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The present review discusses the current state of the art micro-
scopic and spectroscopic characterization techniques available
to study surfaces and interfaces under working conditions. Mi-
croscopic techniques such as environmental transmission elec-
tron microscopy and in situ transmission electron microscopy
are first discussed showing their applications in the field of
nanomaterials and catalysis. Next sum frequency generation vi-
brational spectroscopy is discussed, giving probing examples
of surface studies in gaseous conditions. Synchrotron based X-
ray techniques are also examined with a specific focus on am-

Introduction

Catalysis is a paramount tool for the modern chemical indus-
try; the fabrication of more than 85% of all transportation
fuels and high value chemicals involves a catalytic step in the
production process. Often these catalytic materials consist of
one or more nanomaterial (metal or oxide nanoparticles) dis-
persed on a high surface area solid support. With the catalytic
properties and performances of the material being directed by
the interaction between gas-solid (reactants/products-active
species), and solid-solid (active species-support) interfaces, it
is imperative to characterize these complex systems under re-
active conditions. Any new findings will provide a better un-
derstanding on the nature of the active site, as well as will
give tools to help designing catalysts with increased perform-
ances such as a “100%" selectivity for multipath reactions. The
content of this review is to show the general trends, the latest
technical development and implication of in situ techniques in
the field of heterogeneous catalysis.

Environmental Transmission Electron
Microscopy

The main advantage of typical high vacuum transmission elec-
tron microscopy (TEM) is the ability to monitor nanomaterials
instead of single crystals. However, the mean free path of elec-
trons is minute at atmospheric pressure, which makes it ex-
tremely difficult to study gas-solid interactions under condi-
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bient pressure X-ray photoelectron and absorption techniques
such as near and extended X-ray absorption fine structure.
Each of the techniques is evaluated, whilst the pros and cons
are discussed in term of surface sensitivity, spatial resolution
and/or time resolution. The second part of the articles is articu-
lated around the future of in situ characterization, giving exam-
ples of the probable development of the discussed techniques
as well as an introduction of emerging tools such as scanning
transmission X-ray microscopy, ptychography, and X-ray
photon correlation spectroscopy.

tions typical of those that prevail in industrial applications.
Over the years, however, successful efforts have been made to
create environmental or in situ transmission electron microsco-
py (E-TEM) to monitor solid-gas interactions with high spatial
resolution offering a visualization of atoms in real space and
time to the field of heterogeneous catalysis.

The early development of the technique involves the post
addition of a differential pumping system. Briefly, the gas is
dosed in the objective lens area, and a set of pressure limiting
apertures at the stages of the objective lens slowly evacuate
the gas, while allowing the electrons to travel through the
column to the sample.™? This mode allows, depending on the
nature of the gas, to study catalytic material under tens of
mbar of gas. Beside the evident pressure limitation, this ap-
proach presents another obstacle, owing to the use of specific
pressure-limiting apertures at the stages of the objective lens:
it creates physical constraints diminishing the capabilities of
the TEM (i.e. block high angle scattered electron limiting the
annular dark-field imaging to low-angle regime). Nevertheless,
except from the gas, no physical object interferes with the
electron beam during the imaging, therefore, it allows light-el-
ement materials to be imaged with high resolution.” This type
of E-TEM is by far the most widespread and has produced high
quality information on important reactions (Figure 1).

For one working in the field of heterogeneous catalysis, one
of the first questions that comes to mind is how the nanoparti-
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Figure 1. Example of environmental TEM with the Titan ETEM G2 from FEI
Company, and the schematic of the microscope column and the differential
pumping system.
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cles structure and morphology changes over a range of differ-
ent gas compositions and temperatures. For instance, the
study by Hansen, on a methanol synthesis catalyst consisting
of copper nanoparticles, depicts the dynamic reversible
changes of the particles induced by the adsorbate under reac-
tive conditions.”! Moreover, owing to the ~0.2 nm spatial reso-
lution, they identified the catalytically active facets on the Cu
particles. The time and spatial resolution of insitu TEM has
also led to a series of work on the growth of graphite and
carbon nanotubes over metal particles."™ Also of interest is
the work by Helveg et al. which focuses on the growth of
carbon nanofiber from methane and hydrogen on nickel nano-
crystals."” They have evidenced that the nucleation of gra-
phene starts at mono-atomic step edges while the growth
mechanism involves the diffusion of C and Ni atoms.
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With the advent of the next TEM generation endow with an
aberration corrected lens,® " specific issues of heterogeneous
catalysis and processes such as deactivation by “coke” forma-
tion,"? or the importance of metal-support interaction on the
performance of supported catalysts,"*™ could be addressed.
For example, Peng etal. showed the growth of a graphene
layer on Pt nanoparticles to be a structure-sensitive reaction
which depends on the size of the Pt particles supported on
MgO." The time resolution also allowed scientists to witness
the growth of nanocrystal and nanomaterial at the atomic
scale."™' Other effects such as material reconstruction®'’2"
or particles sintering and ripening® " where successfully evi-
denced by environmental TEM.

Another approach to insitu TEM is to use a hermetically
sealed cell with windows, also called a nanoreactor system
(see Figure 2). Practically, the sample is trapped between two
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Figure 2. Sketch of TEM window sealed cell also called nanoreactor.

silicon wafers endowed with thin electron transparent mem-
branes as windows. In theory, cells like this would allow the
user to work at higher pressure, hence working to diminish
the “pressure gap”. However, this type of approach is still
young, primarily due to the difficulties to produce and manip-
ulate these cells. The high risk of leakage, as well as the rup-
ture of the membrane due to pressure/temperature, is another
drawback to the technique as it might seriously compromise
the integrity of the TEM. Finally, the spatial resolution suffers
as compared to E-TEM because it is now limited by the thick-
ness of view windows and the gas flowing through the cell.

Despite these major drawbacks, the in situ cells have been
successfully used and provided state of the art information to
pinpoint structure-sensitive reactivity of surface sites. For ex-
ample, the work of Vendelbo etal. shows the structural
changes of Pt nanoparticles induced by CO.” Moreover,
owing to the short time resolution of TEM, they were able to
prove that the oscillatory behavior of the CO oxidation is syn-
chronous with the periodic refacetting of the platinum nano-
particles. Zheng et al. also successfully used a commercial gas
flow cell to study the oxidation of cobalt nanoparticles in real-
time with a spatial resolution around 2 A.? The authors evi-
denced the in situ evolution of the Kirkendall effect, the differ-
ential diffusion of multi-component alloys or oxides, occurring
during the temperature-programmed oxidation of cobalt parti-
cles. Study of the nucleation and growth of Pt nanoparticles in
liquid conditions using a window type cell were made possi-
ble, shedding light on the process of nanoparticles formation
in a colloidal medium.!'®%”

Further information is needed to understand the impact of
the electron beam on the matter and also on how much the
dosing of the electrons can influence the insitu measure-
ment.?*? Nevertheless, scanning TEM and TEM for in situ
studies of gas-solid interaction is a robust tool which allows
for atomic scale imaging under relevant conditions and thus
provides complementary morphological and crystallographic
evidence to information coming from the suite of other in situ
imaging and spectroscopic techniques that average informa-
tion over larger length scales.

In Situ Vibrational Spectroscopy

Elucidation of complex heterogeneous catalytic mechanisms at
the molecular level is a challenging task, owing to the com-
plexity of the structure of the catalyst surface.?*=" Surface-sen-
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sitive and in situ techniques are required to probe the catalyst
surfaces under working conditions. To that extend, some vibra-
tional spectroscopic techniques such as infrared reflection ab-
sorption spectroscopy (IRAS),?* polarization-modulation in-
frared reflection absorption spectroscopy (PM-IRAS),**3” and
sum  frequency generation  vibrational  spectroscopy
(SFGVS),B89 offer surface-sensitivity and allow for real-time in-
vestigation.®**? In addition, these techniques also provide
a comprehensive description of the surface functional groups
existing on the working catalyst surfaces. Studies using IRAS
and PM-IRAS performed in D.Wayne Goodman’s research
group, as well as other research groups have demonstrated
their potential to study heterogeneous catalytic reactions at
the solid-gas interface on model catalyst surfaces from ultra-
high vacuum to near atmospheric pressures.

Several of these studies have examined the adsorption of
molecules (e.g. CO, NO, O,, H,, CH;0H) on monometallic and
bimetallic transition metal surfaces (e.g. Pt, Pd, Rh, Ru, Au, Co,
PdZn, AuPd, CuPt, etc.)B**™* In spite of their usefulness in
probing model planar surfaces, IRAS, and PM-IRAS techniques
could not be applied to nanostructured catalysts because they
are linear spectroscopic techniques. These techniques give sur-
face information at the molecular level only when they are ap-
plied to well-defined planar model catalysts, such as a single
crystal or an ultrathin film. Moreover, the absorption from the
background gas or liquid phase will overwhelm the much
smaller IR signal corresponding to the surface species at sub-
monolayer coverage. Sum frequency generation vibrational
spectroscopy is, however a second-order nonlinear optical pro-
cess, which provides unique opportunities to probe surfaces
and buried interfaces. SFG has been applied to problems in
many disciplines of science and technology.***" The use of
SFG vibrational spectroscopy enables researchers to probe the
reactions at the solid-gas, solid-liquid, and solid-solid inter-
faces. The technique renders possible the determination of
chemical composition, orientation and arrangement of mole-
cules, and reaction mechanisms on surfaces or buried inter-
faces. The basic operational principle of vibrational SFG tech-
nique relies on a second-order nonlinear optical process which
involves the mixing of infrared (w;) and visible light (wys) to
produce light at the sum of two frequencies (wg = Wr+Wy;).
Figure 3 shows an energy level diagram and optical transition
for SFGVS, and also a schematic representation of the experi-
mental setup for SFGVS. Two laser beams are spatially and
temporally overlapped. To be SFG active, the vibrational mode
of interest must be both IR and Raman active. Moreover, this
process is forbidden in media with inversion symmetry under
the electric-dipole (ED) approximation, but is allowed at sur-
faces or interfaces where the inversion symmetry is necessarily
broken. Hence, it is highly surface specific unless additional
electric field caused by the external source exists in the bulk.
This means SFGVS can probe the adsorbates at the gas-solid
or liquid-solid interfaces. A SFG spectrum can be obtained by
monitoring the intensity of SFG output, while scanning the fre-
quency of the IR light. SFG has contributed to the understand-
ing of many surface-related phenomena on a truly molecular
level.
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Figure 3. An energy level diagram and optical transition for SFGVS, and
schematic of SFGVS system, which probe the vibrational signatures of ad-
sorbed species on the surface.

Studies of solid—solid and solid-liquid interfaces have been
growing in recent years, mainly attributed to the fact that no
other vibrational spectroscopic techniques are capable of
measuring molecular structure at interfaces.

As a nonlinear optical method, sum frequency generation vi-
brational spectroscopy offers in situ probing of molecular infor-
mation under catalytic reaction conditions, such as orientation
and composition. SFG is an excellent in situ technique that is
able to bridge the gap between traditional surface science and
applied catalysis. SFGVS has the detection sensitivity to probe
surfaces with sub-monolayer coverage and to identify surface
species during catalytic reactions. This way, SFGVS can provide
direct evidence for reaction mechanism, and hence, reveals dy-
namic changes at a molecular level for the adsorbed molecules
on catalyst surfaces. This was demonstrated on the Pt cata-
lyzed hydrogenation of cyclohexene® and 1,3-butadiene.”
Both reactions were found to be dependent on the size of cat-
alyst, in what is a structure-sensitive reaction. This is because
the strength of the metal-adsorbate bond is closely related to
the coordination number of the surface metal atoms. Further-
more, surface morphology is determined by different surface
sites such as terraces, steps, and kinks which are strongly cor-
related with surface coordination number. As a result, reaction
rates are governed by both size and morphology.”** To gain in-
sight into structure-sensitive catalytic reactions at the molecu-
lar level, our group employed sum frequency vibrational spec-
troscopy to study catalytic hydrogenation of various hydrocar-
bons on well-prepared single crystals.***® In the case of hy-
drogenation of cyclohexene on Pt(100) and Pt(111) single
crystal surfaces,***" it was found that cyclohexene hydrogena-
tion is a structure sensitive reaction. Four surface intermediates
are observed in the reaction pathways m-Ally c-C4H,, cyclohexyl
(C¢H4p), 1,4-cyclohexadiene, and 1,3-cyclohexadiene (all shown
in Figure 4¢). The relative peak intensity of all species was
found to be dependent on surface structure, temperature and
partial pressure of hydrogen. Figure 4a and b show the tem-
perature-dependent SFG spectra of surface species on Pt(100)
and Pt(111) for hydrogenation of cyclohexene. On Pt(100),
four major bands at 2780, 2805, 2865, and 2940 cm™' are ob-
served at 300 K. These peaks were assigned to 1,4-cyclohexa-
diene and m-allyl c-C¢H,. An intensity drop at 2780 cm™' was
observed while increasing the surface temperature indicating
the decrease of adsorbed 1,4-cyclohexadiene. On Pt(111), on
the other hand at 303 K, a dominant band at 2760 cm™' is ob-
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Figure 4. Temperature dependent SFG spectra of surface species under hy-
drogenation reaction of cyclohexene on a) Pt(100) ” and b) Pt(111),1°"
under 1.5 Torr of cyclohexene and 15 Torr of H,. ¢) Schematic diagram of
possible molecular structure of intermediates—1,4-cyclohexadiene (C4Hs),
1,3-cyclohexadiene (C¢Hg), m-ally c-C4H,, cyclohexyl (CgH;,).

served and was assigned to 1,4-cyclohexadiene. At elevated
temperatures, 1,3-cyclohexadiene and m-allyl ¢-C¢H, are identi-
fied from the vibrational band positions and their relative in-
tensities, which are 2855, 2880, and 2900 cm™" for 1,3-cyclo-
hexadiene and 2840 and 2920 cm™' for m-allyl c-C;H,, respec-
tively.

Unlike cyclohexene hydrogenation, ethylene hydrogenation
on Pt crystal surface is structure insensitive.*¥ Two common
surface-bound species are present in both Pt(111) and Pt(100)
under reaction conditions—ethylidyne and di-o-bonded ethyl-
ene. Although the concentrations of these two species are dif-
ferent, the reaction rates are essentially the same on the two
Pt surfaces—these species act like spectators, and they do not
participate in the catalytic ethylene hydrogenation. It was later
determined that a third surface bound species, m-bonded eth-
ylene, which is present at low concentrations on the Pt sur-
faces, turns over to ethane during the hydrogenation of ethyl-
ene.

Spectroscopic investigation under reaction conditions can
also lead to an understanding of selectivity on crystal surfaces.
This is crucial in developing processes that can achieve 100%
selectivity of the desired product molecules, even out of many
thermodynamically stable molecules in multipath reac-
tions.®>® This goal is one of the major challenges in the field
of catalysis and is colloquially known as “green chemistry”. This
research was exemplified in the multipath/multi-product hy-
drogenation of furan®” and pyrrole.®® The sum frequency gen-
eration vibrational spectroscopy was performed in situ to eluci-
date the product selectivity as a function of binding structure,
temperature, and catalyst size. In the case of furan hydrogena-
tion, the SFGVS data indicates that planar furan ring lies paral-
lel to the metal surface under furan hydrogenation on Pt(100)
and Pt(111) single crystal.®” However, on the Pt(111), the reac-
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tion product tetrahydrofuran (THF) is bound to the surface in
an upright geometry, and another reaction product, butanol, is
bound to the surface in a parallel orientation through its
oxygen atom. Over Pt(100), both THF and butanol are bound
to the surface in upright geometries. On both crystals, as tem-
perature rises, the surface concentration of butanol increases.
This was in agreement with the result observed with GC analy-
sis. A temperature dependence on selectivity was observed
during the hydrogenation of furan over Pt(111): THF was the
dominant product at 90°C while butanol was favored with
90% vyield at 160°C. In contrast, Pt(100) favored butanol pro-
duction over THF at both 90°C (>509%) and 160 °C (80 %).

Another illustration®® of the combination of the catalytic
performances study with SFGVS spectra obtained in identical
conditions is the study of adsorption and hydrogenation of
pyrrole over Pt(111) and Rh(111) single crystal surfaces. Cata-
lytic data indicated a difference in the selectivity for the two
metals. SFGVS data reveals different adsorption geometries:
pyrrole binds through the N atom to the Pt(111) surface in an
upright geometry but binds to the Rh(111) surface through its
aromatic m-electron with a slightly tilted geometry. According
to the SFGVS results, the change of selectivity from Pt to Rh
was explained by the orientation difference of the pyrrole on
the surface over both catalyst surfaces at 298 K. Moreover,
SFGVS results also provide evidence to the significant improve-
ment of the turnover rates with the co-adsorbate 1-methylpyr-
role. A blue shift in the wavenumber of N—H stretching modes
was observed in the presence of 1-methylpyrrole. This sug-
gests that 1-methylpyrrole interacts laterally with N-containing
products. This interaction weakens the interaction of the N—H
bond with the metal surfaces, reducing the desorption energy
of the products. This allows pyrrolidine to desorb before con-
tinuing on to form the ring-opening product butylamine,
which was found to be a reaction poison over both the Pt and
Rh metal surfaces.

To bridge the “material gap” and obtain more information
on the activity of a “real catalyst”, one can use nanoparticles as
model catalysts and like in the case of single crystal obtain mo-
lecular information about their interfaces with a liquid or a gas.
Because of the surface-specific nature of SFG, one would natu-
rally extend this technique to nanoparticles. Different from the
single crystal surfaces, SFG signal appears in a broad solid
angle depending on the size and shapes of the particles. Re-
cently, Roke and co-workers have performed a series of theo-
retical and experimental studies to understand the use of SFG
on small particles, and second-order nonlinear light scattering
methods have been developed based on their work.*®*" Two
recent reviews have summarized their works.”*”" Roke et al.
first demonstrated SFG scattering from colloidal particles with
broadband SFGVS Scheme on SiO, particles coated with stearic
alcohol (C,gH;,0H) and dispersed in CCl,."* The result suggests
that the stearyl chains are strongly disordered on the particles.
This is very different from the case of a closely packed stearic
alcohol monolayer adsorbed on a planar silica surface.””

SFG is also employed to study reaction intermediates and
catalytic selectivity on nanoparticle surfaces.”*” The use of
ozone has proven to be an effective method for the removal/
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disordering of PVP from the surface of Pt” or Pd"® nanoparti-

cles without disturbing the particle size or shape, respectively.
Some researchers demonstrated SFG measurements in total in-
ternal reflection (TIR) geometry,”*”””® shown in Figure 5(a),

(@ (b)

Normalized SFG Intensity (A.U.)

A

T
2800 2900 3000 3100 3200
Wavenumber (cm™)

Figure 5. a) SFG vibrational spectroscopy at TIR configuration with a typical
reaction cell used in our laboratory to study reactions on supported nano-
particles in real time.” b) Temperature-dependent SFGVS spectra acquired
during furan hydrogenation (10 Torr of furan and 100 Torr of H,) over 1 nm
Pt nanoparticles.””

and show the advantage of eliminating the absorption attrib-
uted to bulk gas or liquid. TIR reduces the destructive interfer-
ence associated with nonlinear optical process of small particle
surfaces.”””® Therefore, this geometry allows for direct probing
of solid—-gas or solid-liquid interfaces, especially important for
the complicated systems like nanoparticles under reactive at-
mospheres. For furan hydrogenation over colloidal Pt nanopar-
ticles after removal of the organic capping agent, Figure 5 (b)
shows the SFG spectra of 1 nm Pt nanoparticles as a function
of temperature. The SFG data indicates that THF has an up-
right geometry on the surface, the oxametallacycle intermedi-
ate is bound to the surface during the reaction, and the sur-
face species is not temperature sensitive.””’ SFGVS data show
nanoparticles catalysts all exhibit similar surface bound reac-
tion intermediates—THF and oxametallacycle—yet the propyl-
ene product is absent from the spectrum. On the other hand,
the SFGVS data on single crystals [both (111) and (100)] indi-
cate that the surface species are THF and butanol. The differ-
ence in intermediates agrees with the difference in production
distribution (i.e. selectivity) as indicated by catalytic testing.
Briefly, the nanoparticles show greater selectivity toward pro-
pylene, butanol and ring cracking products. In the case of eth-
ylene hydrogenation, SFGVS on Pt nanoparticles showed the
existence of ethylidyne and di-o-bonded species, indicating
the similarity between single-crystal and NP systems.”

In a recent study, the SFG study of crotonaldehyde hydroge-
nation on Pt/TiO, and Pt/SiO, catalyst showed the selective
amplification of C=0 bond hydrogenation on Pt/Ti0,.”” Cou-
pling gas-phase catalytic reactions with SFGVS reveals how the
interaction between the metal nanoparticles and their support
can control catalytic performance. SFG spectra obtained for Pt/
TiO, catalyst indicate the presence of a crotyl-oxy surface inter-
mediate. This result identified a unique reaction pathway for
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Figure 6. SFG spectra for a) Pt/SiO, and b) Pt/TiO, under reaction conditions of 1 Torr cro-

tonaldehyde, 100 Torr hydrogen, and 669 Torr argon at 120 °C.7

Pt/TiO,, which selectively produces alcohol products. The inter-
pretation of spectroscopic data (Figure 6) shows that in the ad-
sorption through the aldehyde oxygen atom to an O-vacancy
site on the TiO, surface, the C=0 bond of crotonaldehyde is ac-
tivated, for hydrogenation. On the other hand, the catalytic
and spectroscopic data obtained for the Pt/SiO, catalyst shows
that SiO, has no active role in this reaction. This work showed
that crotyl-oxy bonding at defect sites promotes hydrogena-
tion of the carbonyl group rather than the unsaturated group.
This is the first spectroscopic observation that oxygen vacan-
cies on the TiO, surface served as the site for the selective hy-
drogenation of the aldehyde group.

Overall, these examples demonstrate that SFGVS has been
a powerful tool to provide information about reaction path-
ways, intermediates, and structure selectivity on single-crystal
and nanoparticle surfaces under reaction conditions.

Ambient Pressure X-ray Photoelectron
Spectroscopy

X-ray Photoelectron spectroscopy has conventionally been an
ultrahigh-vacuum technique because of the small mean-free
path of the photoelectron emitted. From the late 60s through
the 80s,%%7 “high pressure” XPS developed continuously, but
slowly. It was with the advent of third-generation synchrotron
radiation sources that ambient pressure X-ray photoelectron
spectroscopy experienced its main breakthrough with pioneer-
ing groups at the Advanced Light Source (ALS) in Berke-
|ey.[88—90]

In fact, much like the E-TEM with an E-cell described earlier,
these AP-XPS pioneers used of a series of differential pumping
stages and electron lenses before the analyzer, and a metal
cone with a narrow orifice in front of the sample which allows
for operation at high pressures (see Figure 7). Other than a few
improvements regarding the control of the electron path in
the multiple differential pumping stages, the third-generation
of AP-XPS analyzers in use today are relatively similar to the
first generation developed by Ogletree, Salmeron, and Bluhm.

In practice, laboratory XPS using conventional X-ray sources
(Al and MgK) are functional yet the high brightness and tuna-
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ble energy of the X-rays from synchrotron radiation
makes synchrotron-based AP-XPS more attractive
and more versatile in their use than laboratory AP-
XPS, which are now commercially available. This is
particularly attractive in the study of heterogeneous
catalysis as the elemental composition and redox
states of the surface and subsurface region can be
s200  evaluated under catalytically relevant conditions.

An illustrative example of the use of AP-XPS over
model catalyst is the study of bimetallic nanoparticles
of Pt-Rh and Pd-Pt and their reconstruction under dif-
ferent reaction conditions (oxidative versus reductive
atmosphere).”” This work, as well as many others
since published, evidences the importance of tunable
synchrotron X-rays to determine a true picture of the
active catalyst phase. In fact, Tao et al.®” also demon-
strated the reversible surface restructuration of Pd-Rh
bimetallic particles (50-50 composition) under alternating oxi-
dative and reductive atmospheres. The incident photon energy
was chosen such that the inelastic mean free path of the pho-
toelectrons gave a probing depth of 7 to 16 A. The experi-
ments showed, starting with Rh-rich surfaces in vacuum, that
the particles do not change in NO atmosphere yet palladium
segregated to the surface of the particle when CO is intro-
duced. Many other works on binary or bimetallic systems over
the years have demonstrated the importance of in situ charac-
terization and especially the use of near ambient pressure X-
ray photoelectron spectroscopy.!'’#2

Bimetallic systems are not the only interesting system to be
studied using synchrotron radiation source. In fact, a great
deal of information on the oxidation states of monometallic
systems or the influence of the oxide supports can be ob-
tained via AP-XPS. Rh nanoparticles were studied in the size
range of 2-11 nm for the lean-burn oxidation of carbon mon-
oxide.’”” The catalytic data evidenced a 7-fold increase in the
activity of 2 nm particles when compared to 7 nm particles.
AP-XPS demonstrated that 2 nm particles were substantially
oxidized, while 7 nm particles stayed mostly metallic under the
same reaction conditions (O,-rich conditions). A similar work
was done on the CO oxidation over Ru nanoparticles by Park
et al.”® and showed a different catalytic behavior with a higher
turnover rate for larger particles. Yet they also found that

>

(10%torf) s

“~_differential
“~—— pumping stages

Figure 7. Analyzer from ambient pressure X-ray photoelectron spectroscopy,
the insert shows the metal cone facing the sample.
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smaller nanoparticles oxidized easier than larger particles
when exposed to identical reaction conditions.

More recently AP-XPS aided in the understanding of the Pt-
assisted reduction of ceria.®® Briefly, the authors demonstrated
that the presence of Pt on ceria promoted the reduction of
Ce*" to Ce*" under H, atmosphere (100 mTorr).

Tunable X-ray photoelectron spectroscopy was also success-
fully used to demonstrate the importance of the strong metal-
support interaction (SMSI).®¥ When submitted to different con-
ditions, it was demonstrated that size-controlled cobalt nano-
particles can either wet TiO, support or inversely can be encap-
sulated by the support. In practice, the authors evaluated the
atomic percentage of Co at the surface of the catalyst from
the Co 2p core level XPS spectra under different conditions.
The percentage of surface Co (%Cog,) Was found to increase
from 25% (O, at 350°C) to 35% under H, at 250 °C. Conversely,
when the catalyst is reduced to 450°C, the %Co... drops to
20%.

Finally, Graciani et al. have used AP-XPS to show the impor-
tance of metal-metal oxide interface in the hydrogenation of
C0,." When studying the interaction of CO, with ceria and/
or copper, the authors evidence the presence of strongly ab-
sorbed carbonate on pure ceria(111) whereas Cu(111) alone
did not show any sign of CO, adsorption. In their paper, the
authors successfully evidenced the presence of a carboxylate
when ceria is deposited on Cu(111). Based on their results, ob-
tained both with AP-XPS and Infrared Reflection-Absorption
Spectroscopy (IRAS) measurements, the authors concluded
that the formation of methanol is favored on the CeO,/Cu(111)
interface because of the existence of this carboxylate inter-
mediates (CO,"").

These different examples are to demonstrate the usefulness
of AP-XPS in the field of surface science in general and cataly-
sis in particular. It is a precious tool for those who want to
access information regarding the chemical composition of
a surface under reaction conditions. Yet, one might argue that
much like the E-TEM the pressure gap is still an issue, and
even if constant efforts are made to overcome it, we ought to
consider it to be the major drawback of this technique, along
with the lack of spatial resolution. Currently, we believe that
the future of AP-XPS resides in the use of window cells similar
to those currently developed for environmental TEM. Another
drawback to this technique would be the lack of spatial and
time resolution.

X-ray Absorption Spectroscopy

Synchrotron-based X-ray absorption spectroscopy (XAS) also
provides a mean to study the heterogeneous catalysts under
reaction conditions at high temperature and above atmospher-
ic pressures.’® XAS spectrum can be divided in two compo-
nents: Extended X-ray absorption fine structure (EXAFS) and
near-edge X-ray absorption fine structure (NEXAFS), both of
which provide complimentary information of a catalyst at
work. Both spectroscopic techniques are based on the energy
dependence of the photoabsorption, yet each component pro-
vides its own unique information. The “near-edge” part of the

ChemCatChem 2015, 7, 3625 - 3638 www.chemcatchem.org

3632

CHEMCATCHEM
Reviews

spectrum as well as the adsorption edge itself informs about
the chemical state environment such as the oxidation state,
symmetry or the local charge distribution. The extended
region, on the other hand, allows gathering information on the
local environment of the atoms absorbing the incident pho-
tons such that the coordination number as well as the distance
with the neighboring atoms can be resolved.

NEXAFS measurements can easily be done using soft X-ray
(400-3000 eV) to investigate the oxidation state of the first
and second row of transition metals (L-edge). The use of soft
X-ray instead of more energetic photons presents both pros
and cons: the low energy photons have a small penetration
depth, yet they are easily adsorbed by gaseous molecules. On
the other hand, hard X-rays (i.e. 5 to 20 keV) do not suffer from
gaseous absorption which makes them particularly suitable for
in situ measurements. However the penetration depth is a few
orders of magnitude larger than for soft X-rays. Nevertheless,
a surface sensitive measurement can be achieved in both
cases, as we will demonstrate later.

The surface sensitivity of NEXAFS and EXAFS can be tuned
either by the means used to measure the absorption spectra
or a careful selection of samples. Indirect measurement of the
X-ray absorption, in opposition with the measurement by
transmission, can be sometimes advantageous: impact on the
depth into the sample probed and the ability to record mea-
surement in situ. The indirect measurement is based on the
measurement of the emission of X-ray fluorescence or elec-
trons (Auger and secondary scattering electrons)."®'®! The
collection of X-ray fluorescence is bulk measurement as the
produced photons are weakly absorbed and can escape from
the bulk of the material. This mode of collection has the ad-
vantage of being able to be collected through high pressure
or a liquid phase. It is worth noticing that fluorescence yield
can be used as a surface measurement for small and ultra-
small particles where the bulk to surface ratio approaches one.
On the other hand, monitoring XAS using a total electron yield
(TEY) mode is fairly sensitive to the surface since the escape
depth of the electrons collected is below 3 nm. In practice, TEY
is measured using a picoammeter to monitor the compensat-
ing current flowing between the sample and ground.

Traditionally, EXAFS have been applied more extensively for
in situ characterization than NEXAFS because of the lesser limi-
tation of higher energy X-rays. Nuzzo’s work on bimetallic par-
ticles is a good illustration of in situ EXAFS capabilities. In an
early publication,"® Pt-Ru nanoparticles supported on carbon
black were prepared via the reduction of PtRusC(CO),s. EXAFS
indicates the formation of bimetallic nanoparticles with non-
statistical distribution of the metal atoms. Moreover, the au-
thors demonstrated that Pt preferentially occupy surface sites
and that, upon reversible oxidation, the particles are formed of
an oxide shell with a metal core. Those results are confirmed
in a subsequent work where the support is varied.""’

Liu et al. have investigated the electronic structure of cobalt
nanocrystals in a liquid suspension using XAS at the Co
L-edges. The results evidenced that Co particles interact stron-
ger with solvent molecules in the initial stages of nucleation
and growth, while the interaction with the surfactant/capping
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agent is favored at later stages."® In the same vein, Alayoglu

et al. studied bimetallic Pt-Ru alloy and core-shell structures
produced by a colloidal method."*” They evidenced the differ-
ent behavior of these two structures when exposed to identi-
cal atmospheres. This work provides a unique example of
structure-activity relationship. Using an in situ gas flow cell,
Zheng et al. have studied the structure of cobalt and bimetallic
Co-Pt in oxidative and reductive environments."® The study
shows that the presence of Pt in the bimetallic particles helps
reducing Co at lower temperature than of the pure cobalt par-
ticles. In fact, cobalt is reduced at 38 °C for the Co-Pt, whereas
Co L;-edge does not show any sign of reduction until 250°C in
the case of Co particles (Figure 8).
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Figure 8. Cobalt L-edge spectra to compared the reducibility of bimetallic
cobalt platinum nanoparticles (left) and monometallic cobalt nanoparticles
(right) under reaction conditions in pure hydrogen."%!

The same year, Fottinger et al. used in situ XAS to investigat-
ed palladium zirconia catalysts at work." Briefly, the work
demonstrated the formation of PdZn alloy upon methanol
steam reforming reaction conditions. Exposing the catalyst to
oxygen at 350°C lead to the segregation of PdZn into metallic
palladium and zirconia proving that the alloying is reversible.

A recent work by Nuzzo etal. compared the behavior of
SiO,-supported Pt and SiO,-supported Pd nanoparticles in the
hydrogenation of ethylene.""” The study showed that palladi-
um nanoparticles irreversibly sinter to form larger particles due
to the gaseous environment (i.e. more pronounced in ethylene
rich environment). On the other hand, platinum nanoparticles
do not sinter, as it is the case for palladium. Instead, the expo-
sure to ethylene-rich conditions leads to a profound change in
the chemical composition of Pt with the appearance of two
additional bonding contributions attributed to ethylidyne ab-
sorbed at the surface and Pt—C species on and in the particles.
Finally, once H,-rich conditions are restored, the authors no-
ticed the disappearance of the ethylidyne contribution but not
that of Pt—C. This work is, to our understanding, a good exam-
ple of the importance of in situ characterization to investigate
the dynamic structural complexity of catalysts as its environ-
ment is affecting the active phase. To this end, in the last
decade, continuous efforts have been made to provide time-
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resolved XAS insitu measurements and thus monitor the
changes in composition and structure as the catalyst is ex-
posed to reaction conditions. A few examples are given here-
after as an indication.

Time-resolved EXAFS studies by Imai et al. monitor the for-
mation of platinum oxide in acidic aqueous solution under
positive overpotential with a time resolution of 0.9s.""" Briefly,
using hard X-ray and energy dispersive X-ray absorption spec-
troscopy the authors demonstrate the gradual formation of
a surface platinum oxide through the formation and shorten-
ing of the Pt—O bonds. Ferri et al. used modulation excitation
X-ray absorption spectroscopy (MSE) to probe Pd/Al,O; and Pt/
Al,O; for the NO reduction by CO and CO oxidation, respec-
tively. MSE is based on pulse or fast transients studies of a cata-
lysts while monitoring the changes by spectroscopy (time reso-
lution =0.26 s). The use of non-steady state conditions, such as
this one or others like steady state isotopic transient kinetics
analysis  (SSITKA)"'>" and chemical transient kinetics
(CTK),I"> ™7 are especially suited to obtain information on the
actives species and mechanistic clues. Using this method the
authors revealed the evolution of the surface species and the
surface composition of the catalysts.

A final example of the use of time-resolved XAS is the work
by Gaskell et al. on the crotyl alcohol selective oxidation over
supported palladium nanoparticles produced by incipient wet-
ness impregnation."”® Using an insitu transmission cell, the
authors monitored the PdO content of Pd nanoparticles with
a time resolution of 0.75 s. They showed that the selective oxi-
dation of the crotyl alcohol is regulated by the redox proper-
ties of the particles (oxidation-reduction cycle). In practice, the
authors found a nonlinear, inverse correlation between the
redox capacity of the nanoparticles and the catalytic oxidation
of the reactant. In other words, crotyl alcohol conversion re-
quires the presence of palladium oxide yet the selectivity to
crotonaldehyde was determined by the ease of reducibility of
the PdO. However, if the reducibility is too high, the particles
are readily reduced to metallic palladium and the reaction is
changed to the decarbonylation of crotyl alcohol to CO and
propane.

Future of In Situ Measurements

In these sections, we highlight advances made in SFG spectros-
copy, and X-ray- and electron-based techniques that combine
electronic spectroscopy with high spatial or temporal resolu-
tion. STXM technique has already found applications in catalyt-
ic reaction studies both in situ and ex situ. Ptychography and
XPCS, yet in their infancy for dynamic systems, have potentials
to revolutionize the field.

Technical development of sum frequency generation
spectroscopy

SFG spectroscopy technique has been used successfully to
probe surfaces and interfaces of a wide range of materials in
various disciplines. Recently, SFGVS has enjoyed a rapid growth
as more laboratories around the world have adopted the tech-
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nique. It also has made significant progress on the technologi-
cal development and application of catalysis. An important
technical advancement is the development of broadband sum
frequency vibrational spectroscopy (so-called broadband
SFGVS or BB-SFGVS). It is gaining popularity in recent years
owing to significant improvements in the speed and sensitivity
of charge coupled device detectors (CCD).'"™ Different from
the conventional approach to an SFGVS experiment which
scans the IR frequency of a picosecond (or nanosecond) pulse
laser, BB-SFGVS makes use of the broad bandwidth of a femto-
second (fs) IR laser pulse and allows for multiplex detection of
SFG spectra using a CCD detector. BB-SFGVS generates an
entire SFG spectrum over a broad range of wavenumbers and
can be obtained with short acquisition times and without
wavelength tuning. The spectrum width in the vibrational
wavenumber region is defined by the width of IR pulse, typi-
cally 200 cm ™' with a 100 fs pulse duration, and the spectrum
resolution is determined by the spectral width of the visible
beam, typically limited to 10-20 cm™'. BB-SFGVS has been
demonstrated to have the ability to obtain good quality spec-
tra with sufficient spectral resolution and a high signal-to-noise
ratio as well as the advantage of performing ultrafast dynamic
studies."®'? For example, Roeterdink et al. investigated the
model CO oxidation reaction on the Pt(111) surface by in situ
monitoring of reaction kinetics using broadband SFGVS as
a function of surface temperature. Kinetic parameters of the
CO oxidation reaction over Pt(111) were obtained as a result
of this work.' Kutz et al., studied reaction pathways of etha-
nol electrooxidation on polycrystalline platinum catalysts in
acidic electrolytes."?? Very recently, Wang’s group at the Pacific
Northwest National Laboratory developed a novel approach to
advance BB-SFGVS to have high resolution capability.'* The
emergence of high-resolution broadband sum-frequency gen-
eration vibrational spectroscopy (HR-BB-SFGVS) with sub-wave-
number resolution offers new opportunities for obtaining and
understanding the spectral lineshapes and temporal effects in
SFGVS. Particularly, the high accuracy of the HR-BB-SFGVS ex-
perimental lineshape provides detailed information on the
complex coherent vibrational dynamics through direct spectral
measurements.' This sophisti-

cated system would have the (a)

potential to study complex cata-
lytic networks to identify surface
species and intermediates with
high temporal resolution. With
the advent of femtosecond co-
herent light sources, time-re-
solved  BB-SFGVS  technique
emerged to study ultrafast sur-
face dynamics."*'? They can
characterize the structure and
dynamics of surface species di-
rectly. Nagao etal. reported ul-
trafast vibrational energy trans-
fer in the layers of D,O and CO
on Pt(111) under ultrahigh

vacuum condition."” They ob- €O on a Pt surface.!
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served transient spectral changes in the CO and OD stretching
regions by introducing 150 fs pump pulses at 400 nm to excite
electrons in the metal to create hot electrons. They concluded
that this phenomenon is attributed to the coupling of hot
electrons with the frustrated motions of CO adsorbates and
the interaction of CO with co-adsorbed D,O on Pt. Because nu-
merous important catalytic reactions depend on high frequen-
cy dynamic processes such as fast energy transfer and electron
transfer, we believe that time-resolved SFGVS will play an im-
portant role in understanding the charged nature of catalytic
reactions at surfaces or interfaces.

Another important technical development is sum frequency
generation vibrational spectro-microscopy (SFGVSM).'77-'2% |t
provides the unique advantage of combining microscopy and
spectroscopy into one surface-sensitive technique. With the
advantage of IR input, labeling of the molecule is not required
because molecules can be identified through their vibrational
resonances and fingerprints. Although SFG microscopy as
a nonlinear optical method is more complex in terms of instru-
mentation than conventional fluorescence microscopy, it
allows the optical imaging of molecules at interfaces with
chemical contrast. This method has become an important tool
for obtaining spatial information about the biological samples,
such as cellulous™® and collagen fibers,"" specifically for cel-
lular biology at both the surface and interface.®>*¥ The
SFGVS microscopy was first set up by Flérsheimer et al.,'*
they observed an SF image of a Langmuir-Blodgett (LB) mono-
layer of arachidic acid with the IR frequency tuned into the res-
onant symmetric and asymmetric CH; stretching frequencies.
However, the image is distorted because the SFG output is at
an oblique angel with their setup. By using a diffraction gra-
ting to avoid that problem, Baldelli et al. have used the SFGVS
microscopy to study a series of self-assembled monolayers on
various substrates.'?*'3*13% They were able to obtain a spatial
resolution close to 1 pm, which is much higher than what can
be obtained in conventional IR microscopy. In applying this to
a catalytic surface, Cimatu and Baldelli used SFGVS microscopy
on a Pt surface.* An inhomogeneous local distribution of CO
on Pt (shown in Figure 9) was revealed by SFG imaging indicat-
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Figure 9. a) Unprocessed SFG image of CO on platinum obtained at various IR wavenumbers. b) Spectra are ex-
tracted from the images obtained at each wavenumber interval c) SFG image maps of the spatial distribution of
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ing a heterogeneous Pt surface, presumably for several rea-
sons, such as dipole-dipole coupling, defects, and surface cov-
erage. With the ability to visualize the surface, they demon-
strated the importance of surface inhomogeneity which con-
tributed significantly to our understanding of such catalytic
systems. The spatial resolution of SFGVS microscopy can be
further improved to 0.6 um by focusing both IR and visible
light at collinear-geometry."3?

Scanning transmission X-ray microscopy

STXM offers chemical sensitivity and speciation of X-ray spec-
troscopy and spatial resolutions well below 50 nm, hence com-
pliments to electron microscopy and the spectroscopic tech-
niques equipped within. In STXM, synchrotron X-rays are fo-
cused to 10s of nanometers in the near field using diffraction
plates (i.e. Fresnel zone plates), and X-ray transmission through
thin samples are measured across the absorption edges of ele-
ments of interest by scanning along the sample plane. By this
way, chemical fluctuations in the nanometer scale could be
mapped with high spatial resolutions for low z elements (C, O,
N, F, Mg, Al, Si, P, Cl, etc), transition metals and lanthanides,
which usually constitute the active and dynamic components
of a catalyst.

Gas phase molecules, at absorption lengths in the order of
millimeters and ambient pressures, have negligible X-ray cross-
sections in the soft X-ray regime, and allow STXM imaging
under reactive gas atmospheres. This was demonstrated for
a Fe-based Fischer Tropsch catalyst in 1 atm of H,+CO (2:1)
reaction. Sub-micron sized catalyst grains of FeO, supported
on SiO, were mapped at the FeL and OK absorption edges
during CO hydrogenation.*” This study revealed for the first
time chemically dynamic Fe/FeO catalyst under working condi-
tions of an industrially-relevant catalytic process.

STXM could, in principle, be employed to measure adsorp-
tion transients of carbon at sub-monolayer coverage for high
surface area catalysts, supports and membranes. Therefore, ki-
netics of surface adlayer formation could be determined. It
should be noted that the use of resonant and non-resonant
photon energies allows chemically specific spatio-temporal dis-
tribution of various different heteroatom adsorbates to be
monitored. By this way, for example, catalytic site heterogenei-
ty for zeolites could be visualized in relation to various acid (or
base) site types (Brgnsted vs. Lewis) or strengths (weak,
medium, or strong).*®"*¥ As a future challenge, molecular rec-
ognition for gas separation membranes like metal-organic
frameworks (MOFs) can be studied in terms of metal-adsor-
bate bonding using STXM in situ.

Mesoscale catalyst supports and matrices are ideal systems
to study changes in chemical composition and distribution in
the single particle level using STXM. Soft materials such as en-
zymes and polymeric membranes (e.g. Nafion and somehow
MOFs), however, still remain a challenge for STXM and coher-
ent beam techniques. Because high flux and dosage of X-rays
could be detrimental for structural and chemical integrity of
organic substances, while inorganic matter should be more re-
sistive to radiation damage.
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X-ray and electron ptychography

Typical catalyst particles are only a few nanometers, and can
be studied at single particle level using ptychography. In Pty-
chography, STXM images are measured at multiple and over-
lapping diffraction spots in the sample plane. The ptycho-
graphs are thus obtained from these STXM images via specific
and dedicated program using a phase retrieval algorithm."*”
Phase information can be retrieved from reconstruction of dif-
fraction intensities.""" By this way, ptychography provides
magnitude and phase information of X-rays (or electrons) inter-
acting with matter (e.g. catalysts). A record spatial resolution
of 3nm was reported using soft X-rays and a 60 nm zone
plate. This was demonstrated for an iron olivine-based Li-ion
battery cathode in the partially delithiated state,"*? and illus-
trated potentials of using of ptychography in energy sciences,
and possibly in catalysis field. Furthermore, ptychographic re-
construction substitutes magnetic lenses in electron microsco-
py for obtaining high spatial resolution."*" This aspect of the
technique is essential in studying magnetic materials such as
Fe, Co, Ni, and their alloys, which often utilized as catalyst par-
ticles.

X-ray photon correlation spectroscopy

XPCS uses resonant far field scattering of highly coherent X-
rays,"* and provides high chemical sensitivity and temporal
resolution. Time transients at nanosecond time delays could in
principle be obtained with elemental speciation. This renders
possible investigation of far-from-equilibrium conditions and
initial stages of chemical and catalytic transformations. Slow
dynamical processes in the order of seconds such as Brownian
motion of Au nanoparticle colloids!"* or diffusion constant of
Pd nanoparticle colloids™* in glycerol were reported via XPCS
using second generation synchrotron facilities. Faster time-
scales could be realized with the advent of brighter radiation
sources with diffraction limited beams.

For soft X-rays, photon wavelengths measure in the 10s of
Angstroms, larger than dimensions of typical interatomic dis-
tances and unit cells, yet in the same order of magnitude as
micropores in zeolites and MOFs and mesopores of mesoscale
materials. Hence, non-equilibrium dynamic fluctuations in-
duced by adsorbed gas molecules or upon reaction and sur-
face diffusion could be studied using XPCS. This aspect of
XPCS is reminiscent of the small angle scattering techniques,
with the exception that XPCS evaluates dynamic structure
factor in the time domain. This is the real strength and promise
of XPCS towards catalysis, where high frequency structural and
chemical variations are targeted to capture reaction kinetics.
This is especially attractive to probe porous materials, which
are common to both catalysts and membranes, under realistic
conditions as gas molecules condense on surfaces and alters
morphology and chemistry of confined volumes. Recent ad-
vances in detector technologies (charge-coupled devices, com-
plementary metal-oxide sensors, etc.)'** and future advent
of brighter synchrotron sources will bring coherent X-ray tech-
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niques like XPCS closer to the service of colloidal, surface and
interface sciences, and in situ/in operando studies.

General Conclusions

The use of in situ characterization techniques in heterogene-
ous catalysis has helped to identify previously unknown sur-
face phenomena. The reversibility of many of these changes
and the dynamic adaptation of surfaces to new environments
highlights the importance of surface analysis under actual reac-
tion conditions and the perpetual need to improve characteri-
zation techniques.

As a final comment, on the subject, we would like to point
out that spatial resolution must be pushed forward. All of the
spectroscopic methods presented in this Review are ensemble-
average measurements. However, catalytic materials display
heterogeneities in terms of composition, structure, and thus
reactivity of active sites depending on their position within the
material. A high spatial resolution, such as the one already
achieved in TEM, would allow for a direct correlation between
structure and composition. Moreover, as indicated by the time-
dependent experiments described, we know that the catalysts
also change with time (change in reactant coverage, change of
structure, composition, etc.). The combination of “ultra-fast”
spectroscopy at the particle level should provide useful infor-
mation on the relationships between structure and catalytic
performances (activity and selectivity).
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