawbacks of this
approach are long collection times and limited spatial
resolution.

The most recent instrumental advance in FTIR
imaging has been the incorporation of focal plane
array (FPA) detectors [24,25]. An FPA consists of
a large number of very small infrared detectors ar-
ranged in a rectangular grid pattern. When incorpo-
rated into an imaging system, radiation from different
areas of the sample falls on different areas of the
detector, allowing both spatial and spectral informa-
tion to be collected simultaneously. The FPA and
the FTIR spectrometer are connected such that the
modulation of the IR source by the interferometer is
synchronized with the collection by the FPA. In op-
eration, a series of images is collected as a function
of interferometer optical path difference. After fast
Fourier transformation of the modulated signal, IR
spectra are obtained for every spatial location in the
image plane. The data can therefore be thought of

as a three-dimensional block that spans one spectral
and two spatial dimensions (see Fig. 1). The spectral
resolution is determined by the optical retardation of
the interferometer, and the spatial resolution depends
on the optical configuration and wavelength.

FTIR imaging has been applied to the study of bio-
logical systems including brain tissue [26], silicone gel
in human breast tissue [27], amino acids [28], canine
and [29] human [30] bone tissue, and corn tissue [31].
Applications in the non-biological areas have included
pre- and post-cure rubber heterogeneities [32], sol-
vent diffusion [33] in a polymer film, semi-crystalline
polymers [34], and polymer dissolution by mixed sol-
vents [35]. Diffusion processes in polymer-liquid crys-
tal systems [36] and polymer-liquid crystal compos-
ites have also been examined [37]. All these previous
studies imaged a single sample. In this study, FTIR
imaging is applied for the first time to high-throughput
screening of combinatorial libraries, i.e. to examine
multiple samples simultaneously.

In all previous studies, FTIR imaging instrumenta-
tion consisted of a step-scan FTIR spectrometer as a
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Fig. 1. Basic overview of the FTIR imaging technique.
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Fig. 2. Block diagram of the imaging setup, showing the layout of the optical components, (A) bandpass filter, (B) diffuser, (C) condensing

lens, (D) objective lens.

light source, a microscope with Cassegrainian optics,
and FPA detector. To collect a data set, one translates
the moving mirror of the interferometer. At specified
intervals of mirror travel, the mirror is stopped, and
the light intensity values at all pixels are measured. In
these previous studies, it had been necessary to collect
several frames at each interferogram data point and av-
erage these data to obtain a reasonable signal-to-noise
ratio (SNR). This collection process, which takes the
order of 100 ms per data point, requires that the re-
tardation of the interferometer remain constant during
data collection. Therefore, a step-scan spectrometer
had to be employed, and the overall collection time
of a single data set is 3—15 min on average, depending
on the desired spectral resolution and mirror velocity.

Instrumental changes allow us to successfully em-
ploy a rapid-scan spectrometer for spectral imaging in
the mid-IR [38]. The electronics are sensitive enough
to allow the collection of data with a reasonable SNR
by acquisition of only one frame per interferogram
data point. Since we are acquiring only a single frame
at each data point, any artifacts that would result from
collecting data over a range of retardation are mini-
mized. In our system, a frame rate of 180 Hz and an
integration time (the time span over which light is ac-
tually collected) of 180 ws are used. With the mov-
ing mirror velocity set at 0.0158 cm s~! data are col-
lected over a retardation of only 28 nm at each data
point, which compares reasonably with the positional
accuracy of a step-scan spectrometer. Owing to the de-
creased collection time of this technique, it becomes
practical to average data from several experiments to-
gether to increase the SNR, which is common prac-
tice in FTIR spectroscopy, without a significant loss
of temporal resolution. This averaging technique has
been shown to be superior to the technique of collect-
ing multiple frames at each retardation [39]. Overall,
the use of a rapid-scan spectrometer has the advan-

tage of reducing the data-collection time by at least an
order of magnitude.

A diagram of the optical setup for screening of ad-
sorbates on heterogeneous catalysts is shown in Fig. 2.
The setup consists of a Nicolet Magna 860 FTIR spec-
trometer, calcium fluoride (CaF;) condensing and re-
focusing optics, a wide bandpass filter, a KBr diffuser,
and a 64 x 64 pixel mercury cadmium telluride (MCT)
FPA detector with dewar and electronics. The band-
pass filter is typically employed to minimize Fourier
fold-over noise [40].

2.2. Reactor design

The ultimate goal of our research is to study libraries
of heterogeneous catalysts by combining the informa-
tion obtained from parallel reaction product measure-
ments with simultaneous parallel measurements of ad-
sorbates on the catalyst surface. With this approach,
we can then systematically correlate fundamental re-
action mechanisms with reaction rates and selectivity
as a function of catalyst composition. To study adsor-
bates on multiple supported catalyst samples, a flow
reactor was designed and built (see Fig. 3). The reac-
tor, made entirely of stainless steel ultrahigh vacuum
components, allows the simultaneous IR transmission
spectroscopic study of up to seven supported catalyst
pellets. The number of pellets in this case was re-
stricted mainly by the minimum diameter with which
the individual pellets can be easily pressed and the
maximum field of view that can be obtained with our
specific optical setup. The FPA size does not restrict
the number of samples, since theoretically, one array
element per sample should be sufficient and, if nec-
essary, larger arrays (over 250,000 pixels) can be ob-
tained. Each catalyst sample is 6 mm in diameter and
rests on a small ledge machined into each channel.
The reactor is heated with three heating cartridges that
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Fig. 3. Main parts of the flow reactor: (A) main flange contain-
ing samples, heating cartridges, and thermocouples; (B) gas in-
let flange; (C) gas outlet flange with vacuum gauge; (D) conical
flange; (E) outer flange containing IR-transparent windows; (F)
standard optical table mounts.

slide into symmetrically spaced holes in the edge of
the flange. The temperature is monitored with thermo-
couples located in holes machined into the flange. The
flanges mounted on either side of the center flange are
connected to the gas inlet/outlet system. The gas inlet
system is equipped with three mass flow controllers,
the outlet is pumped with a mechanical pump that can
maintain pressures below 10 mTorr, and the total pres-
sure in the reactor is monitored with a pressure gauge
attached directly to the outlet flange. It should be noted
here that this reactor can be used at pressures from
1 atm down to high vacuum by employing the appro-
priate pumping system. The ends of the reactor are
fitted with conical flanges that hold infrared transpar-
ent CaF, windows. Thermal stresses on the windows
resulting from heating the reactor are minimized by
cooling water forced through copper tubing wrapped
around the conical part of the flanges. This system is
well suited for parallel IR transmission studies of ad-
sorbates on the catalyst pellets. In this configuration,
all catalysts in the reactor are exposed to the same re-
actant stream, share a common outlet stream, and are
subjected to identical pretreatments.

2.3. Sample preparation

The purpose of our preliminary studies presented
here is to establish that FTIR imaging can be used
to monitor adsorbates on supported catalysts and to
follow reaction products in the gas phase. The model
system we chose was CO adsorption on different cat-
alysts and CO oxidation. The supported catalyst sam-
ples used in this study were the transition metals, Pt,

Pd, Ni, Rh, and Ru supported on silica (SiO;) and
v-alumina (y-Alp03), as well as Cu-ZSM5. The sup-
ported catalysts were all synthesized using incipient
wetness. All catalysts were subsequently calcined in
air at 573K for 6h, and reduced at 473K in 20%
H>/He for 12 h. All catalysts were pretreated simulta-
neously in the reactor by flowing oxygen or hydrogen
over the pellets in cycles; the reactor was typically kept
at 473 K during H; pretreatment and at 573 K during
O, pretreatment. The total gas pressure for both oxi-
dation and reduction was 200 mTorr.

3. Results and discussion

3.1. Study of CO adsorption on Cu-ZSMS5 and
Pt/SiO>

The first example shown here is the investiga-
tion of the adsorption of carbon monoxide on both
Cu-ZSMS5 zeolite samples and silica supported plat-
inum (Pt/SiO,) catalysts. Adsorption of CO was
used as a model system to demonstrate the capabil-
ity of our experimental setup to monitor adsorbate
monolayers on supported catalyst pellets. The re-
actor holding seven supported catalyst pellets was
used to examine the samples in situ in the trans-
mission mode. Three Pt/SiO; and three Cu-ZSMS5
pellets were loaded into the reactor. CO mainly ad-
sorbs on Pt/SiO, in a linear configuration, which
produces a characteristic absorption band between
2060 and 2090 cm™!, depending on the specific pre-
treatment and the CO coverage [41-43]. CO adsorbed
on Cu-ZSMS5 creates several groups of absorption
bands, all located above 2100 cm™!, which have been
assigned to CO in different adsorption states [44,45],
however, the exact band assignment is still somewhat
unclear.

In order to demonstrate the quality of the spec-
tral data, Fig. 4 shows two representative spectra
of CO adsorbed on Pt/SiO;. Spectrum A was taken
with our imaging spectrometer in rapid-scan mode
using the signal from one pixel, corresponding to
a ~ 300 x 300 wm? sample area. Spectrum B was
acquired in transmission mode from a single catalyst
pellet (10mm diameter) mounted in a single-pellet
reactor with a conventional, non-imaging FTIR spec-
trometer equipped with a liquid nitrogen cooled MCT
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Fig. 4. Two representative FTIR spectra of CO adsorbed on a Pt/SiO; catalyst. The spectrum in (A) is from a single pixel (~ 300 x 300 wm?
area) of the imaging system described here and that in (B) is from a standard, non-imaging FTIR setup (~1cm?).

detector. Both spectra represent one scan, and no
co-addition of spectra was performed. From this com-
parison, it becomes immediately clear that rapid-scan
imaging is indeed capable of producing high quality
data for similar collection parameters.

Due to the different frequencies of the CO absorp-
tion bands on the zeolite and the supported platinum
catalyst, it becomes possible to distinguish between
different adsorption states, and therefore different cat-

alysts, in situ by creating spectral images at the appro-
priate frequencies. Fig. 5 shows a spectral image gen-
erated by plotting the absorbance values at 2080 cm ™!
for each pixel in the FPA. The three Pt/SiO, catalyst
pellets can be unambiguously identified in the image
(high absorbance intensity at 2080 cm™!), while the
other pellets do not show any intensity. Each point of
this image also contains a full IR spectrum. Therefore,
it becomes possible to study adsorption of gases on

low

Fig. 5. Spectral image of the reactor showing the location of three Pt/SiO, pellets. The image was generated by plotting the absorbance
intensity of the 2080cm™! band (corresponding to CO adsorbed on Pt/SiO,) for each pixel in the image. The diameter of each catalyst

pellet is 6 mm.
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multiple catalyst samples that have received identical
pretreatment and are subject to the same gas stream,
thereby avoiding any ambiguity with respect to pre-
treatment or dosing conditions.

3.2. Dynamics of CO adsorption on supported Pd,
Pt and Rh

A library of supported transition metal catalysts
was also studied for CO adsorption and CO oxi-
dation. The reactor was loaded with two pellets of
3.5wt.% Pt/SiO,, two pellets of 1 wt.% Pt/y-Al,03,
one pellet of 1wt.% Pd/y-Al,O3, and one pellet of
0.2 wt.% Rh/y-Al;O3. One sample composed of SiO;
support material was included as a control. To ob-
tain background infrared spectra, four single beam
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reference spectra of the clean catalysts were acquired
and co-added. CO was then introduced into the re-
actor at 200mTorr, and single beam spectra (one
scan) were collected every minute over a time span
of 30min with the CO pressure held constant. The
spectra collected after dosing the CO were ratioed
against the co-added background. Five representative
spectra from the resulting collection of absorption
spectra are shown for each catalyst type in Fig. 6.
The spectra were smoothed with a 3-point adjacent
averaging algorithm, and the CO peak areas (shown
in Fig. 7) were calculated using numerical integration
of the spectra after baseline correction.

2% Pt/SiO,: The spectra of CO adsorbed on
Pt/SiO; shown in Fig. 6A demonstrate two adsorption
bands that increase with CO exposure. The band above
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Fig. 6. Representative FTIR spectra from four different catalyst pellets acquired during CO dosing. The arrows indicate the direction of
peak intensity change with dosing time. The catalysts are (A) 3.2 wt.% Pt on SiO,, (B) 1 wt.% Pt on y-Al;O3, (C) 1 wt.% Pd on y-Al;03,

and (D) 0.2wt.% Rh on y-Al;03.
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Fig. 7. Peak area and peak position as a function of total CO dosing time for same catalysts described in Fig. 6.

2000 cm™! is assigned to linearly adsorbed CO [46].
The peak position of this band shifts with increas-
ing coverage from 2020 to 2067 cm~!, which can be
explained by an increase in dipole coupling between
the adsorbed CO molecules on the surface as the CO
coverage increases [47]. The absorption band below
1900 cm~! has a much lower intensity and is assigned
to CO adsorbed on three fold sites [46]. Its position
also shifts, albeit slightly less, with increasing cov-
erage from 1807 to 1820cm™!. A plot of integrated
peak area for the linearly bonded CO (Fig. 7A) shows
that the peak area increases rapidly, then remains
practically unchanged after 5 min approximately, in-
dicating that all sites available for adsorption have

been saturated. The peak position of this band also
reaches its final value at the same time the peak area
saturates.

1% Pt/y-Al,O3: The CO absorption spectra for
the Pt/y-Al,O3; catalyst (Fig. 6B) show no peaks
in the spectral region below 2000cm™!, indicating
the absence of CO in higher coordinated adsorption
sites. The only observed absorption band, assigned
to linear-bonded CO, shifts from 2050 to 2066 cm™!
during dosing. The integrated peak area and peak po-
sition versus time (Fig. 7B) demonstrates a different
pattern from the one observed for Pt/SiO». In the first
7min, a peak shift of ~17cm™! is observed with
increasing coverage, followed by a steady increase in
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the integrated peak area, although the peak position
now remains almost unchanged.

1% Pd/y-Al,03: At least three CO adsorption bands
are apparent in the spectra for Pd/Al,O3, shown in
Fig. 6C. The small peak around 2084 cm ™! is assigned
to linearly bonded CO [46]. At 1985 cm™!, the most
intense peak of the spectrum is observed. Its peak posi-
tion shifts only slightly to higher wavenumbers as the
coverage increases (from 1983 to 1989 cm™!). This
peak is assigned to bridge-bonded CO [46]. Around
1900 cm™~! is an additional broad peak, which is most
likely a collection of multiple peaks from CO adsorbed
on hollow sites. Linearly bonded CO on Pd/Al,O3 is
reported at 2080 cm~!, and bridge-bonded CO is re-
ported at 1936 cm™! [48]. The plot of integrated peak
area of all peaks as a function of time (Fig. 7C) demon-
strates similar behavior to the above examples, with
equilibrium being reached after roughly 7 min. How-
ever, in this case, it is more difficult to evaluate the ex-
act peak position for the bridge-bonded CO band since
it overlaps with the broad peak around 1913 cm™!.

Rh/y-Al,O3: The spectra of CO adsorbed on
Rh/v-Al, O3 (Fig. 6D) demonstrate a doublet that can
be assigned to two CO molecules chemisorbed onto
a single Rh atom. The Rh(CO); exhibits the doublet
around 2083 cm ™! (asymmetric stretch) and around
2021 cm™! (symmetric stretch). The peak positions
of the doublet peaks do not shift (within error) as
the exposure increases. This lack of shift has been
attributed to the site being an atomically dispersed
site [46]. A peak for linearly adsorbed CO is not
observed, which is in agreement with the findings of
Cavanagh and Yates [49], who studied CO adsorption
on Rh/y-Al,O3 with the same loading level. The plot
of integrated peak area vs. time (Fig. 7D) rapidly
increases in the beginning, then remains roughly con-
stant until full coverage is reached after 15 min. The
low overall CO absorbance intensity can be attributed
to the low metal loading of this catalyst, which is
only 0.2 wt.%.

In summary, these two feasibility experiments have
clearly demonstrated that our instrumental setup is ca-
pable of studying the adsorption of gases onto multiple
supported catalyst samples in a single experiment. An
entire set of adsorption experiments for up to seven
catalysts can now be performed in less than 1 day, in-
cluding identical pretreatment for all catalysts in the
reactor.

3.3. Applications of FTIR imaging to
high-throughput screening — parallel reaction
product analysis via gas-phase imaging spectroscopy

The main focus of parallel high-throughput analy-
sis of heterogeneous catalysts is to rapidly analyze re-
action products from individual library elements. This
information, together with information about the pres-
ence of different adsorbates on the catalysts, allows
us to systematically correlate reaction mechanism and
catalyst performance with material properties in a cat-
alyst library. Although several novel experimental ap-
proaches have been developed in the past few years,
truly parallel product analysis has been one of the
key bottlenecks in the application of high-throughput
screening to heterogeneous catalysis.

For this purpose, a novel gas-phase sampling ac-
cessory has been developed in our laboratory. FTIR
spectroscopy is a well-established tool for the anal-
ysis of the composition of gas mixtures [40]. Typi-
cally, 1-10cm path length cells are used for routine
gas analysis, while for trace gas analysis, longer path
lengths are often necessary. The lower detection limit
depends on several factors, such as the absorptivity
of the absorption bands, the spectral noise level, and
the strength and structure of the bands of interfering
gases. Our novel technique allows us to examine the
product streams of many reactors simultaneously with
both FTIR and mass spectrometry.

The new reactor we have designed has individual
channels holding one sample each with individual gas
outlets, each of which is connected to small gas sam-
pling cells. These cells are made of a stainless steel
body with IR transparent windows sealed by O-rings
and are arranged in an array fashion, so that many cells
can be studied simultaneously using the FTIR imag-
ing system. This allows us to obtain gas-phase spectra
of the product streams in a parallel fashion. After the
gas sampling cells, the gas outlets are directed to an
array of valves, which leads to the inlet of a differen-
tially pumped mass spectrometer.

In order to demonstrate the applicability of
gas-phase IR imaging to reaction product analysis, we
present here the preliminary results obtained from our
reactor/gas-phase array setup, in which a simultane-
ous FTIR/MS analysis was used to determine light-off
temperatures and conversion during CO oxidation
over a commercial catalyst monolith. For calibration
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Fig. 8. Representative gas-phase spectrum of CO and CO; acquired
with an FTIR imaging spectrometer equipped with a gas-phase
sampling cell. The characteristic doublets of CO centered around
2143cm™! and CO, centered around 2350cm™! can be clearly
observed.

purposes and to follow gases with no IR absorption,
a differentially pumped mass spectrometer is attached
to the outlet of the system. Fig. 8 shows a typical
spectrum of gas-phase carbon monoxide taken from
a single pixel of an image of a gas-phase cell using
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Fig. 9. Results of a light-off temperature study for CO oxidation
on a commercial catalyst using a simultaneous FTIR/MS approach.
The CO, concentration was measured simultaneously by FTIR
(¥) and MS (@). The CO concentration was measured using
FTIR (A) and the O, concentration was determined by MS (H).
The error bars shown are representative for all data.

our imaging spectrometer setup. As an example for
the feasibility of following reaction products with this
combination, Fig. 9 shows data taken with the com-
bined MS/gas-phase FTIR spectrometer arrangement.

Fig. 10. Spectral images of CO, concentration (2360 cm~') measured by FTIR imaging. (A) at 430K and (B) at 480 K. Light-off between
these two temperatures can be seen for several elements, one of which is highlighted by a white circle in (A).
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The data for CO, were taken both with the mass
spectrometer and FTIR spectrometer and show very
good agreement. The data for CO and oxygen show
that with increasing reaction rate, both concentrations
decrease. In this case, only CO was measured with
IR spectroscopy, since oxygen is IR inactive and was
therefore followed by mass spectroscopy. With this
approach, it now becomes possible to follow reac-
tants and products in the exit stream in a quantitative
manner and to therefore determine conversions and
selectivities.

Using the multi-sample array, not only does this
technique allow rapid parallel identification of active
catalysts, but also allows us to quantify reactivity and
selectivity. Here we present preliminary data from a
16-element gas-phase array, which is coupled to a re-
actor system capable of holding 16 catalysts in pow-
der form. The reaction performed was CO oxidation,
and the reactor setup was loaded with different sup-
ported catalysts (Pt, Pd, and Rh on Al,O3 or SiO;)
and blank support materials. After 0.2 g of each cat-
alyst sample was loaded, the reactor was closed and
parallel pretreatment was performed via several oxi-
dation and reduction cycles. The catalysts were cooled
to room temperature under flowing nitrogen, and a re-
action mixture of 10% CO in oxygen was added. A
temperature ramp of 10 K/min was established, and
absorbance images of the exit stream of all 16 samples
were taken at every 30 s over 30 min, spanning a tem-
perature range from 300 to 600 K. Fig. 10 shows rep-
resentative absorbance images for the gas-phase CO;
vibration band for reactor temperatures of 430 and
480 K. High intensity in the image indicates an active
catalyst producing CO,, and immediately it becomes
clear that between these two temperatures, two cata-
lyst samples have started to produce CO;. In total, it
took 30 min to assess the light-off characteristics and
reactivity of the entire catalyst array over the range
of 300 K. With the temporal resolution of our analyt-
ical technique, it becomes possible to change control
parameters of the reaction (i.e., temperature, gas com-
position) on a timescale of seconds.

4. Conclusions

In summary, FTIR spectral imaging is capable of the
simultaneous measurement of IR spectra of multiple

members of a catalyst library, allowing in situ, paral-
lel investigation of chemical processes such as adsorp-
tion, diffusion, and reaction. The experimental results
presented in this paper demonstrate that rapid-scan
FTIR imaging is ideally suited to study both adsor-
bates on members of supported catalyst libraries and
gas-phase reaction products from these libraries in a
truly parallel fashion. In all the experiments, the sup-
ported catalysts undergo the same pretreatment and
identical dosing and reaction conditions. This not only
saves time but also provides a more realistic basis
for comparison between the different catalyst samples.
Using rapid-scan FTIR imaging, it typically takes less
than 20s to acquire one full spectral data set, which
permits not only rapid screening of reactivity, but also
time resolved studies of phenomena like adsorption
onto supported catalysts.
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