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Spectroscopic Detection of Active
Species on Catalytic Surfaces:
Steady-State versus Transient Method

Nobutaka Maeda?, Fabian Meemken?, Konrad Hungerbiihler?, and Alfons Baiker*a®

Abstract: Discrimination between active and spectator species is an important and demanding task in catalysis
research. A comparative study of the Pd-catalyzed CO hydrogenation using in situ diffuse reflectance IR Fourier
transform spectroscopy (DRIFTS) in steady-state and dynamic (transient) experiments shows that the information
on surface species differs significantly depending on the type of experiment. In order to discriminate between
active species and spectator species not involved in the surface reactions, DRIFTS was combined with a transient
technique, modulation excitation spectroscopy (MES). This approach allows the detection of surface species
responding to a specific periodic external stimulus, i.e. achieved by concentration modulation, and thereby
offers excellent potential to unveil features of the surface processes, which are not accessible by steady-state
experiments. However, the example of CO hydrogenation shows that the perturbation imposed to the system has
to be chosen properly to benefit from the transient technique. Modulation of the CO concentration did not provide
deeper insight into the reaction mechanism, whereas periodic changes of the hydrogen concentration provided
valuable information concerning the active surface species and the reaction pathway. The study revealed that
only a small fraction (about 4%) of CO molecules adsorbed on specific Pd sites reacted with hydrogen, while
the majority of adsorbed CO was inactive. The inactive CO molecules overwhelmingly contributed to the spectra
measured under steady-state conditions.

Keywords: CO hydrogenation - Diffuse reflectance infrared spectroscopy - Heterogeneous catalysis -
In situ spectroscopy - Modulation excitation spectroscopy

Introduction

Heterogeneous catalysis is one of the
key technologies for realizing sustainable
development and environmental protec-
tion. The global demand for innovative
breakthroughs of efficient and environ-
mentally benign catalytic systems spurs
both industrial and academic research.
Rational design of catalytic materials on
the nano-/micro-scale requires a proper
understanding of the interrelationship be-
tween structural and chemical properties
of the materials and their catalytic be-
haviour. Today, a great variety of spectro-
scopic methods!!l are applied in catalysis
research, among which vibrational spec-
troscopies,2#! particularly infrared spec-
troscopy, stand out due to their versatility
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and widespread use. Transmission IR spec-
troscopy (TIRS), diffuse reflectance IR
Fourier transform spectroscopy (DRIFTS)
and IR reflection-absorption spectroscopy
(IRRAS) are suitable methods for monitor-
ing adsorbed molecules at catalytic solid—
gas interfaces, 361 while attenuated total re-
flection IR spectroscopy (ATR-IR) proved
to be powerful for investigating catalytic
solid—liquid interfaces.[”l Generally all
these IR methods can be used in situ al-
lowing the acquisition of information on
the catalytic interface under reaction con-
ditions. However, a problem arises if sig-
nals from ‘real’ active species have to be
discriminated from spectator species not
involved in the catalytic surface processes.

For selective extraction of information
on active species, transient spectroscopic
techniques have been developed such as
steady-state isotopic transient kinetic anal-
ysis (SSITKA)B-111 and modulation exci-
tation spectroscopy (MES).[12.13] SSITKA
operates at the chemical steady-state, but
isotopic unsteady-state. Its combination
with DRIFTS and on-line mass spectrom-
etry is a powerful tool for investigating the
relationship between dynamically chang-
ing surface species and gas-phase compo-
nents on the same time-scale, leading to a
deeper understanding of the involvement
of surface species in catalytic cycles.[!!]
MES operates under unsteady-state con-

ditions forced by periodic perturbation of
the system by changing an external param-
eter, e.g. concentration, temperature, irra-
diation, or pH.["?I This transient method
facilitates selective detection of surface
molecules responding to an external per-
turbation, enhancement of the signal-to-
noise (S/N) ratio and extraction of kinetic
information by phase sensitive detection
(PSD).[131 Here we present a comparative
in situ IR study of the Pd-catalyzed hy-
drogenation of CO using steady-state and
dynamic experiments. We demonstrate
enhancement of the spectral resolution by
MES and PSD, and show the importance of
the proper selection of the external stimu-
lation for gaining information on ‘true’ ac-
tive species.

Experimental

A home-built in situ DRIFTS cell
was employed for MES experiments.[6]
The design of the cell allows the detec-
tion of IR signals originating from diffuse
reflectance at the catalyst surface while
minimizing IR absorption by gas-phase
components. The inlet of the cell was con-
nected to an air-actuated Valco valve for
switching gas feeds. The concentrations
in the effluent gas were monitored using
an on-line mass spectrometer (Pfeiffer
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Vacuum, ThermoStar™). DRIFT spectra
were measured on a Bruker Equinox 55
FT-IR spectrometer equipped with a liquid
nitrogen cooled MCT detector at 4 cm™
resolution. MES experiments were carried
out by periodically switching between two
different gas atmospheres, either CO/H, <>
H,or CO/H2 < CO, where the CO/H2 mix-
ture contained CO and H, in a ratio of 1:3
(5 vol% CO and 15 vol% H, in He balance
and 5 vol% H, or CO in He, respectively).
For each MES measurement, the cycles
were repeated seven times, and the last
four cycles were averaged to enhance the
S/N ratio. The acquired time-domain spec-
tra were mathematically treated by PSD
according to:

T

A, (W) = ;fA(t,ﬁ)Sin (kwt+ rpk) dt, (@)
0

where T is the length of a cycle (modulation
period), ® is the demodulation frequency,
¢, is the demodulation phase angle, k is the
demodulation index (k = 1 in this study),
and A(t, ¥) and A (V) are the active spe-
cies responses in time- and phase-domain,
respectively.

To compare results extracted from
steady-state and dynamic experiments,
we employed the hydrogenation of carbon
monoxide on a 4wt% Pd/CeO, catalyst.
The catalyst was prepared using a conven-
tional impregnation method according to
a protocol reported in ref. [14]. The mean
Pd particle size of this catalyst is 3—4 nm.
Prior to use, the catalyst was subjected to
O,-treatment at 723 K for 1 hour, and then
to reduction with H, at 573 K for 1 hour.
This procedure was applied to suppress the
formation of a thin layer of Ce,O, on the Pd
particles which is known to cause Strong
Metal-Support Interaction (SMSI).[14]

Results and Discussion

Sensitivity Enhancement

The elucidation of the dynamic sur-
face processes that occur during a solid-
catalyzed reaction requires in sifu IR spec-
troscopy with excellent time-resolution.
However, the time-resolved spectroscopic
approach results in an inherent trade-off
between time-resolution and signal to
noise (S/N) ratio; rapid spectral scans lead
to low S/N ratio, that means high noise
level hiding the absorption bands of inter-
est. This problem can be partly overcome
by averaging FT-IR spectra from several
scans. One of the key features of MES is
that it utilizes a quasi steady-state response
of chemical species to a periodic external
stimulation. After several cycles, chemical
processes reach a quasi steady-state, and
each cycle gives rise to identical IR spec-

tra, which enable all the stable cycles to be
integrated into one cycle to achieve a high
S/N ratio. For illustration we may consider
CO adsorption on the Pd/CeO, catalyst and
subsequent reduction with hydrogen. Fig.
la displays conventional spectra during
H, reduction of the CO-covered Pd sur-
face. To achieve high time-resolution, the
spectra were recorded by co-adding eight
scans at a spectral resolution of 4 cm™ and
a scanning velocity of 80 kHz. In this man-
ner, each spectrum could be recorded in
1.9 s. The spectral acquisition at this time-
resolution affords a very poor S/N ratio,
and even CO adsorbed on Pd can barely
be detected at around 2000 cm™. The high
noise level makes it almost impossible to
properly assign the bands and analyze the
kinetics during the hydrogen exposure. By
exploiting one of the principles of MES,
the CO adsorption-hydrogenation cycle
was repeated seven times, and the last four
cycles were integrated into one cycle to en-
hance the S/N ratio (Fig. 1b). Note that the
noise level decreased considerably, lead-
ing to a more feasible band assignment.
Two sharp bands assigned to on-top and
bridged-CO on Pd(100) can be identified
at 2060 and 1965 cm, respectively. To
further enhance the S/N ratio, the time-do-
main spectra were transformed to phase-
domain spectra (Fig. 1¢) using the relation
given in Eqn. (1). Because the noise sig-
nal does not follow the periodic changes
of the external stimulation,!!3] application
of PSD allows the removal of most of the
noise from the IR spectra and a spectral
acquisition with high sensitivity down to
1075 absorbance is achieved. The data were
plotted at each ¢™P = 10° step; 0-170° for
the CO adsorption and 180-350° for the
H, exposure. Note that in the phase-do-
main spectra, an additional broad band at
ca. 1850 cm™ assigned to bridged CO on
Pd(111)14] is observable.

Steady-state versus Transient
Methods

In this section, we demonstrate the
spectral separation of active species from
spectators by comparing steady-state reac-
tion and concentration modulation condi-
tions. Catalytic active sites frequently only
comprise a small fraction of the whole sur-
face sites. Therefore, the selective extrac-
tion of information on active sites/species
requires careful data analysis. PSD was
shown to be a powerful tool to separate IR
signals of spectator species which do not
respond to the external stimulus, i.e. the
modulated reactant concentration.!3!

Fig. 2a shows in situ IR spectra dur-
ing steady-state CO-H, reaction (H,/CO =
3) on Pd/CeQ, at 413 K. As previously re-
ported, several absorption bands emerged;
sharp bands of on-top and bridged CO on
Pd(100) facets at 2060 and 1965 cm™, a
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Fig. 1. CO adsorption on Pd/CeO, at 573 K
and subsequent reduction with hydrogen. In
situ IR spectra during switching between CO
and H, in time-domain with (a) 1 cycle, (b) 4
cycles, and (c) phase-domain. Conditions are
given in experimental part.

broad band of bridged CO on Pd(111) fac-
ets at around 1900 cm™', asymmetric and
symmetric stretching modes of carbonate
and formate species overlapping at 1250—
1700 cm™, and weak bands assigned to the
C-O0 stretching mode of methoxide species
at around 1100 cm™".1141 All the absorption
bands grew continuously and reached
a steady-state after about 120 min. The
bands present after 120 min had elapsed
are considered to reflect the steady-state
surface composition of active and specta-
tor species during the CO hydrogenation.
To compare the steady-state with the tran-
sient method, CO adsorption and desorp-
tion cycling in the presence of H,, i.e. CO
modulation (CO/H, <> H,) after 120 min of
CO-H, reaction was repeated for MES and
PSD, and the IR spectra were plotted as
phase-domain and time-domain spectra as
shown in Figs 2b and c. As emerges from
these data, formate, carbonate and methox-
ide species detected under steady-state re-
mained virtually unchanged by modulat-
ing the CO concentration. Besides, all the
CO on Pd(100), indicated by the bands at
2060 and 1965 cm™, simply adsorbed and
desorbed repeatedly. The broad band at
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Fig. 2. In situ IR spectra during (a) steady-
state CO-H, reaction on Pd/CeO, at 413 K. (b)
phase-domain and (c) time-domain spectra of
CO adsorption-desorption (CO/H, <> H,) on
Pd/CeO, exposed to CO-H, reaction atmo-
sphere for 120 min. Conditions are given in
experimental part.

around 1900 cm™ (CO on Pd(111)) seemed
rather stable and only decreased to half of
its intensity upon desorption forced by the
modulation. Time-domain spectra (Fig.
2c) indicate that the desorption process oc-
curred slowly for bridged CO on Pd(100)
at 1965 cm™".114

Asemerges from Fig. 2, the information
on surface species gained by steady-state
and transient methods differs significantly.
The steady-state experiment detected both
active and spectator species accumulated
on the surface, while the CO modulation
experiment provided mainly information
on the adsorption—desorption dynamics of
adsorbed CO.

The most widely applied steady-state
method has proven to be useful to char-
acterize the overall surface properties of
catalytic materials, e.g. surface properties
such as acidity, composition, and struc-
ture, while the transient method facilitates
the detection of surface molecules which
are sensitive to the perturbation, that is,
the system changes imposed by periodic

Hea) Hea)

variation of the external stimulus. Hence,
application of both methods results in
complementary information. However, it
should be stressed that the application of
a transient method does not always result
in a gain of information on ‘true’ active
species, as the results of CO modulation
indicate. Note that the spectra resulting
from CO modulation (Fig. 2b) are almost
identical to those of the CO adsorption—
hydrogen reduction sequence presented in
Fig. 1c. The CO modulation experiment
only revealed the simple CO adsorption—
desorption cycle, which is not of primary
interest for elucidating the active species in
the catalytic surface reaction. The surface
coverage of CO changed only relatively lit-
tle during CO modulation due to strong ad-
sorption of CO. This indicates that a proper
choice of the perturbation of the system is
of paramount importance for successful
application of transient techniques. The
perturbation (stimulation) has to be chosen
in such a way that its response contains in-
formation on the targeted process. In the
next section, the importance of the selec-
tion of the kind of external stimulus will
be considered.

Selection of an External
Stimulation

Obviously, injudicious application of
transient spectroscopic techniques does
not warrant the extraction of crucial in-
formation on the dynamic processes that
occur during a catalytic reaction. Transient
experiments that can stimulate the species
actively involved in the catalytic cycle
need to be employed. Naito ef al. reported
that several surface species were observed
by in situ IR spectroscopy during CO-H,
reaction over Pd/CeQ,; CO on Pd(100) and
Pd(111), carbonate, formate and methox-
ide species.l!4-161 Scheme 1 shows a fea-
sible reaction pathway for methanol for-
mation from CO and H, via two adsorbed
intermediate species, [HCOO]*(E) (formate)
and [CH,OI" » (methoxide). CO and H, ad-
sorb on the lsd surface, and react with the
involvement of surface OH groups of the
ceria support to formate which in consecu-
tive steps is reduced to methoxide, and fi-
nally to methanol. Hydrogen is involved in
all these consecutive steps, while CO is on-
ly involved in the first step. Furthermore,
CO is more strongly adsorbed on Pd than
hydrogen and thus partially blocks sites
which would be available for hydrogen ad-
sorption. As a consequence, when the con-

H

(a)
[CO]y S [CO) = [HCOO](Z) o [CH;0]z) [CH;0H] )= [CH;0H] g,

Scheme 1. Proposed simplified reaction scheme for methanol formation from CO/H, over Pd/
CeO,. Note that the first step (formate formation) involves surface OH groups from the partially
reduced ceria support.l'1Subscript (a) indicates absorbed species:

centration of CO is modulated, it mainly
affects the adsorption-desorption of CO
(Figs 2b and c), while its further reac-
tion to methanol is only weakly affected.
Therefore, modulation of H, concentration
(CO/H, <> CO) was required to probe the
whole catalytic cycle.

Fig. 3 shows the concentration profiles
of the various species during the H, modu-
lation experiment at 413 K. Note the similar
time-dependence of the hydrogen concen-
tration changes and the methanol produc-
tion curve. CH , was barely detectable, in-
dicating high selectivity to methanol of the
catalyst under the conditions used. Under
this transient condition (CO/H, <> CO), in
situ IR spectra were taken at a time resolu-
tion of 1.9 s, and converted by PSD into
phase-domain spectra (Fig. 4) to enhance
the signal-to-noise (S/N) ratio. Strikingly,
compared to the steady-state experiment
shown in Fig. 2a, the intensity of all bands
decreased by ca. 96%, i.e. 0.005 — 0.0002
absorbance. This indicates that roughly on-
ly about 4% of the surface species that were
observed in Fig. 1a, were directly involved
in the methanol formation, and the rest
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Fig. 3. Mass spectroscopic signals of gas-
phase components during transient reaction
condition (CO/H, <> CO) at 413 K.
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Fig. 4. Phase-domain spectra of active surface
species under transient reaction condition
(CO/H, <> CO) at 413 K.
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behaved as spectator species, being stabi-
lized on the catalyst surface. An inspection
of the phase-resolved spectra gives inter-
esting insight into the reaction pathway of
methanol formation. In the presence of H,
(0PSP = 350-190°), several surface species
showed negative absorbance as highlight-
ed by the blue line (in-phase angle, ¢FP
= 310°); methoxide species (2925, 2863,
1010 cm™), CO on Pd(100) (2060, 1965
cm™), carbonate (1587, 1276 cm™). These
negative bands prove that all these species
were consumed in the hydrogenation re-
action to methanol. Interestingly, formate
species showed an opposite trend; they ap-
peared in the presence of H,, while they
disappeared in the absence of H, (¢™" =
170-10°). This trend implies that the for-
mation of formate species occurs rapidly,
but its hydrogenation to methoxide species
proceeds relatively slowly, hence being left
on the surface at ¢™P = 350-190°. While
the CO-modulation experiment provided
insight into the adsorption—desorption be-
havior of CO on the catalyst surface, the
H, modulation allowed some insight to be
gained into the interdependence of for-
mate, methoxide and methanol species.
The present study indicates that in situ
IR spectroscopic studies under steady-state
and dynamic (transient) conditions provide
different IR spectra, which may lead to dif-
ferent conclusions. While spectroscopic in-
vestigations under steady-state conditions
were found to be useful for characterizing
stable surface species, transient conditions
were a necessary prerequisite for detect-
ing ‘true’ active species directly involved
in the catalytic cycle. Previously it was
proposed, based on steady-state measure-
ments, that CO adsorbed on Pd(111) are
the active sites for methanol formation on
this catalyst. This proposal was based on
the observation that methanol formation
showed an induction period (ca. 1 hour)
caused by gradual removal of a contami-
nating ceria layer on Pd (SMSI state) by
H,O over Pd(111). The gradual removal of
the ceria layer resulting in increasing expo-
sure of the Pd(111) surface was proposed
to be at the origin of the observed change
of the catalyst selectivity from methane to
methanol. Note that the transient method
applied here gives different insight into
the dynamic surface processes; the time-
dependent changes observed for CO ad-
sorbed on Pd(100), formate, methoxide
and methanol clearly indicate that these
species are interdependent, in accordance
with Scheme 1. Obviously, the application

of steady-state and dynamic methods leads
to different conclusions as regards the ac-
tive sites.

As emerges from Fig. 4, the absor-
bance of active species is in the range of
10“#-10- absorbance, which is below the
detection limit of conventional IR spec-
troscopic methods. Therefore, the applica-
tion of transient spectroscopic techniques
such as MES/PSD to heterogeneous ca-
talysis research is a powerful tool to give
a more detailed insight into reaction steps
involved in a catalytic cycle. The study
also indicates that the type of transient
reaction conditions or external perturba-
tion parameters needs to be carefully se-
lected to maximize the information that
can be gained from such experiments. CO
concentration modulation as an external
stimulation merely resulted in oscillation
of the amount of adsorbed CO, but did not
uncover the active species involved in the
methanol formation. Only H, modulation
experiments gave information on the inter-
dependence of surface species involved in
the CO-H, reaction.

Finally, it should be mentioned that the
successful application of MES and PSD
has recently been extended to in sifu X-ray
absorption spectroscopy (XAS). Ferri and
co-workers!'8! investigated the oxidation
of methane on Pd-based catalysts using
steady-state and transient in situ XAS.
PSD applied to quick extended X-ray ab-
sorption fine structure (QEXAFS) data al-
lowed significant insight to be gained into
the fate of the Pd constituent during cyclic
reduction-oxidation conditions (CH, <>
CH,/O,). In principle the MES/PSD tech-
nique can be applied in combination with
several other spectroscopic methods in ca-
talysis research and its use may greatly ex-
pand their potential and application range.

Conclusion

We have illustrated the significance of
high time-resolution, enhanced S/N ratio,
and discrimination between active and
spectator species achieved by applying
MES and PSD for in situ DRIFTS inves-
tigations using the hydrogenation of CO
on Pd/CeO, as an example. By combining
these methods with a conventional in sifu
DRIFTS set-up, an absorbance of 10~ for
surface molecules on catalytic materials
was detectable. The comparative spectro-
scopic study under steady-state and tran-
sient conditions allowed the discrimination

between active and spectator species on the
catalyst surface. The generally low surface
concentration of the active species can
cause great difficulties in the interpretation
of spectra resulting from steady-state mea-
surements and may lead to different inter-
pretation. Applying dynamic experiments
can alleviate this difficulty. Particularly the
combination of MES with PSD has proven
to be a very efficient tool for extracting
information normally not accessible by
steady-state methods. However, injudi-
cious application of MES and PSD may
not lead to deeper insight into the reaction
mechanism, as illustrated by the applica-
tion of CO concentration modulation in the
hydrogenation of CO.
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