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Operando UV-vis spectroscopy for real-time
monitoring of nanoparticle size in reaction
conditions: a case study on rWGS over Au
nanoparticlest
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We propose the use of surface plasmon resonance (SPR) as a distinctive marker for real-time monitoring in
reaction conditions of gold nanoparticles supported on a-AlLOs. The study leverages the SPR shape-and-
size dependency to monitor metal nanoparticles in reaction conditions, evidencing an influence of both
dimensions and agglomerations on the SPR peak position. Operando measurements, coupling UV-vis
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spectroscopy and catalytic testing, allows to follow the dynamics during nanoparticle formation (Au®* to
Au® reduction) and during the reverse water gas shift reaction (CO, + H, — CO + H,O). The catalyst
structure and stability in reaction conditions was further confirmed by operando X-ray spectroscopy and
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PXRD data. Overall, this approach enables the direct acquisition of information on the structure-activity
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1 Introduction

Heterogeneous catalysis nowadays plays a pivotal role in the
chemical sector, in energy applications and for environmental
protection. The constant demand for more efficient and
sustainable processes and resource exploitation calls for
increasing efforts to improve the catalytic processes for a more
viable future. This is a key-challenge in reaction engineering
and requires a deep knowledge of the catalyst functionality at
atomistic level, to enable a rational design of both optimized
processes and new materials.”” In this scenario it is
fundamental to acknowledge the “living character” of
heterogeneous catalyst under the reacting environment, that is,
the dynamic change in its structure during the reaction as a
function of the operating conditions.>* Specifically, this is
crucial for supported metal-based catalysts, where nanoparticles
can change their size and shape depending on the applied
conditions, thus varying the available active sites and affecting
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relationship of metal-based supported catalysts under actual reaction conditions.

the overall catalytic performances.”® As a consequence, to gain
a full comprehension of the catalyst functioning under real
working conditions, it is necessary to assess the actual
nanoparticles morphology and to correlate it with the observed
macroscopic kinetic results.”® Currently, the state-of-the-art
approach to assess the structure of supported metal-based
catalysts applies techniques operating at conditions
significantly different from the reacting environment of kinetic
analysis (i.e. high vacuum, low temperature vs. high pressure,
high temperature). These ex situ characterization methods (i.e.
HR-TEM, H, and CO chemisorption, FT-IR spectroscopy with
probe molecules™) allow for the study of nanoparticle
morphology'' ™ prior to and after the catalytic testing,>*%'**>
Thus, we are in presence of a gap between morphology and
catalytic performances.>'® To contribute in resolving this, the
current study exploits the surface plasmon resonance
(SPR) of metal nanoparticles in operando conditions, to
characterize their size and structure in reaction conditions. In
fact, since SPR originates from coherent excitations of the
electronic density of metallic nanostructures, it is intrinsically
strongly dependent upon size and shape of the metal
nanoparticles.”” ™ In the growing field of nanoplasmonics,
plasmons are used to enhance the electromagnetic field from an
external source, and metal nanoparticles are synthetized ad hoc
to allow local field effects at specific wavelengths of interest.**"
If this correspondence is univocal, the SPR shape-and-size
dependency becomes a fingerprint to monitor the metal

This journal is © The Royal Society of Chemistry 2024
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nanoparticles morphological changes in reacting conditions. So
far, this approach has been applied ex situ, to monitor the
presence supported metal nanoparticles (i.e. for gold-based
systems) on reducible (ie. TiO,, CeO,) and non-reducible (i.e.
ALO;, SiO,) oxides.” In this playground, the possibility to
monitor in operando metal nanoparticles formation and their
size and shape wvia Surface Plasmon Resonance on
heterogeneous catalysts represent a novelty. In this article, we
present an UV-vis spectroscopy study of Au-based catalysts,
targeting the in-operando characterization of gold nanoparticles
structure. In fact, nanostructured gold is characterized by a large
number of conduction electrons easily polarized by an external
electromagnetic field, ie. induced by an UV-vis light source.*®
Hence, we employed an ad hoc developed UV-vis setup, to
monitor the catalysts optical properties, aiming at gaining
information on the size, shape, and stability of Au nanoparticles
in a packed bed reactor, that is, with an operando approach.
Furthermore, since gold nanoparticles have proven to be active
for the reverse water gas shift ("WGS) reaction (CO, + H, — CO
+ H,0) when highly dispersed on a support,>*>° we chose this
reaction as a case study of the possibility to monitor the
nanoparticle stability in reaction conditions. Thus, with the
developed operando setup, we probed the behaviour of the
formed Au nanoparticles in operando, exposing the catalyst to
r'WGS reaction conditions. X-ray absorption spectroscopy and
synchrotron-based XRD are used as complementary techniques
to witness the applicability of our experimental approach in
studying the catalyst structure and behaviour. In parallel, HR-
TEM and field-emission SEM (FESEM) allowed us to assess the
shape of the formed Au nanoparticles, confirming our SPR-
based methodology. On a general basis, these findings are of
interest since direct information on the structure of metal sites
at temperature and chemical conditions relevant for the
catalytic application are obtained, with a novel approach to the
field of metal-based supported catalysts characterization.

2 Experimental and methods
2.1 Materials

The Au-based materials studied in this paper were in-house
synthetized. The AuAl,0; 30 and AuAl,0; 60 samples were
prepared by direct impregnation of an a-Al,O; support (Puralox,
Sasol) with commercial colloidal suspensions of Au NPs with
nominal diameter of 30 nm and 60 nm, respectively (HiQ-Nano,
1 mg,, mL™"). In total, 20 impregnations with the not diluted
suspension were performed to obtain the 0.4% Au wt% loading.
The 4 wt% AuAl,O;_4 catalyst was obtained by impregnation of
the a-Al,O; with a HAuCl, solution (Sigma-Aldrich, 99.99% au,
30 wt% in dilute HCI). The resulting powder was dried
overnight at room temperature and was subsequently washed
carefully to remove clorine. For each washing step (three
performed with NH; (Sigma-Aldrich, 1 M) and five with H,O, to
restore the pH to 7) the powder was mechanically stirred until
homogenization and centrifuged for 5 minutes at 4350 rpm.
The washed powder was dried at room temperature and stored
in dark conditions.
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View Article Online

Paper
2.2 UV-vis spectroscopy operando setup

The ex situ and operando UV-vis spectra were measured
coupling a powder reactor (Fig. 1) with a UV-vis diffuse
reflectance probe, having six radiating optical fibers and one
reading fiber. The data were recorded with the fiber always
perpendicular to the investigated surface. The operando
spectra were measured combining in an oven a high-
temperature UV-vis reflectance probe with a powder reactor,
to measure UV-vis spectra in reaction conditions. Thus, the
experimental setup we developed allows us to measure the
spectroscopic data while performing the targeted catalytic
testing, with controlled temperature and gas feed. At variance
with the spectroscopic cells usually utilized, our system
allows for the acquisition of UV-vis spectra with the targeted
sample directly placed in a tubular fixed-bed flow quartz
reactor (5 mm internal diameter), designed to minimize the
pressure drops and to avoid the mass transfer limitations.
The reactants flow is passing through the entire catalytic bed
height (from top to bottom), and the reactor can be vertically
translated during the reaction, to monitor the optical
properties of the sample in different positions along the
catalytic bed. To exclude contributions from the specular
reflectance (i.e. from the reactor outer walls) and to
compensate for the possible absorption from quartz SiO and/
or SiOH groups, the reference spectrum for the operando
experiments is measured at room temperature (RT) in the
same optical configuration. Thus, barium sulphate (chosen
as white reference for both the ex situ and operando spectra)
has been loaded in the quartz reactor, and placed inside the
testing gas rig oven. This allows for the measurement of UV-
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Fig. 1 Pictorial representation of the developed operando UV-vis
setup combining the packed-bed reactor and the UV-vis probe.
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vis data in reaction conditions without any modification to
the reactor geometry and cross-section, thus avoiding any
possible effect on the fluid dynamics. The ex situ and
operando UV-vis spectra were recorded in the 200-1000 nm
range at 1 nm resolution on a Exemplar Plus BTC655N
spectrometer by B&W Tek, equipped with a black-thinned
charge-coupled device (CCD) detector and B&W Tek BDS130A
(deuterium-halogen) light source. Spectra are reported as
relative reflectance (R%) defined as:

R% = Rsample/Rreference

to avoid the possible artefacts connected to the use of the
Kubelka-Munk function.””">°

Prior to the measurement, the sample is pelletized with a
hydraulic press, successively chopped and sieved, selecting
for the measurement the fraction between 75 and 106 pm.
We have validated that the selected diameter range avoids
any mass transfer limitations. The quartz reactor is loaded
with ~200 mg of powder, and the catalyst bed is hold in
place by a quartz wool support and by a sieved fraction of
inert quartz (850 and 1160 upm). The temperature is
controlled by a thermocouple (500 pum) placed inside the
catalytic bed. The operando UV-vis experiments were
performed during the reduction pretreatment (50 Ncc min™"
- 5% H,/N, balanced) and during the r'WGS catalytic testing
(50 Neec min™", CO,/H, = 1, GHSV = 15000 h™"). The reaction
was monitored over time, until the steady state was reached
both in the spectra and in CO, conversion. Measurements
were carried out from RT to 200/600 °C with a heating ramp
of 2/5 °C min?, flowing the desired gases (H,/N, or CO,/H,/
N,) with an ad hoc built gas flow setup. The setup consisted
of four channels, each of them connected to a specific gas
bottle and to a dedicated mass flow controller. The reaction
products are monitored by means of an on-line gas
cromatograph (Micro Gas Chromatograph GCX, Pollution).

2.3 X-ray absorption spectroscopy

X-ray Absorption Spectroscopy (XAS) data were collected at
the BM31 beamline®® of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) using a quartz capillary with
1 mm external diameter, optimized for XAS data collection in
transmission mode. The AuAl,O; 4 catalyst was pressed and
sieved, and the 75 and 106 um fraction was selected for the
measurement. Au L;-edge XAS measurements were performed
in transmission mode, employing a double-crystal Si (111)
monochromator for the incident energy scan, and ionization
chambers to detect incident (I,) and transmitted (I;,)
photons. An Au metal foil was measured simultaneously
using a third ionization chamber I,, for energy calibration
purposes.’’ XAS spectra of ~5 min each (energy range
11 800-12 950 eV; energy step = 0.5 €V; acquisition time of 70
ms per point in the whole energy range) were measured
during the pretreatment in H, (10 Ncc min™" - 5% H,/He
balanced) and during the "WGS reaction (10 Ncc min™", CO,/
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H, = 1). The gas composition from the reactor outlet has
been continuously monitored by means of a mass
spectrometer (data not reported). The reaction was monitored
over time, until the steady state was reached.

The Athena software (Demeter package)’” was used to
align XAS data by using the corresponding Au metal foil
spectra and for normalization to unity of the edge jump. The
same program was used for the extraction of the (k)
function. R-Space FT-EXAFS spectra were obtained by
calculating the Fourier transform of the k%*(k) functions in
the (3.0-12.9) A™* k-range.

2.4 Multivariate curve resolution-alternate least squares
(MCR-ALS)

The time-resolved spectra are analyzed through the
multivariate curve resolution-alternate least squares whose
purpose is the resolution of the underlying contributions in
unknown unresolved datasets.****

First, the identification of the number of pure species is
obtained by Principal Component Analysis (PCA) of the
experimental spectral dataset.*®?” The number of correct
principal components is evaluated by qualitative analysis, i.e.
scree plot and R-factor, as well as by considering statistical
tests, i.e. imbedded error function (IE-test), factor indicator
function (IND-function) and Malinowski F-Test.*®

MCR-ALS requires an initial estimate of either the
concentration profiles or the spectra of pure components.
Here, the simple-to-use interactive self-modeling mixture
analysis (SIMPLISMA)*® has been employed for obtaining the
initial estimates of the pure spectra.

Once initial estimates are evaluated, MCR-ALS solves
iteratively eqn (S10) and (S11) (as detailed in ESI{ section 3)
by alternating least square algorithm calculating the
concentration profiles and the pure spectra optimally fitting
the experimental data matrix. The optimization terminates
when the difference between the model fit between two
consecutive iterations does not significantly improve. During
the optimization, to suppress the effect of rotational and
scale ambiguities and fostering the physical/chemical
meaningfulness, some constraints are introduced. In each of
the iterative cycle, the computed profiles (concentrations,
spectra) are modified to force to obey to the conditions imposed
by some constraints.” Heren the non-negativity and mass
conservation have been employed.

Additional details on the method and on the
implementation are reported in ESIT sections 3 and 4.

2.5 PXRD, HRTEM and FESEM

Operando. PXRD patterns were collected at the BM31
beamline of the ESRF, Grenoble, using a 45.786(1) keV
monochromatic beam obtained from a sagittally focussing Si
111 double crystal monochromator. Diffracted intensities
were collected by the means of a scintillation image plate
detector (Dexela-Perkin Elmer 2923) having 3888 x 3072
pixels of 75 x 75 um size whose position calibration was
made by refining it against a NIST LaB4 standard. Integration

This journal is © The Royal Society of Chemistry 2024
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of the images into 2D patterns was made with the software
available and developed at the SNBL (Swiss Norwegian
BeamLines) at the ESRE.*'

HR-TEM analyses were performed by means of the high-
resolution TEM JEOL JEM 3010-UHR, equipped with
lanthanum hexaboride (LaBg) light source, a nominal
operating voltage of 300 kV and a theoretical resolution of
0.17 nm. The samples were prepared depositing the catalyst
powder on a 3 mm copper grid. The HR-TEM images were
analyzed using Image]J, an open-source software. The
particles size distribution was calculated counting on average
more than 200 nanoparticles per sample. The FESEM
analyses were carried out with a TESCAN S9000G microscope,
which features a Schottky field emission gun and a resolution
of 0.7 nm.

3 Results and discussion
3.1 Operando UV-vis spectroscopy

Using ex situ UV-vis diffuse reflectance (DR) spectroscopy, we
validated the sensitivity of the SPR peak position to anchored
nanoparticles dimensions. On the basis of this SPR
experimental approach, we subsequently focused on
monitoring in situ the formation of gold nanoparticles, and
in operando their stability in reaction conditions.

It is here worth recalling that the SPR phenomenon arises
from the light absorbed and scattered by a metal
nanoparticle and it is quantitively evaluated through the
respective cross section coefficient o,ps and ogea.>** The
extinction cross section oy is the sum of these contributions
(Cext = Oabs + Oscar), and it shows a strong dependency on
particle size.** This dependency results in a significative
increase in absorbed light for even a moderate increase in
the cross section values, that is, for an increase in the
nanoparticles particle size, and in a damping when
decreasing the nanoparticle dimensions."” Furthermore, the
SPR peak position (i.e., the maximum of the extinction cross-
section) is also sensitive to the size of the nanoparticles. A
red shift of the SPR peak accounts for increased dimensions
of the nanoparticles, whereas a blue-shift corresponds to a
nanoparticle size decrease.>” The collective oscillations of
electrons in the conduction band of gold atoms are thus
responsible for the SPR peaks present in the spectra reported
in Fig. S1,f measured for two Au/Al,O; samples, obtained by
direct impregnation of an o-Al,O; with commercial
suspensions of gold nanoparticles, having nominal diameter
of 30 (AuAl,O;_30) and 60 (AuAl,O;_60) nm, respectively. The
spectra show a minimum in the R% (i.e. the maximum of the
extinction cross section) at different wavenumbers, as well as
differences in the bandwidth. The AuAl,O;_60 curve presents
a broad band centered at 540 nm, while the spectrum
obtained for the AuAl,0;_30 sample, prepared with
nanoparticles with a smaller diameter, presents a narrower
band, sharper and more defined, centered at 530 nm. Since
the position and intensity of Au SPR peaks depend on the
size and shape of gold nanoparticles, and on the dielectric

This journal is © The Royal Society of Chemistry 2024
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properties of the medium (i.e. the support), the observable
differences between the experimental can be
rationalized in terms of nanoparticles dimensions. In fact, we
can rule out a major contribution on the SPR peak position
from the dielectric constant of the surrounding means (air
and o-Al,03), as they are equal for both samples. The
resolution the acquired spectra is +1 nm, thus this
experimental evidence highlights the potentiality of
correlating the plasmon peak with metal nanoparticles
dimensions, when anchored on a solid medium. The HR-
TEM images (Fig. S2t) highlight that, in both samples, gold
nanoparticles are mainly spherical. Furthermore, on average,
gold nanoparticles are larger and with a broader distribution
than the nominal one (38 + 3 nm vs. 30 and 124.9 + 8 nm vs.
60). Thus, as an increase in bandwidth and a red-shift of the
SPR maximum is expected with the growth of nanoparticles
size. The observed SPR A,. shift between the AuAl,0;_30
and AuAl,0;_60 spectra can consequently be correlated with
the differences in the average nanoparticle diameters
obtained from HR-TEM. The observed shift in the SPR A ax
proved that monitoring the SPR peak position as a function
of nanoparticle size is suitable to study metal nanoparticles
on supported catalysts. Anchoring the metal nanoparticles on
the Al,O; support does not hinder the sensitivity of the SPR
peak on the nanoparticles size.

With this approach, we studied a 4 wt% Au/Al,O; sample
(hereafter AuAl,O3_4) during the thermal treatment in H,
(5% H,/N,, 50 Ncc min~") from RT to 200 °C, which has been
reported as optimal to obtain active gold catalysts.”> Indeed,
the H,-reduction treatment results in the formation of gold
nanoparticles, highlighted by the presence of a visible SPR
peak in the spectrum measured at 200 °C (red curve in
Fig. 2). Comparing the SPR 1.« centered at 540 nm and the
bandwidth with the spectra measured ex situ, we can infer
that the formed gold nanoparticles present a broad size
distribution, and/or are present as aggregates (ie. by

curves
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Fig. 2 In situ UV-vis DR spectra of AuAl,03_4 during H,-pretreatment
from RT to 200 °C (blue to red curves); blue dotted curve: spectrum at
ca. 135 °C.
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comparison with the AuAl,O;_60 spectrum). The broadening
of the SPR peak in the in situ spectrum, might be related to
the concomitant thermal excitation of the free electrons of
gold, in parallel with the generation of the plasmon wave
when working at high temperature. The FESEM results
reported in Fig. 3a show that the sample is characterized by
small, isolated gold nanoparticles and larger agglomerates,
which present a raspberry-like structure. These agglomerates
have a size ranging between 15 and 100 nm and are formed
by nanoparticles that are still separated and have not
collapsed and/or coalesced (see Fig. 3c). From the HR-TEM
images in Fig. 3b and c, we can observe that Au nanoparticles
in the agglomerates have a slightly different shape when
compared to the isolated ones. In fact, it is clearly visible that
the agglomerated nanoparticles present a more spherical
shape (Fig. 3c), while the majority of the observed isolated
nanoparticles is characterized by a well-defined cubo-
octahedral shape (Fig. 3b), which has been reported to be the
most energetically favoured structure for gold nanoparticles
with diameters higher that 3 nm.>®*¢%7

Furthermore, we observed that Au particles on average
expose [2,0,0] and [1,1,1] lattice planes, as visible in Fig. 3d,
which are the main expected crystallographic reflexes for
nano-structured gold.*” These findings are in agreement with
the PXRD data (Fig. S3f) measured for the AuAl,O;_ 4. The
diffractograms present very sharp peaks clearly ascribable to
the support (crystalline a-Al,O3 or corundum (ICSD entry no.
9770)*®*) which is mostly unperturbed by the H, pre-
treatment. The observable minor peak shifts and intensity
changes are due to the lattice thermal expansion and the
increase of the atom thermal motions. In parallel, we observe
the appearance of a new phase, that is, fcc metallic Au (ICSD

Fig. 3
size distribution of AuAl,O=_4.
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entry no. 64701), presenting the characteristic reflexes at 6.6°
for the [1,1,1] lattice plane, at 7.63° for [2,0,0], and at 10.08°
for [2,2,0]. Minor signals related to the [3,1,1] and [2,2,2]
lattice planes are also visible at higher # values. The
interplanar distances (0.204 nm and 0.238 nm) calculated
from HR-TEM images (Fig. 3d) are in accordance with the
peaks visible in the PXRD pattern and correspond to the
most abundant [2,0,0] and [1,1,1] facets. The average
nanoparticles size has been evaluated from HR-TEM images,
resulting to be of 5.99 + 0.13 nm in agreement with literature
values (Fig. 3e),>>>***® with a quite narrow distribution (less
than 10% nanoparticles have diameters between 8-10 nm
and less than 8% have an average size of 10 < d < 16). Thus,
the general intense broadening of all diffraction peaks is due
to the size of the Au nanoparticles, as highlighted by TEM
imaging. Despite the narrow particle size distribution, the
sample has an intrinsic heterogeneity (i.e. the presence of
larger agglomerates) mirrored by the observed SPR spectral
features, which can then be considered representative of the
average gold speciation.

It is now noteworthy to mention that initially gold is present
on the alumina surface as isolated Au®" ions, resulting from
the impregnation of the o-Al,O; with the gold precursor.
Indeed, the initial spectrum measured in H, at RT (dark blue
curve in Fig. 2) is characterized by a broad absorption below
600 nm, which is likely to be related to the Ligand-to-Metal
(L — M) Charge Transfer transitions, in agreement with
features observed on similar Au** complexes.” Specifically, it
is reasonable to assign the band at 450 nm (measured at half
height) to electronic transitions from the O atoms present in
the gold coordination sphere (O — Au*"). The observed

charge-transfer transitions are at lower energy when

Average size
5.99 + 0.13 nm

Percentage (%)

(e)

T T 1T T T 1T 17 17 1T T T 17T
LD SO DD S DD DD D DS DD S SO
PSR S I AR SN g @\@Q;?';???????ﬂ

S F @R PP FE S FEE
Size (nm)

(a) FESEM and (b) and (c) HRTEM images of AuAl,Oz_4; (d) magnification of gold nanoparticles in (c) with highlighted lattice planes; (e) NPs
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compared to those reported for [AuCl,] complexes in
literature,” in agreement with the position of oxygen and OH
groups in the spectrochemical series of ligands. The
observable features below 270 nm, which falls in the spectral
region where the electronic transitions of Au" are expected,
are in our case instead related to the absorption from the
quartz wall reactor.

When increasing the temperature from RT to 200 °C in H,
feed, we can observe a progressive rearrangement of the
chemical species on the catalyst surface. In fact, the
progressive broadening of the LMCT transitions band and
the decrease in reflectance can possibly stem for the
formation of some multimerics Au clusters on the Al,O;
surface. With the progressive temperature increase, an
inflection point at about 550 nm starts to appear (Fig. 2, blue
dotted curve, ca. 135 °C) which suggests the initial formation
of gold nanoparticles (ie. around 2 nm)."” These
nanoparticles act as nuclei for the growth of larger ones, as
the Au>* — Au® reduction proceeds, until all the gold is
present on the Al,O; surface as Au’. At high temperature, the
changes observed in the 200-300 nm range are related to a
worse background compensation.

3.2 X-ray absorption spectroscopy and MCR-ALS analysis

To further corroborate the developed experimental approach
in monitoring the formation of gold nanoparticles, we
followed Au®" — Au® reduction by means of X-ray absorption
spectroscopy. The resulting Au L; XANES spectra, measured
during the 5% H,-pretreatment, are reported in Fig. 4a (from
dark blue to red curves). The Au L; XANES are known to be

View Article Online
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sensitive not only to the oxidation state of the X-ray absorber
atom, but also to the electronegativity, the type and the
symmetry of the ligands, thus being a complementary
technique to the applied UV-vis DR. The first spectrum (dark
blue curve) presents an intense white line feature around
11920 eV, typical of the Au®" oxidized state of gold. The Au**
white line is shifted to lower energies, at variance with the
higher energies usually measured for oxidized species. This
is ascribable to the 2s — 5d dipole-allowed transitions, that
anticipate the excitation of the bulk electrons, and correlates
with the number of holes in Au 5d band.”*”>* Duggar at
about 100 °C, the intensity in the white line region started to
decrease and the edge position shifts to higher energies,
stemming for a change in Au®" oxidation state. The changes
in the white line area might be associated with changes in
the ionicity and/or electron transfer between the absorbing
atom and the ligands. Moreover, between 11930 eV and
11955 €V, we can observe the growth of new features, while
those between 11955 eV and 11980 eV tends to decrease. The
observed behaviour is associated with the progressive
conversion of the oxidized Au®" species to Au’. The spectrum
at 200 °C (red curve) closely resemble that of metallic gold,
with less intense features,’>**> accounting for a lower Au
average coordination number. The absence of the white line
in the spectrum of metallic gold results from its electronic
configuration, as Au® (5d'°, 6s*) has the d level completely
filled.>**”

To clarify the dynamics of the Au®* — Au® reduction, we
performed MCR-ALS analysis on the XANES spectra
(additional details in ESI{ section 4). The first step of the
analysis involved the determination of the number of pure
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Fig. 4

(a) Operando XANES and (b) EXAFS during H,-pretreatment from RT to 200 °C (dark blue to red curves; yellow curve in (b): EXAFS

spectrum of bulk gold); (c) XANES spectra of pure components (p;°""*(E)) derived from MCR-ALS analysis of temperature-dependent XANES dataset
during H,-pretreatment from RT to 200 °C, assuming Npc = 3 and (d) concentration profiles of the Au-species corresponding to the pure XANES

spectra.
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components. To this aim, we performed principal component
analysis (PCA) of the XANES dataset (see ESI{ section 3).
From qualitative analysis based on the abstract components
(see Fig. S6t1) and the R-factor (see Fig. S7f) as well as
statistical analysis, we identified the presence of three
principal components (see Fig. S81). The selection of Npyre
could strongly influence the MCR-ALS results. Hence, we
repeated the analysis for downsizing the component space
equal to 2. The results are reported in ESI{ section 5. The
analysis revealed that the number of pure components
identified by statistical analysis, N,u. = 3, represents an
optimal value-resolution. The results from MCR-ALS analysis
are reported in Fig. 4, in terms of pure XANES spectra and
concentration profiles (Fig. 4c and d, respectively).
Considering the observable XANES features of the MCR
spectra, we can identify the presence of three Au species,
characterized by different oxidation states. We assign the
blue spectrum in Fig. 4b, characterized by an intense white
line feature and by the edge position at lower energies to an
Au*' oxidized species. The red curve in Fig. 4c shows similar
features to that of metallic gold and is assigned to Au’. The
third component is characterized by a white line feature of
lower intensity and by an edge position shifted to higher
energy. We hypothesize that this species is an Au’"
intermediate, which is formed during the progressive
reduction and rearrangements of Au atom on the Al,O;
surface. This is in agreement with the behaviour observed in
the UV-vis spectra, which are characterized by progressive
changes in the LMCT region, stemming for changes in the
ligand coordination sphere and bond character of the
absorber atoms, as a result of the progressive Au®" — Au’
reduction. The corresponding relative concentration profiles
of the formed species (see Fig. 4c) further underline the
formation and the consumption of the Au®" intermediate
(grey line in Fig. 4d) as the reduction of Au** proceeds. In
fact, we can observe that the concentration of Au** species
starts to decrease shortly after feeding the reactive gas feed
(see blue line in Fig. 4d), with the concomitant growth of the
Au®" intermediate. This species reaches a maximum around
125 °C, with a subsequent sharp decrease, related to its
progressive reduction to Au’. The temperature at which the
concentration of Au’ starts to increase at the expenses of
Au” (ca. 135 °C) corresponds to the temperature at which we
observed the appearance of the initial SPR feature in the UV-
vis spectrum (blue dotted line in Fig. 2). This results in a fair
agreement in the description of the evolution of the
investigated system between the two applied experimental
approaches. Above 135 °C, Au® becomes the most prevalent
species anchored on Al,Os.

Fourier transformed (FT) Extended X-ray Absorption Fine
Structure (EXAFS) provides additional information on the
formed gold nanoparticles. EXAFS spectra measured during
H,-pretreatment are reported in Fig. 4b. The dark blue
spectrum (Fig. 4b) corresponds to the catalyst precursor just
before the activation. In accordance with literature,”® it
closely resembles the spectrum of Au,0;, further confirming
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that, prior to the thermal treatment, the as-prepared sample
contain isolated Au®" species. Specifically, the absence of any
peaks associated to Au-Au backscattering features excludes
the presence of Au’, while the peak at 1.6 A is related to the
presence of oxygen or nitrogen atoms in the first
coordination shell of Au. During the H,-pretreatment we can
observe the progressive decrease of the first shell feature,
with the growth of two peaks assigned to Au-Au
backscattering amplitude. Thus, the reduction in hydrogen
led to the formation of Au-Au shell at expense of the initial
Au-O or Au-N one and the final spectrum (red curve in
Fig. 4b) is similar to the one of bulk gold (yellow curve in
Fig. 4b). The EXAFS spectrum of bulk gold presents two
intense peaks at around 2.5 A and 3 A, respectively linked to
the first Au coordination shell, characterized by the presence
of 12 Au neighbouring atoms (approximate Au-Au distance
2.85 A) and to the second shell of 6 atoms (approximate Au-
Au distance 4.08 A). The different intensity in the EXAFS
features between the yellow and red curves proves the lower
coordination number for Au in our sample, confirming the
average small dimensions of the gold nanoparticles formed,
in line with the HR-TEM and PXRD findings. The results
reported so far allow for the description of the average gold
speciation, highlighting the possibility to exploit the SPR to
monitor the formation of gold nanoparticles with well-
defined shapes and sizes.

3.3 SPR monitoring in operando during CO, activation

To showcase the SPR monitoring in conditions relevant for
the catalysis, we exposed the AuAl,O;_4 catalyst to a mixture
of CO, and H,. We selected the reverse water gas shift
reaction (r'WGS, CO, + H, — CO + H,0)), since supported
gold nanoparticles are active hydrogenation catalysts.”®>°
This reaction on Au-based catalysts proceeds via associative
mechanism, that is, H, is dissociatively chemisorbed on Au’
while CO, is activated on the Al,O; surface. The spillover of
H* species on the support allows for the formation of

40 4 r———————————— | 600

4 -525 @
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Fig. 5 CO, conversion on AuAl,O3_4; (colour code: test 1, light blue;
test 2; test 3, purple; test 4, black; dashed orange line: equilibrium);
temperature profile reported as grey dotted line.
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reaction intermediates (i.e. formates) that decompose to CO
and H,0.%®

Fig. 5 shows CO, conversion as a function of the
reaction temperature and time-on-stream for four rWGS
tests under stoichiometric conditions (5% H,, 5% CO, and
90% N,, GHSV = 15000 NI kg, ' h™"), from RT to 600 °C.
In all the performed tests, CO, conversion increased with
temperature and remained well below the thermodynamic
value (see orange curve in Fig. 5). The reported catalytic
results allowed us to observe that the catalyst was active,
with CO, conversion values at 600 °C that slightly oscillate
around a value of 9.5%.>°" Throughout the reaction CO
was the sole product measured, with no traces of CH, or
other oxygenated side products, thus highlighting a high CO
selectivity on Au-based catalysts.>>*° Fig. 6a reports the UV-
vis DR spectra measured during the RT-600 °C temperature
ramp under stochiometric "WGS conditions (from red to
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Fig. 6 (a) Operando UV-vis DR spectra during rWGS from RT to 600
°C (from red to light blue curves) and after 230 minutes in isotherm at
600 °C (dashed purple curve); (b) operando XANES spectra during
rWGS from RT to 600 °C (from red to light blue curves) and after 230
minutes in isotherm at 600 °C (dashed purple curve). The grey dotted
lines highlight the shift in the SPR peak position.

11920
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light blue curves). Feeding the reactive gas mixture on the
sample does not alter the SPR peak priorly formed (see red
curve in Fig. 6a), which remains well-defined. As the
reaction temperature increases, the operando spectra are
characterized by a progressive broadening and red-shift of
the observable SPR peak (from 540 nm, after the in situ H,-
pretreatment, to 550 nm). Once reached 600 °C, we do not
observe any further changes in the UV-vis spectra over time
(see dashed purple line in Fig. 6a, measured after 230
minutes). The SPR peak remains stable and symmetric
during the reaction, stemming for a preserved regular
morphology of gold nanoparticles and for the absence of
major agglomeration phenomena. In fact, the observed SPR
peak broadening and the consequent /Ay,.x SPR red-shift
might be primarily related to the temperature increase,
which induces a strong excitation in the Au nanoparticles
surface electrons and a thermal dilatation of Au lattice."”
These hypotheses have been confirmed by the HR-TEM
analysis on the spent -catalyst (Fig. S5f), which is
characterized by small, isolated nanoparticles, with many
neighbouring agglomerates with the peculiar raspberry-like
shape as the fresh catalyst. The average nanoparticle sizes
between the two samples are comparable (6.67 + 0.10 nm
vs. 5.99 + 0.13 nm) as the size distributions, since 90% of
nanoparticles have a dimension lower than 10 nm. These
findings allowed us to prove the feasibility of the developed
experimental approach in monitoring metal nanoparticles
size in reaction conditions.

Moreover, the reactivity towards CO,/H,, monitored in
parallel by operando XANES (Fig. 6b), resulted to be in
agreement with the UV-vis data. The spectra measured during
the temperature ramp from RT to 600 °C and in isotherm at
600 °C are reported in Fig. 6b. The changes visible in Au L;
post-edge features during the YWGS ramp from RT to 600 °C
(from red to light blue curves) can be again associated with
the temperature increase, which promotes electron mobility
and causes the broadening of the observed XANES features.
There are no changes in the pre-edge and white line region,
thus confirming that, during reaction, the sample preserves
its Au’ oxidation state. Furthermore, from a qualitative
analysis of the XANES spectra, we can infer that sintering
does not occur significantly, since this phenomenon would
change the average coordination number of Au atoms, thus
modifying the features visible in the XANES spectra towards
those of bulk gold.”® In agreement with the operando UV-vis
data, the XANES spectrum measured after 230 minutes
(purple dashed line in Fig. 6b) show the catalyst stability over
time in the applied experimental conditions.

Indeed, from the spectroscopic data reported it emerges
the feasibility of using the SPR peak as a marker of the metal
oxidation state and of the nanoparticles size, with the
possible further support of advances characterization
techniques such as operando XAS. The results obtained
validating the technique on gold nanoparticles can be
applied to any metals presenting the SPR phenomenon in the
selected spectral range.
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4 Conclusions

In this study, we have introduced surface plasmon resonance
(SPR) as a distinctive marker for the morphology of
supported metal nanoparticles in conditions pertinent to
catalysis. Utilizing ex situ UV-vis spectroscopy, we examined
the SPR characteristics of gold nanoparticles on o-Al,O3,
demonstrating the capability of SPR to track changes in
nanoparticle size under reaction conditions. Operando UV-vis
spectroscopy allowed wus following the dynamics of
nanoparticles formation and of their reactivity during the
gas shift reaction. We monitored the
progressive change in coordination of Au®" ions through the
development of the SPR peak, and the subsequent stability of
the formed gold nanoparticles in reaction conditions.
Namely, the SPR peak position of supported gold
nanoparticles was found to be affected both by the
nanoparticle dimensions and the presence of agglomerates.
The catalytic results measured during the operando UV-vis
experiment evidenced a good activity for ¥fWGS of the Au
catalyst, with a 100% CO selectivity. Operando XAS and PXRD
data confirmed the experimental evidences from UV-vis
spectroscopy, showing that Au nanoparticles are formed with
very small size and are stable in reacting feed. Our
findings validate the potential of wusing SPR for
studying the morphology of catalysts. This method could be
effectively applied to other supported-metal catalysts that
exhibit SPR phenomena, such as Pt, Ag, and Cu.
Furthermore, the technique can be applied as a design-of-
experiment methodology to properly select and screen the
measurements to be performed at large scale facilities
(synchrotron), aiming at optimizing data acquisition and
material characterization. Overall, the developed approach
allows for the direct investigation of metal-based supported
catalysts, gaining direct information on the structure-activity
relation under catalysis relevant conditions.
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