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Excitation Approaches
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Abstract: Operando spectroscopy combines the in situ determination of material structure by spectroscopy/
diffraction techniques with the measurement of material performance, which is conversion/selectivity in the field
of heterogeneous catalysis. A central question in operando spectroscopy is whether the signatures visible by the
characterization methods are responsible for catalyst performance. Individual analytical methods can provide
useful information, but their combination (multi-technique approach) is essential to obtain a complete perspective
on molecular reaction mechanisms. This approach must be coupled to experimental protocols and mathematical
algorithms enabling the ability to disentangle the contribution of the active structure from the unresponsive one.
Here, we report an account with examples from our own research activities in catalysis science.
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1. Introduction
Operando spectroscopy combines the in situ capability of ma-

ny modern spectroscopy, diffraction and, lately, microscopy tech-
niques to interrogate the structure of materials in defined environ-
ments with the simultaneous measurement of their performance
using online analytics.[1] “It is critical that the activity and kinetic
data obtained in an operando reactor agree with those obtained
in the corresponding conventional reactor” state Guerrero-Perez
and Barnes.[2] In a stricter definition, operando spectroscopy stud-
ies materials where they operate in reality, which in the case of
heterogeneous catalysts is represented by the reactor in which
chemical processes take place.While a part of the operando com-
munity tackles the key issue of approaching as close as possible
reactor conditions in operando experiments, the multi-technique
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but with identical design as commercial diffuse reflectance cells
to exploit their optimal light throughput.

For obvious reasons, in the case of X-ray photoelectron spec-
troscopy (XPS)[14] or electron paramagnetic resonance (EPR)[15]
the sample environment does not allow for the same spectroscopy
cell that we would use in vibrational spectroscopy or XAS. In this
case, a second important part of our approach is to exploit system-
atically single transients or repeated transients according to the
(concentration) modulated excitation (ME) scheme[16] (Fig. 1) to
capture structural changes at sufficiently high time resolution to
demonstrate reversibility of the experiment and thus to improve
its signal-to-noise ratio by averaging several cycles. It thus be-
comes possible to identify the most active components in a system
by obtaining selective information on the portion of the sample
that is driven away from equilibrium in response to the single or
repeated transient(s). We use phase sensitive detection (PSD) as
well as multivariate curve resolution (MCR) to analyze these data
and extract responses of species stimulated by the transients and
kinetics of spectral components.

The aim of this approach is to uncover the contribution of spe-
cies that are otherwise overwhelmed by static signals of the unre-
sponsive components of the material. To adhere to the operando
definition, the confirmation that these species are catalytically rel-
evant must be then obtained from comparison with reaction rates.

In this contribution, we give a survey of our recent activities
aiming to combine information from different techniques and to
use systematically experiments under dynamic conditions to un-
derstand the behavior of catalytic materials.

2. Modulated Excitation (ME)
Many spectroscopic methods used in materials and catalysis

research are sensitive to the bulk structure of the material. How-
ever, adsorption and reaction processes occur generally at the
surface of the material and are sensitive only to the outermost
atomic layers. In order to obtain structure-activity relationships
between relevant structural motifs and reaction rates it is manda-
tory to monitor this portion of the material with increased spectral
sensitivity and time resolution to be able to follow precisely its
changes and the corresponding reaction rate. We have shown that
the sensitivity of XRD,[17] a typical long-range order technique
thus sensitive to bulk information, can be improved using the
ME approach introduced first by U. P. Fringeli[18] for biochemi-
cal interfaces and then by Bürgi et al.[19] in catalysis. With ME,

approach of theApplied Catalysis and Spectroscopy (ACS) group
at the Paul Scherrer Institut (PSI) seeks to obtain the most diverse
information on the possible structure of the active phase in cata-
lytic materials.

In situ / operando spectroscopic tools have undoubtedly im-
proved our understanding of chemical reactions. The information
delivered by a single technique is, however, generally insufficient
to draw a full and reliable description of the process under in-
vestigation. Each technique owns the potential to probe specific
features (e.g. crystal structure, adsorbed species, electron transfer
processes) but may also suffer from characteristic limitations or
require special infrastructure. Furthermore, several elementary
steps can take place simultaneously but each of them can only
be monitored by a single specific technique. The combination of
various characterization methods is thus fundamental to derive
complementary information and detailed molecular understand-
ing of the process.[3] To this end, we have developed setups that
can be easily moved or transported and allow the repetition of the
experiments using various techniques and in different places. The
setups incorporate the same spectroscopic cell in order to avoid
ambiguities introduced by the sample environment. The multi-
technique approach undertaken by others, especially at synchro-
tron facilities, to by-pass this important issue involves the simul-
taneous measurement of the material structure using two or more
techniques in a single experiment. Our approach is more flexible
especially when otherwise mutually excluding techniques are
used.

Following our approach, we have also developed and system-
atically used a cell suitable for both gas and liquid phase environ-
ments,[4] though further engineering development is required for
example to include experiments at elevated pressure. This cell
is extremely versatile and was used for X-ray absorption spec-
troscopy (XAS),[5] infrared spectroscopy in diffuse reflectance
mode (DRIFTS),[5–6] X-ray diffraction (XRD),[7] X-ray emission
(XES),[8] high-energy resolution off-resonant X-ray spectroscopy
(HEROS)[9] and diffuse reflectance ultraviolet-visible spectros-
copy (DRUV).[10] It is also intrinsically suitable for experiments
in liquid environments[11] and we have pushed this development to
the point where using it for DRIFTS to analyze catalysts in contact
with liquids has become possible.[12]This should have impact out-
side the field of heterogeneous catalysis as well. For vibrational
spectroscopy (infrared and Raman) and electron spectroscopy
(UV), we can use a dedicated cell with a reduced dead volume[13]

Fig. 1. Modulated excitation methodology with phase sensitive detection (PSD) and multivariate curve resolution (MCR) algorithms to enhance sen-
sitivity to the presence as well as to the kinetics of signals that are otherwise challenging to observe. The approach is independent of spectroscopy/
diffraction technique used. The case of XANES spectra is shown in the scheme.
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3. Combined DRIFTS-UV-Raman-MS
SCR using NH

3
is the state-of-the-art technology to clean flue

gases of mobile and stationary sources.[26] Lai et al.[27] summarized
the key mechanistic aspects of this reaction on V-based catalysts.
We have used various spectroscopic methods to study relevant cata-
lytic systems and have demonstrated the level of information that
can be obtained by combining the information from each method
and the use of the ME approach. Here, we report the benefits of
this approach in the case of V

2
O

5
/TiO

2
-type catalysts. The need for

transient and ME experiments originates from the observation that
IR spectra recorded during SCR onV

2
O

5
/WO

3
-TiO

2
at steady-state

deliver information only on species that are static in the given ex-
perimental conditions but do not provide useful information with
respect to their involvement in the catalytic cycle. It is well known
that the IR spectra carry the vibrational modes of NH

3
coordinated

inmolecular formonLewis acid sites (LAS) aswell as in protonated
form (NH

4
+) on Brønsted acid sites (BAS) in addition to functional

groups present at the catalyst surface. At reaction equilibrium, no
information on adsorbed NO can be obtained because the reaction
follows an Eley-Rideal mechanism with respect to NH

3
and NO.[28]

The critical role of adsorbed NH
3
can be better assessed when the

catalyst is forced away from equilibrium reaction conditions for
some time. We have shown that when adsorbed NH

3
is consumed

by dosing of NO, NH
3
coordinated to LAS such as vanadyl species

(V=O) reacts prior to NH
4
+ ions even in presence of 2 vol% H

2
O on

V
2
O

5
/WO

3
-TiO

2
.[29] This is observed in Fig. 2a as a fast depletion

of the corresponding signal at ca. 1607 cm-1 in the diffuse reflec-
tance IR spectra (DRIFTS) and the evolution of the produced water
in the mass spectrometric (MS) data. Other authors have reported
comparable reaction rates of the two species on the same type of
catalysts, with a preference of NH

3
bound to LAS.[30] We have at-

tributed the delayed consumption of NH
3
bound to BAS to its role

as NH
3
storage site that is used to increase the fraction of adsorbed

NH
3
and deliver it to the active sites in conditions of low NH

3
con-

centration in the gas phase. UV-vis spectroscopy performed un-
der identical conditions (Fig. 2a), i.e. using the same experimental
setup and the same spectroscopy cell, revealed the oxidation state
changes occurring during this process, which need to be taken into
account to explain the formation of the water product (and N

2
). The

signal corresponding to the d-d transition of reduced V4+ increased
quickly during the rapid depletion of NH

3
bound to LAS before

starting to decrease due to the oxidizing conditions (NO + O
2
). The

phase-resolved DRIFTS data show clearly that the signals of NH
3

bound to LAS and of the nitrosamide intermediate (ca. 1490 cm-1;
NH

2
NO; Fig. 2b) have opposite sign, suggesting that the former

species converts into the latter, and that at sufficiently short modula-
tion time no signal of NH

4
+ bound to BAS appears that would justify

its involvement in the reaction.[29]

the minor fraction of the material sampled by XRD that changes
within seconds in response to alternating reducing and oxidizing
conditions was emphasized providing information beyond what is
achievable with static experiments.

The principle of concentration ME is represented in Fig. 1
showing the typical setup for gas phase experiments that we use.
In this arrangement, the gas environment is periodically changed
by switching between feeds A and B, typically at equal intervals.
For complex mixtures, componentA is introduced in the main gas
stream C containing other components. Feed B contains only an
inert gas and is used for flow compensation purposes. During the
sequence of alternate changes of the gas environment, the sample
is continuously exposed to the selected radiation and spectra are
collected with high time resolution to precisely follow structural
modifications induced by the variable environment.

This time-resolved data is averaged into one averaged cycle
and further subjected to PSD to extract the phase-resolved data.
This approach was already reported in this journal,[20] but we have
since contributed to expand its use to techniques other than IR
spectroscopy.[8–9,14,17b,21] The phase-resolved data contain only the
signals that respond to the external stimulus. Because noise pres-
ent in the data bears no relation to the phase of the demodulated
spectra, the noise as well as other static signals/components are
strongly suppressed. We have attempted a didactic description of
the meaning of phase-resolved spectra and their interpretation[16c]
that complements the very instructive work by Urakawa et al.[16a]
Phase-resolved spectra provide access to kinetic information that
is not clearly visible from the corresponding time-resolved data in
a classic approach (e.g. by plotting signal intensity against time)
and allow detecting signals changing quickly during the modula-
tion sequence.[22] This additional kinetic insight is revealed by the
sign of the signals of phase-resolved data.[16c]

ME data can also be treated by MCR algorithms to extract
spectral components and their temporal behavior directly from
the time-resolved data (Fig. 1).[23] This approach is advantageous
because it determines the spectra of the major components present
within the system of interest and provides their relative concen-
trations. It thus delivers more direct information on the structural
changes occurring during the ME experiment. The ME-MCR
combination is ideal because the modulation sequence defines
the mathematical boundaries within which MCR can explore the
experimental data. We recently used this approach to investigate
elementary steps of the selective catalytic reduction (SCR) of ni-
tric oxide (NO) on Cu-SSZ-13[24] and the reaction mechanism
of liquid phase dimethyl carbonate synthesis from methanol and
CO

2
on ZrO

2
.[25]

Fig. 2. SCR on V2O5/WO3-TiO2.
(a) Temporal evolution of signals
corresponding to NH3 bound
to LAS (green) and BAS (red) in
the DRIFTS spectra, of the d-d
transition at 700 nm indicative of
V4+ in the DRUV spectra and the
online mass spectrometry data
of water (m/z = 19) and NO (m/z
= 30). Adapted from ref. [29] with
permission from Wiley. (b) Time-
resolved spectra obtained in a
modulated excitation experiment
with NO pulsing in NH3/O2 and
representative phase-resolved
spectrum (red) demonstrating the
level of information achievable
with PSD. ‘int.’ stands for the nit-
rosamide intermediate.
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transition metal ions, EPR provides unique capabilities to disen-
tangle the reactivity among different redox centers in the same
material.[35] Despite the heterogenous Fe speciation comprising
isolated Fe species in different cationic environments (Fe

β
and

Fe
γ
), oligomeric Fe

x
O

y
(OH)

z
moieties as well as bulk Fe

x
O

y
ag-

glomerates (Fe
oxo
),[36] the phase-resolved EPR spectra (Fig. 3d)

clearly indicate that only Fe
β
species are reversibly perturbed by

the N
2
O pulses. By combining the datasets of the two spectro-

scopic techniques, the geometry changes observed by XANES
can be associated with monomeric Fe centers in β-cationic po-
sition, i.e. a planar 6-membered ring positioned in the FER
cavity.[37] The operando EPR data also allowed to strengthen the
geometrical information derived from XANES. The reduced 2+
form of Fe

β
favors a square-planar geometry[38] and its EPR-active

Fe3+square-pyramidal counterpart, supposedly formed upon O-N
2

bond cleavage, exhibits transitions at effective factors of g ~ 6.[39]
The correspondingDRIFTSdata (not shown) provide themiss-

ing molecular aspect: the presence of the ν
O-H

vibrational mode at
3649 cm-1 reveals that the activated form of Fe

β
2+ is Fe

β
3+-OH. To

close the redox cycle, Fe
β
3+-OH reduces to Fe

β
2+ in N

2
O-free con-

ditions and is accompanied by desorption of O
2
andwater from the

catalyst surface evidenced by the on-line MS (not shown).
Precise structural information on the molecular nature, the ox-

idation state and the environment of active Fe sites was possible
only by allying the evidence fromXAS, EPR and DRIFTS experi-
ments. Each technique delivers key information, but individually
they do not allow a complete description of the underlying reac-
tion mechanism to be obtained.

5. Liquid Phase Reduction of Supported PdO
We use the same multi-technique approach to study also het-

erogeneous catalysts in liquid environments. For example,wehave
recently followed the reduction of supported PdO in cyclohexane
and the behavior of the reduced catalyst in furfural hydrogena-
tion in 2-propanol.[11b, 40] Identical XANES (beamline SuperXAS
of SLS) and high energy XRD (HE-XRD, beamline ID15A of
ESRF) experiments with 5 wt% PdO/Al

2
O

3
using our plug flow-

like cell[4] revealed that PdO reduction proceeds in two steps, one
slower delivering metallic Pd atoms and one faster transforming

The conclusions obtained from DRIFTS and DRUV were
further substantiated by experiments performed using Raman
spectroscopy on V

2
O

5
/TiO

2
. Raman spectroscopy records also

the vibrational signature of the catalyst.[21b] Despite the different
static conditions in various gas environments (O

2
, NH

3
+ O

2
, SCR,

etc.), the spectra of the catalyst contain a distribution of signals
related to the numerous vanadyl groups present. When the SCR
reaction is repeatedly switched on and off by sequences of NH

3
pulses, only the Raman signal of specific coordinatively unsatu-
rated vanadyl groups (1031 cm-1) is reversibly perturbed.

Most importantly for the purpose of the operando approach,
the intensity of this signal in the PSD data of ME experiments
performed at increasing temperature correlates with the reaction
rate of SCR measured in the catalytic reactor, confirming that ad-
sorbed NH

3
on LAS in the form of V=O reacts with NO.[21b] This

species must then correspond to the species observed by DRIFTS
on V

2
O

5
/WO

3
-TiO

2
.

The phase-resolved Raman spectra also confirmed that TiO
2

is involved in the exchange of NH
3
with the active sites as the

scattering power of the sample changes during the ME experi-
ment.[21b] Therefore, Raman spectroscopy confirmed the DRIFTS
data with respect to the role of adsorbedNH

3
asmolecular storage,

despite the different composition of the catalyst.[29]
These experiments show that the combination of spectroscop-

ic techniques together with ME improves our understanding of
the reaction mechanism and surface processes as well as to ac-
cess kinetic information that would remain hidden using a classic
experimental approach.

4. Combined XAS-EPR-DRIFTS-MS
The usefulness of the multi-technique approach is further

showcased for the case of N
2
O activation and decomposition over

a Fe-exchanged zeolite catalyst (Fe-FER) that was subjected to
periodic exposure to 1000 ppm N

2
O/Ar at 400 °C while record-

ing time-resolved XAS, EPR and DRIFTS spectra in independent
but otherwise identical experiments. These series of raw time-re-
solved spectra were averaged and subjected to PSD to emphasize
the contribution of the dynamic (i.e. active) species while sup-
pressing the parts of the spectrum not affected by the perturbation
(i.e. spectator species and noise). By using the same equipment
and experimental conditions, wewere able tomonitor the working
catalyst under reproducible conditions and thus, merge the results
to construct a rationale of N

2
O activation and decomposition.

The averaged operando time-resolved X-ray absorption
near edge structure (XANES) spectra measured at beamline
SuperXAS of the Swiss Light Source (SLS; Fig. 3a) are mostly
static, thus indicating that only a minor fraction of the Fe species
is reversibly perturbed by N

2
O. In presence of N

2
O, the absorption

edge shifts to higher energy and simultaneously a spectral com-
ponent is consumed in the rising edge region. This shift occurred
because of the intensity loss at 7125 eV (Fig. 3b), evident in the
phase-resolved data that we can associate with an Fe2+→Fe3+ oxi-
dation promoted by N

2
O.[31] Concomitantly, the loss of the spec-

tral feature at 7120 eV suggests that these responsive Fe2+ sites
possess a distorted square-planar geometry.[32]This electronic and
geometrical response is corroborated by the asymmetric evolution
of the pre-edge components (7112 and 7115 eV) indicating that
during N

2
O addition the responsive Fe2+ sites are consumed i) by

undergoing oxidation to Fe3+, ii) because their square-planar struc-
ture is distorted towards a less centro-symmetric coordination in
the Fe3+ state.[33]This likely occurs uponO-N

2
bond cleavage leav-

ing the O atom on the reduced Fe center during N
2
O activation.[34]

The XANES data is limited by the bulk nature of the technique
and the dominant signal of unresponsive oligomeric Fe species.
The same experiment was thus repeated using operando EPR to
obtain site selective information (Fig. 3c). Being highly sensi-
tive to oxidation state, ligand field and coordination geometry of

Fig. 3. N2O decomposition on Fe-FER. (a, c) Averaged time-resolved and
(b, d) phase-resolved operando (a, b) XANES and (c, d) EPR spectra of
Fe-FER during alternate phases of 1000 ppm N2O/Ar and Ar at 400 °C.
The blue spectra in b) and d) are drawn to guide the eye.
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these into Pd hydrides. Differential XRD shows the disappear-
ance of PdO reflections of this commercial Pd/Al

2
O

3
(ca. 4 nm

particles determined by electron microscopy) and the appearance
of reflections at lower angles than expected from reference pat-
terns of metallic Pd. This behavior is associated with the expan-
sion of the Pd lattice due to formation of a hydride phase that
can be quantified as PdH

0.4
.[40]Also XAS is capable of providing

quantitative information on this process. The high time resolution
used to record XAS spectra (0.5 s) enabled us to propose that
formation of metallic Pd particles by reduction of PdO follows a
nucleation mechanism. From a kinetic perspective, formation of
the hydride is characterized by a shrinking core-type mechanism
as a result of the fast formation of the hydride phase from the
metal nanoparticles.[11b]

The two techniques differ in the type of information they de-
liver but are complementary. Because of the small particles, time-
resolved XAS can capture the electronic aspect of the reduction
process from the very first moment, while XRD delivers quantita-
tive information once sufficient long range order has been attained
within the reduced species.

The Pd hydrides prepared by reduction of PdO/Al
2
O

3
can be

used to study liquid-phase catalyzed reactions such as furfural hy-
drogenation.[40]Admitting an H

2
-saturated 2-propanol solution of

furfural to the catalyst at ambient pressure induces the quick con-
sumption of the hydride phase as indicated by the time-resolved
XANES data (Fig. 4a). The GC analysis of this operando experi-
ment showed that furfural conversion occurs but also that furan,
the product of furfural decarbonylation, is the dominant product.
The question then arises why in the presence of furfural and H

2
,

the hydride phase is consumed completely. Identical IR spectros-
copy in attenuated total reflection mode (ATR-IR) using a differ-
ent cell revealed that CO adsorption on Pd is observed as soon as
furfural is admitted to the catalyst as a result of furfural decarbon-
ylation to furan and CO (Fig. 4b). However, CO adsorption does
not perturb the hydride phase when it is carried out in the absence
of furfural. The hydride phase is also stable from an extended
X-ray absorption fine structure (EXAFS) perspective during cy-
clohexene hydrogenation. MCR analysis of the XAS spectra of
Fig. 4a reveals that the hydride phase disappears via a Pd0 inter-
mediate and that a third species forms, whose spectrum resembles
that of a carbide-like phase.[41] Together with the observation that
signals of adsorbed CO detected in the operandoATR-IR spectra
during furfural hydrogenation differ from those obtained during
a CO adsorption experiment (Fig. 4b), we concluded that an ad-
sorbate layer is formed in presence of furfural. This layer contains
adsorbed CO as well as, probably, hydrocarbon fragments and
does not allow efficient regeneration of the hydride phase caus-
ing its rapid consumption. In contrast, cyclohexene hydrogenation
appears to proceed efficiently using the surface hydrogen atoms
without depletion of the Pd hydride phase.

In collaboration with the ESRF, the University of Torino (It-
aly) and Chimet S.p.A., we are currently studying the reduction
of Pd- and Pt-based catalysts in the presence of various reducing
agents and also expanding our multi-technique approach to time-
resolved pair distribution function (PDF),[42] because of its ability
to measure contributions from different components of the mate-
rial (e.g. metal nanoparticles, support) simultaneously and in real
space, which is ideally complementary to XAS.

6. Current Case Studies Based on a Multi-technique
Approach

In our most recent efforts, we have combined IR and HE-XRD
measurements to follow processes in gas (catalysis) and liquid
phase (materials synthesis).

Due to the desire to produce synthetic aviation fuels through
sustainable routes, we are studying molecular aspects of the
methanol-to-olefins (MTO) process that is catalyzed by acidic

materials such as zeolites.[43] Isotopic 12CH
3
OH/13CH

3
OH switch

experiments have played a key role to understand the origin of
different olefinic products in this reaction.[44] This type of experi-
ment reflects our approach to study materials under transient con-
ditions. Thus, we are using our multi-technique approach together
with a transient operando methodology similar to ME and our
plug flow-like cell[4] connected to an on-line gas-chromatograph
to study the response of zeolite catalysts during methanol pulses.
DRIFTS is the analytical tool of choice to follow the accumula-
tion of hydrocarbon species within the pores of different zeolite
topologies. The experimental protocol entails short methanol
pulses alternated with longer periods of inert gas flow (Fig. 5a).
This has two main advantages. Firstly, it allows exposure to the
strongly chemisorbed species that are retained by the zeolite and
that are essential for the catalytic activity. In IR spectroscopy,
their observation is hampered by Fermi resonance between the
OH groups of methanol and the hydroxyl groups of the zeolite. In
this ME experiment, demodulation becomes challenging because
the phase-resolved data would be dominated by these strong sig-
nals in response to the methanol pulses. By removing adsorbed
methanol by the inert gas flow, we are able to resolve the active
hydrocarbon centers. Secondly, we are able to follow the initial
phase of the process, before steady-state activity is reached, dem-
onstrating that accumulation of certain species correlates with
the initial olefins formation, hence showing the importance of an
early formation of a pool of active sites.

The same approach is used to study with sub-second time res-
olution changes in catalyst structure that reflect the formation of
the hydrocarbon species by HE-XRD at beamline ID15A of ESRF
(Fig. 5a). For these experiments, the same setup and spectroscopy
cell were used in order to reproduce the pulse sequence used in the
DRIFTS experiments. A partially reversible expansion and con-
traction of unit cell volumewas observed in each CH

3
OH/Ar cycle

for different zeolites. This describes the ‘breathing’and the elastic
behavior of the zeolite framework. We also found that the zeolite
framework responds to the stimulus in a way that is dependent on
the crystallographic direction. Our working hypothesis is that the
different activity and stability of zeolite frameworks depends also
on their propensity to deform as a result of formation of organic
intermediates.

Fig. 4. (a) Time-resolved Pd K-edge XANES spectra of 5 wt% Pd/Al2O3

(reduced in situ) during the sudden addition of an H2-saturated soluti-
on of furfural in 2-propanol (5 mM) at 50 °C. The top panel shows the
XANES spectra obtained at the indicated time on stream. (b) ATR-IR
spectra obtained at t15 min (green) in an equivalent experiment and in an
independent experiment of CO adsorption (red).
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