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(Received 29 February 2012; accepted 15 April 2012; published online 4 May 2012)

We report the first experiment carried out on an in situ setup, which allows for detection of CO2 from
catalytic CO oxidation close to a model catalyst under realistic reaction conditions by the means of
planar laser-induced fluorescence (PLIF) in the mid-infrared spectral range. The onset of the cat-
alytic reaction as a function of temperature was followed by PLIF in a steady state flow reactor.
After taking into account the self-absorption of CO2, a good agreement between the detected CO2

fluorescence signal and the CO2 mass spectrometry signal was shown. The observed difference to pre-
viously measured onset temperatures for the catalytic ignition is discussed and the potential impact
of IR-PLIF as a detection technique in catalysis is outlined. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4711130]

I. INTRODUCTION

Laser diagnostic techniques have been developed during
the last decades and have aided in the understanding of com-
bustion phenomena, especially for gas phase analysis. The
major benefits with laser diagnostics are the prospect of high
spatial and temporal resolution as well as the possibility to
measure in situ, non-intrusively. Quantities measurable with
laser diagnostics are species concentrations, velocities, and
particle characteristics.1–4 Among the available laser diagnos-
tic techniques, laser-induced fluorescence (LIF) has attracted
most attention. This is mainly due to its versatility and its high
signal strength, making two-dimensional measurements pos-
sible. Thus LIF has been used successfully in several areas
including atmospheric sciences and medicine.5, 6

Catalytic reactions play a crucial role in exhaust gas treat-
ment to reduce the emission of harmful gases such as CO, NO,
and hydrocarbons (HC) from engines in vehicles. Because of
the complex nature of a technical catalyst, most catalysts in
use have almost exclusively been developed by trial and error
approaches. Their catalytic properties such as activity and se-
lectivity have been probed by mass spectrometry (MS) detect-
ing the gas composition after that the gas has traveled through
the catalyst.

With the exception of NO, most gases relevant to exhaust
gas treatment, pose no or no easily accessible transitions in
the UV-visible spectral range. Two-photon excitation of CO
in the UV is plausible, as demonstrated in flames7–13 and even
shown in an SI-engine,14 but by probing ro-vibrational tran-
sitions in the infrared (IR), CO and the other species referred
to can be detected. Earlier, this has only been possible for line
of sight absorption measurements.

In earlier studies related to catalysis, LIF has been used
to study the formation of gas phase OH as an intermediate

a)Author to whom correspondence should be addressed. Electronic mail:
johan.zetterberg@forbrf.lth.se.

in flameless oxidation of H2 by O2 close to a Pt catalyst.15–20

Furthermore, two-dimensional LIF of gas phase species above
catalytic samples has been used to study the OH formation
from O2 and H2O, as well as the formation of formaldehyde
above Pt catalysts.21, 22 However, due to limitations of de-
tectors, light sources in the mid-infrared spectral range, and
to difficulties with thermal background radiation, point mea-
surements as well as two-dimensional visualization of CO2,
CO, and smaller HC have eluded the scientific community for
decades.

With the development of new light sources and detec-
tors the area opened up in the late 1990s. Kirby et al. pub-
lished the first two-dimensional measurements of CO in 1999
(Ref. 23) using planar laser-induced fluorescence (PLIF), and
introduced applications for non-reacting flows. This effort
was followed up by the same group and complemented with
CO2.24–26 The number of detected species was then extended
to smaller hydrocarbons by Li et al.27 For point measure-
ments, polarization spectroscopy of CO2 was demonstrated
by Roy et al.28 and followed up by Alwahabi et al.29 who
also compared LIF and polarization spectroscopy in a later
work.30 Taking advantage of the coherent nature of polariza-
tion spectroscopy, measurements of nascent CO2 and H2O
in a flame was published by Li et al.31, but two-dimensional
measurements in background-challenging environments were
still lacking. The feasibility of CO2 visualization was tested
in a small Briggs-Stratton engine during the exhaust cycle to-
gether with a study of the emission from thermally excited
CO2.32 This gave promise of CO2 measurements at elevated
background temperatures. To the knowledge of the authors,
no studies of the CO2 production by a CO oxidation catalyst
have so far been performed by use of PLIF.

In this work we present 2D visualization of the CO2

distribution during the oxidation of CO by O2 close to cat-
alysts at elevated temperatures (20-550 ◦C). By excitation
at ∼2.7 μm and detection at 4.3 μm, we demonstrate high
spatial and temporal resolution of the CO2 detection. By
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time-gating, spectral filtering, and thermal background sub-
traction, single shot images of CO2 were obtained with good
signal quality.

We demonstrate the feasibility of measuring CO2 con-
centration close to a single crystal model-catalyst Rh(553)
during the CO oxidation by comparing the fluorescence sig-
nal, after taking into account the self-absorption of CO2, to
MS-data.

The presented PLIF data together with other tech-
niques such as x-ray photoelectron spectroscopy (XPS), x-
ray diffraction (XRD), and scanning tunneling microscopy
(STM) provides a more complete picture of the catalytic pro-
cess, and in particular the almost unknown gas distribution
within the used reactor cells.33

II. EXPERIMENTAL SETUP

The main part of the reactor cell is a CF40 cube with
two CaF2 viewports opposite to each other, for letting the
laser beam in and out, and one perpendicular for the fluores-
cence signal, as shown in Fig. 1. The top flange has home-
made feedthroughs for heating wire electrodes and thermo-
couple. In order to avoid problems with oxidation, the power
feedthroughs are made of Ta, and to avoid problems with Ni
carbonyls, the thermocouple is of type C. Commercial type
C thermocouple feedthroughs are made of a compensating
material that includes Ni. We have therefore made special
feedthroughs with real type C thermocouple wire. The ther-
mocouple wire is spot welded to the sample, which is heated
by a boralectric heater (Métaux Céramiques Systèmes Engi-
neering). The gas inlet and outlet are placed in the bottom of
the chamber together with a pressure gauge and a leak valve
controlling the amount of gas let into the mass spectrome-
ter (Pfeiffer PrismaPlus QMG220) for monitoring the overall
species concentration. The mass spectrometer was operated at
a pressure of 5 × 10−6 mbar and calibrated against a known
gas mixture in the reactor cell. The total reactor volume is
about 200 ml.

The gas flow is controlled individually by separate mass
flow controllers (Bronkhorst EL-FLOW, 50 mln/min). The
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FIG. 1. Schematic of the experimental set up.

mixing of the gases is ensured by flowing them through a 4
m-long pipe before entering the reactor cell. The gas pres-
sure in the reactor is controlled by a digital pressure controller
(Bronkhorst EL-PRESS).

In the experiments a single-longitudinal-mode Nd:YAG
laser (Spectra Physics, PRO 290-10), operating at a repetition
rate of 10 Hz and with an 8 ns pulse length, was utilized.
The second harmonic at 532 nm was used to pump a tunable
dye laser (Sirah PRSC-D-18) operating with LDS 765 as dye.
The residual of the fundamental beam (at 1064 nm) after the
frequency doubling was difference frequency mixed with the
output of the dye laser (at ∼763 nm) in a LiNbO3 crystal,
yielding a tunable infrared laser beam at ∼2.7 μm, with a
pulse energy of 5-8 mJ and a 5 ns pulse length. The bandwidth
of the infrared laser beam was estimated in an earlier work to
be 0.025 cm−1.31 The experimental setup is shown in Fig. 1.

The infrared laser beam was formed into a laser sheet
(∼6 mm high) by a cylindrical and a spherical lens, f = −40
mm and f = 150 mm, respectively, and were sent through the
cell directly underneath the catalyst. The fluorescence signal
was collected by a CaF2 lens at 90◦ to the incident laser sheet
through a narrowband, liquid nitrogen cooled, interference fil-
ter (centered at 4.26 μm) and detected by a 256 × 256 InSb
IR camera (Santa Barbara Focal Plane, SBF LP134). In or-
der to discriminate the thermal background the camera was
triggered at 20 Hz, via a digital delay generator (Stanford Re-
search systems DG535), every second exposure synchronized
with the laser (laser runs 10 Hz). In this way the thermal back-
ground could be subtracted. The long radiative lifetime (∼100
μs) of the IR-transitions25, 34, 35 were utilized to discriminate
laser background and time jitter, by using a 15 μs time delay
relative to the Q-switch of the laser. The trigger scheme can
be seen in Fig. 2, the laser sets the start time, the fluorescence
appears almost instantly, the camera is then triggered 15 μs
after the opening of the laser Q-switch. The exposure time for
the camera is optimized to discriminate background and fa-
vor fluorescence signal and set to 15 μs. The camera is then
triggered once more during the cycle 50 ms after the first ex-
posure, camera gate unchanged. This is to collect the thermal
background without any influence of the laser, 100 ms after
the first lasershot the next cycle starts, again with the opening
of the laser Q-switch.

The excitation wavelength was determined by making
an excitation scan of the (0000) → (10001) transition (3690-
3725 cm−1) of an open air CO2 jet. The lines were assigned
and wavelength calibrated using line positions as reported by

0 15 30

Laser

Camera

Fluorescens

100 ms

50 ms

t [µs]

FIG. 2. Schematic of the trigger scheme.
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FIG. 3. CO2 spectrum where the lines for the (0000) → (10001) transition
are assigned. The smaller peaks are overtones and are not relevant to this
work. P(12) was used for the fluorescence measurements.

Deeley and Jones.36 A suitable ro-vibrational line, without
interference, was chosen. In the single-crystal Rh(553) mea-
surements described here the P12-line was chosen after simu-
lations based on the HITRAN database37 at different expected
gas temperatures. The spectrum from the excitation scan at
room temperature can be seen in Fig. 3.

III. RESULTS AND DISCUSSION

The measurements were performed below a Rh(553) sur-
face and were conducted in a flow reactor mode although the
flow was kept very low, with the purpose not to exchange the
gas but to ensure a constant pressure (varying from 100 mbar
to 200 mbar between different measurement sets) with known
concentrations, minimizing the effect of a small possible leak-
age. These measurements were conducted at fixed temper-
ature steps at steady state conditions, making it possible to
average the fluorescence signal. The data were collected by
the IR-camera, 1000 images per data point with every second
image being without fluorescence in order to be able to sub-
tract the thermal background. The thermal background was
several hundred times stronger than the fluorescence signal,
completely obscuring the fluorescence signal. The thermal
background image, however, is acquired so close in time to
the data image (∼50 ms) that the temperature between the two
can be considered stable. The correction for laser sheet inho-
mogeneity was made by acquiring a fluorescence image at a
known CO2 concentration. This means that stable artifacts in
the sheet was corrected for but shot-to-shot fluctuations were
not taken into account.

The signal-to-noise ratio for single-shot measurements
was briefly investigated and a single shot image is shown in
Fig. 4, although the image has considerable noise the CO2

profile underneath the catalyst is clearly visible. The signal-

FIG. 4. Single-shot image (15 μs exposure time) of the CO2 distribution
underneath a Rh(553) catalyst at a total pressure of 100 mbar with 60 mbar
of CO and 40 mbar of O2.

to-noise is sufficient for CO2 visualization but not for an esti-
mate of the concentration.

To give an estimation of the concentration an absolute
calibration of the CO2 concentration was attempted. This was
done on averaged data (500 background subtracted single-
shots) in order to minimize the influence of shot-to-shot fluc-
tuations. By calibrating the fluorescence signal for known
CO2 concentrations and using a kernel density estimation
based on Eq. (2) below for the self-absorption (both from pro-
duced CO2 in the cell and naturally abundant CO2 in the air
outside the cell) but assuming the quenching related to dif-
ferent collisional partners being constant (the overall pressure
was kept constant). The absorption through a length l can be
described by Beer-Lamberts law

I = I0 × e−σ l N , (1)

where I is the intensity after the length l, I0 the initial inten-
sity, N the number of absorbers, and σ the absorption cross-
section. In this case, however, the signal will pass through two
lengths with different CO2 concentrations, yielding in a total
signal S that can be described by

I1 = I0 × e−σ l1 N1

I2 = I1 × e−σ l2 N2

}
⇒ S ∝ I2 = I0 × e−σ (l1 N1+l2 N2),

(2)
where I1 and I2 is the intensity after the cell (length l1) and in
the open air (length l2), respectively. I0 is the initial intensity,
N1 and N2 the number of absorbers in the cell and in the open
air, respectively and σ the absorption cross-section for CO2 at
4.3 μm.

In Fig. 5 are shown the estimated two-dimensional CO2

concentration at two different temperatures, (c) at 470 ◦C and
d) at 520 ◦C together with a profile of the concentration (a)
at ∼3.5 mm below the surface of the Rh(553) crystal as a
function of temperature of the crystal. The measurement was
made at 100 mbar and in an atmosphere of 60 mbar of CO and
40 mbar of O2. By comparing the mass spectrometry signal
and the estimated CO2 concentration from the PLIF signal,
a good agreement is achieved. The sudden onset of the CO2

production, i.e., the catalytic ignition, can be easily observed,
both in the concentration plots as well as in the 2D infrared
images. It can be seen that the activation temperature of the
Rh(553) surface occurs at a narrow temperature span starting
at around 400 ◦C.

Further, the two-dimensional measurement of the CO2

concentration shows, as expected, a gradual decrease in the
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FIG. 5. (a) The CO2 concentration 3.5 mm below the Rh(553) surface,
(b) the position of the catalytic sample and where the fluorescence signal
was averaged, (c) an estimate of the CO2 concentration below the catalyst at
470 ◦C and (d) an estimate of the CO2 concentration below the catalyst at
520 ◦C. The gas composition was 60 mbar of CO and 40 mbar of O2.

CO2 concentration as function of the distance from the cata-
lyst surface.

In a previous work by Gustafson et al.38, the activation
temperature was observed to be lower, at around 250 ◦C. Al-
though the present report focuses on the ability to detect CO2

using PLIF under realistic catalytic conditions, it is interest-
ing to discuss this difference. One reason could be the differ-
ent reaction conditions used. In the present study, the partial

CO pressure was 40 mbar but only 7 mbar in Ref. 38, making
CO poisoning of the catalyst surface more effective leading
to an increased activation temperature. Another difference is
the total pressure (100 mbar in the present study, 500 mbar in
Ref. 38), which may also influence the activation tempera-
ture. Furthermore, the cleanliness of the surface in the present
study is not known, allowing for contaminants to affect the
activation temperature. Finally, it should also be noted that a
significant amount of uncertainty lies in the temperature mea-
surements, making the absolute activation temperature diffi-
cult to determine without introducing large error bars.

IV. SUMMARY

The possibility of visualizing the CO2 concentration right
above a catalyst surface by means of PLIF in the mid-infrared
was demonstrated. 2D single-shot measurements were tested
and hold promise for future measurements, although the
signal-to-noise ratio in the present measurements needs to be
improved for accurate single-shot measurements. An estima-
tion of the CO2 concentration was made and was compared
to MS-measurements with good agreement. Future applica-
tions might include measuring more than one catalyst simul-
taneously, at different conditions in order to on-line compare
different catalysts making the screening effort to find better
catalysts more efficient. The technique can also directly show
where the sample is active, e.g., the sample more active on
the sides than on the actual surface, something that is impos-
sible to determine with a regular MS-measurements. Finally,
the method could also be of significance when studying cat-
alytic reactions in which also gas phase reactions occur, e.g.,
flameless combustion.
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