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Abstract. The catalytic reactionH2 + 1
2 O2→ H2O on poly-

crystallinePt foils has been studied by detection of desorbing
OH radicals using the Resonance Enhanced Multiphoton
Ionization, REMPI, technique. The measurements were per-
formed at catalyst temperatures of1000–1400 K and a total
pressure below10−4 mbar. The studies ofOH desorption
by REMPI were achieved using a two-photon excitation
D2Σ−–X2Π (1–0), followed by one-photon ionization. The
ions were detected in a time-of-flight mass spectrometer,
TOF-MS, in order to avoid interference from non-resonantly
ionized molecules. By applying TOF-MS, a simultaneous non-
resonant ionization and detection ofH2, O2 and H2O was
achieved. Recorded REMPI spectra were compared with spec-
tra simulated using known molecular constants. The kinetics
of the reaction derived from the measurements were com-
pared with what was obtained in earlier LIF detection ofOH,
performed at higher total reactant pressure using the A–X
transition. REMPI TOF-MS is shown to be a complement to
LIF for reaction studies below5×10−4 mbartotal pressure,
where LIF is too insensitive for quantification. The reaction
kinetics was found to be in agreement with a theoretic model
and previous LIF studies.

PACS: 33.80K, 07.75, 82.65J

Catalytic reactions have been the subject of extensive studies
during recent decades. Surface processes have been analysed
by surface sensitive techniques to probe species on the sur-
faces [1], or by detection of desorbed species in the gas
phase [2]. In the latter case, desorbed species are often stud-
ied with thermal desorption spectroscopy (TDS) combined
with mass spectrometry [3], which gives information about
the coverage and adsorption energy, or in more advanced
experiments, the velocity and angular distributions. In mo-
lecular beam and/or scattering experiments, molecules can be
prepared in certain vibrational and rotational states before
being scattered at the surface. State-sensitive, often laser-
based techniques, can then be used to probe the states of the
scattered molecules. These scattering experiments have pro-

vided valuable information about the kinetics and dynamics
of desorption processes [4].

Access to tunable, narrow-linewidth dye lasers has im-
proved the ability to detect desorbed species, either products
or intermediates, at very low concentrations, and allowed the
investigation of the kinetics and dynamics of surface and gas-
phase reactions [2]. Laser-Induced Fluorescence (LIF) and
Resonantly Enhanced Multiphoton Ionization (REMPI) are
two techniques with the ability to provide information about
the energy distribution between vibrational and/or rotational
states of molecules [2, 5].

In many LIF studies, resonant one-photon excitation is
used, and therefore the interpretation of the spectra is relatively
straightforward. With REMPI, the situation is more complicat-
ed due to the multiphoton transitions. LIF spectra are directly
interpretable concerning state distributions, while REMPI may
suffer from uncertainties in the ionization step and the value
of matrix elements of the multiphoton excitation, including
competing processes such as relaxation, pre-dissociation and
optical balance [6]. The strength of the REMPI technique lies
in its high sensitivity, often two or three orders of magnitude
better than LIF [5], and the ability to detect molecules with
high excitation energies, such asCOandN2. REMPI has ear-
lier been used to detect radicals such asNO [7] andOH [8],
and has also been used as a probe of partialCO pressures
down to10−12 mbar[9].

Following the pioneering work by Lin and co-workers [10,
11], the LIF technique has been used extensively in our group
for studies of theOH intermediate in the catalytic formation
of water fromH2 andO2 on polycrystallinePt[12–14], and in
the decomposition of water in the presence ofO2 or H2 [15].
These investigations ofOH desorbing from a hot catalyst,
have recently been extended to studies of the formation and
decomposition of water onPt(111) [16, 17], and to studies
of flow conditions in the region outside the catalyst for the
reactants and the diffusion of desorbedOH at pressures up to
15 mbar[18–20].

In this work, we have studiedOH radicals produced in the
catalytic formation of water fromO2 andH2 on polycrystalline
Pt at total pressures in the range of10−7 ≤ p≤ 5×10−4 mbar.
We detected the desorbedOH radicals with REMPI com-
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bined with time-of-flight mass spectrometry (TOF-MS), and
compared the results with LIF measurements, performed in
earlier works at higher pressures [21], and a theoretic kinet-
ic model of the catalytic reaction [22]. We have also analysed
how the REMPI detection ofOH desorbing from the surface
is influenced by a largeH2O background.

1 Catalytic water formation

In previous investigations of the catalytic water formation,
the mean-field approximation has successfully been used to
model the reaction kinetics. This approach is also adopted
here to describe the oxidation of hydrogen onPt, leading to
the formation ofH2O, and is given by [22–24]:
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Og
2
 2Oa (2)

Oa+Ha
OHa (3)
OHa+Ha
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OHa+OHa
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where the superscripts a and g denote “adsorbed” and “gas
phase”, respectively. Within this scheme,H2O can be formed
via two possible routes (4) and (5) of which (4) has been
found to be dominant at high temperatures. At high surface
temperatures, i.e.Ts> 900 K the intermediateOH desorb

OHa→OHg (7)

This is a minority route for consumption of adsorbedOH, be-
cause of the high activation energy forOHdesorption [13], and
it has minor influence on the overall reaction except at highly
elevated temperatures, i.e.T > 1400 K. However, the desorp-
tion rate is sufficient for efficient monitoring of the reaction
intermediate with REMPI or LIF techniques. By probing the
desorption rate ofOH with either REMPI or LIF as a function
of surface temperature, reactant pressure or gas mixture, one
can measure the relativeOH coverage and draw conclusions
regarding the reaction kinetics on the surface. The advantage
of using REMPI lies in the possibility to perform simultane-
ous measurements ofOH andH2O, compared to the earlier
used combination of LIF and microcalorimetry.

2 Experimental techniques and procedures

2.1 Vacuum system and detection techniques

An overview of the experimental set-up constructed for the
REMPI and LIF measurements is shown in Fig. 1. The vacu-
um chamber consists of two sections separated by a gate valve:
one section for the laser excitation/ionization and a separate
drift chamber with an ion detector for TOF-MS. The sec-
tions are differentially pumped by two turbomolecular pumps
(240 l/s), which provides a pressure ratio during reaction of
30 : 1 between the ionization and detection chamber, and there-
by increasing the highest operable pressure in the ionization
chamber. The laser excitation/ionization takes place between
two plates in the ion optics of the TOF-MS, as shown in Fig. 2.

The ion optics consist of an acceleration stage and an ion lens
in front of the entrance to the field-free region. The two-field
acceleration configuration is used to enhance the mass reso-
lution [25]. The Einzel lens is used for focusing of the ion
beam and thus enhance the signal at the detector. The flight
path is about0.5 m, and the ion-optic voltages were optimized
to achieve a high detection efficiency combined with a suffi-
cient mass resolutionm/∆m= 80. We used dual microchannel
plates (MCP, Galileo 3025) as ion detectors.

In order to be able to investigate the internal energy dis-
tribution of the desorbed molecules, before they undergo any
gas-phase interactions, the excitation/ionization zone has to
be kept close to the catalytic surface. Therefore, the cata-
lyst, a polycrystallinePt foil, 5 by 30 mmand25µm thick, is
stretched and moved into an opening in the repeller plate of
the ion optics using anxyzmanipulator. ThePt foil is resis-
tively heated by a direct current to temperatures between1000
and1400 K, determined by a four point resistance measure-
ment [21]. The reactants are via UHV leak valves admitted
into the ionization chamber, in which the total pressure is
monitored by a BA-gauge previously calibrated against a ca-
pacitance gauge in thep = 10−5–10−4 mbarrange. TheH2/O2
gas mixture is monitored by a quadrupole mass spectrometer
(Balzers QMS2OO). The total reactant pressures are10−7 ≤

p≤ 5×10−4 mbarfor REMPI andp≥ 5×10−4 mbarfor LIF.
In order to cover a broader pressure range, the set-up is

also equipped with a LIF detection using imaging optics and
a photomultiplier tube (PMT, EMI-9558QB) as a detector
mounted vertically. With this set-up, the species can now ei-
ther be detected by imaging of fluorescence light (LIF) from
a point about2 mmin front of the catalyst surface or ionized
with REMPI, accelerated by a static field into the TOF-MS
and detected by the MCP. Since a TOF-MS is used for mass
selection, more than one mass can be monitored simultane-
ously. In this way, we ionize the less abundant intermediate
OH resonantly and the reaction productH2O non-resonantly.

The signal from the MCP detector was amplified in a fast
amplifier (Stanford Research Systems SR440), after which
mass spectra were obtained by averaging on a digital storage
oscilloscope (LeCroy 9400 or 9360). Measurements of the
time-evolution of the signal for a specific ion, e.g. while scan-
ning the laser wavelength, were performed by integration of
the signal in one or several gated boxcars (SR250), i.e. several
mass numbers could be recorded simultaneously. The signal
from the PMT used in the LIF detection was also integrat-
ed in a gated boxcar. All outputs from the boxcars, the signal
from the monitor output of the pressure gauge control unit and
the sample temperature were digitized in an 8-channel A/D
converter (SR245). The data were transferred via a GPIB in-
terface and stored in an IBM PC-compatible computer at the
repetition rate of the laser.

2.2 Laser spectroscopy ofOH

A schematic energy level diagram for theOH molecule,
with the transitions used in the LIF and REMPI measure-
ments indicated, is presented in Fig. 3. The parameters for
the X2Π ground state and the first excited state, A2Σ+, are
well known in the literature [26] and have been utilized in
many LIF studies ofOH [10, 21]. The B2Σ+, and the C2Σ+

states both have large internuclear distances,1.87and2.05Å,
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Fig. 1.An overview of the experi-
mental set-up. The UV excitation
light path is marked2ω +ω IR and
the fundamental dye laser light
is markedω . The signal paths
are indicated by solid lines, and
the ion flight path in the vacuum
chamber by a broken line. A pho-
to multiplier tube and imaging
optics for LIF detection is mount-
ed vertically (not included in the
figure), perpendicular to both the
ion flight path and the laser beam

respectively [26], compared with the ground state distance
of 0.96Å. The Franck–Condon factors are relatively small
for transitions to these states from the ground state. How-
ever, the(8,0) band has been detected in the B2Σ+–X2Π
transition by Sappey et al. [27]. A state with an internuclear
distance similar to the ground state is the D2Σ−-state, which
has been studied inOH, produced by laser induced dissoci-
ation of H2O2 [8] and in discharge experiments [28]. Two
bands,(0,0) and(1,0), were observed in the former study [8],
using2+1 photon REMPI at244–247 nmand236–239 nm,
respectively.

In these experiments aNd:YAG-laser-pumped dye laser,
(Continuum YG671C-10 and TDL 51) with a repetition
rate of 10 Hz and a doubling and mixing option, was
used for the excitation and for resonant as well as non-
resonant ionization. The laser wavelengths236–239 nmfor
the X3Σ−(ion)–D2Σ−–X2Π transition were obtained by mix-
ing the fundamental of theNd:YAG laser (1064 nm) with the
frequency-doubledoutput of the dye laser (303–308 nm). The
appropriate dye to generate236–239 nmlight is Rh640, and
the frequency-doubled light of this dye gives the appropriate
wavelength for the(0,0) band in the A2Σ+–X2Π transition
(306–308 nm), which is a transition well suited for LIF stud-
ies of OH. The energy in the mixed output of the dye laser
was about3 mJ/pulse.

By splitting the fundamental of the dye laser into two
beams, a relative wavelength reference was obtained by
monitoring a part of the fringes from a Fabry–Perot etalon
with a photodiode, and an absolute reference was record-
ed opto-galvanically from aLi hollow cathode lamp filled
with Ne. Three separateNe lines, at607.60194, 609.78507
and614.47628 nm[29] (vacuum wavelengths), were used for
wavelength calibration, giving an accurate control of the dye
laser wavelength. Thus, the uncertainty in the wavelength is
given by the uncertainty of the fundamental of theNd:YAG
laser, since the light used for REMPI is generated by mix-

Fig. 2. A schematic of the catalyst in the ion optics
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ing the uncalibrated fundamental of theNd:YAG, with the
calibrated frequency doubled dye laser light.

The bandwidth (FWHM) of theNd:YAG laser was speci-
fied by the manufacturer to be≤ 0.05 cm−1 and the width of
the fundamental of the dye laser≤ 0.08 cm−1. However, by
measuring the width of theNelines the actual dye laser width
was estimated to≤ 0.26 cm−1. We can not exclude saturation
of the Ne lines but it gives us an upper limit of the actual
width. This gives a width of the mixed light of≤ 0.37 cm−1

at 236–239 nmand the same for the frequency doubled light
at306–308 nm.

After passing a Glan–Taylor polarizer, the UV laser light
was focused to obtain the high intensities required for the two-
photon excitations in the REMPI experiments. By monitoring
the laser intensities with a pyroelectric detector, the position
of the focusing lens was adjusted so that the ion signal was
as nearly as possible proportional toI 3. In this case, the high-
est dependence that we could obtain wasI 2.7, a condition
which was maintained during the experiments. This power
dependence has previously been observed and interpreted as
a focusing effect [9, 30, 31]. In order to perform an analysis of
the ground state population inOH it is important not to satu-
rate the excitation step, because of the difference in the relative
transition probabilities between different rotational quantum
numbers and branches.

3 Results and discussion

REMPI was used to probe the water formation reaction for a to-
tal pressure ofO2 andH2 between10−7 and5×10−4 mbar,
at different reactant mixtures and surface temperatures. Since
photon detection is less sensitive than ion detection, meas-
urements of theOH yield by LIF had to be performed above
5×10−3 mbarfor an acceptable signal to noise ratio. The LIF
measurements carried out in this set-up served as a reference
to earlier measurements [14, 16] and gave comparable results.
LIF data will therefore not be displayed or discussed further

Fig. 3. The energy level diagram of theOH molecule with the excitations,
ionization and fluorescence indicated as arrows. Only the X3Σ− state belongs
to OH+. In the LIF experiment we have excitation and fluorescence via the
A2Σ+-state, and REMPI is performed via the D2Σ−-state

Fig. 4. A mass spectrum recorded atp = 5×10−5 mbarwith the laser tuned
on aOH resonance atTsample= 1300 K. TheOH peak is clearly dominating
theH2O peak due to the resonant ionization

in this paper, instead the discussion will be focused on the
results of REMPI measurements.

A time-of-flight mass spectrum measured at a sample tem-
perature of1300 K, a total pressure of5×10−5 mbar and
a partial H2 pressureα (α = pH2/(pH2 +pO2)) of 16% is
shown in Fig. 4. The resolution of the mass spectrometer
(m/∆m= 80) is sufficient to separate theOH signal from the
H2O signal. In the mass spectrum shown in Fig. 4 the reaction
productH2O gives a relatively strong signal, and wavelength
scans show a weakly resonant behaviour. The other peaks orig-
inate from fragmented hydrocarbons, present in the residual
gas, and weakH2 andO2 signals. The detection limit ofOH
in this experiment was reached at a total reactant pressure of
10−7 mbarat a surface temperature of1380 K.

It is important to minimize the production ofOH by
laser-induced dissociation ofH2O, which would make any
interpretation of theOH desorption rate ambiguous. To check
for this, the surface temperature was lowered from1300 K,
where theOH desorption rate is high, down to900 K(Fig. 5),
a temperature at which the water production is high but the
rate ofOH desorption is negligible [21]. Model calculations
indicate an about two orders of magnitude higher yield ofH2O
thanOH at 1300 K, and four orders of magnitude at900 K.
A tiny OH signal can be seen in the mass spectrum of Fig. 5 at
900 K, and this laser-induced water dissociation is found to be
proportional to the water signal and theOH signal is corrected
accordingly.

A wavelength scan from236to 238 nmwith REMPI2+1
detection at a pressure of6×10−5 mbarandα = 10% is shown
in Fig. 6, together with a simulated spectrum. The REMPI
spectrum has similarities with the spectrum recorded by Col-
lard et al. [8] forOH produced by the dissociation ofH2O2.
The spectral resolution is broad,2.2 cm−1, compared to the
expected width of a two photon excitation≤ 0.52 cm−1, using
the laser line width≤ 0.37 cm−1 given earlier. Collard et al. re-
lated their spectral resolution,3 cm−1, to a combination of the
laser width and Doppler broadening. Doppler broadening ac-
counts for∼ 1.54 cm−1, assuming a thermal distribution of
the desorbingOH molecules of 80% of the surface tempera-
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ture, which adds up to1.62 cm−1 when combined with the
laser line width of2 photon resonant excitation. This estimate
is the upper limit, since theOH radicals are probably cosine
distributed around the surface normal, which is perpendicular
to the laser beam.

By using the parameters given by Collard et al. [8], the the-
oretical REMPI spectrum gives general agreement with our
experimental spectrum. However, a careful comparison be-
tween the simulated and the experimental spectra shows differ-
ences in temperature between the branches and missing peaks.
The theoretical spectrum gives best agreement with the experi-
mental spectrum when simulated using Hönl–London factors
and a Boltzmann distribution of∼ 800 K. This is surprising
since the expected temperature ofOH in thermal equilibrium
with the surface is 80% of the surface temperature [13]. In an
earlier LIF experiment, using the A–X transition ofOH and
OD, a strong coupling between the angular part and the radial
part of the wave functions was observed and compared with
calculations [32]. Such a coupling is very likely also present
for the D–X transition, and if this is the case, the simulation
procedure will underestimate the rotational temperature. For
a more detailed interpretation of the spectra, including deter-
minations of state distributions, a better resolution or more pre-
cise parameters for the D2Σ− state would be useful, but more
important is a better estimation of transition probabilities.

Information about the rotational distributions can easily be
extracted using LIF in the X–A transition. However, because
of collisions affecting the ion detection at pressures suitable for
LIF, and the lesser sensitivity in photon detection, we can not
simultaneously use both methods. An extrapolation of a distri-
bution in pressure, based on LIF measurements, is not reliable
since the desorption mechanism is unknown and may be af-
fected by lateral interactions on the surface due to the higher
coverages at5×10−3 mbar. Based on uncertainties about the
desorption mechanism and unknown transition probabilities,
conclusions regarding rotational distributions and ionization
probabilities can not be made at the present state.

Fig. 5. Two mass spectra obtained atTsample= 1300 K(top) and atTsample=
900 K(bottom), and a total reactant pressure ofp = 5×10−5 mbarThe laser
was tuned on a resonance inOH and1000shots were averaged

Fig. 6. A wavelength scan obtained with REMPI (bottom) for
Tsample= 1380 K and p = 6×10−5 mbar, and a simulated spectrum (top)
assuming a Boltzmann distribution withT = 800 K. The branches in the
simulation are plotted separately above the spectrum, from the bottom to the
top in the order N12, O12, P12, Q12, R12; O1, P1, Q1, R1, S1; O2, P2, Q2,
R2, S2; P21, Q21, R21, S21, and T21. The satellite branches are present, even
though they are weaker, which can be observed e.g. at236.2 nmwith T21(1)

However, our ambition of the work presented here is to
show thatOH radicals, desorbed from a catalyst surface, can
be detected with REMPI and be used for investigation of cat-
alytic reactions. The higher sensitivity of REMPI compared to
LIF should allow for studies of reactions at much lower pres-
sures than in earlier studies. Because of uncertainties in the
rotational state distributions we have here limited the com-
parison to analysis of the yield ofOH. At constant surface
temperature, one can assume that the intensity of one res-
onance peak is proportional to the total amount of desorbed
species and, thus, it is possible to study theOH desorption rate
e.g. as a function of partial and total pressure.

In earlier LIF studies [14, 16] much information was
gained by comparing theOH yield with measurements of the
H2O production rate using microcalorimetry. The lower reac-
tant pressure used in this work does not allow for this method
to detect water. Instead, with TOF-MS the more abundant
H2O molecules may be detected by non-resonant ionization
simultaneously with REMPI of the much less abundantOHin-
termediate. As a demonstration of this, a measurement of the
rates ofOH andH2O desorption as a function of the partial
H2 pressureα , at a constant total pressure of5×10−5 mbar, is
given in Fig. 7, recorded using the O1(3) peak at237.51 nm,
according to the experimental spectrum in Fig. 6. The results
shown in Fig. 7 are in good agreement with results from LIF
studies at higher pressures [16], with shapes well described by
the kinetic model [22] (solid lines). The experimental data are
also in agreement with the model with respect to an observed
shift of the maxima ofOH andH2O yield. The maximum des-
orption rates forOH andH2O are shifted fromα = 0.12 and
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Fig. 7.A plot of theOH andH2O signals (normalized) as functions of the par-
tial pressure ofH2,α = pH2/(pH2 +pO2 ), at a total pressure of5×10−5 mbar
and a surface temperature of1200 K. The solid and dashed lines are from
calculations using the kinetic model

0.25 at 0.13 mbartotal reactant pressure, measured in earlier
studies with LIF [21], toα = 0.18 and0.36 at 5×10−5 mbar
in this REMPI study (Fig. 7). The hydrogen rich part of the da-
ta differs from the model, but this difference has earlier been
observed also in LIF experiments at higher pressures [16].
Further exploration of the detailed reaction kinetics is beyond
the scope here, and will be further discussed elsewhere [33].

4 Conclusions

REMPI TOF-MS is a suitable technique for sensitive measure-
ments of minority species, avoiding interference from majority
species, e.g.OH in an H2O atmosphere during the catalytic
oxidation of hydrogen onPt. H2O and OH can be detect-
ed simultaneously, and provide information on the kinetics
of the surface reactions. The technique is limited to meas-
urements at reactant pressures below5×10−4 mbar by the
mass-spectrometric detection, but allows for efficient detec-
tion above a total reactant pressure of5×10−7 mbar. REMPI
TOF-MS is clearly a complement to LIF, being applicable
at lower pressures which allows for comparison with meth-
ods in situ probing the coverages on the surface, e.g. second
harmonic generation, SHG, [34, 35].

Given the fact that simultaneous quantitative measure-
ments of LIF and REMPI are not possible for this system, that
the two-photon transition D–X(1,0) transition probabilities
may be coupled to the radial part combined with uncertainties
in the ionization efficiencies, an extraction of rotational state
distributions is difficult. On the other hand, at constant surface
temperature and at constant total pressure, theOH desorption

rate as a function ofα has been found to be in agreement with
previous investigations.
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