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Introduction

Reversible transformation of sub-nanometer Ga-
based clusters to isolated "'Ga,s; sites creates
active centers for propane dehydrogenationt

Zixuan Chen, @2 Alexander |. Serykh, @° Agnieszka Kierzkowska, ©?2 David Gajan,°
Scott R. Docherty,® Alexander V. Yakimov,® Paula M. Abdala, ©2

Christophe Copéret, @®¢ Pierre Florian, @®*¢

Alexey Fedorov @*2 and Christoph R. Muller @ *2

Ga-based propane dehydrogenation (PDH) catalysts are explored in industry as an alternative to PtSn and
CrOy-based catalysts. Yet, at present, there is only limited understanding of the structural dynamics of
surface sites in Ga-based PDH catalysts. Here, we employ atomic layer deposition (ALD) to engineer a sub-
monolayer of Ga species on dehydroxylated silica, which serves as a model PDH catalyst. While the ALD-
grown shell contains, after calcination at 500 °C, tetra- and pentacoordinate Ga®* sites with both Si and
Ga atoms in the second coordination sphere (i.e., " Gayca and P'Gagyca sites), its exposure to ambient
air leads to sub-nanometer Ga,O,(OH), clusters with *¥'Gag,) and ®Ga, sites, due to the hydrolysis of
the Ga-O-Si linkages by the moisture of ambient air. When calcining the material at 650 °C, the [‘”Ga(Ga)
and ®'Gac,) sites evolve leading to a silica surface dominated by isolated tetracoordinate “Gag; sites, that
is, [(=Si0)3Ga(XOSi=)] sites, where X is H or =Si. Exposure of the dehydroxylated material with “Gayg;
sites to ambient air reforms the sub-nanometer Ga,O,(OH), clusters, indicating the reversibility of the Ga
dispersion and agglomeration as a function of the extent of silica (de)hydroxylation. The presence of [4]Ga(45i)
sites coincides with a high performance in PDH, achieving an initial turnover frequency of ca. 12 h™* and
propene selectivity of ca. 85%, while deactivating by only 34% over 20 h of time on stream. Overall, our
results highlight the dynamic nature of the dispersion and agglomeration of Ga®* sites during the
dehydroxylation (by calcination) and rehydration (ambient air exposure).

PDH, the most recent development has focused on the
introduction of Ga to Pt-based catalysts.”® These works have

Propene is an essential platform chemical with an unmet
demand, mostly due to its growing use as a monomer in the
production of plastics (polypropylene)." In this context, the
on-purpose production of propene, for instance, via propane
dehydrogenation (PDH), has emerged as a viable strategy to
mitigate the increasing gap between production and
demand.>* While various catalysts based on Pt or Cr have
been developed for the industrial production of propene via
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led to a PtGa/Al,O; catalyst utilized in the fluidized catalytic
dehydrogenation (FCDh) technology that currently undergoes
industrial implementation.”'® Highly dispersed Ga sites on
silica (in the absence of Pt) have also been shown to catalyze
PDH.""™ In previous studies, a material (Ga@S$iO,) with
isolated [4]Ga(4si) sites, i.e., [(=Si0);Ga(XOSi=)| (where X is H
or =Si),"" was generated using surface organometallic
chemistry (SOMC),"*"* and a thermolytic molecular precursor
approach.'® Ga@SiO, displayed high activity, selectivity and
stability for propane dehydrogenation.**

An alternative, less explored strategy to generate isolated
sites is atomic layer deposition (ALD), which is more
commonly used to grow thin films."”° In our recent work,
targeting at understanding the structure and surface
properties of Ga-based films generated on a dehydroxylated
silica support, we have observed that the deposition of one
ALD cycle of trimethylgallium followed by calcination at 500
°C yields a submonolayer coverage of tetracoordinate and
pentacoordinate Ga®' sites that contain, in their second
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coordination sphere, both Si and Ga atoms (that is, [4]Ga(si/Ga)
and [S]Ga(si,Ga), respectively).”" Interestingly, [4]Ga(si/Ga) sites
provide strong Lewis acidity and their higher relative amount
correlates with a higher activity in isobutane dehydrogenation.
That being said, materials obtained using five and ten ALD
cycles show a higher relative fraction of [SJGa(Si/Ga) sites that are
associated with mild Lewis acidity and are also less active
in isobutane dehydrogenation and produce more coke. In
contrast, the more active sites in unsupported nanoparticle
catalysts such as p-Ga,0; or mixed oxide (Ga,Al),O; are weak
Lewis acid sites (LAS), yet a higher relative amount of mild
LAS in those catalysts also leads to increased amounts of
coking.>>®

Here, we report that ALD-made [4]Ga(si,Ga) and [SJGa(Si,Ga)
sites on dehydroxylated silica transform, upon contact
with ambient air, to [4]Ga(Ga) and [G]Ga(Ga) sites that
are contained in ca. sub-nanometer Ga,O,(OH), clusters that
feature no diffraction peaks and are not-discernable by high-
resolution TEM.?' Calcination at 650 °C leads to their
conversion into [4]Ga(4si) sites that are similar (both
structurally and catalytically) to the isolated sites that are
obtained by SOMC, i.e., [(=Si0);Ga(XOSi=)] sites (one strong
LAS and one strong BAS). Interestingly, exposure of the
dehydroxylated material containing [4]Ga(4si) sites to ambient
air regenerates the [4]Ga(Ga) and [G]Ga(Ga) sites in Ga,O,(OH),
clusters (Scheme 1). Thus, the transformation of isolated -
Gag;) sites to agglomerated [4‘6]Ga(Ga) sites contained in sub-
nanometer Ga,O,(OH), clusters (shells) is reversible and can
be tuned dynamically as a function of the extent of silica
dehydroxylation, which in turn is controlled by the
pretreatment temperature.

Experimental section
Materials

Gal1-SiO,_s00 was synthesized using a previously reported
method (vide infra),”" and is denoted hereafter as Gal(so).
Exposure of Gal(soo) to ambient air gave a material denoted
as Gal(spo-ain- Calcination of Galggg) in synthetic air at 650
°C for 1 h (20 ml min™, 5 °C min™) produced a material
denoted as Galsg) that was handled and stored without
exposure to air. We also refer to a material obtained from

#0lGag,)

H\O/H Ga,0,(OH),

cluster

Hw—gq —H,0

|
w— Si

ambient air

heating to 650 °C ,—O-..q—O—,
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Gal(sp0aiy under similar conditions during an in situ X-ray
absorption spectroscopy (XAS) experiment as Gals). Lastly, we
refer to the materials obtained after vacuum treatment of
Gal(zpoair) at 550 °C and 650 °C during FTIR experiments as
Gal(ss0) and Galeso), respectively. A reference material Ga@SiO,
(containing  [=Si0);Ga(XOSi=)] sites) was  prepared
using SOMC/TMP, utilizing [Ga(OSi(O'Bu););(THF)] as the
organometallic precursor, as described previously.'" Exposure
of Galpsp to ambient air gave a material denoted as
Gal(650-air)-

Atomic layer deposition

The deposition of trimethylgallium (TMG, Pegasus
Chemicals) onto silica, dehydroxylated at 500 °C (SiO,-500),
and using ozone as an oxidant was performed at 300 °C in a
Picosun R-200 system enclosed within an MBraun glovebox
(H,0, O, < 1 ppm). An ALD cycle included 20 pulses of TMG
(0.1 s duration for each pulse) and 20 ozone pulses (5 s
duration for each pulse). N, (99.999%) was used as the carrier
and purge gas in the ALD experiments. The ozone
concentration expected at the power used is 10% w/w (140 g
Nm™®). The resulting material was calcined, without exposure
to ambient air, at 500 °C in a flow of synthetic air for 4 h
(flow rate was 50 ml min™", heating ramp was 5 °C min™") to
yield Galsgg that was handled and stored in a glovebox
(H,0, O, < 1 ppm).*!

Elemental analysis

The Ga wt% content was determined using inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
using an Agilent 5100 VDV instrument, calibrated according
to a multi-element standard. The materials were dissolved in
aqua regia (3:1; HCl: HNO3) and digested at 175 °C for 30
min in a microwave system (Multiwave GO). The resulting
solutions were diluted using deionized water to match the
linear range of the standard.

X-ray powder diffraction (XRD)

XRD data were obtained using a Panalytical Empyrean
diffractometer with a Cu Ko radiation source set at 45 kV and
40 mA. The detector used was an ultrafast line X'Celerator

Isolated sites

[ A
strong BAS strong LAS
[4]Ga(33i)—|.l.2-OH—Si [4]Ga(43i)

Scheme 1 Schematic representation of the structural changes occurring during the dehydroxylation of silica-supported sub-nanometer clusters

of gallia (Ga,O,(OH),).
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Scientific and the incident beam was equipped with a Bragg-
Brentano HD optic. The diffractograms were acquired
between 5 and 70° 260 (the step size was 0.0167° using 0.4 s
step " acquisition time).

Transmission electron microscopy (TEM)

The microstructure of the materials (opened to air) was
probed by TEM (FEI Talos F200X) equipped with a high-
brightness field-emission gun, a high-angle annular dark
field (HAADF) detector, and a large collection-angle EDX
detector. The operation voltage of the instrument was set to
200 kV in scanning transmission electron microscopy (STEM)
mode. The specimens for electron microscopy were prepared
by dipping the Cu grids coated with carbon (TedPella, 300
mesh) into the powder.

Ga K-edge X-ray absorption spectroscopy

XAS measurements were performed at the BM31 station of the
Swiss-Norwegian  beamlines (SNBL) at the European
Synchrotron Radiation Facility (ESRF). Data collection was
carried out at the Ga K-edge using continuous scanning in
transmission mode with a  double-crystal  Si(111)
monochromator. In situ XAS experiments were carried out in a
quartz capillary reactor (diameter 1 mm; wall thickness = 0.1
mm) whereby the material was placed between two quartz wool
plugs. The material was subjected to a dehydroxylation
treatment by flowing synthetic air (10 mL min™") through the
reactor while heating the material from room temperature to
650 °C (5 °C min™') using an air blower. The material was kept
at 650 °C for 1 h and then cooled down while the reactor was
flushed with N, (10 mL min™"). For ex situ XAS measurements,
materials were placed inside quartz capillaries (diameter 1.5
mm; wall thickness 0.1 mm) and sealed with wax and vacuum
grease inside a N,-filled glovebox (H,O, O, < 1 ppm). All ex situ
measurements were conducted at room temperature.

The Demeter software was used for data processing. The
spectral energy was calibrated using a Zn foil (9659 eV).
Extended X-ray absorption fine structure (EXAFS) data were
fitted in R space between 1 and 3.0 A with a k-weight of 3.
The Fourier transform (FT) of the EXAFS oscillations was
obtained for a k-space range of 3-11 A™. The initial FEFF
paths (Ga-O and Ga-Ga) and the amplitude reduction factor
(So*) were generated by the Artemis software using B-Ga,Os;
as the reference model.

The Cauchy wavelet transform (CCWT)
analysis was performed with MATLAB software using an open
script downloaded from http://www.univ-mlv.fr/~farges/
waw.’® The Cauchy order was set to 20 while analyzing the
long-range EXAFS data in R space from 0.5 to 4 A. To yield a
better resolution of the CCWT images, we increased the
Cauchy order to 150 for short-range R space (2-4 A) analysis.

continuous

71Ga NMR

7"Ga  magic angle spinning nuclear  magnetic
resonance (MAS NMR) experiments were performed using a

This journal is © The Royal Society of Chemistry 2024
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20.0 T Bruker Neo spectrometer operating at a frequency of
259.3 MHz. Materials were packed into 1.3 mm diameter
zirconia rotors inside an argon-filled glovebox. The rotors
were spun at 60 kHz under pure nitrogen. In order to
increase the signal-to-noise ratio, the signal acquisition has
been performed with a Carr-Purcell-Meiboom-Gill (CPMG)
pulse sequence,*” co-adding 64 to 128 echoes separated by
approx. 40 ps to 125 us (ie., 2 to 8 rotor periods) and using
radio-frequency fields set at 150 kHz with an optimized t9
pulse duration of 0.6 us and a recycle delay of 0.5 s. Reducing
the pulse length below 0.6 ps did not change significantly the
line shape, showing that those irradiation conditions did not
produce any significant pulse bandwidth issues. Depending
on the material studied, the total experimental times were
ranging typically between 15 h and 48 h. Further experiments
were performed on a 23.8 T Bruker Neo spectrometer
operating at a frequency of 305.0 MHz using identical
experimental conditions, except for slight changes in the
CPMG pulse length (0.7 pus was found to be optimal and
using 200 echos, except for Gal(spp-ain and Gal(gse-ain that
showed a much shorter apparent 7, relaxation time).
Chemical shifts were referenced to a 1 M solution of
Ga(NO;); in H,O (for both fields).

Simulations were performed using the Czjzek model, as
further developed and implemented in the DMFit software,®
i.e., the so-called Gaussian isotropic model (GIM) was used
under the assumption of a finite spinning speed, that is,
taking into account the spinning sidebands of the central
transition arising from the second-order quadrupolar
effects.”® This approach allows us to differentiate the
individual components and to retrieve the relevant
spectroscopic parameters, ie., the mean isotropic chemical
shift Jis,, the width of its Gaussian distribution Adi,, the
variance of the distribution of the quadrupolar tensor
elements (oq) and the relative fraction of each component.
Worthy of note, this model assumes a random distribution of
structural environments such that o and Adi, become solely
a measure of extent of disorder in the material studied.

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were recorded on a Nicolet Protege 360
spectrophotometer in  transmittance mode (spectral
resolution 4 ecm™'). Powdered materials were pressed into
self-supporting wafers (15-20 mg cm?) and placed into a
vacuum infrared quartz cell equipped with CaF, windows.
For the dehydroxylation process, Gal(sgo-aiy Was heated in
vacuum (ca. 10~ mbar) at a rate of 3 °C min™" and held for 3
h at a desired temperature. All IR spectra were measured
at room temperature. Gal(spo-air)y dehydroxylated at different
temperatures was also characterized after adsorption of CO.
The adsorption of CO was conducted at room temperature
and using an equilibrium pressure of ca. 20 Torr. For the H,
dissociation experiments, the materials were outgassed at
650 °C for 2 h under a vacuum of ca. 10> mbar.
Subsequently, hydrogen was introduced at a pressure of 50

Catal Sci. Technol., 2024,14, 379-390 | 381
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Torr (ca. 67 mbar) and held for one minute after which the
reactor containing the self-supporting specimen pellet was
removed from the oven, allowed to cool down to room
temperature and then outgassed.

Determination of surface acidity with pyridine

"N-Pyridine (99% isotopic enrichment) was purchased from
CortecNet Corp., dried over CaH, at 60 °C for 2 days and
degassed by three freeze-pump-thaw cycles prior to use. The
materials were evacuated (ca. 10~> mbar) and then exposed to
vapor of '’N-Py at ambient temperature for 1 min followed by
outgassing (150 °C, 5 °C min ', ca. 10> mbar). The FTIR
spectra of the outgassed specimen were collected using an
Alpha II spectrometer (Bruker) operated inside a N, filled
glovebox using self-supporting pellets.

For N dynamic nuclear polarization surface enhanced
NMR spectroscopy (DNP SENS) measurements, materials with
pre-adsorbed Py were impregnated in a glovebox (O, and H,0 <
0.5 ppm) with a 16 mM TEKPol in 1,1,2,2-tetrachloroethane
(TCE) solution. The impregnated materials were introduced into
a sapphire rotor (outer diameter 3.2 mm), and closed with a
zirconia cap. The rotor was placed quickly in a cold DNP probe
(109 K). The measurements were performed on a Bruker 600
MHz (14.1 T) instrument equipped with a 3.2 mm Bruker DNP
triple-resonance probe coupled to a 395 GHz gyrotron
microwave source (output power = 6-10 W) to drive the DNP
cross-effect. In all experiments, a MAS rate of 8 kHz was used.
DNP-enhanced "N NMR spectra were measured using a ['H]"’N
CPMAS pulse sequence using a contact time of 2 ms. As a
reference for the static magnetic field, the higher-frequency *C
peak of adamantane at 38.4 ppm was used. The DNP buildup
time (zpnp) Was measured by a 'H saturation-recovery
experiment with the microwaves turned on.

Catalytic testing

Propane dehydrogenation tests were carried out in a
benchtop Microactivity EFFI reactor (PID Eng&Tech).
Typically, 50 mg of a catalyst was diluted with 1.5 g of SiC (46
grit, Alfa-Aesar) and placed between two plugs of quartz wool
on a quartz frit in a 13 mm ID quartz reactor. The catalyst
was loaded and sealed inside a N, glovebox and purged with
N, using a bypass prior to the catalytic test. After reaching
the desired reaction temperature (550 °C, 10 °C min'), during
heating in a N, flow (20 ml min™), a mixture of 10% C;Hs
diluted in N, was introduced to the reactor using a weight
hourly space velocity (WHSV) of 8.5 h™". The gas flow rates
were controlled by mass flow controllers, which were
calibrated to the desired gases. The temperature was
controlled by a thermocouple immersed inside the catalyst
bed. The composition of the outlet gases was analyzed by a
4-channel compact gas chromatography system (CompactGC
4.0, Global Analyser Solutions) equipped with two thermal
conductivity detectors (TCD) and two flame ionization
detectors (FID). The data points were collected every 7 min.
To assess the activity of the catalysts after reoxidation, a
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regeneration step was incorporated every 5 h of time-on-
stream. The regeneration step involved the flowing of
synthetic air (30 mL min™ at 550 °C, obtained by mixing dry
N, and dry O,) for 1 h, followed by a flushing step with N,
(20 min, 30 mL min™") before starting a new PDH cycle.

The fractions of the gas-phase products (Cyoyu) were
determined by calibrating the GC with a gas mixture of
known fractions. The formation rate of products (Fy oy, mol
min") was calculated based on the gas fractions measured in
the outlet flow. The propane conversion (Xcy,) and the
selectivity of the gas-phase products (S, defined per mole of
product) were calculated based on the following equations:

. Cyout Fn, i
Frout [mol min '] = 22—
CNz,out

Z Fi.out

C3Hg,in

X, = x100%

Fonut

Sy = e
* Z Fi,out

Z Fx‘out ><]\]x + FCgHg‘Out xNCgHg
Fc,n,,in X Nc,H,

Carbon balance =

Results and discussion
Material synthesis and basic characterization

Gal(so0) Was synthesized as reported previously, using one
ALD cycle (300 ©°C deposition temperature) of
trimethylgallium, ozone and silica partially dehydroxylated at
500 °C, i.e., SiO,_500, followed by calcination in synthetic air
at 500 °C for 4 h.*" Exposure of Gal(syg) to ambient air gave
the material denoted as Gal(spoair). Calcination and/or
dehydroxylation (in FTIR experiments) of Gal(sgo-air) at 650 °C
gave the materials denoted as Galso) Or Gal(gsp-air), if
exposed to air (Scheme 2). ICP-OES analysis shows that the
Ga loading in Galgse-ain iS 5.1 wt%. In addition, N,
physisorption measurement gives a BET specific surface area
of Gal(so-air) Of 178 m? g The pore volume of Gal(so-air) iS
1.5 em® g'. XRD data shows the absence of crystalline
phases in Gal(sg), only amorphous halos due to diffuse
scattering from silica are detected (Fig. S17).

Catalytic performance

The catalytic performance of Galesp in PDH was then
evaluated using a flow of 10% C;Hg/N, that was passed
through a catalyst bed (50 mg of catalysts mixed with 1.5 g
SiC) held at 550 °C using a WHSV of 8.5 h™". Initially (ie.,

ambient A (650 °C) ambient
Gal(sp0) ——> Gal(500-air) Galgsg) Gal(50-air)
air -H,0

Scheme 2 Synthesis of the materials used in this work.

This journal is © The Royal Society of Chemistry 2024
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after 7 min), Galeso) exhibited a propene selectivity of 85.4%.
The corresponding TOF (mol C;H, per mol Ga per hour) was
11.7 h™", achieved at 8.0% propane conversion (Fig. 1a). In
comparison, the previously reported SOMC-derived Ga@SiO,
catalyst containing isolated [4]Ga(4si) sites exhibited an initial
TOF of 20.4 h™", although obtained at a significantly lower
WHSV of 2.1 h™."" Importantly, the propene selectivity and
deactivation profiles are comparable in these two catalysts.
Over 20 h of time on stream, the catalyst's selectivity to
propene decreased slightly to 80%, while the TOF decreased to
7.7 h™ (at 5.5% propane conversion). A possible reason for the
observed deactivation with time on stream is the partial
reduction of the active [4]Ga(4si) sites, as has been reported for
the SOMC-derived Ga@SiO, catalyst.11 The formation rates of
methane and ethene (cracking byproducts), remained constant
with time on stream (Fig. S147), which may be due to different
active sites for PDH and cracking reactions. After 20 h of time
on stream, there was only a slight darkening of the catalyst,
suggesting a minor degree of coke deposition and a limited
contribution of coking to catalyst deactivation. Previously, mild
LAS have been suggested to be linked to coking in alkane
dehydrogenation,”>** and this hypothesis is generally
consistent with only a limited degree of coking observed for
Galsg) that lacks mild LAS (vide infra). The reaction-
regeneration cycle was carried out on Galesg by passing
synthetic air at 550 °C for 1 h through the catalyst bed that has
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been exposed to PDH condition for 5 h. The PDH activity of
Galss0) can be fully regenerated after oxidative treatment (and
removal of minor amounts of coke) via calcination (Fig. S157).

H, dissociation sites

Given the similarity between the catalytic results of Galso)
and the SOMC-prepared material Ga@SiO,, we evaluated and
monitored by IR spectroscopy the reactivity of these two
materials towards H,. To minimize the reduction of the
dehydroxylated materials, we carried out the dissociation of
H, at 300 °C (for 1 min, followed by cooling down under H,
and outgassing at room temperature). Dissociation of H, on
Gal(gso) results in the emergence of a rather narrow IR band
centered at 2039 cm™', attributed to a Ga-H vibration
(Fig. 1b). Importantly, the dissociation of H, on Ga@SiOx(ss0)
yields the same major band, albeit with slightly more
pronounced shoulders at 2062 cm™ and 2074 cm™. The
presence of these shoulders in Ga@SiO,(s0) is likely due to
slightly different experimental conditions and the ease of
reduction of [4]Ga(4si) sites at 300 °C (and not due to the
higher site homogeneity in Galgse). This comparison
highlights the similarity of the hydrogen dissociation sites in
Galsp) and Ga@SiO,(e50) (and, presumably, the active sites
in propane dehydrogenation). We note that the Ga-H bands
in silica-supported crystalline (y/p) or amorphous gallia are

(a) (c)
F14 Py-L Py-L
>
80 12 o +
< o = PyH “
S . 2
> itagy k10 © S
L %2}
Ko} e 8 S
& o w
— o
2 40 e
[
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8 i
O 4 1600 1550
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0 T T 0 T T T T T T T
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(a) Propene selectivity and turn over frequency of Galsg) in propane dehydrogenation at 550 °C (20 h) with conversions in the range of

8.0-5.5% (WHSV = 8.5 h™). (b) Transmission FTIR results of H, dissociation experiments using the materials Gal and Ga@SiO, (navy and light blue,
respectively) dehydroxylated at 650 °C, showing the region of the Ga-H bands. (c) FTIR spectra of Py-Galgsg) after desorption of pyridine at 150
°C and (d) the corresponding fitted >N DNP SENS spectrum. Bands and peaks due to PyH* and Py-L are highlighted in grey and light peach,

respectively. L indicates a Lewis acid site (such as “Gas;).
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notably broader, and showing multiple bands in this region,
consistent with a larger distribution of hydrogen dissociation
sites in those materials.”**® As will be discussed in more
detail below, the likely H, dissociation sites (and the active
sites in PDH) in Gal(sg) and Ga@SiO,gs0) are [4]Ga(4si) sites
that split hydrogen heterolytically across the Ga-O bond, as
has been proposed based on DFT calculations (the
microscopic reverse of H, dissociation).”"

Surface acidity by Py-FTIR and >N DNP SENS

The nature of surface acid sites in Galso) was also further
investigated using FTIR and '°N DNP SENS using '>N-Py as
the probe molecule.***? Fig. 1c displays the FTIR spectra of
pyridine that remains adsorbed on the Galgsg) surface after
outgassing at 150 °C. Characteristic features associated with
Py binding to LAS are evident at ca. 1619 cm ' and 1452
em ', The inset in Fig. 1c highlights the weak IR band at
1548 cm ', which corresponds to pyridinium. The >N DNP
SENS spectrum for Gal(esg) after the desorption of ’N-Py at
150 °C is presented in Fig. 1d. The spectrum reveals two
distinct peaks located at isotropic >N chemical shifts at 236
ppm and 201 ppm. The 236 ppm signal is due to >N-Py's
attachment to strong Lewis acidic Ga sites,>® while the 201
ppm shift suggests the presence of pyridinium.**?® This
latter signal indicates the existence of strong BAS, which are
likely linked to pseudo-bridging silanols that interact with
neighboring Ga sites, that is, [4]Ga(3si)—p2-OH—Si. Note that
the observed high sensitivity of "N DNP SENS to pyridinium,
in contrast to Py-FTIR (Fig. 1c and d), is a general
phenomenon when comparing the two methods.>"**?*37 1°N
DNP SENS is particularly sensitive for the detection of
pyridinium because its nitrogen atom is directly bonded to a
proton, which provides an increased NMR signal
enhancement; performing the NMR measurement at low
temperature further increases the signal-to-noise ratio and
minimizes dynamic phenomena, which can impact the
corresponding IR experiment (carried out at room
temperature). Notably, the presence of only two peaks in the
>N DNP SENS spectrum of Galgsg) due to strong LAS and
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BAS parallels the spectrum of the SOMC-prepared Ga@SiO,
material.'**® This similarity underscores that the majority of
Ga centers on Galggs) are site-isolated, likely, tetracoordinate
[4]Ga(4si) sites uniformly dispersed over the surface of
dehydroxylated silica.

7'Ga MAS NMR study

A quantitative analysis of the local coordination of Ga sites in
Gal(500-airyy Gal(gse) and Gal(gsoair) Was performed using "'Ga
MAS NMR. In general, the nuclei of “'Ga exhibit large
quadrupolar interactions, leading to line broadening and a
reduction of sensitivity, requiring in turn the use of fast
magic angle spinning and high fields.>® The spectrum of
Gal(s00-air) coOntains two peaks which can be well modeled at
20.0 T with a component with a i, at 186 ppm and a second
component with a d;,, at 30 ppm, ascribed to *Ga and [*lGa
sites, respectively, similarly to B-Ga,O; (Fig. 2a and S13,f
Table 1).*°"** In contrast, Gal(so), described by us previously,
contained no considerable amounts of [°/Ga sites, but instead
contained /Ga and PlGa sites with J;, values at 176 ppm
and 94 ppm at 20.0 T, respectively.21 Both sites in Gal(spo-air)
can be modeled well with a Czjzek-type line shape but with
significantly different values of oq, i.e. 9.1 MHz for “lGa and
4.9 MHz for [®)Ga. The lower value found for °)Ga indicates
that this environment is less disordered, possibly because of
the presence of OH groups which restructure the Ga sites, as
seen for Al sites in alumina.*® Therefore, the presence of
such ®lGa sites in Gal(sp0-air) suggests that the dispersed
gallosilicate sites in dehydroxylated Gal(soo transitioned into
clusters of Ga,O,(OH), upon exposing Galggg) to air, likely,
via the hydrolysis of Si-O-Ga linkages. The resulting Ga,-
O,(OH), clusters are too small to be observed by TEM or
XRD'21,44,45

The spectrum of Galgsg) exhibits significant peak
broadening with the presence of numerous intense spinning
sidebands. The simulation performed using a single Czjzek-
type model accounts reasonably well (yet not perfectly) for
this line shape, giving at 20.0 T (Fig. 2b) an average isotropic
chemical shift i, of 155 ppm (138 ppm at 23.5 T) with a

b
(a) 200T (b) Galgso) (c) Gal(ss0-ai)
Ga1(500—air) 200T 200T
Galgso.ain 2357 235T
1500 1000 5[‘)0 0 -500 -1(‘]00 -1500 1500 1000 500 -500 -1000 -1500 1500 1000 500 0 -5‘00 »1(;00 -1500

71Ga frequency (ppm)

71Ga frequency (ppm)

71Ga frequency (ppm)

Fig. 2 Experimental "*Ga MAS NMR Carr-Purcell-Meiboom-Gill (CPMG) spectra of (a) Gal(s00-ain and Galgso-ain collected at 20.0 T, (b) Galeso)
and (c) Galgso-ain collected at 20.0 T and 23.5 T. The simulation is presented in red, with the individual fitted components shown in purple (“Ga)

and green (®'Ga).
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Table 1 7*Ga NMR parameters retrieved from the simulations of the spectra of Galsoo-ain collected at 20.0 T as well as Galgso-ain and Galgse) collected
at 20.0 T and 23.5 T: relative fraction, average isotropic chemical shift Jis,, full width at half maximum of the distribution of dis, (Adiso) and variance of

the distribution of quadrupolar tensor elements (og)

Material Field (T) Site Fraction Siso (Pppm) Adiso (ppm) oq (MHz)
Gal(s00-ain 20.0 Ga 75 186 64.3 9.1
lelga 25 30 31.8 4.9
Gal(eso) 20.0 Ga 100 155 158.9 14.4
23.5 Ga 100 138 105 15.3
Gal(ss0-ain 20.0 Ga 77 180 51.9 9.7
l°lga 23 30 29.5 5.3
23.5 MGa 60 180 26.9 8.1
°lga 40 32 31.9 5.1

large distribution Adjs, of 159 ppm (105 ppm at 23.5 T) and a
very large oq of 14.4 MHz (15.3 MHz at 23.5 T). Both the two-
component simulation of the spectrum at 20.0 T or the
simulation of a spectrum acquired at a higher magnetic field
of 23.5 T did not provide a notably improved fit (Fig. 2b). The
discrepancy between modelled and experimental data here
may be ascribed to the presence of a sizable chemical shift
anisotropy (CSA) interaction which is not taken into account
by our model.*" Overall, the presence of a small quantity (<
ca. 10%) of a highly disordered (oq = ca. 20 MHz) additional
component cannot be ruled out.

Comparison of the average isotropic chemical shift of
MGa sites in Gal(sp0-air)y Galzoe) and Galgsg) reveals a
reduction of d;s, with the extent of dehydroxylation, ie., the
Siso Of [4Ga sites decreases from 186 ppm in Gal(spp-air) t0 176
ppm in Gal(s) and further to 155 ppm in Galse (at 20.0
T).***” This change is explained by an increasing substitution
of Ga by Si in the second coordination sphere of [IGa sites,
ie, a transition from a "Gag, to a MGag) local
environment.”"** Assuming a shift of ca. -8.5 ppm per
substitution of one Ga atom by one Si atom in the second
coordination sphere of Ga,*" a decrease in the shift by -31
ppm between Gal(sgo-air) and Galese) is in agreement with an
almost complete transformation from a [4]Ga(4Ga) to a [4]Ga(4si)
local environment. Thus, the interaction between Ga,O,(OH),
and the silica surface increases with the extent of
dehydroxylation at increasing temperature. Furthermore, the
continuous increase in oq of the [JGa sites, from 9.1 MHz in
Gal(zp0-ain to 12.7 MHz in Gal(so) and ultimately to 14.4
MHz in Galgsg) indicates an increasing distribution of the
[4]Ga(si) local environments of the amorphous surface
gallosilicate species.*"*°

When Galggsg) is exposed to air, it forms species that
feature a similar spectrum as the Ga species in Gal(spo-ain
(Fig. 2a and S13f). More specifically, the spectrum of
Gal(gso-ain 18 also marked by two distinct NMR peaks, ie.,
one characterized by a J;s, at 180 ppm (at both 20.0 T and
23.5 T) for [YGa sites and another at i, 30 ppm at 20.0 T (32
ppm at 23.5 T) for °)Ga sites (Fig. 2c, Table 1). This result
indicates that the transition between the Ga,O,(OH), clusters
and the highly dispersed [4]Ga(4si) gallosilicate species is
reversible in Galgse) and Galsgg). Lastly, we note that the
NMR parameters derived from the fittings of the discussed

This journal is © The Royal Society of Chemistry 2024

7'Ga spectra at 20.0 T and at 23.5 T overall agree fairly well
(Fig. 2b and c, Table 1).

To summarize, calcination of Gal(spo-air at 650 °C provides
a distribution (likely, associated with a different amount of
strain) of [4]Ga(4si) sites on an amorphous silica surface,
whose parameters obtained by the fitting of high field "'Ga
MAS NMR spectra are notably similar to that of the SOMC-
derived material that contains isolated [(=Si0);Ga(XOSi=)]
sites (X is H or =Si).""*?

Transformation of Gal(so.air) t0 Gal(sse) followed by Ga
K-edge XAS and FTIR

The changes in the local environment of the Ga sites during
dehydration and dehydroxylation were also followed by in situ
Ga K-edge X-ray absorption near edge structure (XANES)
experiments performed during the calcination of Gal(spo-air)
(Fig. 3a—c). Here, Gal(soo-air) Was placed in a capillary reactor
and XANES spectra were recorded in situ while heating the
material to 650 °C under a flow of synthetic air (10 ml min*,
5 °C min™"). The temperature of 650 °C was kept for 1 h,
followed by the cooling down of the material to 50 °C under
10 ml min™* of N,. The starting material Gal(soo-air) displays a
primary white line feature at ca. 10374.2 eV, which is
ascribed to tetracoordinate *Ga sites.?%°752 A further, albeit
less pronounced feature at ca. 10377.8 eV is attributed to
hexacoordinate [°/Ga sites when taking into account the "'Ga
MAS NMR results discussed above. Heating of Gal(sgp-air) in
synthetic air to 650 °C leads to a gradual decrease of the
intensity of the feature attributed to “!Ga sites, accompanied
by a shift of by ca. 0.5 eV, i.e. from 10374.2 eV at 50 °C to
10373.7 eV at 650 °C (Fig. 3a). Concomitantly, the intensity
of the white line feature due to °lGa sites reduces, while its
position remains nearly unchanged at 10377.8 eV (Fig. 3a).
Furthermore, during calcination, the position of the
absorption edge (defined as maximum in the derivative plot)
shifts notably from 10372.2 eV at 50 °C to 10371.2 eV at 650
°C. We hypothesize that these changes in the XANES features
are due to the changing coordination environment of Ga and
are not related to the decreasing average oxidation state of
Ga, which remains Ga®'. The observed changes possibly
relate to the evolution of the coordination environment of Ga
from [4’6]Ga(Ga) sites in Gal(sgo-air) tO [4’5]Ga(Ga,si) in Gal(seg),”!

Catal. Sci. Technol., 2024, 14, 379-390 | 385
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Fig. 3 (a)-(c). In situ calcination of Galgo-ain followed by Ga K-edge XANES. The arrows indicate the direction of change. (d) XANES spectra of

Galsp0-ain and Galsg) as obtained in the in situ XANES experiment, recorded at 50 °C. (e) FTIR spectra of Galsgo-ain in the hydroxyl region
(respective evacuation temperatures specified) and, (f) FTIR spectra of Gal(soo-ain after evacuation at 550 °C and 650 °C and CO adsorption at a

pressure of 20 Torr at room temperature.

and predominantly Gag;) in Galse).'** It is worth noting

that when contrasting the results of our "'Ga MAS NMR and
in situ Ga K-edge XANES, features of [°)Ga and [°Ga sites in
the amorphous gallosilicate species studied here could not
be resolved in the XANES data.>'

Furthermore, we do not observe any considerable changes
in XANES when holding the material at 650 °C in a flow of
synthetic air for 1 h (Fig. 3b). However, during the
subsequent cooling down under N, (it takes ca. 1 h for the
specimen to cool down to 50 °C), the edge energy increased
from 10371.2 eV to 10371.8 eV. Interestingly, also the
intensities of the white line features assigned to “Ga and
[56lGa sites increased during the cooling down phase, yet to a
different extent, with a more pronounced increase observed
for the feature assigned to [“lGa sites (Fig. 3c). Specifically,
the peak position of the feature assigned to “lGa sites
increased slightly upon cooling down, ie., from 10373.7 eV
at 650 °C to 10373.8 eV at 50 °C. The XANES spectra of
Gal(sp0-air) and Galsg) recorded at 50 °C are presented in
Fig. 3d. The intensity of the white line feature assigned to
[5¢lGa sites significantly decreases after dehydroxylation,
while the intensity of the white line features assigned to “lGa
decreases to a lesser extent. Possible explanations for the
increase of the edge energy by ca. 0.6 eV upon the cooling
down of Galgsg) in N, include either a partial re-

386 | Catal Sci. Technol., 2024, 14, 379-390

condensation and dissociation of water on Ga-O-Si linkages,
yielding GaOH and SiOH sites (with water formed during the
dehydroxylation process or traces of water present in the N,
flow), and/or increasing the amount of [**/Ga sites relative to
lGa sites (note that [°)Ga sites in the gallium acetylacetonate
reference feature a higher edge energy relative to, for
instance, Gal(soo-air), See Fig. S2).%*

EXAFS data collected at 50 °C of Gal(sop-airy and Galeso),
the latter prepared in the in situ XAS experiment, are
presented in Fig. S3-S5tf and the fitting results are
summarized in Table 2. The primary feature associated with
the first coordination shell, i.e., the Ga-O paths, is present in
both materials. While Gal(spo-air) has a fitted Ga-O distance
of 1.84(1) A, a shorter fitted Ga-O distance of 1.82(1) A is
obtained for Galgsg). Further, the average coordination
numbers (CNs) for the first sphere are 5.6(5) in Gal(sop-air)
and 4.5(5) in Gal(s). The decreased distance of the Ga-O
path and the lower CN in Galgsg) suggest that the relative
abundance of "lGa sites increases during the calcination of
Gal(soo-ain (as [4Ga sites are expected to feature a lower Ga-O
distance compared with [®®)Ga sites). Thus, the results of
EXAFS analysis are consistent with the conclusions drawn
from XANES and NMR analyses. The second coordination
sphere of Gal(sgo.air) is modeled with a Ga-Ga path with an
average distance of 2.98(6) A and CN of 4.3(3). In contrast,

This journal is © The Royal Society of Chemistry 2024
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Table 2 Best fits of the structural parameters obtained from Ga K-edge EXAFS FT of Galsgo-aiy and Galieso)
Material Neighbour CN r(A) 0, (A%) AE, (eV) R-Factor
Gal(500-air) o 5.6(5) 1.84(1) 0.010(1) -2(1) 0.002
Ga 4.3(3) 2.98 (6) 0.023(6)
Galeso) (¢} 4.5(5) 1.82(1) 0.010(1) 1(2) 0.002
Si 0.5(8) 2.76(9) 0.008(8)
Ga 1.0(9) 2.84(3) 0.008(8)

All materials were measured at ambient temperature. S, was fixed to 1 as obtained by fitting a f-Ga,O; reference. CN refers to the coordination
number, ¢ refers to the mean squared displacement of the half path length and AE, refers to edge energy uncertainty.

Galgsg) was well modeled with both Ga-Si and Ga-Ga paths
within its second shell, with distances of 2.76(9) A and
2.84(3) A and average CNs of 0.5(8) and 1.0(9), respectively.
Note that the Ga-Si and Ga-Ga paths overlap leading to a
high uncertainty of the determination in their CNs. The
reduced CNs of the Ga-Ga path, in combination with the
shortened Ga-Ga distance and the emergence of a Ga-Si path
in Gal(gsg) are consistent with the transformation of Ga,-
0,(OH); clusters in Gal(spo-air) to highly dispersed gallosilicate
species in Galgsg), that is, predominantly [4]Ga(4si) sites. The
high dispersion of Ga in Galspaiy is shown by EDX
mapping (Fig. S8 and S9f). We note, however, that an
amorphous GaO, film with Ga sites in a tetracoordinate
environment, that is, with a fitted CN of the first
coordination sphere of 3.7(3) has been reported.>

To further differentiate between the contributions of Ga-
Ga and Ga-Si scattering paths in the second sphere of Ga sites
in Galzop-ain and Galgsg), a continuous Cauchy wavelet
transform analysis of the EXAFS data was performed.”> CCWT
analysis correlates interatomic distances (r) and wave vector
(k) spaces, thereby enabling the distinction between scattering
atoms with different atomic numbers located at similar
distances from the Ga site. Atoms with higher atomic numbers
(such as Ga) scatter more strongly at higher & values than
atoms with lower atomic numbers (such as Si). The CCWT
analysis of both Gal(gsg) and Gal(sgo-air) in the R range of 0.5-4
A reveals a predominant feature due to a Ga-O scattering path
and a relatively weak second coordination sphere due to
scattering paths from heavier elements (i.e., Ga of Si, see Fig.
S6 and S7f). Narrowing the R range to 2-4 A results, for
Gal(sp0air)y in two overlapping distinguishable features, ie.,
the feature centered at R = 2.4-2.6 A and k = 8.0-10.0 A™*
attributed to Ga-Ga scattering paths and the feature at R =
2.4-2.6 A and k = 5.0-7.0 A" assigned to scattering from a
lighter element, such as O or Si paths (Fig. S61)."" In contrast,
in the narrow R range of 2-4 A, Galeso) shows distinct features
at only R = 2.4-2.6 A and k = 5.0-7.0 A, attributed to light
element scattering (O or Si), while the feature from Ga-Ga
scattering paths is not observed (Fig. S7f). This result is
consistent with 7'Ga NMR results discussed above.

Lastly, to confirm the relationship between the extent of
dehydroxylation and amounts of available surface LAS,
complementary FTIR experiments of Gal(spo-air) €xposed to
increasing evacuation temperatures in the range 300-650 °C
were performed. Fig. 3e plots the OH vibration region of the

This journal is © The Royal Society of Chemistry 2024

acquired spectra that consist of two characteristic features,
i.e., a sharp band at 3747 cm™ due to isolated silanols and a
broad band centered at ca. 3678 em ™" that can be due to both
GaOH and Brensted acidic [4]Ga(Ga/si)—u2-OH—Si groups.”®”’
With increasing temperature (from 300 °C to 650 °C) the
intensity of the silanol band at 3747 cm™ firstly increases
and then decreases (Fig. 3e, inset), explained by a progressive
dehydroxylation of the material that leads to a decreased
perturbation of isolated silanols, explaining the initial
increase of the band at 3747 ecm™ (Fig. $11 and S12%). In
parallel, also the intensity of the band at 3678 cm™" decreases
with increasing temperature; at 650 °C this band has nearly
disappeared (Fig. 3e). Overall, the observed decrease of the
intensity of both OH bands is due to dehydroxylation.

We have also assessed the effect of dehydroxylation on the
density of strong LAS, using CO as a probe molecule. Fig. 3f
presents the CO-FTIR spectra of Galgssg) and Galggse. Both
spectra display a single band at 2219 cm™, corresponding to
CO coordinated to strong Ga®" LAS.***®® The intensity of this
band increases with increasing temperature and correlates with
the disappearance of the broad band in the OH-region at 3678
em™; ie the condensation of hydroxyls with increasing
temperature leads to an increasing exposure of Ga®* LAS on the
surface of Gal(sg). A control experiment shows that the SOMC-
prepared Ga@SiO,(5¢) material displays the CO band at the
same position of 2219 cm™ as Gal(ssg) and Galso) (Fig. S107),
suggesting that both materials contain Lewis acidic Ga®" sites of
similar strength (and structure). Overall, the portfolio of
characterization methods discussed in this study ("'Ga MAS
NMR, Ga K-edge XANES and EXAFS, Py N DNP SENS, Py-FTIR,
CO-FTIR, H, dissociation followed by FTIR as well as the
catalytic properties) do not reveal significant differences
between the ALD-derived and SOMC-derived Ga-based silica-
supported materials, suggesting that both materials feature
predominantly [4]Ga(4si) sites.

Conclusion

We presented experimental evidence that demonstrates a
thermally-induced conversion of silica-supported sub-nanometer
Ga,0,(OH), clusters consisting of [4]Ga(Ga) and [G]Ga(Ga) sites, to a
silica surface dominated by isolated [4]Ga(4si) sites (i.e., surface
gallosilicate). Importantly, this process is reversible and exposure
of Gal(sg) to ambient air (i.e., rehydroxylation) regenerates the
sub-nanometer Ga,O,(OH), clusters with [4]Ga(Ga) and [G]Ga(Ga)

Catal. Sci. Technol,, 2024,14, 379-390 | 387
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sites. Thus, increasing the dispersion of Ga sites that are likely
active in PDH (i.e., [4]Ga(4si) sites) is a dynamic reversible process
that can be achieved through the dehydroxylation of silica
containing sub-nanometer Ga,O,(OH), clusters. The [4]Ga(4si)
coordination environment in the dehydroxylated material is
composed of two principal [[(=Si0);Ga(XOSi=)] sites, where X is
either H (strong BAS) or Si= (strong LAS); such sites are also
contained in a related material prepared using the SOMC/TMP
approach.’ >3 The similarity of two materials extends also to a
comparable catalytic performance in propane dehydrogenation
(high activity and selectivity, low coking and deactivation) as
revealed in a 20 h catalytic test. In other words, we provided
evidence that ALD methodology can yield well-defined isolated
surface gallosilicate sites that closely resemble those prepared
via SOMC, serving as an example of the complementarity of ALD
and SOMC methodologies. The transformation of [4]Ga(Ga) and
[G]Ga(Ga) sites to [4]Ga(4si) sites is similar to the known chemistry
of V,05 on hydroxylated SiO,, which evolves, upon
dehydroxylation of silica and at sub-monolayer V coverage, into
isolated (=Si0);V=0 sites.®** The current study highlights the
dynamic  transformation of surface species  under
dehydroxylation and re-hydroxylation conditions.
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