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The synthesis of architecturally designed catalytic nanostructures and their in situ characterization under
reaction conditions enable the development of catalysts with improved stability, reactivity, and product
selectivity. Throughout this review paper, we will explore three recent reports that demonstrate the
invaluable synergetic impact of combining synthesis, catalysis, and in situ spectroscopy for catalysts
development. In the first example, product selectivity in 1,3 butadiene hydrogenation reaction was tuned
by employing size-selected Pt nanoparticles as catalysts. SFG vibrational spectroscopy measurements
uncovered the mechanism that induced the size-dependent selectivity. The important role of metal/
metal-oxide interface during CO oxidation reaction is demonstrated in the second part of this review
paper. In situ synchrotron-sourced X-ray spectroscopy correlated between the oxidation state of the
metal-oxide support and its impact on the catalytic reactivity of supported Pt nanoparticles. In the third
example, dendrimer-encapsulated Au nanoparticles were used as catalyst for cascade reactions, which
were previously catalyzed by homogeneous catalysts. Reactants into product evolution and the oxidation
state of catalytically active Au nanoparticles within the flow reactor were mapped with micrometer-sized
IR and X-ray beams. These three examples demonstrate the important role of colloidal synthesis and in
situ spectroscopy measurements for in-depth analysis of structure–reactivity correlations.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

This review paper is dedicated to the memory of Haldor Top-
soe, a giant in the field of catalysis. His understanding of the
importance of the science as well as the technology development
of catalytic processes set the example for others. His remarkable
insight put his stamp on the field during past decades up to the
present.

During the last few decades, there have been tremendous devel-
opments in catalysis research that shifted the research focus from
studying simplified model-system into analysis of more realistic
catalysts under reaction conditions. The main developments that
initiated this progress were: (i) well-controlled synthesis of cata-
lytic nanostructures [1–5] and (ii) advanced instrumentation for
in situ characterization of catalytic processes under reaction condi-
tions [6–12].
1.1. Development of model catalytic nanostructures

The development of well-controlled, simplified, catalytically
active nanostructures which mimic the properties of industrial cat-
alysts was conducted in two different routes. In the first approach,
metallic nanoparticles were deposited within a UHV (Ultra-High
Vacuum) environment on a single crystal which was coated with
a thin layer of metal-oxide [5,13–15]. The UHV conditions enabled
the preparation of well-defined oxide surfaces and size-controlled
nanoparticles within a clean environment. Following this
approach, different studies have demonstrated the impact of nano-
particle’s size and shape [5,13,16–18] on the catalytic properties of
the nanoparticles. Other UHV studies emphasized the impact of
metal/metal-oxide interface and suggested that this interaction is
the main reason for the enhanced reactivity [19,20,24].

One of the well-studied examples in this field was the size-
dependent reactivity of oxide-supported Au nanoparticles toward
CO oxidation reaction [17,18]. A variety of spectroscopic measure-
ments were conducted to uncover the reasons for this unique
reactivity [5,21–23]. For example, it was demonstrated that CO oxi-
dation rate can be enhanced by up to three orders of magnitude
following the deposition of 1–3 nm Au nanoparticles on MgO
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surfaces [42,43]. DFT calculations indicated that while supporting
Au8 clusters on defect-rich MgO, an electronic charge is transferred
from the metal-oxide support to the clusters. The combination of
electron-rich Au clusters and high destiny of oxygen vacancies on
the MgO surface facilitates O2 dissociation at the Au–MgO interface
and enhances the CO oxidation rate [15,18].

A different approach utilized the knowledge and capabilities of
colloidal synthesis for the preparation of size- and shape-con-
trolled catalytically active nanoparticles [1,3,25–28]. During the
colloidal synthesis, different ligands stabilize the nanoparticles
and direct their morphological properties. In this approach, the
adsorption of ligands on the metal surface provides high control
over the cluster properties but also lowers the number of accessi-
ble catalytic sites. Different methods were used in order to remove
the ligands and minimize their impact on the catalytic reactivity
[29–31]. It was recently demonstrated that by using oxygen
plasma treatment, most of the surface-adsorbed ligands can be
removed without changing the structure of the catalytically active
nanoclusters [32]. For example, size-controlled Pt nanoparticles
were deposited on TiO2 surface and tested as catalyst in furfural
hydrogenation reaction. In order to increase the metal–support
interactions, the organic ligands were removed by oxygen plasma
treatment. It was obtained that following this treatment, the for-
mation rate of furfuryl alcohol was enhanced by 50-fold, when
compared to SiO2 supported nanoparticles, in which the support
is catalytically inert. SFG (sum frequency generation) vibrational
spectroscopy measurements indicated that reactants adsorption
on the TiO2 surface modified the product selectivity due to strong
interaction between the oxide surface and the furfural’s carbonyl
group [32].
Fig. 1. Combining synthesis of nanoparticles, reactivity measurements, and in situ
spectroscopy for characterization and optimization of the catalytic properties of
catalysts.
1.2. Advanced instrumentation for in situ characterization of catalytic
processes

Development of spectroscopic tools which are capable of in situ
characterization of catalytic processes enables to analyze the prop-
erties of catalysts under reaction conditions. High-pressure STM
(scanning transmission microscope) was applied to study the
structural changes in catalytic surfaces [33,34]. A variety of vibra-
tional spectroscopy methods were utilized to follow the reactant to
product transformation [35,36]. Among these methods are surface
sensitive techniques such as SFG (sum frequency generation)
vibrational spectroscopy [32,37] and PM-IRAS (polarization modu-
lation infrared reflection absorption spectroscopy) [38,39] that
detect active intermediates during catalytic reactions. Time
resolved IR spectroscopy measurements analyze the kinetic prop-
erties of catalytic reactions [40,41] while IR microspectroscopy
can track the spatial distribution of reactants and products within
the catalyst [42–44].

The expansion of synchrotron-based X-ray spectroscopy tech-
niques provides effective tools to study the dynamic electronic
properties of catalysts under reaction conditions. HP-XPS (high-
pressure X-ray spectroscopy), EXAFS (extended X-ray absorption
fine structure) and NEXAFS (near edge X-ray absorption fine struc-
tures) spectroscopy measurements detect the oxidation state,
coordination number, and composition of catalysts [45,46]. High
spatial resolution XRD (X-ray diffraction) and EXAFS microspec-
troscopy along with X-ray tomography measurements tracked
the dynamic changes in the structure and composition of catalysts
[47–50]. These in situ measurements demonstrated that the cata-
lytic surface is dynamic and its structure, composition, and elec-
tronic properties can be widely modified under reaction
conditions. The dynamic nature of catalysts further emphasizes
the importance of in situ spectroscopy measurements for in-depth
analysis of catalytic processes.
In this review, we will focus on three case studies that demon-
strate the powerful capabilities gained by combining synthesis of
well-defined nanostructures, their application as catalysts and in
situ spectroscopy of the catalytic reaction. These examples show
that in situ spectroscopy measurements are crucial for the analysis
of catalytic processes and for optimization of catalysts (Fig. 1).

In the first example, the structure–reactivity correlations of cat-
alytically active Pt nanoparticles toward hydrogenation of 1,3
butadiene were studied. Different reaction intermediates were
detected by in situ SFG vibrational spectroscopy by changing the
nanoparticles size [51]. In the second example, a variety of meso-
porous metal-oxide supports were prepared and tested as catalysts
for CO oxidation reaction, with and without the addition of Pt
nanoparticles [52]. The correlation between the reaction rates
and oxidation state of the metal-oxide support was analyzed with
in situ synchrotron-based NEXAFS and HP-XPS. In the third exam-
ple, highly oxidized Au nanoparticles were packed in flow reactor
and used as catalyst toward cascade reactions that were previously
activated by homogenous catalysts [42]. The combination of in situ
IR and X-ray microspectroscopy tracked the reactant into product
evolution and the oxidation state of the catalyst within the flow
microreactor. These measurements correlated between the oxida-
tion state of the catalyst along the flow reactor and its catalytic
reactivity and selectivity.
2. Molecular catalysis science: the combination of synthesis,
spectroscopy, and catalytic reactivity

2.1. The impact of the size of Pt nanoparticles on the product selectivity
in hydrogenation of 1,3 butadiene

In many catalytic processes, the product distribution can be
modified by changing the size of catalytically active metallic nano-
particles [53,54]. The size-dependent selectivity is obtained due to
changes in the geometric and electronic properties of the nanopar-
ticle as its size is decreased below 10 nm [55]. Geometric effects
include the size dependence distribution of kinks, steps, and ter-
race sites which are exposed on the metal surface and are highly
active during the catalytic process. Electronic effects indicate the
changes in the location of the d-band center, which is correlated
to the interaction between the metal surface and adsorbate mole-
cules [56]. Different studies have demonstrated that product distri-
bution can be tuned by modifying the cluster size in the range of 1–
10 nm. In this size regime, small changes in the cluster size would
have an immediate impact on both its electronic and geometric
properties [57,58].

In this study, polyhedral Pt nanoparticles in the size range of 1–
7 nm were synthesized using polyol methods and capped with Pol-
yVinylPyrrolidone (PVP) ligands to prevent cluster aggregation. Pt
clusters with different sizes were synthesized by changing the
reaction temperature and the amount of PVP and Pt precursor.



Fig. 3. (a) Reaction scheme 1,3 BD hydrogenation. (b) Product selectivity for 1-
butene (h), n-butane (s), trans-2-butene (}), and cis-2-butene (�) from the
conversion of 1,3 butadiene (1,3-BD) hydrogenation (T = 75 �C with 10 Torr of 1,3-
BD, 100 Torr of H2, and 650 Torr of He) as a function of nanoparticle size.
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The colloidal synthesis enabled the formation of Pt nanoclusters
with narrow size distribution of up to ±25% (Fig. 2). The different
clusters were then tested as catalysts toward the hydrogenation
reaction of 1,3 butadiene (1,3-BD) (Fig. 3a.).

Partial hydrogenation of 1,3-BD can lead to the formation of
three isomers: cis 2-butene, trans 2-butene, and 1-butene. Satu-
rated n-butane product can be formed as well by the complete
hydrogenation of the reactant. The product distribution as function
of Pt nanoparticles size is demonstrated in Fig. 3b. The catalytic
measurements were performed at 75 �C with 10 torr of 1,3-BD,
100 torr of H2, and 650 torr of balancing He. The selectivity was cal-
culated according to the products formation at conversion rate of
less than 10%.

The product distributions show high dependence in cluster size,
indicating that this catalytic reaction is indeed structure sensitive.
Increased selectivity toward full hydrogenation products was
detected as the particle size decreased. For cluster size above
4 nm, the main products were butene isomers. Similar product dis-
tribution was measured with Pt(111) and Pt(100) single crystals
which showed up to 90% selectivity toward the unsaturated butene
isomers products [59]. By decreasing the Pt nanoparticles size
below 2 nm, the ratio between partial to full hydrogenation prod-
ucts was modified to 2:3. These results indicate that product selec-
tivity can be tuned by up to 6-fold simply by changing the
nanoparticle size. The similarity in product selectivity of large Pt
nanoparticles and Pt single crystals indicates that at this size
regime, the catalytic properties of the nanoparticles are similar to
that of bulk Pt.

The size-dependent selectivity specifies that there are inherent
differences in the reaction pathways for 1,3-BD hydrogenation on
Pt nanoparticles with various sizes. To elucidate the observed
selectivity differences, in situ SFG vibrational spectroscopy was
employed under reaction conditions to monitor the reaction inter-
mediates as function of cluster size (Fig. 4).

SFG vibrational spectroscopy is a surface sensitive technique that
exclusively probes molecules at the interface. The analysis of mole-
cules that reside at the solid–gas interface provides a unique capa-
bility to probe the most stable long-lived intermediates. The SFG
signal was formed by spatially and temporally overlapping a visible
beam (532 nm) and a tunable IR (2680–3180 cm�1) beam at the sur-
face of silica prism (Fig. 4b). Pt nanoparticles were deposited on the
surface of the prism which capped the reaction cell. The SFG signal
was induced from the z-component of adsorbate molecules, which
reside at the solid–gas interface, sensitive both to the concentration
and orientation of the interfacial species.
Fig. 2. Transmission electron microscopy images of polyhedral Pt nanoparticles. Panel
deviation of 0.94 ± 0.26, 1.80 ± 0.34, 4.63 ± 1.12, and 6.67 ± 1.20 nm, respectively. Panel e
panel d reflects the scale for all images.
The vibrational spectra that were detected during 1,3-BD
hydrogenation reaction are shown in Fig. 4a. Blue circles and
dashed red lines indicate the average and standard deviation over
nine SFG spectra, respectively, while the solid black line represents
the best-fit model spectra. The SFG spectra were correlated to the
catalytic selectivity and indicated that the intermediates formed
with small (0.9 and 1.8 nm) nanoparticles are different than that
of the large (4.6 and 6.7 nm) nanoparticles.

The SFG spectra of the larger nanoparticles exhibit a dominant
peak at �2878 cm�1, which was assigned to the symmetric stretch
of CH3(s). In addition, a shoulder peak was located at 2906 and
2979 cm�1, which corresponds to methylene stretch (CH2(FR)) and
the asymmetric stretch of CH3 (CH3(a)), respectively. Four bands
s (a), (b), (c), and (d) show nanoparticles with an average diameter and standard
shows particle-size distributions for the four particle sizes. The 20 nm scale bar in



Fig. 4. (a) In situ SFG vibrational spectra of reaction intermediates produced on Pt nanoparticles during 1,3-BD hydrogenation. Blue dots and red dashed lines represent
averages and standard deviations of nine SFG spectra, respectively. Assignments of vibrational bands are based on model spectra. (b) The SFG signal was generated from
visible beam and tunable IR beam which were spatially and temporally overlapping at the surface of a Silica prism on which a layer of Pt nanoparticles was deposited. (c)
Normalized SFG intensity for CH2(a)/CH3(p,up) (s) and CH3(s) (h) vibrational modes as a function of nanoparticle size. Small nanoparticles have an increased contribution to
the SFG signal from the CH2(a)/CH3(p,up) modes, whereas large particles are dominated by the CH3(s) mode. The methylene and methyl groups that exhibit SFG signal are
highlighted in red and blue, respectively. (d) The impact of nanoparticles’ size on the formation of different intermediates and the induced products selectivity. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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construct the primary SFG spectral features of the small nanopar-
ticles. The four peaks (2846, 2874, 2906, and 2939 cm�1) were
assigned to the symmetric stretch of CH2 (CH2(S)) and CH3

(CH3(S)), the fundamental methylene stretching mode (CH2(FR)),
and methylene asymmetric stretch (CH2(a)).

In order to better illustrate the catalytic and spectroscopic corre-
lations, normalized SFG intensities of the CH2(a)/CH3(p,up) and CH3(S)

as function of the nanoparticles size were plotted (Fig. 4c). The
increase in CH2(a)/CH3(p,up) ratio with small nanoparticles provides
an indication for the accessible route leading to the formation of sat-
urated butane product. SFG signals indicate the development of
both 1-buten-4-yl and 2-buten-1-yl radicals on small nanoparticles,
which provide favorable pathways for n-butane formation.

It was previously demonstrated that small nanoparticles exhibit
an increase in the density of step and corner sites at the expense of
terrace sites [55,56]. The high density of atoms with lower coordi-
nation number will shift the d-band center location and increase
the number of empty anti-bonding states. As a consequence, reac-
tant–metal interactions will increase. Moreover, a higher d-band
center makes the surface more reactive by lowering the transition
state energy of reactant molecules, uncovering additional path-
ways toward product formation [15,18].

High density of low-coordination sites on small nanoparticles
will also modify the binding geometry of reactants and intermedi-
ates on the metal surface. These changes in the surface structure
will give rise to the formation of different intermediates which
could not be obtained on bigger nanoparticles or on terrace sites.
The in situ SFG vibrational spectroscopy measurements indicated
that 0.9 and 1.8 nm Pt nanoparticles provide modified adsorption
sites (e.g., low-coordination sites) that facilitated H-insertion both
to the internal carbon and terminal carbon. The 4.6 and 6.7 nm Pt
nanoparticles favor H-insertion at the terminal carbon, as also
observed on Pt bulk materials (Fig. 4d). These results suggest that
the presence of low-coordination sites promotes H-insertion at the
internal carbon (in addition to the external carbon), which are not
obtained in bigger nanoparticles, either due to electronic or due to
geometric effects.
2.2. Enhanced CO oxidation rate at the interface of mesoporous oxide
and Pt nanoparticles

It was widely demonstrated that the catalytic reactivity of
metallic nanoparticles can be enhanced following their deposition
on designated metal-oxide supports [19,20,32]. Different studies
have indicated that the development of strong metal–support
interactions (SMSI) increases the catalytic reactivity by either tun-
ing the electronic properties of the metal [27,60] or due to the for-
mation of a highly active metal/metal-oxide interface [21]. The
exact mechanism that governs these catalytic reactions was not
fully understood, due to limited insight of the metal/metal-oxide
interface during the catalytic reaction. Synchrotron-based mea-
surements make it possible to study the structure and composition
of complex catalytic systems under reaction conditions.



Fig. 5. Preparation of Pt-nanoparticle-loaded Co3O4 catalysts. TEM images of (a) mesoporous silica template and (b) the resulting Co3O4 replica. TEM image of (c) Pt/Co3O4

catalysts and (d) their corresponding energy-dispersive spectroscopy (EDS) phase mapping, showing the distribution of Co (red) and Pt (green) atoms on the surface. (e) High-
resolution TEM image of Pt/Co3O4 catalysts. (f) Illustration of the hard-templating approach for the preparation of mesoporous-oxide-supported Pt nanoparticle catalysts.
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A variety of mesoporous oxides (Co3O4, NiO, MnO2, Fe2O3, and
CeO2) were synthesized and loaded with size-controlled Pt nano-
particles to investigate the metal/metal-oxide interface effect on
CO oxidation reaction rate. The mesoporous oxides were prepared
through hard template approach [61]. In this method, mesoporous
silica was used as a template on which a specific metal-oxide was
impregnated. The mesoporous silica was then removed by base,
forming the pure mesoporous metal-oxide replica (Fig. 5). Follow-
ing the formation of crystalline metal-oxide, PVP-capped Pt nano-
particles with an average diameter of 2.5 nm were incorporated
within the channels of the mesoporous oxide.

The pure mesoporous oxide supports showed notable catalytic
reactivity in the absence of a metal, for example, TOF rates of
0.015 and 0.01 s�1 were measured with Co3O4 and NiO, respec-
tively (under reducing conditions of 100 Torr CO, 40 Torr O2, and
473 K). The incorporation of Pt nanoparticles within the mesopor-
ous oxides increased the catalytic reactivity by more than two
orders of magnitudes (Fig. 6).

The measured CO oxidation rates for Pt/Co3O4 and Pt/NiO were
500 and 1.1 s�1, respectively. It should be noted that the TOF rate
of SiO2 supported Pt nanoparticles, in which the support is catalyt-
ically inert, was 0.1 s�1. The reactivity of oxide-supported metallic
catalysts was significantly higher than the combined reactivity of
the metal-oxide itself and the Pt nanoparticles. For example, the
combined reactivity of silica-supported Pt nanoparticles and
Co3O4 (without Pt) was 0.11 s�1, while the reaction rate of Pt/
Co3O4 was 500 s�1. This result indicates an enhancement of 3
orders of magnitude in the reaction rate due to the formation of
metal/metal-oxide interface. The enhanced reactivity can be
explained in the following mechanism: CO is adsorbed on the Pt
surface and diffuses to the metal/metal-oxide interface (Fig. 6b,
inset). CO will then interact with active oxygen in the lattice of
the metal-oxide support. The last step will be the refill of oxygen
vacancies in the oxide by gaseous O2 [15,18].
In order to understand the reasons for enhanced reactivity of
oxide-supported Pt nanoparticles, in situ NEXAFS and XPS mea-
surements were conducted under reaction conditions (Fig. 7).
The different supported catalysts were exposed to CO and O2 mix-
ture at 473 K. The NEXAFS total electron yield (TEY) spectra of the
metal L edge were monitored by detecting the compensating elec-
trons from ground to sample.

The Co L edge of Pt/Co3O4 was monitored under reducing
(39 torr CO and 15 torr O2) and oxidizing (15 torr CO and 39 torr
O2) conditions at 473 and 523 K. NEXAFS measurements revealed
that the metal-oxide support is transformed from Co3O4 into CoO
under reducing conditions at 523 K. The lower oxidation state of
the support induced stronger interaction with O2 molecules, facil-
itating their dissociation and enhancing the CO2 formation rate.
These results demonstrate the important role of the oxidation state
of the metal-oxide during catalytic reaction.

The reaction rate over oxide-supported Pt nanoparticles can be
enhanced by tuning the redox properties of the metal-oxide. Even
after O2-deficicent conditions, active oxygen was provided from
the lattice of the oxide to facilitate the catalytic reaction. The redox
properties of the metal-oxide support provide the activated oxygen
at the metal/metal-oxide interface, which enhances the catalytic
rate. As analyzed by in situ X-ray measurements, the correlation
between surface redox chemistry and catalytic reactivity offers a
unique way to tune the catalytic reactivity by controlling the elec-
tronic properties of the metal-oxide support.

2.3. Bridging the gap between homogeneous and heterogeneous
catalysis with dendrimer-encapsulated Au nanoparticles

Continuous efforts in catalysis research have been devoted to
the activation of heterogeneous catalysts toward reactions that
are mainly activated by homogeneous catalysts [62]. Replacing
homogeneous catalysts with heterogeneous catalysts enhances



Fig. 6. CO oxidation over (a) pure mesoporous oxides and (b) Pt-nanoparticle loaded on oxide catalysts. The inset in (b) is an illustration showing the potential reaction sites
of Pt nanoparticles loaded on metal oxide during CO oxidation.

Fig. 7. (a) NEXAFS TEY spectra at the Co L edges for the Pt/Co3O4 catalyst and (b) graphs correlating the catalytic activity (TOF) and oxidation state of Co in CO oxidation.
Shown in (a) are representative linear-combination fittings obtained at 523 K under (left) 15 Torr CO and 39 Torr O2 (O2-rich) and (right) 39 Torr CO and 15 Torr O2 (CO-rich)
conditions. The bar graphs showing the total TOFs of the Pt/Co3O4 catalyst have been decomposed into the contributions of pure Pt (in gray) and the Pt–Co3O4 interface (in
orange). (For the interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the sustainability of the catalytic reaction, providing a highly recy-
clable, scalable and efficient setup. It was recently reported that
small (<2 nm) metallic nanoclusters, encapsulated in a dendrimer
matrix and supported on mesoporous SiO2, show unique reactivity
and selectivity toward a wide array of p-bond activation reactions
that are mainly catalyzed by homogeneous catalysts [58,63–66].
The small size of the nanoparticles enables reversible oxidation
of the metal clusters into catalytically active metal ions [66,67].
Encapsulation of the metal within the dendrimer matrix prevents
the leaching of highly oxidized metal ions into the solution phase,
inducing high catalytic stability and recyclability of the catalyst.
Activation of complex organic reactions with heterogeneous cata-
lysts provides unique opportunities to control and direct the prod-
uct selectivity. For example, by tuning the packing density of the
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polymeric matrix that encapsulates the metal cluster and maxi-
mizing its steric effect, the product diastereoselectivity can be
modified [63,64]. In addition, as will be further demonstrated in
the following paragraphs, the product selectivity in multistep reac-
tions can be tuned by changing the residence time of reactant mol-
ecules within a flow reactor [42,64].

Dendrimer-encapsulated Au nanoparticles with diameter of
2 nm were loaded on mesoporous SiO2, packed in a flow microre-
actor, and utilized as a heterogeneous catalyst for the cascade reac-
tion of dihydropyran synthesis (Fig. 8a). In this reaction, propargyl
vinyl ether 1 was catalytically rearranged by the Au catalyst into
the primary product, allenic aldehyde 2. Activation of the primary
product 2 by the Au catalyst was followed by nucleophilic attack of
butanol-d10, leading to the formation of the secondary product,
acetal 3. In order to track the catalytic transformation within the
flow microreactor, this multistep reaction was mapped with a spa-
tial resolution of 15 lm, employing synchrotron-sourced IR and X-
ray beams. High-resolution mapping of the catalytic reaction with
IR microspectroscopy detected the reactant into product evolution,
while X-ray microspectroscopy revealed the oxidation state of the
catalyst along the flow reactors (Fig. 8b).

Prior to the catalytic reaction, dendrimer-encapsulated Au
nanoparticles were oxidized to Au ions by a flow of an inorganic
oxidizer, PhICl2, solvated in toluene. Following the formation of
catalytically active, highly oxidized Au ions, the catalyst was tested
toward the cascade reaction of dihydropyran formation.

The product selectivity was tuned by modifying the residence
time of the reactants. High flow rate of 10 mL/h induced low conver-
sion (20%) and a primary:secondary (2:3) product ratio of 5:1.
Higher yield (75%) was obtained by decreasing the flow rate by
50-fold to 0.2 mL/h, while the product selectivity (2:3) was trans-
formed to 0:100 (Fig. 8b). These results demonstrate the advantage
in performing catalytic transformations in flow microreactors,
enabling isolation of either the primary or the secondary products
[42,60,64]. Tunable selectivity between different products in cas-
cade reactions is not easily achieved while employing homogeneous
or heterogeneous catalysts in a batch reactor. Though isolation of
Fig. 8. (a) Scheme of the cascade reaction. (b) Product selectivity toward primary or seco
flow reactor. lm sized IR beam tracked the reactants into product evolution within the fl
reaction conditions.
the secondary product is possible in batch mode reactions, the
exclusive formation of primary product is not a simple task.

In the cascade dihydropyran formation reaction, each of the
reactants and products shows distinguishable IR signatures
(Fig. 9a and b). As a consequence, the transformation of reactants
into products can be visualized with IR microspectroscopy. The
IR measurements were performed along the flow reactor with con-
tinuous reactant flow, ensuring that the reactant and product con-
centrations at each point along the flow reactor were at steady
state (Fig. 9c).

With a flow rate to 1 mL/h (Fig. 9a), a decrease in the reactant,
vinyl ether 1, absorption peaks amplitude (around 1150–1250 cm–

1) was indicated and followed by the formation of a strong absorp-
tion peak of the primary product, aldehyde 2. After 0.2 mm, a grad-
ual decrease in the aldehyde absorption peak along with a
comparable decrease in the higher energy (between 2300 and
2700 cm–1) absorption spectra regime indicated the parallel con-
sumption of butanol-d10 and aldehyde 2 to the formation of the
secondary product, acetal 3.

Higher reaction rates were obtained when increasing the resi-
dence time of the reactants by 5-fold (Fig. 9b), as obtained by the
complete loss of the reactant’s absorption peaks at 1150–
1250 cm–1 after 0.6 mm. Though primary product, 2, was initially
formed, after 0.4 mm, the aldehyde IR signature was fully lost. This
result indicates the catalytic transformation from primary into sec-
ondary product. The formation of secondary product, acetal 3, is
demonstrated as well by the total consumption of butanol-d10, as
observed by the gradual decrease of the O–D absorption peak at
2300–2650 cm–1 until its disappearance after 0.8 mm. At this flow
rate, consumption of the reactant was followed by the formation of
the primary product, which then further transforms into the sec-
ondary product.

Subsequent to the FTIR microspectroscopy measurements, the
reactants and products were also analyzed by GC. All the conclu-
sions, both regarding the catalytic reactivity and product selectiv-
ity, which were derived from the IR measurements, were
supported by the GC analysis. The synchrotron-based IR microreac-
ndary products was determined according to the flow rate of reactants through the
ow reactor, while lm X-ray beam followed the oxidation state of the catalyst under



Fig. 9. IR absorption microspectroscopy scans along the flow reactor with reactants flow rates of 1 (a) and 0.2 (b) mL/h. Markers were added to direct the eye toward the
changes in the IR spectra at different flow rates. A scheme of the micro-IR flow reactor is shown in (c).
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tor and the lab-based stainless-steel microreactor were designed to
have similar inner volume, ensuring comparable residence time of
the reactants. GC analysis verified that the yield and selectivity of
the products in these two microreactors were comparable, with
variations of up to ±15%.

A detailed kinetic analysis of the catalytic reaction was per-
formed by integrating the IR absorption peaks of the reactants
and products along the flow reactor (Fig. 10). The evolution of
the reaction at flow rate of 1 mL/h can be divided into two parts
(Fig. 10a). In the first part of the reaction (0–0.3 mm), vinyl ether
1 was consumed for the formation of allenic aldehyde 2. During
the second part of the reaction, the secondary product was formed
and a linear decrease (zero order kinetics) in the concentration of
the two reactants was measured.

The kinetic evolution of the reaction at slower flow rate of
0.2 mL/h was divided into three phases (Fig. 10b). During the initial
phase of the reaction (0–0.14 mm), the concentration of reactant 1
gradually decreased due to the formation of primary product 2.
Within this incubation time, no formation of secondary product 3
or consumption of butanol-d10 were detected. Through the second
part of the reaction (0.14–0.52 mm), the two reactants (vinyl ether
1 and butanol-d10) and the primary product (allenic aldehyde 2)
were consumed along with the formation of the secondary prod-
uct, acetal 3. At this stage of the reaction, the local concentrations
of the two reactants (vinyl ether 1 and butanol-d10) saturate the
catalyst, inducing zero order kinetics. The similarities in the con-
Fig. 10. Analysis of distribution of reactants and products as a function of location along
reactants and products were integrated from the matching IR absorption peak areas and
indicate the different stages of the catalytic reaction.
sumption rate of the two reactants are consistent with the fast
transformation of primary product 2 into secondary product 3,
indicating that the rate determining step is the conversion of reac-
tant 1 into primary product 2. At the third phase of the reaction
(0.52–1 mm), the concentration of the reactants was low enough
to change the reaction kinetics from zero to first order for the
two reactants. At this step, a continuous low, steady state concen-
tration of allenic aldehyde 2 was detected, demonstrating its
essential role as an intermediate for the formation of the secondary
product, acetal 3.

NEXAFS microspectroscopy measurements along the flow reac-
tor revealed that after 2 mm, the concentration of the catalytically
active Au(III) species was gradually decreasing due to Au(III)
reduction into Au(0). The reduction process was correlated to the
nucleophilic properties of butanol-d10, which reduce the Au(III)
back to its metallic state.

Based upon the IR and X-ray measurements, the catalytic sys-
tem was further optimized to enhance the reactivity and decrease
the deactivation rate of the catalyst. The reactant concentration
was decreased in order to lower the reduction rate of Au(III) by
butanol-d10. NEXAFS results indicated that only the initial part of
the reactor was active during the catalytic process. According to
this observation, the total amount of Au catalyst was reduced by
an order of magnitude and the length of the microreactor was
decreased from 2 cm to 2 mm. Though the amount of the catalyst
was reduced by an order of magnitude, only negligible decrease
the flow reactor at a flow rate of 1 (a) and 0.2 (b) mL/h. The absorption values of the
converted to concentration based on GC analysis of the solution. The dotted lines
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was obtained in the catalytic reactivity. These results indicate the
importance of in situ spectroscopy of the catalytic reaction for anal-
ysis and optimization of catalytic processes.
3. Conclusions

The combination of (i) synthesis of catalytic nanostructures, (ii)
testing their catalytic properties, and (iii) in situ spectroscopic anal-
ysis provides powerful capabilities to investigate and optimize cat-
alytic processes. In this review paper, three recent examples from
our research group demonstrated the advantages of this approach.

In the first example, it was shown that the mechanism for size-
dependent catalytic selectivity can be revealed by in situ SFG vibra-
tional spectroscopy. Gas-phase hydrogenation of 1,3-butadiene by
size-selected Pt nanoparticles induces the production of either
fully or partially saturated products. SFG analysis indicated the for-
mation of different intermediates in accordance with the Pt cluster
size, revealing the mechanism for size-dependent product selectiv-
ity. In the second example, synchrotron-based X-ray spectroscopy
tracked the oxidation state of catalysts under reaction conditions.
It was demonstrated that CO oxidation rate can be dramatically
enhanced by loading catalytically active Pt nanoparticles on meso-
porous metal-oxide. NEXAFS and HP-XPS spectroscopy analyzed
the oxidation state of the metal-oxide surface under reaction con-
ditions, correlating between oxidation state and the catalytic rate.

The combination of spectroscopy and microscopy measure-
ments for high spatial resolution analysis of catalytic reactions
was demonstrated in the third example. By combining X-ray and
IR microspectroscopy analysis, the reactant to product evolution
and the electronic properties of the catalyst within a flow reactor
were detected. In situ synchrotron-sourced IR microspectroscopy
detected the evolution of reactant into primary and then into sec-
ondary product. By tuning the residence time of the reactants in a
flow microreactor, a detailed kinetic analysis of the reaction was
performed. The utilization of different spectroscopic tools under
reaction conditions gives access to invaluable data regarding the
properties that govern the catalytic reaction. As demonstrated
throughout this review paper, spectroscopic analysis can be uti-
lized for preparation of better catalysts, with optimized stability,
reactivity, and selectivity.

Looking ahead, the field of in situ spectroscopy of catalytic reac-
tions can be further developed in two parallel routs:

(I) Combining few spectroscopic tools that simultaneously ana-
lyze the catalytic reaction and enable a comprehensive anal-
ysis of catalytic processes [35,68,69]. For example, the
hydrothermal crystallization process of zeolites from amor-
phous precursor gel into a crystalline microporous material
was detected with combined in situ X-ray and Raman spec-
troscopy [70]. This study revealed fundamental insights
regarding the construction of catalytic nanostructures, cor-
relating between the vibrational spectrum, as revealed by
Raman spectroscopy and the structural and electronic prop-
erties, as detected by X-ray spectroscopy.

(II) Increasing the spatial resolution of microspectroscopy mea-
surements into the nanoscale size regime [71–73]. A variety
of studies indicated the capabilities of IR and X-ray spectros-
copy at the nanoscale. In a recent example, X-ray measure-
ments were conducted to visualize the microstructural
evolution of lithium-ion batteries [47] and catalysts [74]
under reaction conditions. In situ 3D quantitative analysis
of structural changes at the nanoscale offers a direct way
to understand the mechanical changes in catalytic nano-
structures under reaction conditions. Another promising
approach utilizes tip-enhanced IR and Raman spectroscopy
as a route to further enhance the spatial resolution of micro-
spectroscopy measurements into the nanoscale [75–77].
These novel spectroscopic methods are expected to open
up new levels of fundamental understanding of catalytic
processes which cannot be otherwise accessed.
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