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ABSTRACT
Ga-doped hollow silica nanosphere and nanotubes were synthetized using a soft template sol-gel
method. The low dimensional morphologies (0D or 1D) were obtained by simply adjusting the
stirring speed during the synthesis procedure. The two materials were fully characterized using
different techniques such as SSNMR, N2 physisorption, XRD, TEM or ICP-OES. The influence of the
calcination temperature on the coordination environment of gallium as well as the accessibility of the
gallium active sites was proved via *Ga ssNMR. The acid features of the solids were studied via a
combined approach based on FT-IR of adsorbed ammonia and 3P ssNMR using trimethylphosphine
as a probe molecule. The latter technique allows unveiling a higher Brgnsted/Lewis acid sites ratio
of Ga-nanospheres as compared to Ga-nanotubes, probably as a consequence of the more defective
spherical shell. Both nanostructures were tested for the conversion of glycerol to solketal. Ga-
nanospheres revealed improved catalytic performance in comparison with the corresponding
nanotubes and displayed outstanding activity with respect to other solid catalysts reported in the
literature and tested under the same reaction conditions. Moreover, they proved to be stable and
reusable in multiple cycles. The E-factor calculated under the best condition was below 1 thus

proving the sustainability of the process.

1. INTRODUCTION
Over the past decades, the synthesis of porous silica-based materials with low dimensionalities
(particles diameter < 100 nm), tunable particle size, porosity and architectures was widely

explored.[1, 2] The interesting properties of low dimensional solids are mostly related to their
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nanoscopic dimensions, hence to their high surface area-to-volume ratio, spatial confinement, and
high surface curvature making them suitable for different applications, including catalysis and
biomass valorization.[3, 4] Generally, these structures are synthetized either via soft or hard
templating approach. In particular, the soft templated sol-gel strategy involves the formation of a
“soft” organic scaffold followed by the hydrolysis of a silica precursor which condenses around the
pre-formed organic structure, generating a well-defined silica network.[5, 6] Recently, among all the
possible silica-based materials obtained using a 'soft' templating strategy, the controlled synthesis of
hollow silica nanotubes and nanospheres has been highlighted.[7] In-depth studies of their formation
mechanism, allowed identifying the parameters enabling the selective design of one of the two
nanostructures. In particular, the amount of swelling agent (toluene) stabilized by the F127 surfactants
proved to be the key parameter controlling the change in morphology.[7] One of the most alluring
feature of silica nanostructures is the isomorphic substitution of a controlled fraction of Si atom by a
selected heteroelement (#S1), generally a metal cation (M) to design materials with additional tailored
functionalities.[8] This substitution is favored by the flexibility of the silica framework, which
compensates the generated structural strains by slight modifications of bond lengths and angles.[9]
In the case of zeolites, it is reported that this isomorphic substitution is possible between atoms
characterized by similar sizes (critical difference about the radii of c.a. 15%) and electronegativity
(critical difference of electronegativity values about c.a. 0.4 a.u.).[10-12] One of the most interesting
consequences of the isomorphic substitution of Si atoms by M is the enhanced acidity of the resulting
solid, due to the generation of Brensted (B) and Lewis (L) acid sites. The B/L ratio is influenced by
multiple parameters among which the most relevant is represented by the nature of the metal cation.
When M is a trivalent cation such as B**, Al**or Ga®* the creation of B active sites is favored. The
insertion of tetravalent cations, such as Ti**, Sn*" or Hf**, can also lead to the formation of acid sites
with a preferential formation of L acidity. Indeed, once M is bonded to three (trivalent element) or
four (tetravalent) oxygen atoms, the oxygen electron pair of a nearby surface silanol group can
interact with the empty orbital of the M atom. Electron density is withdrawn from the oxygen atom
of the hydroxyl group, enhancing the overall acidity of the hydroxyl proton which act as source of
Brensted acidity (Figure 1b or 1d). The generation of Lewis acid sites is also possible when surface
-OH groups are not interacting with the M atom. In this situation, the empty orbital of the M element
can interact with the electron pair of a Lewis base (Figure la or 1c).[13, 14] Although these
considerations are very formal, they have the merit of clearly explaining the presence of both
Brensted and Lewis acid sites in M-doped silica frameworks. In many cases, complex situations

including intricated combination of Brgnsted and Lewis acid sites are also encountered.[9, 13, 14]
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Figure 1 Insertion of a heteroelement (M) in the silica framework. The insertion of a trivalent M
leads to the generation of a Lewis (a) or a Bransted (b) acid site. The insertion of a tetravalent M can
also lead to the generation of a Lewis (c) or Brgnsted (d) acid site. The rectangle represents an empty

orbital of the heteroelement (M).

For these functionalized silicates, in the perspective of their applications, the precise description of
the metal environment and the acidity properties is a crucial endeavor. Over the past years, different
techniques coupled with the adsorption of basic probe molecules were employed to unveil the nature
of acidic active sites in metallosilicates. In particular, the overall acidity was studied via the use of
probe molecules (e.g. pyridine and ammonia) in combination with temperature programmed
desorption (TPD) or coupled to infrared spectroscopy (FT-IR).[15] Moreover, in the last three
decades it emerged that detailed acid features such as nature, concentration, and strength of acid sites
can be investigated via solid-state nuclear magnetic resonance (sSNMR) selecting a suitable probe
molecule containing NMR-sensitive nuclei such as *C, N, or 3!P. Among all the possible probe
molecules, trimethylposphine (TMP) could be employed in this field.[16] The use of this molecule is
quite advantageous due to the wide chemical shift range of *!P NMR, allowing the easy identification
of the different acid sites, but also thanks to the high sensitivity of the 3P dipolar nucleus and 100%
natural abundance.[17, 18] Acid mesoporous metallosilicates have been employed as heterogeneous
catalysts in various sustainable chemical processes, such as the synthesis of alkyl lactates and other
valuable chemicals from glycerol and its derivatives.[19, 20] Glycerol, a major by-product of
biodiesel production, can be valorized through a large panel of reactions[21] including the
acetalization with acetone to produce solketal.[15, 22-24] Solketal has applications as green
solvent,[25] in pharmaceuticals formulation,[25] and as a fuel additive,[26, 27] supporting circular

economy principles.[23] This reaction aligns with various green chemistry principles since it uses a



renewable feedstock, and displays a high atom economy (88% if full selectivity is considered)
together with a potentially low E-factor.[28, 29] Moreover, it can be performed with acetone playing
both the role of solvent and reactant hence limiting the use of other more toxic co-solvents, at
relatively low reaction temperature, and in continuous flow mode.[30, 31] Both homogeneous[26,
32] (e.g., H2SO4, HCI) and heterogeneous[33-36] (e.g. zeolites, metal-organic frameworks, M-
silicates) catalysts were already reported, with Brgnsted acid sites generally showing higher
efficiency than Lewis acid sites in converting the acetone-glycerol adduct to solketal.[37] Focusing
on mesoporous silica materials, Li et al. reported that the activity of a series of mesoporous silicate
such as Sn-MCM-41 is higher than an ultra-stable zeolite such as Al-TUD-1.[38] The authors
attributed this improvement to a combination of features such as the enhanced accessibility of the
active sites, improved diffusion properties and favorable environment of the catalytically active
species.[38] Indeed, the morphology of a catalyst can have a direct influence on different parameters
affecting its activity such as the specific surface area, the accessibility of the active sites or the mass
transport of reactants and products. Moreover, in a previous work based on Hf-doped silica
nanotubes, the authors highlighted how the nature of active site as well as the physicochemical
characteristics of the support were both crucial to enhance the conversion of glycerol into
solketal.[15] Among all the trivalent metal, the insertion of gallium in mesoporous silicates showed
promising results for the targeted reaction.[24, 39-43] It is generally accepted that the highest B/L
ratio showed the better catalytic activity. However, a clear relationship between acid properties and
morphology has not yet been well defined. Considering the importance of the B/L ratio in the reaction
under investigation, a more detailed study of the strength of the active sites should be also carried
out.

Herein, a micelle templated sol-gel approach to design two low-dimensional silica-based
nanostructures was considered. Novel hollow nanospheres and nanotubes embedding gallium as
single site in the silica framework were efficiently synthesized. The tetrahedral insertion of gallium
was probed via solid state "'Ga nuclear magnetic resonance. The latter technique also allows
evidencing a clear dependence of the thermal treatment and exsolution phenomenon of gallium which
was correlated with the catalytic properties. The acidity features were investigated with two different
techniques: 3P ssNMR and FT-IR using TMP and ammonia as probe molecules, respectively.
Importantly, TMP assisted 3P ssNMR allowed unveiling the different nature of Bransted and Lewis
sites providing relevant insights on the influence of the morphology on the catalytic activity. It
deserves to be mentioned that TMP assisted 3P ssSNMR is a poorly explored technique due to the
easily oxidable nature of the probe employed. Herein a carefully designed experimental set-up was

proposed to achieve highly reproducible results while preserving the nature of TMP. An in-depth
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ssNMR investigation was also performed employing acetone as probe molecule to provide further
insights on the availability of the Ga active sites. Both nanotubes and hollow nanospheres were tested
for the conversion of glycerol to solketal. The latter solid displays better performance compared to
nanotubes and outstanding activity with respect to other catalysts previously reported. Furthermore,
Ga-doped silica nanospheres were reused in multiple cycles thus providing the stability of the material

under selected reaction conditions.

2. Materials and Methods

2.1 Synthesis of silica hollow nanospheres (Si-NS)

The syntheses were performed in a 250 mL covered glass container maintained at a temperature of
12°C with a magnetic stirring of 550 rpm. As reported in a previous work the stirring speed is a key
parameter to determine the final morphology of the solid.[7] The glass container was 70 mm in
diameter and 133 mm in height and the stirring bar was 6 mm in diameter and 30 mm in length. 1.0
g (0.080 mmol) of Pluronic F127 was added to 60.0 mL of HCI 2 M. The mixture was stirred for one
hour to ensure the complete solubilization of the templating agent. Then, a mixture of tetraethyl
orthosilicate (TEOS — 2.8 g — 13 mmol) and toluene (3.0 mL — 0.028 mmol) was prepared. This
solution was added dropwise to the templating agent solution. After 24 h, the pH was adjusted to the
final value of 9, using 10,5 mL of an aqueous ammonia solution (30 %). The reaction mixture was
then stirred for another 24h at 12°C. After filtration of the reaction mixture and washing with 500 mL
of distilled water, the obtained gel was lyophilized overnight. The collected white powder was finally

calcined under air at 550°C for 5 h with a heating rate of 2 °C/min. The sample was denoted Si-NS.

2.2 Synthesis of silica Nanotubes (Si-NT)

The syntheses were performed in a 250 mL covered glass container maintained at a temperature of
12°C with a magnetic stirring of 250 rpm for nanospheres. As reported in a previous work the stirring
speed is a key parameter to determine the final morphology of the solid.[7] The glass container was
70 mm in diameter and 133 mm in height and the stirring bar was 6 mm in diameter and 30 mm in
length. 1.0 g (0.080 mmol) of Pluronic F127 was added to 60.0 mL of HCI 2 M. The mixture was
stirred for one hour to ensure the complete solubilization of the templating agent. Then, a mixture of
tetraethyl orthosilicate (TEOS — 2.8 g — 13 mmol) and toluene (3.0 mL — 0.028 mmol) was prepared.
This solution was added dropwise to the templating agent solution. After 24 h, the pH was adjusted
to the final value of 9, using 10.5 mL of an aqueous ammonia solution (30 %). The reaction mixture
was then stirred for another 24h at 12°C. After filtration of the reaction mixture and washing with

500 mL of distilled water, the obtained gel was lyophilized overnight. The collected white powder
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was finally calcined under air at 550°C for 5 h with a heating rate of 2 °C/min. The sample was
denoted Si-NT.

2.3 Synthesis of Ga-doped silica hollow nanospheres

The preparation of Ga-doped silica hollow nanospheres closely follows the procedure outlined in
paragraph 2.1. After stirring for 2 hours following the addition of the TEOS and toluene solution, a
solution of Ga(acac); dissolved in 1 mL of 2 M HCI (Si/Ga molar ratio of 74) was added dropwise to
the reaction mixture under continuous stirring. The subsequent steps remain unchanged from those

described in paragraph 2.1. The resulting sample was denoted Ga-NS.

2.4 Synthesis of Ga-doped silica nanotubes

The preparation of Ga-doped silica nanotubes closely follows the procedure outlined in paragraph
2.2. After stirring for 2 hours following the addition of the TEOS and toluene solution, a solution of
Ga(acac); dissolved in 1 mL of 2 M HCI (Si/Ga molar ratio of 74) was gradually added dropwise to
the reaction mixture under continuous stirring. The subsequent steps remain unchanged from those

described in paragraph 2.2. The resulting sample was denoted Ga-NT.

2.5 Characterization

Transmission electron microscopy (TEM) images were taken using a Philips Tecnai 10 microscope
operating at 80 kV. Prior to imaging, the impregnated solids were dispersed in ethanol via
ultrasonication and deposited on a copper grid.

Nitrogen adsorption-desorption analyses were carried out at 77 K with a volumetric adsorption
analyzer (Micromeritics ASAP 2420). Prior to the analysis, the samples were pre-treated 16 hours at
170 °C under reduced pressure (0.1 mbar). The Brunauer—-Emmet-Teller (BET) method was applied
in the 0.05-0.20 relative pressure (P/Po, Po = 101.3 kPa) range to calculate the specific surface area,
the total pore volume was determined from the amount of adsorbed N at a relative pressure of 0.99
and the pore size distributions were calculated from the adsorption branch of the isotherm using the
Barrett—Joyner—Halenda (BJH) method with the Kruk-Jaroniec-Sayari (KJS) correction. The
micropore volume was calculated via the t-plot method, applied to the adsorption branch of the
isotherms in the thickness range of 3.5-5.0 A, using macroporous silica as reference.

Chemical combustion analysis or elemental analysis (CHN or EA) analysis were performed in a Flash
1112series EA ThermoFischer — Interscience with a GC-TCD detector. CHNS analysis operates in
two steps: 1. An oxidation-reduction reactor (containing Cu) is placed in a furnace at 950°C under a
continuous helium flow. The precisely weighed sample is introduced into the reactor, followed by a
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brief injection of oxygen to initiate the oxidation or reduction reaction, depending on the sample. This
process generates various gases: carbon produces CO,, hydrogen forms H,O, nitrogen generates N,
and sulfur produces SO,. These gases are then separated in a gas chromatography (GC) column, and
their concentrations are determined based on their intensity and a calibration curve. Using the
precisely measured sample mass, the concentration values allow us to calculate the percentage of
each element in the sample.

Thermogravimetric analysis was performed under air flow from 25 to 900 °C with a heating rate of
10 °C/min in a Mettler Toledo TGA STAR system.

'H-NMR liquid-state spectra were recorded at room temperature on a JEOL ECX 400 MHz
spectrometer, operating at 9.4 T and equipped with a broadband 5 mm probe.

Solid-state (ss) cross-polarization (CP) and direct excitation (DE) magic angle spinning (MAS) 2°Si
nuclear magnetic resonance (NMR) spectra were recorded at room temperature, on a Jeol ECZ-R 600
MHz spectrometer operating at 14.1 T, equipped with an AUTOMAS probe. The samples were
packed in 3.2 mm zirconia rotors and spun at 10 kHz. TPPM *H decoupling with an RF field of 46.6
KHz was applied during the acquisition time. DE experiments were carried out with a recycle delay
of 300 s and a number of scans equal to 800. CP MAS experiments were performed using a contact
time of 5 ms, a recycle delay 5 s and a number of scans equal to 12569. 2°Si Chemical shifts were
referenced externally to Sodium trimethylsilylpropanesulfonate (DSS) at -0.1 ppm.[44]

Solid-state "*Ga NMR spectra were recorded on the same spectrometer, using a spinning frequency
of 20 kHz. Note that the calcined samples were analyzed immediately after the thermal treatment and
in the same conditions as the catalytic tests. Indeed, spectra reported in Fig. 3 were acquired
immediately after calcination and the rotors were packed in air. A batch of Ga-NS was synthesized,
five different portions were collected, and each portion was treated only at one temperature
(corresponding to the one indicated in Figure 3). Concerning the experiment on the dehydrated
samples and the one with the addition of TMP or H20, the sample was pre-treated like the one used
for the acidity measurement via 3P ssNMR (vide infra). The spectra were recorded using a Hahn
echo sequence and the following acquisition parameters: a relaxation delay of 0.3 s, an excitation
pulse of 2 pus (90°) and 1.0 ms acquisition time. Spectra in Fig. 3 were registered with a number of
scans between 150000 and 300000. Spectra in Figure S16 were recorded using 300000 scans
(corresponding to c.a. 25 h of analysis). The chemical shift scale was calibrated at room temperature
with respect to a sample of solid gallium nitrate (0.0 ppm).[45]

Solid-state 3P MAS NMR spectra were acquired at room temperature on a 400 MHz Varian VNMRS
spectrometer equipped with a 4 mm Varian/Chemagnetics T3 probe and operating at 9.4 T (161.9
MHz for 3'P) and a spinning frequency of 8 kHz. Samples were packed in 4 mm Bio solids cavern
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rotors provided by Phoenix NMR. They were sealed using a non-vented top spacer in PCTFE
equipped with two o-rings. The experimental conditions included a n/2 flip-angle of 3.4 us, a
relaxation delay of 6 s, an acquisition time of 20 ms and a total of 1280 scans. TPPM *H decoupling
with an RF field of 46.6 KHz was applied during the acquisition time. Chemical shifts were
referenced externally to ammonium dihydrogen phosphate ((NHs)H2PO4) (3'P: 0.81 ppm)[16]. A
portion of the sample was dehydrated in two stages. Initially, it was calcined at 550 °C for 8 hours.
Then, the sample was placed under vacuum (107 mbar) in a Schlenk line system for 1 hour. The 4
mm rotor was packed with the solid sample in an inert argon atmosphere inside a glovebox, and 5 pL
of liquid-phase trimethylphosphine (TMP) was added to the sample inside the rotor. To remove the
excess of TMP, the sample was exposed to a vacuum of 10® mbar for 4 hours at 100 °C using a
homemade setup similar to that described in the literature.[46]

Inductively coupled plasma optical emission spectroscopy was employed to determine the chemical
composition of the materials using an Optima 8000 ICP-OES Spectrometer. Prior to the analysis, the
samples were digested in a mixture of aqua regia and HF.

FT-IR measurements were performed in transmission mode by using a Bruker Tensor 27
spectrometer equipped with a liquid nitrogen-cooled mercury—cadmium-telluride (MCT) detector,
operating at a 2 cm™! resolution. Thermal pre-treatment and probe molecules dosage were carried out
using a standard vacuum frame, in an IR cell equipped with KBr windows. The samples were pressed
into self-standing wafers and outgassed for 1 h under secondary vacuum (residual P < 0.1 Pa) at 673
K before adsorption/desorption experiments. IR spectra were recorded after dosing NHz (5.5 purity)
on the pre-treated samples, at the maximum equilibrium pressure of 2000 Pa. Subsequently, the
equilibrium pressure was progressively decreased and, finally, samples were outgassed under vacuum
at beam temperature (ca. 30 min in situ). Spectra were normalized with respect to the integrated
absorption of silica framework overtone bands, since wafers with similar density were used (ca. 5
mg/cm?). The spectra are reported as difference spectra obtained by subtracting the IR spectrum of

the naked sample (i.e. before probe molecule adsorption).

2.6 Conversion of glycerol into solketal

In a 10 mL round-bottom flask, 0.920 g (10.0 mmol) of glycerol, 10 mg of freshly calcined catalyst,
and 2.32 g (40.0 mmol) of acetone were added. All the reactants were used as purchased without any
further treatment. The mixture was heated at 50 °C under 800 rpm stirring. Typical tests were carried
out for two hours. After this time, the mixture was cooled down to room temperature and
homogenized via the addition of 3 mL of absolute ethanol. The solution was centrifugated to separate
the catalyst from the reaction mixture (4500 rpm, 10 min). 500 pL of the supernatant were taken from
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the filtrate and the solvent was evaporated under reduced pressure (10 min, 50 mbar). Finally, 600
uL of deuterated DMSO were added for quantitative *H NMR experiment. The influence of the
external diffusion on the catalytic activity was tested evaluating the yield of solketal at a stirring speed
of 800 rpm and 1000 rpm. No change of yield at 2 hours was observed, confirming the absence of

external diffusion when a stirring speed of 800 rpm is used.

2.7 Hot-filtration experiment

In a 10 mL round-bottom flask, 0.920 g (10.0 mmol) of glycerol, 10 mg of the freshly calcined
catalyst, 0.60 mL of absolute ethanol, and 2.32 g (40.0 mmol) of acetone were added. The mixture
was heated at 50 °C under 800 rpm stirring. After one hour of reaction, the solution was transferred
in a 15 mL centrifugation tube and centrifuged to separate the catalyst from the reaction mixture
(4500 rpm, 10 min). The catalyst was dried and calcined for further analyses. A sample of the
supernatant (500 pL) was recovered, dried under reduce pressure (10 min, 50 mbar), and analyzed by
'H NMR using deuterated DMSO (600 L) as solvent. The filtrate was stirred and kept at 50 °C for
another 5 hours and stirred at 800 rpm. A second *H NMR analysis of the reaction mixture was then

performed to assess the evolution in solketal yield.

2.8 Recycling experiment

Glycerol (3.22 g, 0.035 mol), acetone (4 equiv.) and the freshly calcined catalyst (70 mg), were added
in a round-bottom flask. The mixture was heated at 50 °C under 800 rpm stirring for 1 h. After this
time, the mixture was cooled down to room temperature and homogenized via the addition of 3 mL
of i-PrOH. The catalyst was separated from the mixture by millipore filtration. A sample of the filtrate
(500 pL) was recovered, dried under reduce pressure (10 min, 50 mbar), and analyzed by *H NMR
using deuterated DMSO (600 L) as solvent. Then, the solid was calcined in air at 550 °C for 5 h
(heating rate: 2 °C/min). The subsequent catalytic tests were carried out by repeating this procedure
from the beginning (the quantities were adapted as a function of the mass of recovered catalyst).
Despite the several calcinations steps the nominal ratio (Si/M) of 74 was always preserved; this value

was confirmed via ICP analysis performed on the catalyst after the last catalyst cycle.

2.9 E-factor
Glycerol (2.76 g, 0.030 mol), acetone (4 equiv.) and the catalyst (Ga-NS, 30 mg), were added in a
round-bottom flask. The mixture was heated at 50 C under 800 rpm stirring for 16 h. After this time,

the round-bottom flask was connected to a distillation apparatus to recover the excess of acetone.



3. RESULTS AND DISCUSSION

3.1 Synthesis and study of the Physico-chemical properties of Ga-NS. Ga-doped silica hollow
nanospheres (Ga-NS) with Si/Ga molar ratio of 74 were synthesized adapting a previously reported
procedure and applying a pH adjusting step.[7, 15] The pH adjusting step (from pH 0 to 9) was
implemented to favor the insertion of Ga®* in the silica shell while preserving the nanostructure. The
physico-chemical properties of Ga-NS were characterized via, inter alia, TEM, "'Ga ss MAS NMR,
FT-IR and ssNMR using respectively ammonia and trimethylphosphine (TMP) as a probe molecule.
The morphology of Ga-NS was first inspected via transmission electron microscopy (Figure 2). The
as-synthesized (Figure 2a) and calcined solids (Figure 2 b and c) display very similar structure thus
indicating that the thermal treatment needed to efficiently remove the surfactant (vide infra) had no
detrimental effect on the nanostructure of the NS. The micrographs of Ga-NS revealed the presence
of spherical architectures characterized by a hollow interior and a wall thickness of ca. 2 nm. Some
pores can be noticed in the shell of the nanospheres, indicated by white arrows of Figure S1. The size
of these pores is not easily measurable due to their non-circular shape but the larger are in the small
mesopore range. From the perspective of catalytic applications, it is inferred that reactants should
have access to the inner part of the Ga-NS structure. Note that Ga-NS were produced in triplicate
showing high reproducibility even when the synthesis was scaled up.

Figure 2 - TEM micrograph of as-synthesized (a), calcined (b, ¢) Ga-NS. High-resolution TEM
images are available in Figure S1.

The content of gallium within the sample was verified via inductively coupled plasma

optical emission spectroscopy. The quantity of gallium, expressed in mol of gallium per gram

of solid, was equal to 2.1 x 10 mol/g and is hence, in excellent agreement with the nominal

value of 2.2 x 10 mol/g (Si/Ga mol = 74). To investigate the insertion of gallium in the silica

framework and its coordination environment, ss “‘Ga MAS NMR experiments were
10



undertaken. Figure 3 shows the presence of two signals centered at around 140 ppm and 0 ppm. The
more intense signal (140 ppm) is usually associated to Ga species with a low coordination degree, i.e.
in a tetrahedral environment in the silica framework while the signal at 0 ppm can be ascribed to the
presence of Ga species in octahedral coordination (most probably extra framework oligo- or
polymeric GaxOy species).[47-49] Here, gallium is shown to be mainly inserted in the silica
framework. Note extra-framework species are expected to be poorly active in the conversion of
glycerol to solketal.[41] To gain better insights on the nature of the residual extra-framework gallium
species, X-ray diffraction (XRD) in the wide-angle range was conducted as well (Figure S2). The
amorphous XRD pattern reveals the absence of large crystallites of gallium oxide thus indicating that
the signal at 0 ppm can be attributed to small GaxOy domains. In the perspective of a deeper
understanding the origin of these extra-framework species highlighted in Figure 3, "Ga MAS NMR
experiments were performed on the as-synthesized Ga-NS (before calcination). It is worth mentioning
that the solids display a low quantity of Ga, less than the 2 wt%. The low amount together with the
fact that the Ga cations are inserted in an amorphous silica environment, can explain the low signal
to noise ratio observed for the ?Ga NMR spectra. Interestingly, the spectrum (Figure S3) displays
only one signal centered at 150 ppm, revealing the presence of tetracoordinated gallium species (Ga
IV) and confirming that the synthesis protocol allowed the proper insertion of gallium in the silica
framework. The thermal treatment used to remove the templating agent (conditions: 550 °C, 5 h,
under air) is most probably inducing the formation of the GaxOy species. To shed more light on the
origin of this phenomenon, the influence of the calcination temperature (Tcac.) on the Ga coordination
environment (Figure 3) was investigated treating the as synthesized Ga-NS at various temperatures
(250 °C to 650 °C). When Ga-NS was thermally treated at 250 °C or 350 °C, an intense signal
centered at ca. 150 ppm was observed, indicating that the Ga species are still in a tetrahedral
environment.[39, 41] When the temperature of the calcination was higher than 350 °C, a second signal
centered at around 0 ppm appears indicating the formation of extra-framework gallium species (Ga
VI). The octahedral contribution is even clearer in the Ga-NS calcined at 650 °C thus indicating that
at this temperature a higher quantity of gallium oxide species are most probably formed at the surface
of the solid. The octahedral GaxOy probably arose from the migration of tetrahedral Ga species from
the bulk of the silica matrix to the surface (a phenomenon called “exsolution”[50]) with the
consequent formation of extra-framework gallium oxide clusters. The increase of Tcai also led to the
broadening and shift of the more intense contribution from 150 ppm up to 140 ppm. Based on
literature data, this behavior could be ascribed to the emergence of surface pentacoordinate Ga species
(Ga V).[51] The presence of Ga V further supports the hypothesis on the migration of intraframework

Ga IV species to the surface of the silica walls. If catalytically active, the increase in surface of Ga

11



species constitutes a favorable feature for a heterogeneous catalyst. Furthermore, when
comparing the spectra of Ga-NS calcined at 350 °C and at 550 °C (same number of scans), an
evident decrease of the signal to noise ratio (S/N) was observed. All the previous findings led
us to hypothesize that increasing the calcination temperature resulted in a higher heterogeneity
in the chemical environment of the gallium sites. These intraframework Ga sites are expected
to be less symmetrical and surrounded by an amorphous chemical environment (vide infra for

more details).

150 ppm
. Oppm
‘ 650°C
| ‘

13 U ke W,
550°C
450°C
350°C
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Figure 3 - ss "Ga MAS NMR of Ga-NS calcined at temperature ranging from 250 °C to 650 °C.

It is known that a mild calcination conditions induces only a partial removal of the organic
surfactant.[39, 52] To verify if the different thermal treatments allowed removing efficiently the
templating agent (PEO100-PPOes-PEO100), the weight % of carbon was evaluated via CHN analysis
(see table S1). When Ga-NS was calcined at 250 °C, 3.0 wt.% of residual carbon was found in the
sample. This amount dropped to 0.9 wt.% when Tcaic was increased to 350 °C. The solids calcined at
450 °C and 550 °C displayed a percentage of carbon equal to 0.9 and 0.5 wt.%, respectively. The
combined information obtained from ss ?Ga NMR and CHN analysis indicated that starting from

350 °C, an efficient removal of the templating agent (wt.% C < 1 %) was achieved while a progressive
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appearance of Ga species in pentahedral (at first) and octahedral (later) environment is observed
(figure 3). The former are expected to be highly active surface species while the later are supposed to
present none or negligible catalytic activity.[41] To confirm this last statement and investigate the
influence of the Ga coordination environment in the conversion of glycerol to solketal, Ga-NS
calcined from 350 °C to 650 °C were tested. The solid treated at 250°C was excluded from this
comparison due to the high residual carbon content. The catalytic tests were performed at 50 °C, with
acetone playing the role of both reactant and solvent. The activity of the solids was evaluated through

the yield of solketal obtained after 2 hours of reaction (Figure 4).
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Figure 4 - Yield of solketal influenced by the calcination temperature of Ga-NS. Reaction conditions:
50 °C, 2 hours, 10 mg of catalyst, Gly: Ac = 1 (0.01 mol): 4. 2,2-dimethyl-1,3-dioxan-5-ol (6-
membered ring) and water are the main by-products of the reaction. Conversion estimated via *H
NMR of the reaction mixture. A more detailed comparison is presented in Table S1

From the evaluation of the catalytic performances of Ga-NS (Figure 4) a progressive increase of the
catalytic activity emerged from Ga-NS calcined at 350 °C to 550 °C, while a drop of catalytic
performances was detected for the solid calcined at 650 °C. Regardless of the calcination temperature,
Ga-NS is highly selective toward the production of solketal (above 80 %). To verify if the decrease
of activity for Ga-NS calcined at 650 °C could be ascribed to a change in the structure of the solid, a
TEM analysis was performed. Figure S4 showed that the solid retained its well-defined spherical
hollow morphology. Hence, the drop in catalytic performances can be ascribed to the significant
amount of extra-framework GaxOy (see figure 3). The rise of activity when Tcac was increased from
350 °C to 450 °C can also be explained in terms of Ga coordination environment. The correlation

between *Ga MAS NMR spectra and catalytic activity led us to hypothesize that Ga IV could not be
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the sole species responsible for the efficient production of solketal. Pentahedral Ga species could
contribute to facilitate the formation of the desired product, also because Ga V should mostly be
located at the surface of the nanospheres shell, hence easily accessible for the reagents. Note that in
the case of aluminosilicates, pentacoordinate Al sites were shown to induce both Lewis and Brgnsted
acidity.[53, 54] A further increase of Tcac from 450 °C to 550 °C didn’t modify strongly the Ga
chemical environment of the solids which display very similar *Ga MAS NMR spectra. In this case,
the increased activity could be ascribed to different hydrophilic-hydrophobic properties of the catalyst
surface.[11, 39, 52, 55] While hydrophilic surfaces can favor glycerol adsorption in proximity of the
active sites, hydrophobic surfaces would help the removal of water produced as by-product of the
reaction, locally shifting the reaction towards the formation of solketal. To investigate if the
difference of catalytic activity could arise from a difference in the hydrophilic-hydrophobic properties
of the catalyst surface, Ga-NS calcined at 450 °C and 550 °C were analyzed via thermogravimetric
analysis (TGA) (see Table S1). In order to evaluate the quantity of physisorbed water, the weight loss
of the samples was quantified between 30 °C and 170 °C.[39] The quantity of water lost by the sample
calcined at 550 °C (4.4 wt.%) was smaller compared to Ga-NS calcined at 450 °C (6.1 wt.%). This
result indicates that an increase of the calcination temperature favors the formation of more
hydrophobic surfaces, hence improving the production of solketal. Recently, a similar behavior was
observed in the case of aerosol-prepared silicates, tested in the conversion of the targeted reaction.[39]
Optimizing the calcination temperature of the heterogeneous catalyst is hence fundamental to enhance
its catalytic activity.[39] In the case of Ga-NS, a calcination temperature of 550 °C allowed obtaining
a solid in which most of the templating agent was eliminated, the catalyst surface is slightly more

hydrophobic, and the environment of the Ga species is favorable for the target reaction.

3.2 Ga-NS and Ga-NT comparison and study of their acidic properties using sSNMR and
FT-IR.
To push further the understanding of the different parameters influencing the catalytic activity,
Ga-doped silica nanotubes were synthesized as well (Ga-NT). This solid was synthesized
selecting the optimized protocol (same reaction conditions and calcination at 550°C). The
characterization (Figure S5-S8) shows the presence of well-defined nanotubes (Figure S5) and
indicates that the two solids, despite showing different morphology (NS and NT), exhibit very
similar Ga environment as evidenced by *Ga NMR analysis (Figure S12). A more precise
quantitative analysis of tetrahedral, pentahedral and octahedral Ga species in both NS and NT is

hindered by the broad overlapping contributions. It should be mentioned that the overall Ga
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content determined via ICP remained unchanged in both nanotubes and nanospheres after

calcination, matching the nominal Si/M ratio of 74.
The textural properties of both Ga-NS and Ga-NT calcined at 550 °C were evaluated through N>
adsorption-desorption analysis (Figure S9). The isotherms of Ga-NT and Ga-NS showed a sharp
increase in adsorbed volume at a relative pressure close to 0.01, indicating the existence of micropores
in the shell of the silica structure. An abrupt increase of adsorbed volume occurred at a relative
pressure of ca. 0.9 (i.e. capillarity condensation), suggesting that the materials feature large
mesopores. This observation agrees with TEM analysis which revealed a large internal cavity of the
tubes/spheres (ca. 20 nm). The desorption branch of the isotherms, joining the adsorption branch at
a relative pressure of ca. 0.7 for nanospheres and ca. 0.8 for nanotubes, indicates that the access to
the nanostructure interior could also be through mesopores. It is in good agreement with the estimated
size of the pores in the walls of the tubes/spheres, evidenced in the TEM micrographs. An additional
feature observed only in the Ga-NT isotherm, is the presence of a double hysteresis loop,
corresponding to the filling of the nanotubes interiors (lower P/Po values) and the space between the
interlaced tubes (higher P/Pg values). Also, the width of the hysteresis loop is broader in the case of
Ga-NS. This feature could be the result of more constrained access to the interior of the sphere than
in the case of the tubes. From the analysis of the isotherms, it emerged that both structures are
characterized by a high specific surface area (500 — 600 m?/g), large pore volume (2 cm®/g) and large
mesopores (22 — 27 nm). The textural properties of Ga-NT and Ga-NS were reported in Table 1 and

they are in agreement with previous similar solids synthetized by our group.[7, 15]

Table 1 - Physico-chemical properties of Ga-NT and Ga-NS.
2 BJH -MPD pore size distribution calculated on the desorption branch of the curve.
bt-plots of the two solids reported in figure S10.
10*mol of Ga/g BET SSA BJHMPD? V tot. V micro.

Entry Solid

of catalyst (m?/g) (nm) (cm®/g) (cm®/g)®
1 Ga-NT 2.2 600 22 2.3 0.03
2 Ga-NS 2.1 470 27 2.0 0.02

The silicon environment of Ga-NT and Ga-NS was characterized via 2°Si Cross Porlarizarion (CP)
and Direct Excitation (DE) ss MAS NMR experiments (Figure S11). CP-MAS spectra allowed
identifying three different contributions at -110 ppm, -100 ppm and -90 ppm, corresponding
respectively to Qs [(SiO)4Si], Q3 [(SiO)3SiOH] and Q2 [(SiO)2Si(OH)2] species. To evaluate the
proportion of each contribution in the silica matrix quantitative experiments (Figure S11 a and b)

were performed as well. In particular, the condensation degree of the silica structure, expressed as
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Q4/(Q4+Q3+Q2) was very similar for nanotubes and nanospheres and was equal to 0.66 and 0.69,
respectively. These values agree with previously reported mesoporous silica-based materials,
synthesized through a sol-gel method (hydrolytic conditions) and calcined at 550 °C.[56-58] The
insertion of gallium in the silica structure is known to induce a combination of Brgnsted and Lewis
acid sites.[41, 55, 59, 60] The latter are known to activate the acetone molecule, facilitate the attack
of glycerol, hence the formation of solketal.[38, 61, 62] Fourier transformed infrared (FT IR)
measurements of adsorbed ammonia on Ga-NT and Ga-NS were performed, after outgassing the
samples under dynamic vacuum at 400 °C. Figure S13 reported in Sl shows the FT IR difference
spectra of Ga-NT and Ga-NS upon ammonia dosage (spectrum of the bare outgassed sample has been
subtracted). In the low frequency region (1700-1300 cm™) and at high dosage pressure (green and
blue curve), the band at 1630 cm™ is attributed to the bending mode of ammonia H-bonded to
hydroxyl groups. At lower dosage pressure, the contribution is considerably decreased, and a new
band is visible at lower frequency (1620 cm™). The latter can be ascribed to ammonia in interaction
with surface Lewis (L) acid sites, due to the presence of unsaturated surface Ga species inserted in
the silica framework or extra-framework gallium oxide nanoparticles. The large signal at 1460 cm™
can be associated to the bending mode of NH.*, because of ammonia protonated from Bregnsted (B)
acid sites. The presence of this band suggests that the insertion of gallium in the silica framework of
nanotubes and hollow nanospheres led to the coordination of silanol -OH moieties with neighboring
gallium centers, hence generating Bragnsted sites that are acid enough to protonate ammonia.

1462 (B)
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Normalized Absorbance (a.u.)
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Figure 5 - Difference FT IR spectra of ammonia dosages on Ga-NT after outgassing at 400 °C
(spectrum of the bare outgassed sample has been subtracted). L and B mean Lewis and Brgnsted,

respectively

Further insights on the acidic properties of Ga-NT and Ga-NS can be deduced by a comparison of
their FT-IR spectra registered after the prolongated outgassing of ammonia under dynamic vacuum
(P < 1.10 mbar, ca. 30 min). In Figure 5, weak signals due to ammonia molecules interacting with
the silica surface are still observable and can be associated to irreversibly formed species. For both
Ga-NT and Ga-NS, the bands at 1620 cm™ and 1460 cm™ are still present after prolongated
outgassing. The relative intensities and frequencies of the L and B bands are very similar for Ga-NT
and Ga-NS, suggesting very similar insertion of gallium species into the silica framework.[41] From
this investigation it emerged that the two solids display very similar B and L sites.

To shed more light on the acid properties of the two solids in the optic of highlighting any possible
differences arising from the different morphology the analysis via sSSNMR was attempted. It is known,
that the use of probe molecules such as trimethylphosphine (TMP), trimethylphosphine oxide
(TMPO), pyridine (Py), acetonitrile and others analyzed via solid-state NMR technique can provide
important information on the nature of the acid sites (L or B) and on their relative strength.[18]
Specific contributions are observed via 3!P solid-state NMR for TMP interacting with Bransted or
Lewis acid sites. TMP interacting with Bransted sites induces the appearance of signals in the range
between -2 and -5 ppm. When the probe-molecule interacts with Lewis sites, contributions in the
range -20 to -60 ppm can be observed.[16] It should be mentioned that TMP is an easily oxidable
molecule. In the presence of small quantity of oxygen, it oxidizes into TMPO hence a careful control
of experimental set-up is needed. Figure S14 also shows the chemical shift ranges of TMPO
interacting with both Bregnsted and Lewis sites (from 50 to 60 ppm and from 60 to 90 ppm,
respectively).[18] It is worth to say that the peaks chemical shift range mentioned for TMPO are still

under debating[63] and those reported above are the most commonly used.
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Figure 6. 3'P ssNMR spectra of TMP adsorbed on Ga-NT (left) and on Ga-NS (right). a) before and
b) after the evacuation treatment.

The results of this analysis are shown in Figure 6 for both NS and NT. After the addition of the probe
molecule, the signal of the physisorbed TMP is observed at ca. -60 ppm, while the signal of TMP
bound to Brensted active sites is detected at ca. -4.5 ppm (before the treatment — black line). The
excess of TMP was carefully evacuated under vacuum (ca. 8x10° mbar) at 100 °C for 4 h. As
expected, after this treatment (Figure 6 dark green and blue curves), the signal of the physiosorbed
TMP disappeared. Interestingly, both the intensity and chemical shift of the signal of TMP interacting
with Bransted acid sites were not affected thus indicating that the Bragnsted sites are strong enough to
preserve the bonded TMP from desorption. Moreover, in the spectral region ranging between -20 and
-60 ppm, a broad contribution ascribed to the presence of Lewis acid sites clearly appeared. This
result highlights a broad population of Lewis acid sites of different strengths accessible to the TMP
probe.[16] A comparison between the obtained spectra of the treatment of Ga-NT and Ga-NS is with
TMP reported in Figure S15. The two materials show almost the same signal patterns, with very
similar chemical shift values thus indicating a similar strength of acid sites. However, Ga-NT showed
a distribution of signals slightly shifted to higher chemical shifts compared to Ga-NS. This result
suggests a slightly higher strength of Lewis acid sites for Ga-NT compared to Ga-NS.[9] It is worth
noting that in all the spectra there is no peak in the 50 to 90 ppm range (i.e. TMPO), thus indicating
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that the set-up employed fully prevents the oxidation of TMP. In light of these analyses, it is possible
to assess the B/L ratio by comparing the area of peaks assigned to the TMP bound to Lewis and
Brensted active sites. This evaluation revealed that Ga-NS displays a higher B/L ratio (i.e. 1.03) in
comparison with Ga-NT (i.e. 0.75). It is well known that for the target reaction of glycerol conversion,
a higher quantity of Bregnsted in comparison to the Lewis active sites improves the catalytic
performances.[38, 62]

Finally, a series of "*Ga NMR spectra were recorded to directly probe the chemical environment of
gallium species (Figure S16). For the latter NMR analyses, the samples were treated in the same
conditions employed for acidity measurements. Interestingly, after calcination and dehydration
process under vacuum, no "*Ga NMR signal was detected (Figure S16a). This observation could be
ascribed to a more heterogeneous and/or asymmetric environment of the gallium species. Indeed, the
larger quadrupolar coupling constants (CQ) induces a broadening of "*Ga signals that cannot be
longer detectable at least at the concentration of gallium in the nanostructured solids.[45] However,
after the addition of 5 uL TMP (Figure S16b), a signal centered at around 144 ppm was observed.
This result proves that the coordination of TMP to the Ga atoms induces a decrease of CQ values,
allowing the detection of Ga (IV) signals. To obtain conditions more similar to the spectra shown in
Figure 2, 20 pL and 40 pL of water were added to the dehydrated solid prior to NMR analysis. From
figures S16c¢ and S164d, it is clear that the presence of water also affects the chemical environment of
the gallium, most probably increasing its symmetry, thus decreasing the CQ and allowing the "*Ga
signals to be detectable (as previously described for TPM). These observations indicate that the
accessible gallium centers are sensitive to the presence of TMP (and water), hence available to the
interaction with reactants in solution. To prove this hypothesis, a similar experiment employing
acetone as probe molecule was performed as well. Considering that this molecule acts as both solvent
and reagent in the reaction under study in this work, it is interesting to evaluate the acetone-Ga
interaction. Hence, 40 pL of acetone were used to test the accessibility of this molecule to the Ga
active sites. As is possible see in Figure S16e, acetone shows good interaction with Ga, a peak shifted
towards 140 ppm appeared; furthermore, the width of the signal indicates a high quadrupolar constant
and an asymmetrical gallium environment. Finally, considering the influence of water content within
the solids, additional NMR experiments were performed selecting Ga-NS 450 °C, Ga-NS 550 °C, and
Ga-NS 650 °C as reference materials. Figure S16 II and S16 III present the "*Ga ssSNMR spectra of
dehydrated (S16 I1) and hydrated samples (S16 Ill), the latter obtained by adding 40 pL of water.
This additional set of data was added to improve the comparison between the three solids, enhancing

the signal-to-noise ratio with respect to the spectra reported in Figure 3. It is worth noting that this
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novel set of data confirms the previous claim. Indeed, Figure S16 Ill shows clearly a progressive
increase of extra-framework Ga species as a function of increasing calcination temperature.

3.3 Study of the catalytic activity of Ga-NS and Ga-NT. The catalytic activity of the two
nanostructures (Ga-NT and Ga-NS) was compared by evaluating the formation of solketal over
time (kinetic study, Figure 7). For the sake of comparison, catalytic tests employing pristine silica
nanospheres (Si-NS) and nanotubes (Si-NT) were performed as well. These tests showed a very
low conversion of glycerol corresponding to a solketal yield lower than 2% (see entries 1 and 2,
Table S2). For both NT and NS, the yield of solketal rapidly increased during the first hours of
reaction before approaching a plateau at a yield of ca. 60 %. A plateau appearing at similar solketal
yield was already reported by authors working under similar conditions and was attributed to the
thermodynamic equilibrium of the reaction.[39, 61, 64, 65] Moreover, it is interesting to highlight
that the yield of solketal increased faster in the case of Ga-NS than for Ga-NT. For example, 2
hours after initial mixing of the reagents, the yield of solketal reached 41 % for nanospheres and

34 % for nanotubes with an associated selectivity of 91 % and 88 %, respectively.
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Figure 7 - kinetic study on Ga-NS and Ga-NT in the conversion of glycerol into solketal. Reaction
conditions: 50 °C, 10 mg of catalyst, Gly: Ac = 1 (0.01 mol): 4. Conversion estimated via *H NMR

of the reaction mixture.

To compare the catalysts in a statistically meaningful way, the yield of solketal was evaluated several
times, also considering different batches of catalysts. Moreover, the intrinsic catalytic activity was
expressed in the form of a turnover frequency (TOF), evaluated by dividing the number of mole of

solketal produced by the experimental amount of gallium calculated from ICP-OES as well as by the
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reaction time of 2 h (TOF (h!) = mol solketal/mol Ga x h). The mean TOF value, calculated on a data
set composed of minimum 6 values, was equal to 776 h™* and 985 h? for Ga-NT and Ga-NS,
respectively thus indicating that Ga-NS displays better catalytic performances. Considering the very
similar physico-chemical properties and coordination environment of Ga species in both Ga-NT and
Ga-NS, the enhanced catalytic activity of Ga-NS could be ascribed to the slightly higher B/L acid
ratio evidenced via 3'P ssNMR investigation most probably as a consequence of the more defective
structure of NS. Moreover, a more favorable diffusion pathway of the products from the interior of
the hollow nanospheres to the exit points could be considered as well to explain the difference of
catalytic activity (Figure S17). It deserves to be mentioned that catalytic tests performed at different
stirring speeds showed similar yield hence indicating that other parameters such as external diffusion
limitation can be neglected.

The heterogeneous nature of the best catalyst (Ga-NS calcined at 550 °C) was further investigated in
the conversion of glycerol into solketal. A catalytic test was carried out for one hour after which the
catalyst was separated from the reaction mixture and the yield of solketal was evaluated (Figure 8a).
The filtrate was then let to react for an additional 5 hours and the yield of solketal was again measured.
The yield remained unchanged, indicating that no catalytically active species were leached from the
solid to the reaction medium. In addition, figure 8b shows that Ga-NS preserved its excellent
selectivity and stable activity for four consecutive catalytic cycles. Between cycles, the catalyst was
reactivated thanks to a simple thermal treatment. After the last cycle, Ga-NS was characterized and
compared to the fresh Ga-NS. The quantity of gallium evaluated via ICP-OES was equal to the one
of the fresh solid (2.1 mol/g, compare with entry 2 in Table 1), indicating that the reaction cycles did
not alter the Ga content. Moreover, both the morphology and the environment of Ga were very similar
to the fresh Ga-NS (Figure S18), suggesting the stability of both the nanosphere structure and the Ga
environment, after 4 consecutive catalytic cycles. Hence, Ga-NS show a high potential as

heterogeneous catalyst in the conversion of glycerol into solketal.
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Figure 8 — Hot filtration test (Ga leaching test). Conditions: 1 h, 50 °C, Gly: Ac = 1: 4, 600 puL EtOH,
10 mg catalyst. The catalyst was removed from the mixture after 1h by centrifugation and let it reacted
in the same conditions for 5 supplementary hours. (a) and recycling test. Conditions: 1 h, 50 °C, Gly:

Ac = 1: 4 (b) on Ga-NS. Conversion estimated via *H NMR of the reaction mixture.

The E-factor, corresponding to the ratio between the mass of waste formed and the mass of desired
product obtained, was calculated to measure the sustainability of our catalytic process.[66] The E-
factor was evaluated using 30 mg of Ga-NS, 50 °C, Gly: Ac =1 (0.03 mol): 4 and a time of 16 h (to
reach maximum conversion in these conditions). According to the following calculation: [2.76 g
glycerol + 6.96 g acetone — 5.77 g acetone recovered by distillation — 2.38 g solketal)/ 2.38 ¢
solketal], the E-factor is equal to 0.66. This low value is in the same range as typical values reported
for the industrial production of bulk chemical, supporting the fact that the process is
promising.[28]The activity of Ga-NS was compared with catalysts from literature, tested in the same
conditions as reported in this manuscript. From the comparison in Figure 9a emerged that Ga-NS
outperformed other heterogeneous catalysts previously reported in literature. Note that a particularly
interesting comparison of the catalytic performances can be made between Ga-NS and Ga-PNS[55].
Both solids displayed a spherical morphology, similar particle diameter and insertion of tetrahedral
gallium (Si/Ga = 74). Compared to Ga-NS, Ga-PNS did not display a hollow interior but instead, a
porous network (pore size ca. 3 nm). Even if other parameters cannot be excluded, this structural
difference could explain the improved performance of Ga-NS compared to Ga-PNS.
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Figure 9 — Comparison of Ga-NS with catalysts from literature: (a) tested in the following conditions:
50 °C, 10 mg of catalyst, Gly: Ac =1 (0.01 mol): 4, 2 h. (D[55], (ID[11], (ID[39], (IV)[15] (V).[67]
(V1) 80 °C, 10 mg of catalyst, Gly: Ac =1 (0.01 mol): 1, 1 h, 1.48 g of tert-butanol. b) The TOF of
Hf-TUD-1, Zr-TUD-1 and Sn-MCM-41 were calculated based on data extrapolated from the
Kinetic.[38]
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Comparison with M-doped mesoporous silicates reported in literature and operating in different
conditions should be done with care. Note that comparison with catalysts failing the recycling test or
evaluation of the activity (TOF) at the thermodynamic plateau, are not considered herein.[68-72]
However, a relevant comparison can be done with Hf-TUD-1, Zr-TUD-1 and Sn-MCM-41 (Figure
9b).[38] The authors performed the conversion of glycerol into solketal using t-butanol as solvent, a
1 (0.01 mol): 1 molar ratio of glycerol to acetone, 25 mg of catalyst and a temperature of 80 °C. To
further investigate the behavior of our catalyst in these synthesis conditions, the yield of solketal was
measured at different times. After 2 h, the yield of solketal was equal to 25 % (entry 1 in Table 3).
Decreasing the reaction time to 1 h and 0.5 h did not result in any decrease of solketal produced
(Table 3, entries 2 and 3). This result indicates that a plateau is already reached after 0.5 hours of
reaction. To better approach the intrinsic activity of Ga-NS, the catalyst mass was decreased.
Reducing the quantity of catalyst to 10 mg (instead of 25 mg), an evolution of solketal yield with
time was observed and 25 % of yield was reached after 24 h of reaction (Table 3, entries 4 and 5). To
investigate if a yield of 25 % was associated with the thermodynamic plateau, an additional catalytic
test was performed adding 10 mg of fresh catalyst 24 hours after the beginning of the reaction (Table3,
entry 8). The yield of solketal was then measured after one additional hour of reaction and remained
equal to 24 %. From the comparison between entries 6 and 7 in Table 3, it emerged that the
thermodynamic equilibrium was achieved around 25 % in yield. Note that adapting the reaction
conditions (Table 3, entry 8) allowed us to considerably increase the yield of solketal to 87 %, being
close to the total conversion of glycerol. Hence, the conditions reported in Table 3 in entries 4 and 5
allowed approaching the initial activity of Ga-NS, far from thermodynamic equilibrium, when
working with a 1: 1 molar ratio of glycerol to acetone, a temperature of 80 °C and t-butanol as solvent.
In these conditions, a TOF can be approached and reaches 1142 h! (calculated from entry 4 in Table
3). The comparison between materials presents in literature and bearing different metals is presented
in Figure 9b. From this comparison emerged that Ga-NS outperformed the other catalysts. This
improved catalytic performance probably arises from a series of favorable features such as the
advantageous silica nanostructure, nature of the heteroelement and appropriate environment of the

Ga centers resulting in a high B/L acid ratio.

Table 3— Conversion of glycerol into solketal with Ga-NS considering Gly (0.01 mol): Ac =1:1, 80
°C, 1.48 g of tert-butanol. *Conditions of entry 7: 10 mg of fresh catalyst added after 24 h of reaction
**Condition of entry 8: Gly (0.01 mol): Ac = 1: 15, 50 °C. Conversion estimated via *H NMR of the

reaction mixture.
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Entry m catalyst (mg) Time (h) Yield (%) Selectivity (%)

1 25 2 25 97
2 25 1 26 97
3 25 0.5 26 97
4 10 0.5 12 93
5 10 1 17 100
6 10 24 25 100
* 10 + 10 24 +1 24 100
8** 20 16 87 98

4. CONCLUSION

Two Ga-doped silica materials namely Ga-NT and Ga-NS, were synthesized through a soft-templated
sol-gel approach. The morphology of the Ga-SiO nanostructures was accurately controlled, through
the variation of the stirring speed. Both Ga-doped nanotubes and hollow nanospheres displayed Ga
centers with similar coordination environment that was controlled through the simple variation of the
calcination temperature. Solid state ?Ga MAS NMR suggested that the increase of the temperature
led to a rearrangement of the active phase consisting to the surface migration and increase of Ga
coordination number. A temperature of 550 °C was found to be the best compromise to enhance the
production of solketal. Both solids displayed similar textural and acidic properties. FT-IR
measurements using ammonia and 3'P ssNMR with TMP as probe molecules evidenced a minor
difference in terms of Lewis acidic strength and different B/L ratio. The two synthesized catalysts
were tested for the conversion of glycerol to solketal. Both solids showed promising activities.
However, the kinetic study clearly evidenced that Ga-NS favors the faster formation of the targeted
product (i.e. solketal). This result was attributed to higher amount of Brensted active sites, the slight
weakness of the Lewis active sites and probably to the morphology of the solid reducing diffusion
limitations. Furthermore, Ga-doped silica nanospheres were reused in multiple cycles thus providing
the stability of the material under selected reaction conditions. Finally, Ga-NS were compared with
different solids reported in literature showing an outstanding catalytic activity with TOF values above
800 ht,
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