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Shining light on the solid-liquid interface: in situ/
operando monitoring of surface catalysis
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Many industrially important chemical transformations occur at the interface between a solid catalyst and

liquid reactants, despite which relatively little attention has been paid to spectroscopic methods for

interrogating the working solid-liquid interface. This partly reflects a limited number of analytical techniques
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that give access to interface-specific information. Direct observation of surface species at catalytic solid-
liquid interfaces is a daunting challenge for many in situ techniques due to the low concentration and/or
short lifetime of chemical species in dynamic reactions. This review discusses the application of in situ and

operando spectroscopies to probe solid-liquid interfaces, with a focus on the resulting mechanistic insight

rsc.li/catalysis

1. Introduction

The rational design of heterogeneous catalysts with optimal
performance heavily relies on a detailed understanding of
atomic and molecular interactions and associated reactions at
solid surfaces, for which in situ (in place) and operando (under
working conditions) studies can offer unparalleled insight.'”
Heterogeneous catalysis, wherein the reactants and catalyst are
in different phases, occurs at solid-gas, solid-liquid, or solid-
liquid-gas interfaces® (and exceptionally at the liquid-gas
interface®) and involves a complex interdependency between
adsorption/desorption, diffusion, and speciation processes,
which  dictate reaction kinetics and mechanisms.®
Heterogeneous catalysis underpins chemicals, pharmaceuticals,
and fuels production from fossil and biomass resources.””
Numerous industrial catalytic processes are conducted in
the liquid phase, however the number of in situ and/or
operando studies of catalytic transformations at the solid-
liquid interface are limited, in part due to the lack of
techniques able to provide quantitative and chemically
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in the context of catalysis for sustainable chemistry.

specific information on such interfaces. Over the past decade,
infrared, Raman, UV-vis and X-ray spectroscopies have been
extended to elucidate the nature of active sites in reacting
catalyst surfaces (e.g. their phase, oxidation state and density)
and molecular processes such as adsorption of reactants and
products (strength and geometry) and the identification of
reactive surface intermediates. This review highlights the
emerging mechanistic insight available through applying in
situ/operando spectroscopies to catalytic reactions at the
solid-liquid interfaces, and identifies creative solutions to
current challenges in liquid phase heterogeneous catalysis.
Popular spectroscopic techniques and state-of-the-art
methodologies, and their advantages and limitations are
critically discussed for exemplar systems, particularly in the
context of sustainable chemistry. Requisite conditions for
reaction analysis, and the types of information that can be
determined, notably reaction mechanisms and catalytically
active species, are outlined. Concluding remarks address the
current status and future perspectives for emerging
spectroscopic techniques as applied to liquid phase
heterogeneous catalysis.

2. Spectroscopic techniques

In situ catalytic studies at the solid-liquid interface are
extremely challenging.’ First, the reaction medium plays a
significantly greater role than occurs in solid-gas catalysis.
The high density of liquids results in increased absorption of
incident and transmitted/radiated photons, and greater
scattering/attenuation of photoexcited electrons in electronic
spectroscopies, and hence poorer signal:noise in resulting
spectra. Where water is the solvent of choice, such as for
water-splitting to H,, such issues are particularly problematic

This journal is © The Royal Society of Chemistry 2020
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when using IR spectroscopy. Second, a multitude of species
may co-exist at solid-liquid interfaces, including reactants,
intermediates, spectators, products and solvents, some of
which may occur at concentrations high enough to obscure
signals from other species. Third, the dynamic nature of
solid-liquid interfaces arising from exchange between the
bulk media and local environment can induce broadening of
spectral features. For example, at 0 °C, the vapour pressure of
water is associated with the exchange of around three million
monolayers per second of molecules between a liquid surface
and vapour phase.'® Finally, under most experimental
conditions a solvent is contacted by other phases (such as
vapour/gas) or insoluble/immiscible reactants and products
which can alter the density of liquid at the solid surface."'™*?
Common in situ/operando spectroscopies applied to catalysis
at the solid-liquid interface are summarised below.

2.1 Attenuated total reflection infrared spectroscopy (ATR-IR)

The vibrational spectrum of a molecule adsorbed on a solid
surface includes information about the surface-adsorbate
bonds, the intermolecular interactions and the local
orientation of the molecule. Such detailed information makes
vibrational spectroscopy, especially in the infrared (IR), a
valuable technique in the field of heterogeneous catalysis. IR
spectroscopy has been extensively applied to catalytic solid-
gas interfaces. However, studies of liquid phase catalysis by
IR spectroscopy are more limited due to large spectral
interference from the liquid phase. Much of the experimental
IR spectroscopic data available on solid-liquid catalyst
interfaces has been obtained using attenuated total reflection
infrared spectroscopy (ATR-IR)."* ATR-IR spectroscopy is
suitable for studying molecular vibrations at the solid-liquid
interface because the IR light is restricted to the surface
vicinity which minimises spectral contributions from the
bulk liquid. Using ATR-IR, spectra are obtained from the
absorption of light penetrating only a few microns
orthogonal to the direction of travel through an optically
transparent crystal, the internal reflection element (IRE)
(Fig. 1), into a catalyst film. A multiple-bounce IRE increases

SUPPORT
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intermediates - ‘CATALYST

" “'solution - -
DISSOLVED - . \_ : - -
COMPOUNDS, o ")

reactants . ;
products

Fig. 1 Schematic of ATR-IR spectroscopy at the solid-liquid interface;
the red arrow is the evanescent light propagating through the crystal
and catalyst film, reproduced from ref. 14 with permission from
Elsevier, copyright 2006.

This journal is © The Royal Society of Chemistry 2020
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the intensity of such evanescent IR light reaching the sample,
and hence improves the signal to noise ratio, important for
samples exhibiting low absorbances, such as heterogeneous
catalysts containing a small number of surface sites.'> ATR-
IR spectra of a heterogeneous catalyst in the liquid phase can
provide information on both soluble and adsorbed reactants,
products and reactive intermediates. The detailed
background and theory of ATR-IR spectroscopy has been
recently reviewed.®®'*

2.1.1 Applications and limitations. ATR-IR spectroscopy
has been applied to many heterogeneous catalytic systems
include wastewater treatment, biomass conversion,
electrochemistry and photocatalysis.'>"®> ATR-IR spectroscopy
can provide useful information on the mechanism of
wastewater remediation of contaminants such as nitrate/
nitrite and bromate by catalytic hydrogenation, and on the
transformation of many biomass-derived oxygenates. The
technique can provide online monitoring of reactions by
analysis of reactant/products in either the bulk fluid phase or
at a catalyst surface. Such information is especially useful for
kinetic studies at elevated temperatures and pressures within
a reactor: an important advantage of ATR-IR spectroscopy is
its potential for use in operando, especially in combination
with other analytical methods. For example, small quantities
of reaction products that cannot be detected by conventional
analytical tools probing the bulk phase are often observable
in ATR-IR spectra. Another advantage of ATR-IR spectroscopy
is its sensitivity to changes in the state of metal catalysts due
to their strong IR absorption, which can provide useful
diagnostics."*

Moreover, ATR-IR spectroscopy can probe the volume of
sample very close to the IRE, and hence is valuable for
investigating powder catalysts coatings. However, the catalyst
particle size, packing and the coating thickness influences
the relative signals from the catalyst surface and bulk
media.'® Despite these complexities, ATR-IR spectroscopy can
offer unique insight into competing catalytic reaction
pathways."”

ATR-IR spectroscopy at the solid-liquid interface can
however be challenging due to differences in the sensitivity
of IR absorbing species and complexity of some reaction
networks. Spectra collected at the solid-liquid interface
comprise signals from both soluble and adsorbed species,
including reactants, reaction intermediates, products and
spectators. This array of species and resulting spectral
complexity may necessitate additional experimental and/or
computational investigations to discriminate between
different species.* Low conversions, arising from limitations
in the thickness of catalyst films that can be uniformly
deposited on IRE crystals, may also necessitate additional
analytic  strategies, such as modulation excitation
spectroscopy in conjunction with phase-sensitive detection,
to decouple weak periodically varying reaction signals from
large static ones associated with the bulk media or catalytic
spectators.'® Where multi-bounce IRE crystals are employed,
varying concentration gradients can arise across the catalyst

Catal. Sci. Technol., 2020, 10, 5362-5385 | 5363
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coatings, resulting in inconsistent surface chemistry and
complicating analysis of the (spatially averaged) spectra.
Changes in the reflectivity of liquids due to dissolved gas (e.g.
H,, N, or O,) and/or catalysts due to surface oxidation or
reduction present additional challenges to spectral
interpretation.”* The limit of detection of ATR-IR extends
from a single monolayer (typically 10-20 A of a surfactant or
polymer, or a few tens of nanograms).'>?° Surface sensitivity
is relatively poor since penetration depths into the coated
catalyst and/or bulk media are on the order of the wavelength
(up to a few microns). However, depth profiling is possible if
the sample is suitably prepared and spectral parameters
carefully chosen.”’ Selected examples of successful
applications of operando ATR-IR spectroscopy, and resulting
mechanistic insight, are described in the following section.

2.1.2 Solid-acid-catalysed hydrolysis of cellulose in water.
Weckhuysen et al. demonstrated the use of an autoclave
reactor equipped with an ATR-IR spectroscopic probe as a
useful tool for in situ monitoring of the solid acid catalysed
hydrolysis of cellulose in water.>* In combination with HPLC,
time-resolved ATR-IR spectroscopy provided a detailed
picture of the reaction mechanism. Cellulose hydrolysis
proceeds via cleavage of the glycosidic linkages of cellulose,
to form smaller cellulose units observable from C-O
vibrational stretches at 1105 cm™ in ATR-IR spectra. Over
time, disaccharide units further hydrolysed into glucose,
evidenced by 1075 and 1038 cm™ vibrations (Fig. 2), which
subsequently reacted to form 5-hydroxyfurfural (HMF) via
isomerisation to fructose and eventual dehydration. The
formation and accumulation of HMF was indicated by C—=C
vibrations at 1582 ecm™, concomitant with the formation of
formic acid, acetic acid and levulinic acid with C-O
vibrations at around 1213, 1280, and 1172 cm™" respectively.
A vibration assigned to an aldehyde C=O stretch was also
observed at 1664 cm™".

2.1.3 Reductive valorisation of bio-based feedstocks. The
high oxygen content of biomass derived feedstocks such

as  carbohydrates and triglycerides require their
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Fig. 2 Time-resolved differential ATR-IR spectra during solid acid
catalysed hydrolysis of cellulose in water, reproduced from ref. 22 with
permission from Wiley-VCH, copyright 2012.
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Scheme 1 Reduction of glycols to olefins, reproduced from ref. 23
with permission from Wiley-VCH, copyright 2013.

hydrodeoxygenation for applications as high-value chemicals
and fuels. For example, deoxydehydration (DODH) of bio-
derived vicinal diols to alkenes, via reductive water
elimination, has received increasing attention in recent years.
Jentoft et al. studied the catalytic DODH of glycols over
carbon supported perrhenate (ReO,-C) (Scheme 1).** The
kinetics of diethyl tartrate DODH were monitored by ATR-IR
spectroscopy within a bespoke autoclave incorporating the
IRE into the reactor side-wall (Fig. 3). Vibrational bands at
1731, 1295, 1155 and 979 cm ' were assigned to diethyl
fumarate, the only reaction product, whose rate of formation
was inversely proportional to that of tartrate conversion
(Fig. 4); calibration of IR band intensities enabled
quantification of reactant and product concentrations.
Detailed kinetic analysis suggested that the first polyol-to-
olefin DODH reactions could be catalysed by immobilised
(and at high temperature soluble) rhenium species using H,
or hydrogen-transfer agents such as tetralin and benzyl
alcohol. This ATR-IR reactor configuration, in which the
catalyst is fluid, offered high sensitivity to liquid phase
species, but was relatively insensitive to surface reaction
intermediates.

2.1.4 Aqueous phase reforming and water-gas shift
reaction of bio-based feedstocks. Immobilising a thin catalyst
film on an IRE crystal and then passing a reaction solution
over this is a common approach to operando studies of
working catalyst surfaces. Catalyst film stability is critical,
requiring careful control over the reactant flow rate to avoid
disruption and loss from the ATR-IR set-up, but when
successful obviates the need for IR transmission through the

ATR-IR probe

~ - Mettler Toledo

Diamond,
300°C, 35 bar

Fig. 3 Stirred batch reactor incorporating ATR-IR probe for in situ

spectroscopy of liquid phase catalytic reductions, reproduced from ref.
23 with permission from Wiley-VCH, copyright 2013.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (left) In situ ATR-IR spectra during DODH of diethyl tartrate over ReO,-C at 150 °C; (right) corresponding reactant and product reaction

profiles and H, pressure, reproduced from ref. 23 with permission from Wiley-VCH, copyright 2013.

bulk reaction medium.'® Lercher et al. studied the aqueous
phase reforming (APR) of glycerol, at relatively
temperature and elevated pressure, to elucidate the role of
C-C and C-O bond cleavage during polyol conversion over
supported Pt nanoparticles.* Spectra were collected using a
trapezoidal ZnSe IRE within a stainless-steel continuous flow
reactor placed inside an FTIR spectrometer (Fig. 5) as a
function of temperature and reactant feed. A band at 1720
em™ indicated the formation of keto or aldehyde carbonyl
groups; broad bands at 2050 and 1940 cm™ " were associated
with linear and bridge bound CO on Pt >433 K. Asymmetric
and symmetric stretching vibrations of surface carboxylates
of ethanol and propanol on alumina were also observed at
1510 and 1434 cm ' (Fig. 5). Spectroscopic and kinetic
analysis (from a separate plug-flow reactor) revealed that
dehydrogenation of hydroxyl groups at primary carbon atoms

low
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Fig. 5 ATR-IR spectra during reforming of 20 wt% glycerol on 3 wt%
Pt/Al,03, reproduced from ref. 24 with permission from Elsevier,
copyright 2013.

This journal is © The Royal Society of Chemistry 2020

was followed by decarbonylation and subsequent water gas
shift, or disproportionation to the acid and subsequent
decarboxylation. Hydrogenolysis of C-O and C-C bonds was
not observed.>*

Operando ATR-IR spectroscopy was also employed to study
methanol reforming over Pt/Al,O; at 423 K in the vapour
(1.36 or 3.08 bar) or liquid (5.84 bar) phases.>® Spectra were
recorded using a horizontal flow cell, wherein the catalyst-
coated ATR crystal was sealed by a Viton O-ring to a Teflon-
coated aluminum frame. Different methanol partial pressures
resulted in significant differences in adsorbed CO. The
surface coverage of CO increased by 35% when switching
from liquid to vapour reaction conditions, suggesting that
methanol decomposition is more kinetically limiting in the
liquid than vapour phase reaction. ATR-IR also implicated
hydrogen co-adsorbed with CO on the Pt surface, evidenced
by a shift in the linearly bound CO band. The same reactor
configuration and catalyst was investigated for water-gas
shift (WGS) to understand the effects of CO, H, and H,O
partial pressures in the vapour or liquid phase on the
reaction mechanism.>® In the vapour, Pt surfaces are covered
by adsorbed CO, and hence reactions were zero order in CO
pressure. A negative order was observed with respect to H,
due to surface saturation by H adatoms. A fractional positive
order with respect to water pressure confirmed the non-
equilibrated dissociation of H,O over Pt. Liquid phase
studies revealed a slight decrease in the CO coverage for the
same CO partial pressure, however the catalytic performance
for the WGS reaction was comparable under liquid and
vapour phase conditions. Pt/Al,O; catalysed APR of ethylene
glycol was similarly studied in a continuous flow, fixed bed
reactor (Fig. 6) over a ZnSe IRE spray-coated with catalyst and
placed inside a tunnel cell connected to a gas manifold.>
The alumina support is unstable under most APR conditions,
phase transitioning to boehmite. This transition occurred
under more mild conditions than expected, resulting in
irreversible catalyst deactivation. The resulting alumina
restructuring escalated the rate of formation of hydrogen per

Catal. Sci. Technol., 2020, 10, 5362-5385 | 5365
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Fig. 6 ATR-IR tunnel cell and cross-section of the catalyst coated ZnSe IRE rod, reproduced from ref. 26 with permission from Wiley-VCH,

copyright 2013.

surface Pt atom, with the enhancement correlating with the
increase in concentration of surface OH groups and
enhanced oxidation of Pt.

Pretreatment of catalyst films deposited on IRE crystals is
critical to the success of liquid phase in situ/operando ATR-IR
studies.>” Such pretreatments typically comprise two steps: (i)
flowing only the solvent (i.e. without dissolved reactants) for
up to several hours to ensure mechanical stability of the
catalyst film and the removal of any weakly bound
adsorbates; and if required (ii) addition of dissolved H, or O,
to the solvent stream to respectively remove oxidised or
carbonaceous surface residues.***%2° Copeland et al. studied
the effect of pretreatment on Pt/y-Al,O; catalysts for glycerol
APR,” identifying alternating flows of H, and O, saturated
water as the most effective cleaning protocol. Subsequent
ATR-IR spectroscopy showed that Pt/y-Al,O; activates glycerol
at room temperature in water to form adsorbed CO. Optimal
rates of CO formation correlated with the concentration of
available surface Pt sites, some of which exhibited unique
high reactivity. The highly reactive Pt sites preferentially
adsorbed hydrogen and bridge-bound CO from glycerol

@
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Scheme 2 Proposed mechanism of benzyl alcohol oxidation evinced
by ATR-IR spectroscopy, reproduced from ref. 15 with permission from
Springer Nature, copyright 2009.
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reforming and directed the removal of bridging CO species
via the water-gas shift reaction.

2.1.5 Alcohol oxidation. Benzyl alcohol oxidation has been
studied over Pd/Al,O; and Bi-Pd/Al,0; in the liquid phase®°
using batch and continuous flow reactors to understand the
molecular mechanism of the reaction; the continuous flow
configuration enabling evaluation of different reaction
conditions and determination of the intrinsic catalyst
kinetics through varying film thickness on an IRE. ATR-IR
measurements revealed three distinct reactions during benzyl
alcohol oxidation (Scheme 2): alcohol dehydrogenation
affording adsorbed hydrogen (reaction a); decarbonylation of
the aldehyde product to adsorbed CO and benzene (reaction
b); and benzaldehyde oxidation to benzoic acid, which was
presumed to adsorb onto the Al,O; support as benzoate.
Atomic hydrogen liberated in step a is oxidised to water
(reaction c) thereby regenerating the active site, with Pd
overoxidation by excess O, (reaction d) proposed to induce
catalyst deactivation although ATR-IR cannot directly

Absorbance

2200 20‘00 ISIOO 16‘00 14‘00 1200
Wavenumber / cm ™'

Fig. 7 (a)-(h) In situ ATR-IR spectra of Pt/Al,Os in cyclohexane during

CO,/H; adsorption at 40 °C and (i) following exposure to N,-saturated

cyclohexane, reproduced from ref. 31 with permission from the Royal

Society of Chemistry, copyright 2002.

This journal is © The Royal Society of Chemistry 2020
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measure metal oxidation. The latter proposal and role of Pd
oxidation during alcohol oxidation has been hotly debated
and will be addressed later. Analogous studies of Pd-Bi/Al,O;
revealed that Bi promotes oxidation by suppressing aldehyde
decarbonylation (reaction b), concluded from the absence of
surface bound CO vibrations, increasing overall selectivity
and preventing catalyst poisoning.

2.1.6 CO, hydrogenation and CO adsorption/oxidation.
CO, hydrogenation in cyclohexane was explored over a model
Pt/Al,O; catalyst deposited on an IRE and mounted within a
bespoke, temperature-regulated flow cell.>* A band at 1676
em™ (Fig. 7) was assigned to a carbonate-like species remote
from the metal-support interface, whereas bands at 1628,
1326 and 1230 cm ™" were attributed to carbonate-like species
adsorbed at the metal-support interface, which react to form
co.’

CO, was proposed to adsorb on Al,O3, to form carbonate-
like species, which subsequently react with either
dissociatively adsorbed H, over Pt (Fig. 8a) or an oxygen
defect (Fig. 8b) to form CO at the metal-oxide interface;
reactively-formed CO was thus inferred as a selective probe of
such interfacial sites.

A valuable approach to detailed insight into supported
noble metal catalysts is achieved via investigations of small
and simple molecule conversion, such as CO. Lefferts et al
investigated the CO adsorption and oxidation on noble metal
catalysts such as Pt/Al,O; and Pd/Al,O; with ATR-IR in both the
gas and liquid phase.”® Parameters such as the effect of water
on adsorbed CO and the effect of pH on CO adsorption and
oxidation were studied. Water and pH impart significant effects
on the adsorption and oxidation of CO over Pt/Al,O; and Pd/
Al,O;. Furthermore, water also affected the metal particle
potential and the adsorbed CO molecule, resulting in higher
oxidation rates when conducted in liquid water compared to
gas-phase conditions. pH also influenced the metal particle
potential which in turn effected the observed oxidation rates.

2.1.7 Electrocatalytic conversion of formic acid to carbon
monoxide over Pd catalyst. Surface-enhanced IR absorption

a)

AlLO.

Al,O3

%///////

Pt

b)

Fig. 8 Schematic of CO, reduction over a Pt/Al,O3z model catalyst by
the reaction of an oxygen atom with either (a) adsorbed hydrogen to
form a surface hydroxyl, or (b) a defect in the oxide surface. Black,
grey and white balls depict carbon, oxygen and hydrogen atoms,
respectively, reproduced from ref. 31 with permission from the Royal
Society of Chemistry, copyright 2002.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Evolution of IR bands associated with near-surface CO, product,
interfacial FA molecules in the solution phase and reactively-formed
adsorbed CO+ species on the Pd surface. In (A), FA was added to the
regular unrestricted ATR cell a fixed amount of HClO, electrolyte. In (B),
FA-containing solution was pumped into the flow cell to replace the
supporting base electrolyte, reproduced from ref. 32 with permission from
the American Chemical Society, copyright 2011.

spectroscopy  (ATR-SEIRAS) has been applied in
electrochemical cells. The mechanism of formic acid (FA)
decomposition over Pd surfaces was investigated by SEIRAS®”
to elucidate the fate of CO,q surface intermediate potentially
formed at the Pd electrode, and whether its formation arises
from a dehydration pathway. Complementary experiments
were undertaken in a regular-volume ATR cell (Fig. 9A) and a
thin-layer ATR flow cell (Fig. 9B) to determine whether for
CO,q is formed by direct dehydration of formic acid or
reduction of the CO, dehydrogenation product. Integrated IR
band intensities associated with formic acid, CO, and CO,q
were monitored during the reaction (Fig. 9). The CO,q band
was inversely related to the interfacial CO, concentration,
suggesting that CO,q mainly arose from reduction of the (FA)
hydrogenation product CO, at potentials where adsorbed H
species exist on Pd surfaces (Scheme 3).°> This in situ
mechanistic study may inform the development of new Pd
based catalysts for hydrogen energy utilisation.

This in situ mechanistic study may inform the development
of new Pd based catalysts for hydrogen energy utilisation.

2.1.8 ATR-IR microreactor design for kinetic studies.
Careful integration of ATR-IR spectroscopy into reaction cells
is critical if quantitative correlations between the
concentrations of surface species and reaction kinetics are to
be deduced and require that mass transport within such cells

CO,+ 2H* + 2e"
r N

- -
HCOOH +—HCOOH,; o | Pd-H& *H,
1

1

L_;O_ » CO4
Scheme 3 Proposed reaction pathway from HCOOH to CO,q4 over a
Pd electrode via CO, as a reactive intermediate, reproduced from ref.
32 with permission from the American Chemical Society, copyright
2011.
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is comparable with that of conventional catalytic
microreactors.  Unfortunately, the design of such

spectroscopic cells often necessitates a compromise to
accommodate the IRE crystal and catalyst film, resulting in
only qualitative correlations. Diffusion from the bulk media
to active sites, adsorption, desorption and diffusion back into
the bulk media should all occur faster than the surface
catalytic step to obtain the intrinsic reaction kinetics. A flow-
through ATR-IR cell should possess the following criteria: (i)
the cell volume must be small enough to allow rapid
exchange of reactants/products without significant dead
volumes; and (ii) the fluid velocity and concentration profiles
entering the cell must be constant to simplify data analysis.*

Collins et al. constructed an ATR-IR microreactor cell
using CO chemisorption over a thin platinum film to validate
the design.*® The cell comprised a jacketed liquid top plate
for temperature control, and inlet and outlet ports to feed
reagents and collect the resulting product stream. The IRE
was fitted into the cell body, incorporating mirrors to focus
the IR beam to/from the IRE crystal; these components were
sealed by a Viton O-ring, and the resulting cavity between the
body and top determined by the O-ring dimensions
(Fig. 10 left).

2.2 Raman spectroscopy

The high sensitivity of IR spectroscopy to changes in dipole
moment result in a strong signal from water, in contrast to
Raman spectroscopy. This difference favours the use of
Raman spectroscopy for in situ/operando studies of aqueous
phase catalysis.***> Conventional Raman, UV Raman and
surface/tip-enhanced Raman spectroscopies (SERS and TERS)
have been widely used to study heterogeneously catalysed
reactions as illustrated in the following case studies.

2.2.1 Applications and limitations. The ability of Raman
spectroscopy to provide detailed molecular information,
under diverse environments, has resulted in its exploitation
for applications in heterogeneous catalysis.
However, temperature effects require consideration when
collecting Raman spectra at extreme reaction temperatures,

numerous
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notably the thermal stability of lenses used to collect
scattered Raman light from hot catalysts. In situ Raman
studies >150 °C are also hindered by sample emission in the
IR region.”> Elevated pressure measurements are feasible
provided that the Raman reaction cell is appropriately
designed. Conventional Raman spectroscopy is often
hindered by fluorescence interference, although this can be
overcome by changing the excitation source to the UV region
(UV Raman),*® a solution in itself problematic if
photochemistry is initiated under higher energy UV
irradiation. Undesired photochemistry can be suppressed by
using reduced power laser sources, rotating/moving the
catalyst, rastering the laser over the sample, or even
fluidising catalyst particles.’” The enormous signal
enhancements available through SERS enable surface-
selective detection down to the single molecule level,
although the SERS-active nanostructure must be in close
proximity or direct contact with the catalyst of interest which
can introduce artefacts into the observed reactivity.*® For
example, energy transfer during SERS monitoring of Pt
electrocatalysts can alter measured activity. SERS substrates
must also exhibit good chemical and thermal stability under
reaction conditions, and are typically restricted to Au, Ag,
and Cu due to their strong SERS response.”®> TERS also
suffers practical limitations associated with the very small
size of tips which usually require sophisticated engineering.
The chemical reactivity, short lifetime and instability of TERS
probes in the liquid phase remain challenges to the broader
application of the technique. Since Raman is a light
scattering technique spectra can be collected from a very
small catalyst volume (<1 pm diameter and <10 pm depth),
with SERS and TERS variants sensitive to only a few
monolayers of adsorbates."*°

2.2.2 UV-Raman. Raman spectroscopy is a powerful
technique = for  catalyst  characterisation,  however,
fluorescence caused by impurities, organic species and
defect sites, which usually occurs in the 300 to >700 nm
range, can interfere with vibrational bands.’® This
interference can be avoided by using a UV excitation source
(Fig. 11a).*” Another advantage of UV Raman is its

O-ring
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Fig. 10 (left) Schematic of ATR flow cell, and (right) time-dependent normalised IR signal of Pt-CO band at 2048 cm™. Lines are best fits to the
data assuming a convection-diffusion model, reproduced from ref. 33 with permission from Elsevier, copyright 2014.
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Fig. 11 a) UV Raman spectroscopy avoiding fluorescence interference
while increasing Raman scattering intensity; b) Raman spectra of
AlPO,4-5 excited at 532, 325, and 244 nm; c) a schematic description of
UV resonance Raman spectroscopy, the Raman bands attributed to S
and T components can be selectively enhanced by shifting the
excitation laser lines towards their UV-visible absorption bands,
reproduced from ref. 37 with permission from Springer Nature,
copyright 2014.

sensitivity to surface vibrations, which is considerably
higher than that of visible or near-IR Raman spectroscopy.
Raman spectra of AIPO,-5 excited by 532, 325, and 244 nm
radiation illustrate the sensitivity enhancements achievable
using short wavelength radiation (Fig. 11b).

Since electronic transitions of chemical compounds are
also usually excited by UV irradiation, resonance Raman
effects can enhance spectral quality by several orders of
magnitude (Fig. 11c).
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Fig. 12 (a) In situ Raman reactor (1) for zeolite crystallisation offering
varying focal points (2 and 3); (b) UV Raman spectra (325 nm
excitation) during zeolite X synthesis at 373 K; (c) time-dependent
evolution of molecular species; (d) proposed mechanism for zeolite X
formation, adapted from ref. 37 with permission from Spring Nature,
copyright 2015.
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2.2.2.1 Zeolite synthesis. Elucidating mechanisms of
catalytic synthesis is challenging. Fan et al. studied the
synthesis of transition metal containing microporous and
mesoporous — materials using in situ UV~ Raman
spectroscopy.’’ The evolution of precursors and
intermediates was followed during the synthesis of zeolite X
using a hydrothermal reactor specially designed for coupling
to a UV Raman spectrometer (Fig. 12al). A silicon rubber-
sealed lens built into the reactor lid enabled laser focusing
on to samples, enhancing the Raman signal by 3-4 times that
achievable with a plane window. Two sample holders, of
different depths, allowed the focal point to be shifted
between the liquid phase (Fig. 12a2) and solid-liquid
interface (Figure 12a3). Initial spectra (Fig. 12b) showed an
amorphous solid phase in equilibrium with monomeric
silicate species in the liquid phase (774 and 920 cm™" bands).
Four-membered rings and a small amount of branched
derivatives (575 cm™ band) were observed during in the early
stage of nucleation, whose subsequent disappearance
coincided with the emergence of polycyclic structures and
zeolite seed crystals (Fig. 12c); these branched derivatives are
believed to be a key intermediate in zeolite X formation
(Fig. 12d). Such insight could guide the rational design and
solution-phase synthesis of porous catalysts.

2.2.2.2 Furfuryl alcohol polymerization. The effect of
ethanol on the acid-catalysed polymerisation of furfuryl
alcohol (FA) has been studied by time-resolved UV Raman
spectroscopy®’ wherein UV excitation circumvented a strong
fluorescence background (Fig. 13). For pure furfural (FS1 and
FS4), the 1504 cm™ band was characteristic of the symmetric
C=C stretch in the furan ring of the monomer, whereas that
at 1655 cm ' was indicative of a C=C stretch in the FA
polymer. The intensity ratio of these bands, Ij¢s4/1504, Was

FS4 sample
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~ND
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~3hrs NN
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Fig. 13 (left) Raman spectra of furfuryl alcohol (FS1 and FS4) during
polymerisation under UV excitation (325 nm) at room temperature and
ambient pressure, reproduced from ref. 41 with permission from
Elsevier, copyright 2013.
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Fig. 14 Effect of ethanol concentration on rate of furfuryl alcohol
polymerisation versus FS1: (a) 1/l1504cm+ Versus reaction time; and (b)
corresponding second-order rate constant, reproduced from ref. 41
with permission from Elsevier, copyright 2013.

subsequently employed to obtain quantitative information on
the extent of polymerisation in different solvents (Fig. 13).
Increasing the ethanol concentration (FES7-FES10), or
switching to butanol, inhibited room temperature
polymerisation. The time-dependence of 1/I;5, suggested
that polymerisation followed second-order kinetics (Fig. 14).

2.2.3 Surface-enhanced Raman spectroscopy (SERS).
Raman scattering is a two-photon process in which only one
photon per million is scattered, and consequently the
sensitivity of conventional Raman spectroscopy is insufficient
to monitor low concentrations of surface species at solid-
liquid interfaces. The discovery of surface-enhanced Raman
scattering (SERS) by Van Duyne et al. therefore represented a
significant breakthrough.*>"? Nanoscale features on metallic
surfaces or adsorbed organics can induce signal
enhancements of 10°~10° orders of magnitude, although the
origin of the phenomena remains debated, with excited
localised surface plasmons (electromagnetic theory) and/or
the formation of charge-transfer complexes (chemical theory)
proposed. Since the discovery of roughened  silver
electrodes,* various substrates have demonstrated SERS,
with most associated studies focused on aqueous phase
electrocatalytic interfaces.

2.2.3.1 Glycerol oxidation over gold nanoshell catalysts.
SERS was applied to study the room-temperature oxidation of
glycerol in water and associated role of pH."> Au nanoshells
were used as both an active oxidation catalyst and SERS
enabling substrate, and comprised 100-200 nm silica
particles encapsulated by a shell of Au metal several nm
thick, which provided SERS enhancements exceeding those
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Fig. 15 Time-resolved Au nanoshell SER spectra of 1.3 mM glycerol
solutions (a) at pH 11 with 0.26 mM O, (b) at pH 10 with 0.26 mM O,,
(c) at pH 11 with 1.32 mM O,, and (d) at pH 10 with 1.32 mM O,,
reproduced from ref. 45 with permission from the American Chemical
Society, copyright 2013.

of a roughened metal surface (10°-10° vs. 10%). Glycerol
oxidation in deoxygenated solutions at pH 11 resulted in
SERS features between 800 and 1600 cm ™', with sharp bands
~1000 and 1200 cm™" assigned to oxygen-derived species and
that at 1500 cm™ to physisorbed O, (Fig. 15a); vibrational
bands for the C=O bond of carboxylic acids were not
observed. Introducing high concentrations of dissolved O, led
to the appearance of a weak peak between 1900-2100 cm™,
ascribed to the C-O stretch of chemisorbed CO (Fig. 15c).

SERS indicates that glycerol and glycerolate species do not
bind to the catalyst surface in the absence of oxygen, but
rather participates in an Eley-Rideal mechanism in which
near surface glycerolate reacts directly with adsorbed O, or
surface bound hydroxyls to form carboxylate species in
solution. In addition to deprotonating glycerol, surface
hydroxyls increased the surface negative charge on the Au
shell, which may enhance O, adsorption/activation
explaining the high activity of Au-derived catalysts their
dependence on basic reaction conditions.

2.2.4  Shell-isolated  nanoparticle-enhanced  Raman
spectroscopy. Shell-isolated nanoparticle enhanced Raman
spectroscopy (SHINERS), first reported in 2010, represents an
improvement to SERS.*® This technique requires the
synthesis of shell-isolated nanoparticles (SHINs), which are
core-shell heterostructures in which SERS-active cores are
coated by an ultrathin shell. The shell prohibits any direct
catalytic influence from the core by restricting contact with
the external chemical environment.”” Fig. 16 illustrates the
operation of SHINs on a single-crystal electrode which
provides Raman information on surface species in hotspots.
In general, SHINERS probe the region within 20 nm of
SHINs, with the strongest enhancement arising in nanogaps
between two SHINs or between SHINs and the substrate. The
SHINs acts as a signal amplifier, boosting Raman signals
from probe molecules.*®

This journal is © The Royal Society of Chemistry 2020
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Single crystal surface
Fig. 16 Operating principle of SHINERS on a single-crystal-electrode
surface, reproduced from ref. 48 with permission from the American
Chemical Society, copyright 2019.
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Formation of surface oxides often hinders electrocatalyst
performance, and hence molecular insight into
electrochemical oxidation can aid the design of improved
catalyst systems. The electrochemical oxygen reduction
reaction (ORR) over Pt-based catalyst surfaces is an important
challenge for fuel cells research, and the SHINERS technique
has been utilised to study this over low-index Pt(%kl)
surfaces.”® Fig. 17a shows SHINERS results during the ORR
on a Pt(111) surface as a function of applied potential under
acidic conditions. Only one Raman peak was observed at 933
em™ at high potentials, assigned to the symmetric-stretching
mode of the perchlorate ion electrolyte, however a second
band appeared at 732 em ™" attributed to adsorbed HO} on
decreasing the potential to 0.8 V. Under identical conditions,
Pt(110) and Pt(100) surfaces exhibited the perchlorate band
and Raman features at 1030 and 1081 cm™*, but not the HO%
feature (Fig. 17b), and under alkaline conditions only a single
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Raman peak at 1150 cm™" attributed to superoxide O, anions
(Fig. 17¢). In conjunction with quantum chemical DFT
calculations, the SHINER technique demonstrated that
Pt(111) electrodes stabilise HO3 whereas Pt(110) and Pt(100)
electrodes favour OH*, however under alkaline conditions
the ORR reaction occurs over all three surfaces via surface
O, .

SHINERS was recently adapted to enable operando SERS
monitoring of electrochemical reactions, extending its
application to surface reactions at heterogeneous interfaces.
Kim et al. placed gold microshells, electrically isolated from
an underlying flat Pt electrode by a layers of 11-
mercaptoundecanol (MCU) grafted on the microshell surface
to perform SERS.*® The MCU buffer layer facilitates
numerous hot spots, without itself participating in the
electrochemical reaction (Fig. 18). Such MCU modified gold
microshells were used to obtain operando Raman spectra
during the electrochemical reduction of 4-nitrobenzenethiol
(4-NBT) over a flat polycrystalline Pt electrode (Fig. 19).
Unreduced 4-NBT was indicated by bands at 1080, 1331
(-NO, symmetric stretch) and 1570 cm™ (C=C stretching
mode). At negative potentials the NO, band diminished and
the C=C stretch shifted to 1587 cm™' consistent with
electrochemical reduction to 4-aminobenzenethiol. Modified
gold microshells offer the opportunity to observe interfacial
reactions by SERS without restrictions on the electrode
structure or material.

2.2.5 Tip-enhanced Raman spectroscopy. recent
decades, tip-enhanced Raman spectroscopy (TERS) has
emerged as a powerful nanoanalytical tool for simultaneous
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Fig. 17 Electrochemical SHINERS spectra of ORR process over (a) Pt(111) and (b) Pt(110) electrodes in 0.1 M HCIO, solution saturated with O,, and
(c) a Pt(110) electrode in 0.1 M NaClO4 solution (pH ~ 10.3) saturated with O,. (d) Polarization curves of the ORR reaction on Pt(hkl) rotating-disk
electrodes in saturated 0.1 M HCLO4 solution, adapted from ref. 49 with permission from Springer Nature, copyright 2018.
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Fig. 18 Schematic showing trapping and placement of individual 11-
mercaptoundecanol (MCU) modified gold microshells on a Pt
electrode. Upper left: Optical microscopic image of gold micro-shell
trapped at the end of a micropipette. Upper right: Electrochemical
system with SERS integration; grey layer in the lower part represents
MCU self-assembled monolayer on the gold microshell in contact with
nitrobenzenethiol molecules, reproduced from ref. 38 with permission
from Wiley-VCH, copyright 2013.

topographical and molecular mapping of surfaces. TERS
exploits the localised surface plasmon resonance (LSPR),”°>>
wherein an intense electric field is generated at the apex of a
metal or metal-coated scanning microscopy probe positioned
at the focal point of an excitation laser (Fig. 20).>* The LSPR
between the laser and metal nanoparticles at the probe apex
enhances the electric field intensity by several orders of
magnitude on a scale confined to the nanoparticle
dimensions. To date, the majority of TERS studies have been
performed in ambient air or under ultrahigh vacuum
conditions but has been rarely applied to aqueous solutions.
2.2.5.1 In situ photocatalytic oxidation of p-aminothiophenol.
Weckhuysen and co-workers recently developed a novel
atomic force microscopy (AFM)-TERS probe wherein the
multilayer metal tip coating was protected by an ultrathin
layer of zirconia.>® This design overcomes TERS limitations
such as a short tip lifetime, chemical inertness, and
instability in a liquid environment. The zirconia coated
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Fig. 19 Potential-dependent SERS spectra of a 4-NBT of adsorbed on

a flat Pt electrode in 0.1 M NaOH, reproduced from ref. 38 with

permission from Wiley-VCH, copyright 2013.
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Fig. 20 Schematic diagram of the AFM-TERS system employed. For
TERS measurements in liquid, a water droplet was placed on the
sample and measurements were performed with the TERS probe fully
immersed, reproduced from ref. 53 with permission from the Royal
Society of Chemistry, copyright 2018.

(AFM)-TERS probe was used to map the photocatalytic
oxidation of a p-aminothiophenol (pATP) self-assembled
monolayer to p,p’-dimercaptoazobenzene (DMAB) across a
heterogeneous metal surface in water. TERS measurements
were performed inside a water droplet on the catalyst surface,
which interestingly resulted in a 210 times stronger signal
compared to air measurement (Fig. 21). Additionally, their
design extended the lifetime of the probes over 850 times
while rendering them chemically inert for the investigation
of catalytic reactions in the liquid phase. Such improvements
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Fig. 21 Maps of pATP — DMAB at the TERS probe apex obtained
using the intensity of the 1437 cm™ (vy—n) DMAB Raman band
measured from the pATP self-assembled monolayer on a Ag substrate
in (a) air and (b) water. Corresponding TERS (red) and SERS (blue)
spectra measured at the position of maximum DMAB signal at the TERS
probe apex in (c) panel (a) and (d) panel (b), reproduced from ref. 54
with permission from the American Chemical Society, copyright 2019.
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(a) EC-TERS study of CoPc on Au(111) acquired at different potentials with three excitation wavelengths in 0.1 M HClO,. (b) Sequential

STM images of the CoPc adlayer adsorbed on Au(111) at different substrate potentials in 0.1 M HClOy, reproduced from ref. 55 with permission

from the American Chemical Society, copyright 2019.

in probe lifetime and structural and chemical stability
expand the potential application of AFM-TERS for nanoscale
chemical characterization of catalysts under reactive
environments.

2.2.5.2 Electrochemical tip-enhanced Raman spectroscopy.
Cobalt-derived molecular catalysts are promising candidates
for electrochemical reactions such as the ORR.
Electrochemical (EC)-TERS was employed to investigate the
catalytic activity of cobalt phthalocyanine (CoPc) over Au(111)
as a function of substrate potential and excitation wavelength
(Fig. 22).>° The TERS signal was sensitive to both potential
and excitation wavelength: under 632.8 nm excitation the
Raman intensity was proportional to potential; under 700 nm
excitation an inverse relationship was observed; and under
720 nm excitation the intensity was independent of potential.
For all excitation wavelengths, no TERS peaks were apparent
at 0.1 V. This behaviour was interpreted in terms of CoPc
adsorption at the solid-liquid interface. The surface charge
density increases with negative potential, weakening the
molecule-substrate interaction and inducing an ordered-to-
diffuse phase transition (Fig. 22b). During the ORR, the
electronic transition of CoPc redshifted from 657 to 700 nm
which changes the resonance conditions at different
excitation wavelengths. These observations supported a
molecular understanding of CoPc catalytic behaviour during
the ORR.>

2.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) can provide invaluable
insight into both the electronic and local structural
properties of catalytically active species through the
excitation and subsequent scattering of core-level electrons.”®
The measurement proceeds through the photoexcitation of

This journal is © The Royal Society of Chemistry 2020

electrons most commonly from 1s (K-edge) or 2s/2p (L-edges)
into either unoccupied atomic orbitals below or above the
Fermi level, or into the continuum at energies significantly
above the adsorption edge. This results in two distinct
analysis regions associated with X-ray absorption near edge
spectroscopy (XANES) and extended X-ray absorption fine
structure (EXAFS). XANES, spectra typically extend from ~50
eV before the adsorption edge to ~100 eV above it and
provide information on molecular geometry (pre-edge
features) and oxidation state (edge position and intensity)
and is often used for chemical fingerprinting against
reference materials. EXAFS extends from ~100 eV above the
adsorption edge to ~1000 eV (depending on the element and
core-level), and exhibits features arising from scattering
interactions  between  ejected  photoelectrons  and
neighbouring atoms which provide local structural
information (coordination number, neighbouring elements,
bond geometry and distances, and disorder). Photon-in/
photon-out techniques facilitate in situ analysis of catalysts
(particularly those containing transition metals interrogable
by hard X-rays i.e. 5-20 keV) under real-world environments,
in contrast to e.g. X-ray photoelectron spectroscopy (XPS),
wherein vacuum or low pressures are necessary,”” due to the
relatively weak attenuation of X-rays versus low energy
electrons. However, although the penetrating nature of
(particularly hard) X-rays is beneficial for investigating
catalysts within fluids, and active sites at buried interfaces or
within porous architectures, a caveat is that transmission
and fluorescence XAS detection are not surface sensitive,
indeed spectral contributions may be a summation over
several thousand nanometers of material. Analysis of highly
dispersed nanoparticles (a few nms diameter), clusters and
single sites offers an indirect means to impart surface
sensitivity, through increasing the proportion of surface
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atoms in the catalytically phase. Alternatively, X-ray excited
Auger and secondary scattered electrons can provide direct
surface sensitive information through total electron yield
(TEY) detection.”® TEY requires either the detection of such
electrons either near to the surface (prior to their absorption
by surrounding media, necessitating vacuo/near ambient
pressure configurations®®), or measurement of the
compensating current by a picoammeter wherein the catalyst
is part of an electrical circuit. In both configurations TEY
gives spectral information from the first few nanometres (<3
nm) of a catalyst surface due to the short electron escape
depth.®® Soft X-rays (~0.1 to 3 keV) have also been used to
study catalyst surfaces, allowing K-edge measurements of
light elements e.g. C, O and N (common reactants/products)
and S, P, Cl (common active site poisons), and L and M edges
of 1st and 2nd row transition metals respectively.®’ As with
hard X-rays, the sampling depth for X-ray detection depends
on the photon mean-free path, which for soft X-rays is ca.
100 nm®* necessitating thin samples, on the order of tens of
nanometers, and gas environments.>® Historically, such
measurements have been the domain of synchrotron
radiation sources, in part due to their provision of tunable
and high brilliance X-ray photon energies,®> however,
laboratory XAS instruments have enjoyed a recent resurgence
driven by the development of commercial systems exploiting
bremsstrahlung radiation from modern X-ray tubes.®*%

2.3.1 Applications and limitations. The application of XAS
to operando catalyst studies has been enabled through
advances in synchrotron radiation, notably the increased
brilliance of 3rd generation light sources (further
enhancements are anticipated from forthcoming 4th
generation sources) and the design and development of X-ray
optics alongside high sensitivity and dispersive detectors.
Reaction cells for in situ/operando gas phase measurements,
typically comprising a heated capillary or windowed furnace
attached to a gas manifold, can be readily integrated into
most synchrotron beamline hutches. These have provided
unique insight into the active sites of working catalysts, e.g.
the critical role of hydride and carbide formation during gas-
phase alkyne hydrogenation over at ambient pressure,®®®’
the synergy, stability and redox character of active sites in
bimetallic methane reforming catalysts,*®® the role of active
sites and promoters Co catalysed high pressure Fischer-
Tropsch synthesis,”® and the effect of pressure and particle
size on silver catalysed acrolein hydrogenation.”"”> More
sophisticated reaction cells permit the integration of multiple
analytical techniques. For example, XAS/DRIFTS/MS studies
of Al,Oz-supported Rh'(CO),Cl revealed reversible conversion
to monodispersed Rh nitrosyl species under NO and CO
respectively,”® restructuring of Pd nanoparticles in three-way
catalysts under oxidising and reducing environments’*”®
(subsequently identified by HXRD studies as arising
from PdC, formation’®), formation of a 2D Ag,”"
species during selective catalytic reduction of NO,””
and active site stability/restructuring during alcohol
oxidations.”®
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In contrast, operando XAS studies of liquid phase catalysts
are rarer, in part reflecting stronger X-ray absorption by the
reaction media, especially for halogenated solvents, but also
due to added complexity in the reactor design. Nevertheless,
valuable insight has been obtained for example, the nature of
catalytically active sites and deactivation mechanisms in the
liquid phase selective aerobic oxidation of alcohols over Pd
catalysts.”?®" Although such measurements can be conducted
at ambient pressure, thereby simplifying the experimental
set-up and use of standard commercial or in-house reaction
cells. In contrast, selective hydrogenations typically require
elevated hydrogen pressure, and hence bespoke autoclaves in
which high-pressure reactions can be conducted in concert
with the collection of X-ray spectra are required.?' Additional
engineering challenges for liquid phase XAS measurements
include interfacing multiple techniques to mirror the gas
phase experiments described above, and rapidly changing the
reaction environment to permit modulation excitation
experiments. Strong attenuation by the reaction media and
reactor windows is also particularly problematic for catalysts
requiring  soft(er) X-rays. Microfluidics®* and/or the
development of novel window materials with high X-ray
transparency such as graphene and beryllium®® are possible
solutions, and will benefit from increases in brilliance,
through the roll-out of 4th generation synchrotron sources,®*
and detector sensitivity, and further improvements in X-ray
optics.®® Together these will afford greater sensitivity for
active species and promotors at realistic concentrations (ppm
to ppb levels), and improved temporal and spatial resolutions
moving to sub-milli/microseconds and sub-um respectively;
such progress is necessary to elucidate quantitative
structure-reactivity relations, map active site/promoter/
poison distributions, and evaluate active site leaching/
migration.

Examples of liquid phase operando XAS will be discussed
to highlight the current state-of-the-art and inspire future
investigations particularly in renewable energy and
sustainable chemistry.

2.3.2 Alcohol selective oxidation. Operando XAS has been
extensively used to elucidate the nature of the active catalytic
species in the selective oxidation (selox) of alcohols over Pd
nanoparticles. Preliminary investigations by different groups
provided contradictory proposals for the reaction
mechanism, with both oxide and metal active sites inferred.
In situ reduction of PdO, observed during cinnamyl and
benzyl alcohol selox over a Pd/AL,O; catalyst was taken by
Grunwaldt and co-workers as evidence of a metal active site,
however parallel kinetic studies were not performed,
prohibiting  the determination of structure-activity
relationships.*®®” In contrast, related studies by the same
group using supercritical CO, as the solvent suggested a
partially oxidised palladium surface was optimal.®® Prior®°°
and concurrent kinetic and ex situ/operando XAS studies by
Lee and co-workers on cinnamyl alcohol selox over Pd/C and
Pd/Al,O; catalysts strongly supported a PdO, active site,”’ a
hypothesis strengthened by subsequent in situ XPS,”"°* and

This journal is © The Royal Society of Chemistry 2020
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(A) Synthesis of a conformal adlayer of alumina over a mesoporous SBA-15 silica framework. (B) Operando liquid phase XAS setup. (C)

Liquid phase operando Pd K-edge XAS of Pd/Al,03-SBA-15 during cinnamyl alcohol selox. (D) Correlation between PdO concentration from XAS
and selox activity under static versus flowing oxygen. Modified from ref. 80 with permission from Elsevier, copyright 2014.

vapour phase dynamic XAS studies in the absence of solvent
effects.”®%*?* These conclusively established surface PdO, as
the active site, most likely through a Mars-van Krevelen
mechanism in which molecular oxygen replenishes oxygen
adatoms abstracted by hydrogen adatoms during oxidative
dehydrogenation of the alcohol. Such insight enabled the
subsequent development of high performance single atom®®
and supported Pd catalysts (Fig. 23A) wherein the
concentration and stability of PdO, species was optimised.
Liquid phase operando XAS, employing a simple recirculating
set-up to mirror batch reactor kinetics (Fig. 23B) further were
also consistent with an oxide active site, and identified in situ
reduction of PdO, to Pd metal as the primary deactivation
pathway (Fig. 23C and D).®° Supported Ni NPs have also been
investigated for aldehyde production via the 2-octanol
dehydrogenation; operando XAFS revealing a synergistic
mechanism between NiO sites and Ni’*~0°" acid-base sites.”
Although alcohol selox over earth-abundant metals is
desirable, the resulting turnover frequencies remain much
lower than for precious metals, even at elevated reaction
temperature.

Allylic alcohol selox has also been investigated by Scott
and co-workers through Pd Ly, P K- and Au Ly-edge XAS to
probe the of PVP-stabilised AuPd colloidal
nanoparticles. In situ XAS measurements necessitated the use
of a bespoke PEEK cell with Kapton windows alongside
commercial XRF liquid cells, with X-ray attenuation

nature

This journal is © The Royal Society of Chemistry 2020

minimised through judicious choice of cell windows. XAS
studies revealed the critical role of sequential reduction of
the bimetallic nanoparticles during catalyst synthesis, which
resulted in an electron-deficient Pd-enriched surface over a
Au core.”” In situ XAS was also used to study the synthesis of
a AuPd bimetallic catalyst from a Pd" salt in the presence of
crotyl alcohol. Two possible mechanisms were hypothesised:
(i) redox cycling of Pd*” and Pd, in which Pd® deposition
from K,PdCl, was driven by the alcohol reductant, evidenced
by concomitant crotonaldehyde formation, and subsequent
dissolution of Pd®" from the Au surface driven by reaction
with O,; or (ii) an entirely heterogeneous pathway in which
the adsorbed alcohol reacts with electron-deficient Pd surface
atoms to form the allylic aldehyde via B-hydrogen
elimination. The stability of the Pd oxidation state from Pd
Ly-edge XAS studies upon introducing oxygen to the reaction
solution favours the heterogeneous mechanism.’®

2.3.3 Selective hydrogenation. Selective hydrogenation
typically requires elevated hydrogen pressures, at least in part
to improve gas solubility in the reaction medium, and as
noted above this has hindered the development of liquid
phase reaction cells. Ex situ XAS studies have attempted to
elucidate the active species in liquid phase hydrogenation,
such as the role of bimetal Co, Cu and Sn promoters in
controlling C=O versus C—C hydrogenation in Pt/SiO,
catalysed cinnamaldehyde and crotonaldehyde
reduction,’®'°® charge transfer in active sites for biomass-
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permission from the Royal Society of Chemistry, copyright 2012.

derived substrate hydrogenation in ambient pressure,'* and
the presence of metallic Au in structure-sensitive
hydrogenation of and the presence of metallic Au in
structure-sensitive hydrogenation of nitroaromatics.'®® In situ
XAS gas phase measurements before and after 773 K
reduction in flowing H, provided some insight the influence
of Co on the electronic properties of Pt in bimetallic alloy
nanoparticles for citral hydrogenation.'®® Although the latter
represents a significant improvement on ex situ
characterisation, the low H, pressures (ambient versus 10 bar
during kinetic studies) and absence of solvent/reagent(s)
during XAS analysis limits the utility of such measurements.
To address this, van Bokhoven and co-workers constructed a
bespoke autoclave reactor capable of simultaneous XAS and
ATR-IR (via a fibre optic dip probe) measurement (Fig. 24) for
high pressure hydrogenation.®” This was applied to study the
evolution of a Au/CeO, catalyst during nitrobenzene
hydrogenation. A metallic Au active phase was identified, and
ATRIR revealed a stepwise reaction via an azoxybenzene
intermediate. The same operando XAS reactor has been used to
evaluate: the effect of Au particle size on nitrobenzene
hydrogenation;'®* shifts in the Fermi level of Pt nanoparticles
due to allylic carbonyl adsorption (during aldehyde reduction)
as a descriptor of catalyst selectivity;'”> and the mechanism of
Pd®") reduction and aggregation within a [Pd(2-pymo),],,
(2-pymo = 2-pyrimidinolate) metal-organic framework during
1-octene hydrogenation at 2 bar H,.'” Continuous flow high
pressure (22 bar) furfural hydrogenation within a glassy carbon
reactor tube'”” enabled observation of on-stream sintering of Cu
nanoparticles and resulting catalyst deactivation.'®®

5376 | Catal Sci. Technol, 2020, 10, 5362-5385

2.3.4 Hydrogen peroxide synthesis. Hydrogen peroxide is
an important industrial oxidant whose use results in water as
the sole by-product, and hence, if synthesised itself through a
clean process, supports the development of sustainable
chemical processes. Unfortunately, commercial H,0,
production currently proceeds by the anthraquinone process,
which is only economically viable at large scale and high
concentrations, producing significant waste and posing
hazards in handling, storage and use. There is therefore great
interest in developing catalytic systems for on-demand and
small scale H,0, production (and at lower concentrations).'%’
Three-phase (H,, O,, H,O or methanol and catalyst) operando
XAS studies of heterogeneous catalysts for the H, + O,
reaction required the development of a bespoke plug flow
reactor capable of gas and liquid phase reactions up to 80 °C
and 7 bar and suitable for transmission and fluorescence
XAS.MOM gtainless steel construction afforded diverse
applications, excepting the use of mineral acids, however, the
fixed reactor diameter and hence pathlength is not optimal
for all photon energies.

This reaction cell was evaluated for H,O, production from
H, and O, (diluted in CO,) in methanol over a commercial
Pd catalyst, however a lack of quantitation of the catalytic
reaction prohibited determination of structure-reactivity
relationships. Despite this, Pd K-edge fluorescence spectra
evidenced the ability of Br™ to promote reduction of PdO to
Pd metal and concomitant leaching, which improves peroxide
selectivity. Ex situ XAS measurements on Pd/TiO, systems
also postulated roles for both Pd metal and oxide,
speculating that the interface between these phases was

This journal is © The Royal Society of Chemistry 2020
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Fig. 25 (Left) Schematic of high-pressure continuous flow XAS cell. (Right) Bespoke reactor for combined operando XAS and PXRD
measurements, reproduced from ref. 114 and 126 with permission from the American Chemical Society, copyright 2012 and 2018 respectively.

responsible for optimal H,0, productivity."** Grunwaldt and

co-workers commissioned a similar continuous flow reactor,
but in which spectra could be collected at different positions
along the catalyst bed and capable of pressures up to 10 bar.
Liquid phase H,O, synthesis in water saturated with H, and
O, (from separate streams) was evaluated over Pd/TiO, in the
presence of Br promotor, and similarly identified the
presence of Pd metal and oxide phases, attributed to a metal
core@oxide shell structure. Under reaction conditions, the
core was transformed to Pd hydride, with the hydride phase
(o or B) dependent on the H,:O,; however H,O, production
was only associated with o-PdH."® Bimetallic AuPd
nanoparticles were also screened for H,0, production
continuous flow within a microfluidic reactor, wherein PdH,
was also observed. In the latter case, it was postulated that
hydride was inactive (although which phase is unclear), with
Pd metal proposed as the active species with Au prohibiting
hydride formation.**

2.3.5 Aqueous phase reforming. Wang and co-workers
reported a bespoke operando continuous flow reactor capable
of working under industrially relevant conditions of up to
400 °C and 75 bar (Fig. 25)."'" Utilising this set-up they
investigated the active species in APR of glycerol (a potential
feedstock for bio-derived chemicals) over Pt/C; sintering of Pt
nanoparticles occurred during reaction, and both activity and
selectivity were strongly influenced by the solution pH. C-O
cleavage increased at both low and high pH, being favoured
under acidic conditions, XANES measurements indicating
that HNO; enhanced H, adsorption and supressed CO
adsorption over Pt. The same reactor has been used to
identify the origin of Re promoted aqueous'’ and steam
reforming™'® of glycerol over Pt/C through the formation of
ReO, species and spillover and facile desorption of reactively-
formed CO from neighbouring Pt sites. Operando XAS of
glycerol APR over bimetallic PtMo/C catalysts revealed a Pt
core@Mo shell structure wherein a small proportion of
surface Pt metal is stable during catalysis and likely
responsible for the high H, selectivity.""”

2.3.6 Carbon-carbon couplings. Aryl-aryl and heteroaryl
C-C bond-forming reactions are central to modern synthetic

This journal is © The Royal Society of Chemistry 2020

organic chemistry and have long been considered the domain
of homogeneous catalysts. However, there is a precedent for
(apparent) surface catalysed C-C coupling, which operando
XAS has been pivotal in investigating.

The Suzuki-Miyaura cross-coupling of iodonanisole and
phenylboronic acid by PVP-stabilised Pd nanoparticles was
studied by operando XAS in a bespoke PTFE cell to evaluate
whether Pd leaching (and associated homogeneous catalysis)
occurred during reaction."*® Under mild reaction conditions,
the Pd-Pd coordination number remained constant,
indicating a common size and negligible dissolution from
low coordination edge and corner sites of nanoparticles,

which in conjunction with kinetic and spectroscopic
studies,""® provided strong evidence for a purely
heterogeneous active site. In situ liquid phase XAS

measurements also identified Pd® clusters as the active
phase for ligandless Suzuki-Miyaura cross-coupling of
4-chlorobromobenzene and 4-fluorophenylboronic acid.'*
Hii and co-workers also studied the stability of supported
Pd nanoparticles during Suzuki-Miyaura cross-coupling by
operando K-edge measurements along a packed catalyst bed
under continuous flow. Herein, hot flowing ethanol resulted
in Pd dissolution and subsequent downstream redeposition
as metallic Pd nanoparticles,"* an important observation
given the widespread use of ethanol as a solvent/reactant,"*>
and medium for catalyst preparation and characterisation.'*
Pd/Al,O; catalysts have also been evaluated for
enantioselective allylic alkylation of (E)-1,3-diphenylallyl
acetate, and Heck coupling of bromobenzene with
styrene.'*»'*> Catalyst stability in the former reaction was
dependent on the Pd oxidation state, with Pd®") leaching
exacerbated under oxidising (air) environments or
halogenated solvents thereby opening the possibility of a
homogeneous pathway, while deactivation in the Ilatter
reaction coincided with formation of a bromopalladate
complex. Heck coupling has also been evaluated over
Pd@MOF catalysts by operando XAS and PXRD within a
bespoke batch reactor (Fig. 25)."*® Migration and
agglomeration of Pd within the MOF collapsed the porous
framework, however this was not responsible for catalyst
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deactivation, which rather occurred through halide poisoning
and site blocking of Pd clusters.

2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) permits elemental
quantification, and information regarding the oxidation/
chemical state and electronic band structure of materials, and
in some cases their structural arrangement.’>” The technique
involves photoexcitation of a core (or sometimes valence)
electron, typically using soft X-rays (0.1 to 3 keV) and
measurement of the kinetic energy of resulting photoelectrons
ejected from a material. XPS is an inherently surface sensitive
technique due to the relatively short inelastic mean free path (1)
of emitted photoelectrons, which usually span 0.1 to 2 nm, and
hence has found routine application in heterogeneous catalysis
where surface phenomena dominate.””'*®

2.4.1 Applications and limitations. Since XPS requires
detection of an emitted photoelectron, it was historically
performed under ultra-high vaccum (UHV) conditions,
rendering it inefficient as a probe of solid-liquid interfaces
where vapour pressures would compromise the necessary
vacuum. However, efforts to perform XPS at higher pressures
are as old as the technique itself, with gradual technological
improvement facilitating higher pressures from 0.1 mbar'*’
up to the development of a differential pumping system™***3
permitting near ambient pressure (NAP) analysis suited to
probing solid-vapour and solid-liquid interfaces.'*>™'%*
Despite commercialisation of NAP-XPS technology, the
majority of catalytic studies remained focused on solid-gas
interfaces, largely due to experimental limitations arising
from the higher density of liquids versus gases and
concomitant increased photoelectron attenuation.*® Early
methods of solid-liquid interface analysis included dipping
and drying,*® in which aqueous electrolytes were deposited
on a sample under an applied potential, dried and placed in
an XPS system. This facilitated analysis of the electric double
layer (EDL) which remained in place following solvent
evaporation, but is not an operando technique since it only
captures a singular point in time at equilibrium. The
technique was subsequently refined into a ‘dip and pull’
method™”"*® in which a submerged sample was slowly
removed from the electrolyte solution under NAP conditions,
facilitating operando study, concerns remain
regarding mass transport limitations in this approach.™*®"%°
Relative humidity control within a NAP-XPS system facilities
the formation of ultrathin layers of liquid (a few nm) atop a
solid, allowing analysis of a solid-liquid interface possessing
a more bulk-like liquid than for the single EDL method;
however, the liquid film must be kept sufficiently thin to
minimise attenuation of photoelectrons emitted by the
underlying solid-liquid interface and solid."**'** Achieving
such ultra-thin liquid layers requires a high degree of control
over experimental conditions and is impractical in many
cases, but was successfully used to probe Pt polymer
electrolyte fuel cell systems in operando.'**'*

however
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A major drawback of the aforementioned techniques is
the necessity of ‘tender’ or ‘hard’ X-rays (approximately 2
keV to 7 keV) to produce photoelectrons able to escape the
liquid layer. Such X-rays have reduced photoionisation cross-
sections for lighter elements and can result in spectra
dominated by the underlying catalyst surface."*® Liquid jets,
which have a rich history of application to study pure
liquids,"** have also been used to study solid-liquid
interfaces. Addition of SiO, nanoparticles to a liquid stream
enabled analysis of the local charge density at the water/silica
interface.*® Such methods may also utilise soft X-rays, but
with greatly diminished signals, and tend to be more
effective for photon energies >2 keV. They also require highly
specialised equipment and a dilute suspension, which may
be problematic for low loading catalyst systems. In situ cells
can exploit pressure differentials between UHV and liquids
across a Nafion® proton exchange membrane to transport
vapour and target molecules to catalyst surfaces for
analysis."*® Such liquid-solid layers permit operando
measurements of electrocatalysts, revealing surface species
present in the oxygen evolution reaction (OER) over Pt'*® and
Ir'*’ electrodes. Potentially the most promising technological
advance for liquid-solid XPS studies is the use of graphene-
based cells (Fig. 26),"*® wherein the high mechanical strength
of ultra-thin graphene sheets/nanobubbles offer good signal
quality using soft X-rays at pressures reaching 1 bar, even
under continuous liquid flow."**"*® Such systems have
exhibited excellent sensitivity even at photon energies as low
as 275 eV."" The use of graphene in the cell architecture
renders such cells ideal for in situ studies of metal-graphene
catalysts for OER."*'' For example, the observation of
carbonyl-like hybrid interfaces forming in situ between Co
and graphene has helped identify the electrocatalytic active
site.”” Deposited nanoparticle catalysts can also be
interrogated in the liquid phase by this approach, unlocking
diverse applications across heterogeneous catalysis."””
Graphene nanobubbles have also been utilised to study the
operando thermal reduction of FeCl; to FeCl, in aqueous
solution, although improved flow capabilities are
desirable.”® Production of graphene windows is time- and

Fig. 26 Fluidic multichannel

graphene cell for
spectroscopy under UHV conditions. a) Overall design; b) SEM image
of water filled micro-channels with graphene capped orifices; c) fluidic
tests with fluorescein dye, reproduced from ref. 148 with permission
from Cambridge University Press, copyright 2018.

photoelectron
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labour-intensive and remains a significant hurdle to wider
adoption for real-time solid-liquid catalysis.

2.5 UV-vis spectroscopy

The use of UV-vis spectroscopic in catalytic reactions is
challenging: it wusually does not provide unequivocal
information on molecular structure, bands are often broad
and suffer from interference by minority species hindering
spectral interpretation, and quantitation may be impossible
due to a lack of molar absorption coefficients. There are few
studies on the application of UV-vis spectroscopy in solid-
liquid catalysis, and these are typically in conjunction with
complementary techniques to help differentiate possible
structures. Some examples of time-resolved UV-vis
spectroscopic studies of heterogeneously catalysed liquid
phase reactions are described below.

2.5.1 Alcohol oxidation over Pd/Al,O;. Selective aerobic
oxidation of alcohols is an attractive synthetic route for fine
chemicals production. A combined IR/UV-vis study of alcohol
oxidation over a Pd/Al,O; catalyst yielded information on the
chemical nature of dissolved and adsorbed species (ATR-IR)
and the electronic properties of active sites (UV-vis).'>* An
ATR-IR flow cell was adapted to include a fused silica window
enabling the simultaneous recording of UV-vis and IR spectra
of the catalyst layer and reactor product stream. A UV-vis
probe was positioned in front of the window, perpendicular
to the IRE surface, such that the probe tip was a few
millimeters above the catalyst. The solvent was saturated with
gases from glass bubble tanks and flowed over the catalyst by
a peristaltic pump (Fig. 27) to periodically introduce ethanol
saturated with hydrogen or oxygen during synchronous ATR-
IR and UV-vis spectral acquisition. Several species were
identified at the catalyst-liquid interface by ATR-IR during
ethanol oxidation, which proceeded by acetaldehyde and
subsequent acetic acid production (indicated by IR bands
associated with acetate on the Al,O; support). Reactively-
formed CO was also observed on the Pd nanoparticles due to

Optical fibres for
UV-Vis spectroscopy o pump

i

glass bubble tanks

\ N

from UV-Vis to UV-Vis
source spectrometer

N

UV-Vis flow-through cell

ATR flow-through cell
within FTIR spectrometer

Fig. 27 Schematic of continuous flow reactor for simultaneous in situ
ATR-IR and UV-vis analysis during ethanol oxidation over Pd/Al,Os,
reproduced from ref. 154 with permission from Elsevier, copyright
2005.
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acetaldehyde decarbonylation. UV-vis evidenced reversible
changes in the Pd oxidation state on switching between O,
and H, saturated ethanol streams, superimposed on a
gradual irreversible change in UV-vis spectra during the
oxygen treatments attributed to slow Pd dissolution.>*

2.5.2 Gas-liquid-solid reactions. Three phase reactions
wherein both gas-liquid and solid-liquid interfaces co-
exist present especial challenges to obtaining reliable
spectroscopic information from heterogeneous catalysts.'>®
Nijhuis and co-workers reported the use of UV-vis
spectroscopy to measure insoluble pH indicators adsorbed
on solid surfaces in a particle slurry, a packed bubble
column and trickle bed reactor. Insoluble pH indicators
were adsorbed on the surface of a solid support
possessing a high reflectance (such as Al,O; or TiO,) to
simulate an active catalyst, and thereby determine UV-vis
spectra in multiphase systems. This study sought to
remove spectral interferences (such as those arising from
bubbles) and hence enable isolation of signals solely from
adsorbates (Fig. 28). For the slurry reactor, UV-vis spectra
from moving particles was used to determine the indicator
transition point and particle concentration. A new
tolerance-and-averaging method was developed to remove
UV-vis spectral interference from the pH indicator

adsorbed at the solid surface arising from disturbances
caused by bubbles in the packed bubble column. It is
important to note that liquid films flowing over solid
surfaces did not interfere with UV-vis spectra, and hence

this reactor configuration is optimal for in situ/operando
155

studies of heterogeneous catalysts.

UV-Vis

Solid Surface

schematic

Details of

Fig. 28 a) the optical

probe tip and
representations during in situ UV-vis analysis, (b) in a slurry reactor, (c)
a packed bubble column, and (d) a trickle bed reactor, highlighting
interferences at the gas-liquid and solid-liquid interfaces that scatter
light away from the optical probe, reproduced from ref. 155 with
permission from Elsevier, copyright 2010.
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2.6 Second-order nonlinear optical spectroscopy

Sum frequency generation (SFG) vibrational spectroscopy (VS)
is one of few techniques able to provide molecular
information at the solid-liquid interface that is directly
relatable to catalytic activity.">>"®” This is a consequence of
selection rules which allow molecules in a centrosymmetric
environment in the bulk (liquid) media to be differentiated
from those at a surface. In SFG-VS, visible and IR lasers are
simultaneously focused on the interface of interest. An
optical (SFG) signal is generated by combining the visible
and IR light in a predetermined direction to the interface.
This SFG signal is resonantly enhanced when the IR
frequency is tuned across the frequency of a molecular
vibration, thereby isolating the vibrational spectra of
molecules at an interface'>*'>” which can be combined with
computer modelling to determine absolute molecular
orientations. However, SFG-VS is challenging since large,
non-resonant signals from metallic and semiconductor
surfaces can obscure the weaker molecular fingerprint,"’
and for thick (opaque) substrates, a thin solvent layer is
required to obtain data on adsorbates.’®® Improved
modelling of the interfacial refractive index is also required
to derive more accurate experimental spectra. Some examples
of SFG-VS applied to liquid phase heterogenous catalysis are
discussed below.

2.6.1 Carboxylate adsorption. Carboxylate is a common
modifier of nanoparticles surfaces, and its adsorption from
aqueous solution over CeO, nanoparticles was studied by in
situ SFG-VS to identify the binding mode."”® CaF, was used
as an optical substrate to enable direct SFG-VS measurement
of carboxylate ligand binding over ceria nanoparticles which
revealed two distinctive bidentate adsorption modes: a
bridging carboxylate characterised by a 1440 cm™ band, and

(a) Partially reduced CNP/CD,CO,H
] ® (100 mM, pH~3)
Bl —S-ssp
} Y =P
¢ Reduced CNP/H,0
1 | 1 - ssp
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Fig. 29 SFG-VS spectra of (a) partially reduced ceria nanoparticles in
contact with water or a CD3zCO,H aqueous solution (pH ~ 3), and (b)
bare CaF, substrate in contact with either CDzCO,H (pH ~ 3) or
CD3CO,Na (pH ~ 6) aqueous solutions, reproduced from ref. 159 with
permission from the American Chemical Society, copyright 2013.
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chelating carboxylate by a band at 1475 cm™* (Fig. 29)."*°
These bidentate modes co-exist on partially reduced ceria
surfaces, whereas the bridging mode dominates over oxidised
ceria. DFT calculations suggest that dissociative adsorption is
more favourable at highly undercoordinated corner sites on
model ceria clusters compared to the sites on a flat surface.
SFG-VS is a powerful tool to directly characterise reactions
and adsorption processes at nanoparticle interfaces in
aqueous solution."’

2.6.2 Electro-oxidation of ethanol. SFG-VS has also been
used to investigate the ethanol/platinum interface in acidic
aqueous solution, in conjunction with DFT calculations to
identify the surface intermediates during ethanol electro-
oxidation.'®® A wide range of hitherto unreported adsorbed
intermediates were observed including n*-acetaldehyde, n*
acetyl, ethylidyne, monodentate acetate, methoxy, tertiary
methanol derivative, n>-formaldehyde, mono and bidentate
formate, and COH, CH; and CH, residues. Evidence was also
demonstrated for an ethoxy intermediate, secondary ethanol
derivative and acetyl, indicating that the surface chemistry of
Pt is much richer than previously considered.

3. Conclusions

In situ and operando techniques can provide unique and
often invaluable insight into catalytic reaction mechanisms,
the nature of active and spectator species, and deactivation
pathways in liquid phase heterogeneous -catalysis. Such
studies have been facilitated by the design and development
of advanced catalytic reactors and their integration with
time- and spatially resolved spectroscopies which have been
enabled by modern synchrotron radiation facilities.

A molecular level understanding of reaction mechanisms
at the solid-liquid interface requires careful kinetic analysis
and correlation between evolving physicochemical properties
and adsorbed species. For kinetic studies, quantitative
analysis of spectra is required, however this is not trivial, and
in practice studies often result in empirical/semi-empirical
correlations between signal intensities and concentrations of
species for individual techniques. To improve the accuracy of
kinetic information, and hence reliability of associated
models, calibration of the detected signal intensities is
essential. The combination of multiple in situ/operando
techniques such as ATR-IR or Raman with UV-vis and/or
scanning probe techniques in a single experimental
configuration improves the reliability of kinetic information
and affords greater insight into chemical processes. There
are many authoritative articles and texts that compare such
complementary spectroscopies.’®!

Studies of structure-activity relationships in solid
catalysed liquid-phase reactions require careful consideration
of multiple interactions at the solid-liquid interface
including solvation, adsorption, and intermolecular bonding.
In porous catalysts such as zeolites, the solvent composition
can significantly affect the concentration of reactants
throughout the pore network and compete for acid sites

This journal is © The Royal Society of Chemistry 2020
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during reactions. In electrocatalysis, the concentrations of
species at the electrochemical interface may differ
substantially from those in the bulk media. Quantitative
understanding of mass transport and solvation effects near
the electrode surface are therefore important to develop
meaningful models of electrode-mediated reactions wherein
intrinsic kinetics are measured in the absence of diffusion
limitations. Spectroscopic techniques able to selectivity
analyse interfaces, such as surface enhanced infrared
absorption reaction spectroscopy will become increasingly
valuable tools for understanding surface-adsorbate
interaction,'®> and are best complemented by techniques
such as XAS and XPS that interrogate the catalyst electronic
and geometric structure.

Improved temporal resolution, particularly through the
wider exploitation of pump-probe techniques,*®® into the
pico- and femtosecond domains will expand our knowledge
of elementary reaction steps in surface catalysis. Conversely,
better approaches to undertaking stability testing to mimic
industrial processes over days, weeks and even years, will
better elucidate on-stream deactivation (and reactivation)
mechanisms, but require new access routes to synchrotrons
and related national facilities to enable acquisition of
extended data-sets."® Closer alignment of operando
conditions with those in used in industry is also necessary to
enable better translation of laboratory findings to the ‘real-
world’; this is contingent on the design and commercial
availability of reaction cells able to operate at elevated
pressures >10 MPa (e.g. esterification and Diels-Alder'®®)
and temperature >400 °C and with improved chemical
tolerance to corrosive environments. Spatial resolution is
another critical consideration, with spectral acquisition at
the sub-micron scale by eg photoemission electron
microscopy'®® enabling mapping of active site distributions,
catalyst restructuring and concentration gradients at the
solid-liquid interface, and at the cm to metre scale allowing
chemical mapping of e.g. active site leaching and chemical
speciation by XAS analysis across a reactor bed."**

The application of modulation excitation methods, in
which one or more reaction parameters (such as temperature,
reactant composition, pressure or voltage) are switched
between different states, will provide unique insight into the
nature of reactive intermediates in solid-liquid catalysis.
Such studies have proven valuable for gas-phase systems,"®’
and furthermore recent modelling"®®'®® and experiments
have demonstrated that careful tuning of the modulation
frequency can result in catalytic resonance offering the
tantalising possibility of overcoming the Sabatier principle
for static reactions, thereby unlocking rate enhancements of
10-10000x for reactions such as formic acid electrooxidation.
Inducing rapid switching of temperature, pressure and
concentration will prove difficult for conventional liquid
phase reactors, due to slow heat/mass transfer compared to
gas phase catalysis, however the use of microfluidic reactors,
and light or electrical”® excitation for catalytic state-
switching are promising solutions. Kinetic studies of rapid
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chemical transformations employing multidimensional
spectroscopies will also generate vast datasets, requiring high
capacity data compression/transfer/storage, and automated
data processing and mining algorithms in conjunction with
modelling/simulations (Machine Learning approaches'’"'"?)
to extract key descriptors for the development of next-
generation catalysts.'”®> Operando methodologies facilitate
online analysis of catalytic processes and rapid feedback to
optimise productivity, but require ultrafast data transfer and
real-time data analysis. Advances in reactor design will aid
the integration of in situ and operando spectroscopies,
notably through advanced manufacturing techniques such as
additive (3D) printing to fabricate novel reactor
configurations with improved heat/mass transport and
optical interfacing."”* High throughput 3D printing directed
by computational fluid dynamic modelling will permit the
rapid evaluation of diverse reactor configurations that ensure
spectroscopic measurements are acquired under real-world
conditions.
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