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Abstract

In this work, the synthesis of f-AlF3x(OH)x nanoparticles with very high specific surface area
(SSA) using a microwave-assisted solvothermal process is reported. The influence of the
synthesis parameters on the morphology and SSA was investigated and the nature of the solvent
is shown to have the greatest impact. Five samples prepared using different solvent mixtures
were deeply characterised by thermogravimetric analysis (TGA), N> sorption, powder X-ray
diffraction, transmission electron microscopy (TEM) and "F and ?’Al high field solid-state
NMR. Their SSA range from 25 to 345 m®.g"! with an associated OH content slightly increasing
from ~ 16% (AlF252(OH)o4s) to = 19% (AlF2.42(OH)oss), as estimated by TGA and 2’Al high
field solid state NMR. Compared to previous reference work [Dambournet ef al. Chem. Mater.
20, 1459 (2008)], B-AlF3x(OH)x nanoparticles with SSA up to four times larger were obtained.
TEM revealed the formation of hollow nanostructures except when the surface exceeds 300 m?.g"
!, in which case isolated nanoparticles are observed. The sample with the highest SSA also
displaying an appealing cumulative pore volume of 0.060 cm?.g’!, its hydrogen adsorption

capability was evaluated to show that §-AlF3;.x(OH)x nanoparticles have a potential interest for

hydrogen storage applications.



Introduction

In the last decades, a lot of work has been devoted to the synthesis and characterization of
metal fluorides due to their physical and chemical properties for many potential applications in
catalysis, optics, energy conversion and high T. superconductors.'™ Among them, aluminum
trifluoride AlF; is widely studied for applications such as cathode material coatings for
batteries,>® highly reflective mirrors’ and optics.® Due to its high Lewis acidity, AlFs is also of
great interest as heterogeneous catalyst for reactions such as halogen exchange,’ fluorination,

10-12 or hydrolysis of NF3.!3

dehydrofluorination of hydrofluorocarbons

AlF3 presents five allotropic structures depending on the packing of the AlFs octahedral units.
The thermodynamically stable a-AlF3 adopts the VF3-type structure (rhombohedral, space group
(SG): R-3¢ (167))!* and exhibits a dense network with narrow cavities (Figure S1) while the p-'°
and n-'® AIF; phases are built up from corner-sharing octahedra to form open framework
structures. B-AlF3 is closely related to the hexagonal tungsten bronze (HTB) structure
(orthorhombic, SG: Cmcm (63), Figure 1) and the n-phase adopts a cubic pyrochlore structure
(cubic, SG: Fd3m (227), Figure S1). Diffusion channels are observed in six equivalent [110]
directions for the pyrochlore structure and along the c-axis in the HTB structure. Water
molecules can be located in these hexagonal tunnels and can be eliminated with an appropriate
thermal treatment at temperatures from 110 to 380°C."

Nanosized crystalline B-AlF3x(OH)x can be prepared by several different synthesis approaches
such as sol-gel fluorolytic process,!® non-aqueous route,!” thermal decomposition of -
NH4AIF4,%° dehydration of a-AlF;-H,0,2! thermal treatment of a-AlF3-3H,O nanorods in air
atmosphere,?? oxidative decomposition of N>HsAIFs,> plasma-fluorination syntheses®* or

hydro(solvo)thermal synthesis.”> The microwave-assisted solvothermal synthesis method



developed by Demourgues et al. was shown to be very efficient to prepare rapidly pure

0.%0?7 These authors also showed the

nanostructured hydroxyfluorides AlF;.«(OH)x'nH>
relationships between the OH rate inside the anion framework, strongly dependent of the
[HF]/[Al] precursor molar ratio, and the nature of the obtained allotropic form. For [HF]/[Al] =
3, B-AlF3.4(OH)x'nH>0O is obtained from a mixture of aluminium nitrate, water/isopropanol
(‘PrOH) solvent and aqueous HF. After tuning the water/isopropanol ratio, the largest SSA
reached by these authors was 85 m2.g"! for AlF26(OH)o4-nH2O nanoparticles with an average
size of 15 nm.

Herein, we report on our quest to significantly increase the SSA of pure B-AlF3;.x(OH)x'nH2O
nanoparticles, by optimizing the conditions of the microwave-assisted solvothermal syntheses.
Nanoparticle sizes, specific surface areas and pore volumes were estimated by Powder X-Ray
Diffraction (PXRD), N> sorption and Transmission Electron Microscopy (TEM) analyses. The
influence of the solvent composition on the nanostructured morphology was also studied.
Thermogravimetric analysis (TGA) and high-field solid-state nuclear magnetic resonance
(NMR) spectroscopy were used to determine the B-AlF3.x(OH)x'nH>O formulations.

Surprisingly, whereas fluorous metal-organic frameworks (FMOFs) possess higher gas affinity
and selectivity compared to their non-fluorous counterparts,?® fluorinated inorganic compounds
have never been considered for gas storage. Considering their high pore densities related to large
channels, the B- and n- phases of AlF; present a priori favourable properties for gas storage

applications. The B-AlF3x(OH)x sample presenting the largest SSA and displaying a cumulative

pore volume of 0.060 cm>.g™! was thus investigated for hydrogen adsorption application.



Experimental section

Synthesis procedure. Aluminium nitrate (AI(NO3);-9H20), supplied by Alfa Aesar, was
employed as the aluminium precursor and used without any prior purification. Solvents such as
‘PrOH, ethanol (EtOH) and methanol (MeOH) were used as supplied by Sigma-Aldrich.
Hydrofluoric acid solution (HF.q, 40%) was provided by Riedel De Haen (Paris, France).
[Caution: HF is a highly corrosive acid and proper protective equipments are mandatory.]

Synthesis of B-AlF3x(OH)x involves two consecutive steps: chemical reaction followed by a
drying process. The microwave (MW) route is based on two heating mechanisms (dipolar
polarization and ionic conduction) and its major advantage is to heat directly the core of the
solution. Significant improvements of the reaction kinetics are observed and the control of the
germination-growth process, and thus the SSA of the obtained material, is possible by tuning the
synthesis conditions. All syntheses of -AlF; were carried out from AI(NO3);-9H20 and HFaq.
(40%) with a ratio F/Al fixed to 3 and with the same volume of solvent (20 mL). First,
Al(NO3)3-9H20 and HF.q. are loaded in a PTFE (polytetrafluoroethylene) lined autoclave. After
a quick manual stirring, the solvent is added and the solvothermal reaction is performed in a
microwave oven (Mars 5 CEM). Two drying methods were tested: the classical method that
consists of a simple filtering at room temperature and MW drying that involves a fast solvent
evaporation by MW heating at 100 °C during 15 min under primary vacuum. The resulting
powders are washed with ethanol and acetone, dried at room temperature, sieved (125 um) and
finally outgassed at 150 °C, during 8 h, under secondary vacuum.

The statistical Design of Experiment method (DoE*’) was applied to determine the influence of

eight factors on the SSA (Table S1). The specific DoE software MODDE 8.0 (from Umetrics,



Umea, Sweden) was used to build the design and perform mathematical and statistical analyses
of the collected data.

Powder X-Ray Diffraction analysis. Data were collected in 6/20 geometry using a
Panalytical X pert MPDPRO diffractometer (Cu-Ka radiation) in the 20 range 10 to 100° with a
step size of 0.033° and a total duration of 3 h. The instrumental resolution function of the
diffractometer was extracted from the PXRD pattern of LaBs NIST SRM 660. All PXRD
patterns were analysed by the Rietveld method*® with the Fullprof program.®! As the electronic
weight is the same for F and OH yielding very similar X-ray scattering factors, the OH content
was set to zero (x = 0) in the structural model of B-AlF3.x(OH)x (ICSD-202681, AlFs,
orthorhombic system, SG: Cmcm, a = 6.931 A, b=12.002 A, c =7.134 A, V =593.4 A3)."° The
Al-F distances were constrained. The XRD line broadening contribution due to the nanometric
size of the sample was calculated by using Thompson—Cox—Hastings pseudo-Voigt function??
that includes size and strain-broadening terms for both Lorentzian and Gaussian components.
The two parameters (Y and F) of the Lorentzian component of this function were refined to
calculate the apparent crystallite size <L> using the Langford’s method.** The diameter Dxgrp of
the spherical particles is related to <L> by the following formula Dxrp = 4/3 x <L>. The overall
isotropic displacement factor (Bov) and the parameter G1 of the preferred orientation function
were refined (March’s function). Crystal data, data collection and structure refinement details are
given as SI (Table S2).

Thermal measurements. Thermogravimetric analyses were performed with a TA Instruments
SDT-Q600 under nitrogen atmosphere (heating rate 10°C/min). Thermodiffraction patterns were
collected on a Panalytical X'Pert Pro diffractometer, employing Cu Ka radiation, equipped with a

RTMS X'Celerator detector and an Anton Paar XRK 900 high temperature furnace. The samples



were heated under nitrogen gas from room temperature to 700°C at a heating rate of 10°C.min .

PXRD patterns were collected at 50°C intervals in the 10—60° 20 range with a scan time of
15 min.

Transmission Electronic Microscopy (TEM). TEM images were obtained with a 200 kV
JEOL 2010 microscope. A small quantity of powder was suspended in ethanol and then
dispersed using an ultrasonic bath; one droplet was deposited on a holey amorphous carbon film
supported by a copper grid, then dried.

BET measurements. Prior to the N> adsorption measurements, the samples were degassed
under primary vacuum, at 150°C for 8 h. The BET measurements and adsorption-desorption
isotherms were performed at 77 K using Beckman Coulter SA 3100 Surface Area.

Solid State Nuclear Magnetic Resonance Spectroscopy. The '°F Hahn echo Magic Angle
Spinning (MAS) NMR spectra were acquired on an Avance 750 Bruker spectrometer (Bo = 17.6
T), using a 2.5 mm "’F optimized CP MAS probe, operating at a Larmor frequency of 705.8
MHz. The 90° pulse durations were set to 2.05 ps (vrr = 122 kHz) with an interpulse delay equal
to one rotor period and recycle delays equal to 10 s. The °F chemical shifts were referenced to
CFCls at 0 ppm.

The *’Al (I = 5/2) MAS and multiple-quantum MAS (MQMAS) NMR spectra were recorded
on Avance III 750 and 850 Bruker spectrometers operating at Bo = 17.6 T and 20.0 T (*’Al
Larmor frequencies of 195.5 and 221.5 MHz, respectively). MAS spinning frequencies in the
range 30 to 33 kHz were used. 2’Al 1D MAS spectra were recorded using a small pulse flip angle
of 15° (0.55 pus at 17.6 T and 0.7 us at 20.0 T) to ensure quantitative excitation of the whole spin
system. The best '°F decoupling efficiency was obtained using the PISSARO* decoupling

(Figure S5) at RF fields of 80 kHz at 17.6 T and 104 kHz at 20 T. The recycle delay was set to 1



s. The two-dimensional (2D) z-filtered >’Al MQMAS*>3 spectra were recorded using RF-field
strengths of ~80 kHz for triple-quantum (3Q) excitation and reconversion. The z-filter duration
was set to one rotor period and the length of the central transition 90° selective pulse was 16 ps
at 17.6 T and 8 ps at 20.0 T. 128 t; increments corresponding to one rotor period with 240
transients each were collected using the STATES procedure’’ and recycle delay ranging from 1 s
to 3 s. 2’Al spectra were referenced to 1 M aqueous solution of AI(NOs)s. All spectra were
simulated using the DMFIT software.*®

Density Functional Theory (DFT) computations with periodic boundary conditions were
conducted on structural models to benchmark the ?’Al and '"F NMR parameters of AIFs(OH)s-x
and FALF10.(OH), local environments. Models consisting of 2x1x1 supercells of the B-AlF3 unit
cell with chemical compositions AIF2(OH) and AlFig75(OH)1.125 were considered (cell
parameters (A): ¢ = 13.862, b = 12.002 and ¢ = 7.134). 16 structures with distributions of OH
groups on the F1 and F2 sites (AIF2(OH)) and 8 structures with distributions of OH groups on all
F sites (AlFs75(0OH)1.125) were randomly generated using the supercell code.’® For these 24
models, atomic positions were optimized by DFT keeping cell parameters fixed. The chemical

shielding of '°F and ?’Al and quadrupolar coupling NMR parameters of 2’Al were computed

using the GIPAW* and PAW*! methods, respectively. All DFT computations were performed

42,43 144 145

with the Castep code, using the PBE functional™ and ultrasoft pseudopotential™ generated
“on-the-fly” as described in previous works.***” A plane wave basis set energy cut-off of 600 eV
and a Monkhorst-Pack grid density equal to 0.04 Al were used. '°F calculated isotropic
shieldings were converted to calculated isotropic chemical shifts using a relationship previously
established (diso (ppm) = -0.795 giso + 89)*%* with the same computational parameters. >’Al

calculated isotropic shieldings were converted to calculated isotropic chemical shifts using



calculated and experimental*®® values for B-AlF; as secondary reference with the relation diso

(ppm) = - giso + 548.2.

Hydrogen sorption measurements. Measurements were done using an automatic Sievert-type
volumetric apparatus (HERA Hydrogen Storage System). The sample was first outgassed under
primary vacuum over the night. The sample was then cooled under liquid nitrogen down to 77 K.
The isotherm was then performed up to 50 bars. At each studied pressure, the equilibrium was
assumed to be reached when the pressure difference is lower than 2kPa for 2 minutes. Then, the
system was saturated under 70 bars. To desorb H», the sample was first heated to room
temperature and then to 150°C (each step lasted 90 minutes) under vacuum. Then, a new
absorption experiment was performed.

Results and discussion

Synthesis and characterizations of S-AlF3x(OH)x with high SSA.

B-AlF3.x(OH)x was synthesized via microwave-assisted solvothermal method using aluminium
nitrate (AI(NO3)3-9H20) as aluminium precursor, aqueous hydrofluoric acid (HF.q, 40%) as
fluorinated agent with a molar ratio F/Al = 3 and an alcohol solvent. The mixtures were heated
by MW according to the temperature profile shown in Figure S2a. A statistical DoE was applied
to determine the influence of eight factors on the SSA: heating rate (At), plateau temperature
(Tsyn), plateau duration (Atsyn), stirring speed, aluminium concentration ([A1**]), water proportion
in the solvent, solvent nature (‘PrOH or EtOH) and drying method (classical oven or MW).
Details are given as SI (Table S1). The data treatment, visualized from a Pareto chart, indicated
that the nature of the solvent has the strongest impact on the SSA, followed by the plateau
temperature in a lesser extent. Concerning this last parameter, for two experiments performed in

the same conditions, the sample prepared at 130 °C systematically exhibited the highest SSA in



comparison with the sample prepared at 150 °C. It should be noted that a temperature below 130
°C does not allow the aluminium precursor dissolution. Concerning the solvent effect,
microwave absorption depends on solvent properties which influence the size of the
nanoparticles (Figure S2b).*° Indeed, it has been shown that a low dielectric constant is
correlated with the acceleration of the gelation process and then, an increased SSA.’!
Consequently, five different solvents, ‘PrOH, ‘PrOH/EtOH (1:1), EtOH, EtOH/MeOH (1:1) and
MeOH, were used for the preparation of B-AlF;x(OH)x nanoparticles.

For each solvent, the SSA was determined by nitrogen sorption and calculated using the BET

(Brunauer-Emmet-Teller) method (denoted as Sger in the following). The average particle

diameter, Dggt, was estimated by using the formula: Dggr = 6000 / (o SBET)with p the density of

AlF; (2.678 g.cm™). In the following, the samples are denoted by their Sger value which is the
determining factor in this work. N> sorption results illustrate the correlation between the decrease
of the boiling point of the solvent (Table S3) and the decrease of the particle size as well as the
increase of Sger (Table 1). The difference in Sger values of S-300 and S-345, despite similar
particle diameters (7 and 6 nm, respectively), can be explained by different porosities. Indeed,
the pore volumes are 0.3 and 0.6 cm?.g! for S-300 and S-345, respectively, the later allows
presuming some capacity of adsorption, discussed below.

For the five samples, three different kinds of nitrogen adsorption-desorption isotherms>? are
observed (Figure 2). The type II isotherm appears for samples with the lowest Sger (S-25 and S-
60). For both materials, a pseudo-saturation plateau is reached for a high relative pressure. This
kind of isotherms is obtained for non-porous or macroporous materials. For intermediate Sger (S-
185 and S-300), the type II isotherm without pseudo-saturation plateau is observed with H3

hysteresis loop. It is assumed that the observed mesoporous behaviour is assimilated to
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intergranular mesoporosity of non-rigid aggregates. For the sample with the highest Sger (S-
345), type IV isotherm characteristic of mesoporous solid is observed and Hay hysteresis loop is
visible. The sample is constituted of agglomerates in which the particles are slightly connected
inducing interconnected mesopores. This feature explains why, despite similar particle sizes,
Sget of S-345 is significantly higher than that of S-300.

Despite the low crystallinity of samples with high SSA, good fits of experimental data are
obtained from Rietveld refinements (Table S2), confirming the phase purity (Figure 3 and
Rietveld refinement Figure S3). For samples with larger SSA, an increasing preferred
orientation effect along the (002) plane is observed together with the decrease of particle sizes
related to the crystal growth limitation along tunnels of HTB structure. The PXRD patterns
exhibit a line broadening correlated with the small size of the crystallite (i.e. the size of the
coherent diffraction domains <L>). The calculated particle diameters, Dxrp = 4/3 x <L>, are
reported in Table 1.

The morphology of the B-AlF;x(OH)x samples was investigated by TEM (Figure 4).
Surprisingly, the morphology of the samples consists of hollow spherules for which walls are
built up from spherical isolated nanoparticles were observed expected for S-345. The average
particle diameters (Dtem) are gathered in Table 1. A relative agreement is found between
diameters of particles evaluated from BET, XRD and TEM experiment except for S-25 which
can be explain by multidomains particles.

This structure is similar to the one observed in Pickering emulsions (oil dispersed in water).
During such a mechanism, the water/oil interface is stabilized by silica nanoparticles.’ In our
study, it can be assumed that microwave-assisted synthesis in autoclave leads to the formation of

gas bubbles in the reaction media. These gas bubbles can be assimilated to a foam where the
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liquid/gas interface is stabilized by B-AlF3x(OH)x particles. In this respect, the germination
arises at the liquid/gas interface until it is totally covered by nanoparticles leading to the
formation of hollow nanostructures (Figure 5).

According to this mechanism, it is expected that the size of the gas bubbles controls the size of
hollows spherules as well as the wall thickness are given in Table 1. When the boiling point of
the solvent is high (eg. 82°C for S-25), the autogenous pressure in the MW reactor is low (4.7
bar) and the gas bubbles grow up leading to large hollow spherules with a rigid structure.
Solvents with lower boiling points (Table 1) lead to higher pressures (5.2 bar for S-60, 5.5 bar
for S-185, 7.0 bar for S-300) and consequently smaller bubbles and narrower structures. These
smaller bubbles lead to higher surface available for germination and the crystal growth is
prevented due to constant matter quantity. S-345 constitutes an exception because agglomerates
of nanoparticles are mainly observed. Few hollow spherules appeared (Figure S4) but they are
not representative of the sample. It is worth to notice a powdery aspect except for S-345 which is
composed of translucent blocks (Figure 6). Crystallized domains observed for S-345 on high
resolution TEM images (Figure 7a) and the corresponding selected area electron diffraction
pattern shows inter-reticular distances of 6.1 A and 3.58 A characteristic for (110) and (111) B-
AlF3 reticular planes, respectively (Figure 7b-c).

Chemical compositions from TGA

The thermal behaviour was investigated to determine the formulation and the thermal stability
of the A-AlF3x(OH)x-nH,0O samples (Figure 8). Under N, the TGA shows three weight losses.>*
The first one occurs between room temperature and 200 °C and corresponds to the loss of weakly
adsorbed water (reaction (1)). Despite storage in a glovebox, water molecules are adsorbed by

the sample during the preparation. The second weight loss between 200 and 500°C is assigned to
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the dehydroxylation of B-AlF;.«(OH)x (reaction (2)) and allows to estimate the hydroxyl content
for each sample. Finally, above 500 °C the oxyfluorides AlF3xOx. react with the little amount of
water (less than 3 ppm) contained in the N> atmosphere and are transformed very slowly into

aluminium oxide Al,Os3 (reaction (3)).

Dehydration (RT - 200°C): p-AlF3.x(OH)x'nH2O — [-AlF;x(OH)x +n H2O (1)
Dehydroxylation (200°C - 500°C):  S-AlF3;x(OH)x — AlF3xOx2 + x/2 H20 2)
Pyrohydrolysis (> 500°C): AlF3x0x2 + (3-x)/2 H20 — Y2 AL O3 + 3-x) HF  (3)

The formulations (i.e. x and n values in the B-AlF3x(OH)x'nH>O formula) have been deduced
from weight loss values: x = 0.55 and n = 0.25 for S-25, x = 0.56 and n = 0.18 for S-60, x = 0.52
and n = 0.25 for S-185, x =0.59 and n = 0.30 for S-300 and x = 0.61 and n = 0.49 for S-345. The
values of x will be better determined from the high-field solid state NMR study presented in the
next part.

Solid state NMR spectroscopy

27Al solid state NMR spectroscopy of nanostructured B-AlFsx(OH)x

27Al high-field solid state NMR has been previously used to probe and quantify the various
AlFs.y(OH)y (or AlFsy(OH>)y) environments in B-AlF3x(OH)x'nH.O (x = 0.4 and 0.6),%
pyrochlore AlF;s(OH)12-0.3H20,?” annealed B-AlF26(OH)o4,>* Alos2Co 18F246(H20)0.54, and
pyrochlore AlF;.4.1.9(OH)16-1.1-H20.>° The ?A1 NMR features of these environments have been
established experimentally (Table S4), showing that larger amounts of OH substituting F atoms
in the Al first coordination sphere (y value) leads to higher ?’Al isotropic chemical shift (o)
values. This trend was confirmed here by DFT computations with periodic boundary conditions
of the ?A1 NMR parameters using the GIPAW method.*’ For that purpose, structural models

consisting of a 2x1x1 supercell of the B-AlF; unit cell with chemical compositions AlF2(OH) and
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AlF1875(0OH)1.125 have been considered to benchmark a variety of AlFs.,(OH), environments.
They were randomly selected amongst all possible configurations considering either a
distribution of OH groups in all F sites (AlF2(OH)), or a distribution of OH groups only in the F1
and F2 sites (AlF1375(OH)1.125) of the 2x1x1 supercell. In all cases, results of the DFT-GIPAW
computations indicate an increase of the 2’Al isotropic chemical shift of about 4 to 5 ppm when
substituting one F atom by one OH group in the Al first coordination sphere, i.e. increasing y by
one unit (Figure 9). Details about these calculations are given as SI (Table S5).

In that respect, 2’Al NMR could provide an alternative way to quantitatively estimate the
amount of hydroxyl groups in an aluminium hydroxyfluoride and to refine its chemical formula
(the amount of adsorbed water cannot be estimated by this way and consequently all
formulations do not include nH>O). To be efficient, this method requires high-resolution *’Al
solid-state  NMR spectra allowing distinguishing the signatures of each AlF¢(OH)y
environment. 2’Al is a 5/2-spin nucleus subjected to quadrupolar interaction. In that case, use of
high magnetic fields allows to greatly enhance the resolution in MAS spectra, since the chemical
shift dispersion increases with the magnetic field while second-order quadrupolar broadenings
scale down.>” Moreover, the remaining second order quadupolar broadening at high field can be
efficiently removed by the MQMAS NMR technique which allows obtaining a 2D spectrum with
a truly high-resolution isotropic dimension from which the isotropic chemical shift and
quadrupolar coupling constant of each 2’Al resonance can be accurately determined.>>*® The
quantitative 2’Al MAS spectra of the five B-AlF3x(OH)x'nH>O samples have then been recorded
at high magnetic fields of 17.6 and 20.0 T (Figure 10, Figure 11 and Figure S8). They show
strong similarities with those previously obtained at 17.6 T for nanostructured B-AlF;.«(OH)x

materials.?® For all samples, the central transition region of the MAS spectrum exhibits a main
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peak at -15 ppm flanked by several shoulders at higher chemical shift values and a slight
broadening of the 2’Al resonances is observed when Sggr of the sample increases. 2D MQMAS
experiments also performed at high fields clearly provide enhanced spectral resolution and allow
evidencing four distinct 2’Al resonances for sample S-185: a relatively narrow one peaking at
about -15 ppm, two broader peaks with 2’Al isotropic chemical shifts of -11 and -8.5 ppm and a
fourth broader line of weaker intensity located at about -5 ppm. These 2D MQMAS spectra also
reveal lineshapes characteristic of a distribution of the quadupolar interaction for the three
broader contributions, consistent with the analysis of the *’Al satellite transition spinning
sideband manifolds in MAS spectra.

Simulations of both 2D MQMAS and quantitative 1D MAS spectra of S-185 were thus done
considering Gaussian distributions of diso (isotropic chemical shift) and Cq (nuclear quadrupole
coupling constant) values for each of the four individual resonance. Considering the disorder
induced by the partial occupation of the F sites by OH groups and the nanostructuration of the
samples, this leads to more realistic line shapes and better reconstructions, compared to the
previous solid state NMR study of nanostructured B-AlFs;.<(OH)y*® with deconvolutions of the
27A1 1D MAS spectra achieved with three Gaussian lines. The MQMAS spectra of S-185 were
first simulated in order to obtain primary sets of parameters. Since MQMAS experiments can
lead to slightly underestimated average Co values the 1D 2’Al MAS spectra were reconstructed
by refining the quadrupolar coupling distribution parameters and the amplitude of each
resonance while keeping the isotropic chemical shift distribution fixed to the value issued from
the simulation of the MQMAS spectra. The relative intensities of the resonances were calculated
from line shape integrations of the central transitions. Satisfactory fits of the MAS spectra of the

four other samples have been achieved with similar parameters (Figure 11, Table 2), the width
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of the chemical shift distribution being the only value to vary significantly, accounting for the
observed slight broadening of the 2’Al MAS spectra when the Sger of the sample increases.
Following the DFT-GIPAW computations for benchmark AlF¢.,(OH)y environments indicating a
4 to 5 ppm increase of the 2’Al isotropic chemical shift as y increases by one unit (Figure 9) and
in agreement with previous works?>?"-3*%¢ (Table S4), these four resonances at about -15, -11, -8
and -5 ppm can be unambiguously assigned to AlF¢, AIFs5(OH), AlF4(OH), and AlF3(OH)3 units,
respectively. Although DFT computations lead to slightly overestimated average 2’Al Cq values
for the considered static 2x1x1 supercell models (Figure S6), it also supports this assignment.
Indeed, it shows an increase of both the mean value and the width of the calculated Cq
distribution associated to the distinct AlFs(OH)y environments as y increases, nicely mimicking
the observed experimental trends.

On this basis, one observes that the relative intensity of the AlFs resonance is smaller (and that
of the AlF3(OH)s resonance is larger) for the samples with large Sger. Each individual resonance
being assigned to a single environment, the global compositions deduced from their relative
intensities appear to be improved with respect to previous work.?® The calculated compositions
can be compared to those of the dehydrated phases determined by TGA (also reported in Table
2) since the amount of adsorbed water cannot be determined by 2’Al NMR. Except for S-60, the
differences between x values are small (less than 8%) showing the effectiveness of 2’Al NMR for
estimating the hydroxide content in aluminium hydroxyfluorides. It shows here that the
hydroxide content in the B-AlFs;.<(OH)x samples with Sggr ranging from 25 to 185 m’.g! is
almost independent of the Sger value, while it is slightly higher for the two samples with the
largest St (300 and 345 m?.g™!). One should also point out that, in all cases, the distributions of

AlFs.,(OH)y units determined by 2’Al high-field NMR are relatively close to those calculated
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assuming a random distribution of OH groups, either in only the F1 and F2 sites,?® or in all F
sites of the B-AlF; structure (Table 3).

19F solid state NMR spectroscopy of nanostructured B-AlF3.x(OH)x

Due to similar environments of the four distinct F sites in the structure of B-AlF3 (Table S7),
the 'F NMR resonances are not resolved in the '°F MAS NMR spectra recorded by Chupas et
al.® More scattered '°F diso values are expected in B-AlF;.x(OH)x samples since the '°F diso value
of a fluorine atom at the vertex of an AlFs.,Oy octahedron increases with the oxygen content
(y).>%°% Nevertheless, although recorded at high fields, the '°’F MAS NMR spectra (Figure 12)
remain poorly resolved, suggesting the presence of several overlapping !°F resonances with
broad chemical shift distributions related to large distributions of interatomic distances around
each types of fluorine environments.

In the HTB structure, each fluoride anion bridges two AlXs (X = F, OH) octahedra and can be
associated to distinct types of FAlF9-(OH), dimer of octahedra. For the studied compositional
range, only six FAL2F10..(OH), groups have significant probabilities of occurrence (z = 0 to 5)
(Table 4) considering a random distribution of OH groups either in only F1 and F2 sites or in all
F sites of the structure. GIPAW-DFT computations of the !°F isotropic chemical shifts performed
for the considered 2x1x1 AlF2(OH) supercell models indicate a strong overlap of the chemical
ranges associated to distinct FALLF10(OH), groups and an increase of the average '°F chemical
shift of about 3 ppm is observed when increasing z by one unit (Figure S7 and Table S6).

Reconstructions of the 'F MAS spectra were thus achieved using six distinct resonances
(Table 5 and Figure S9) which were assigned according to both DFT-GIPAW computations and
the reported '°F chemical shift trends in hydroxy/oxyfluorides of aluminium.***’ The position of

each line was kept similar whatever the sample. In line with 2’Al NMR results, the relative
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amount of F-AlLFi0.,(OH), units with high z values increases for the sample with the largest
amount of OH groups, i.e. showing the largest Sger values. And as for the distributions of AlFe.
y(OH)y units determined by 2’Al solid-state NMR, for all samples, the distributions of F-ALFo.
AOH), groups determined by °F solid-state NMR (Table 5) are close to those expected
assuming a random distribution of OH groups either only in F1 and F2 sites®® or in all F sites of
the B-AlF3 structure (Table 4).

Hydrogen adsorption properties of nanostructured B-AlF3-x(OH)x samples

Given its large SSA combined to an intergranular mesoporosity, S-345 was tested as solid-
state hydrogen storage material, along with S-60 and S-185 for comparison. For each sample,
hydrogen adsorption was measured and five cycles were performed at 77 K (C1 to C5); the sixth
one was performed at room temperature. The hydrogen adsorption isotherms of S-345 and the
hydrogen sorption values as a function of SSA are represented on Figure 13. The initial
adsorption capacities increase with the SSA and that of S-345 reaches 1.45 wt. %, comparable to
activated carbon or some MOFs> demonstrating the ability of high SSA B-AlF3.x(OH)x to store
H». Nevertheless, whatever the sample, the weight capacity drops by a factor of ~2 between the
first and the second cycle and remains almost constant thereafter, while the adsorption tests have
no influence on the SSA values and PXRD patterns. Complementary experiments are required to
understand this drop of capacity. The adsorption capacities at room temperature, significantly
lower, less than 0.1 wt. % for S-345 (C6 curve on Figure 13 a), demonstrates that the Van der
Waals interactions between the host and hydrogen are weak. According to the method described
by Myers,®° the value of the hydrogen enthalpy of binding energy for S-345 is calculated close to
~5 kJ.mol! (determined from the adsorption isotherms recorded at 4 different temperatures 77,

87, 107 and 125 K) is in agreement with low capacity storage at RT owing to the optimal values
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should be in the range 20-40 kJ.mol™.'> The non-negligible hydroxyl rate could play a role in
this low value of the binding energy.

Conclusion

Nanostructured B-AlF;.«(OH)« materials were successfully prepared by microwave-assisted
solvothermal synthesis. Optimised synthesis allow obtaining nanoparticles with diameter ranging
from 80 to 7-10 nm and related specific surface area (Sger) ranging from 25 to 345 m2.g™!. The
OH contents of these B-AlF3.<(OH)x materials, estimated using 2’Al high-field solid-state NMR,
increase slightly, from ~16% (AlF2.52(OH)4s) to ~ 19% (AlF2.42(OH)o58). 2’ Al high-field NMR
spectra allow to discriminate four resonances assigned to four distinct AlFs.,(OH), groups (y =0
to 3) on the basis of DFT computations with periodic boundary conditions of the ?’Al NMR
parameters. The synthesis strategy allows tuning the morphology of B-AlF3x(OH)x
nanomaterials, either by forming hollow nanostructures or isolated nanoparticles. The hollow
spherule formation is assumed to be driven by to a Pickering emulsion mechanism in which gas
bubbles can be assimilated to a foam where the liquid/gas interface is stabilized by B-AlFs.
x(OH)x particles.

Preliminary results of hydrogen adsorption for the 5-AlF3.<(OH)x sample with the highest Sget
(345 m?.g") and an appealing cumulative pore volume of 0.060 cm?.g"! proves the ability of
nanofluorides for gas storage applications. Further experiments are on-going to enhance the
adsorption energy by increasing the fluoride content through gas-phase fluorination of the tested

materials.
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shift ranges of the various FAl>F10.,(OH), species calculated using the DFT-GIPAW method for
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experimental and reconstructed spectra (PDF) and cif files of the 24 supercell structural models
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Figure 1. [100] (left) and [001] (right) projection of the structure of S-AlFs.
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Figure 2. Nitrogen adsorption-desorption isotherms at 77 K for the B-AlF3.x(OH)x samples.
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Figure 3. PXRD patterns of the B-AlF3.x(OH)x samples.

Figure 4. TEM images of a) hollow spherules and b) nanoparticles of (from left to right) S-25,

S-60, S-185 and S-300.
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Figure 6. Pictures of a) S-25 and b) S-345 samples.
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Figure 7. a) TEM images of S-345. b) High resolution TEM image of S-345. ¢) Corresponding

selected area electron diffraction.
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Figure 8. TGA of the B-AlF3x(OH)x samples under N».
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Figure 9. Histogram of the calculated ?’Al isotropic chemical shifts of all AlFs.,(OH)y species
found in the (a) 16 AlF2(OH) and (b) 8 AlFi875(OH)1.125 supercell models, considering a
distribution of OH group in (a) only F1 and F2 sites and (b) all F sites of the structure. The

average values are indicated for each AlFs.,(OH)y specie.
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(a) 20.0 T and (b) 17.6 T and their reconstructions (red) with four individual resonances. The
central transitions (CT) and zero-order satellite transition spinning sidebands (ST) are shown

below the experimental spectra. 2’Al MQMAS ((c) 30 kHz, (d) 33 kHz) spectra (black) recorded

at (¢) 20.0 T and (d) 17.6 T and their reconstructions with the same parameters as those used in

(a, b).
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Figure 11. ?’Al quantitative MAS (33 kHz) spectra, recorded at 17.6 T, of the five samples S-25,
S-60, S-185, S-300 and S-345. Reconstructions with four individual resonances are shown as red
lines. The central transition (black) and zero-order satellite transition spinning sidebands (blue)

of the four individual contributions are shown below the experimental spectra.

29



S-185 1
Exp. :
FIT !
1
1
1

-

L L L L L L L L L
-145 -150 -155 -160 -165 -170 -175 -180 -185
<
/
/
/7

-60 -75 -100 -125 -150 -175 -200 -225 -250 -275

~

/

§-345

$-300
$-185

S-60 1
S-25 1

-75 -100 -125 -150 -175 -200 -225 -250
9F frequency (ppm)

Figure 12. ’F MAS (33 kHz) spectra recorded at 17.6 T of S-25, S-60, S-185, S-300 and S-345.
Top right: enlargement of the isotropic lines. Top left: experimental (in blue) and reconstructed
(red dashed line) spectra of S-185. The six individual resonances used for the fit are shown

below.
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whereas C6 was performed at room temperature. b) Hydrogen sorption values vs specific surface
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Table 1. Solvothermal media used for the MW synthesis and their boiling points (°C) and
corresponding Sger (m2.g"'), pore volume (cm’.g?!), diameters (nm) estimated from BET
measurements, Dggt, from Rietveld refinements, Dprx, and from TEM analyses, Dtem, wall

thickness (nm) and hollow spherule size (nm) of the synthesized samples of B-AlF3.x(OH)x.

Sample Medium Bo.l ling SBET Pore @ DBer Dprx Drtem Wall Hollow
point volume spherule

S-25 ‘PrOH 82.3 25 0.03 86 34 75-80 170 1400
"PrOH/

S-60 EtOH 80.51) 60 0.16 36 26 40-45 160 950
(1:1)

S-185  EtOH 78.3 185 0.28 12 15 8-12 110 950
EtOH/

S-300  MeOH 720 300 0.33 7 13 8-10 35 240
(1:1)

S-345 MeOH  64.7 345  0.60 6 9 7-10 - -

(M Calculated from Raoult and Antoine laws. ® Total volume measured at :40 = 0.99.
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Table 2. Mean (<diso>) and width of the distribution (Acs) of diso values (ppm), mean (<Cq>) and

width of the distribution (ACp) of Cq values (MHz), asymmetry parameter 70 and relative line

intensity / (%) deduced from the reconstruction of the 2’Al spectra of the five B-AlF3.x(OH)x

samples, assignment of the ?Al NMR lines, chemical composition inferred from these

assignments and (in italic) chemical composition inferred from TGA.

Sample (1_%0;) (Ai_c; 2) (<ic(;Q2>) é_c(;?z) (n-l_-QO. 1 I(*1) Assignment Composition

S-25 -15.3 1.4 1.9 1.3 0.5 34.6 AlFs AlF2.49(OH)o.51
-11.2 2.2 3.6 3.0 1 35.5 AlFs(OH)
-8.2 2.2 4.7 3.0 1 23.8 AlF4(OH):  AlF>45(0OH)o.55
-5.3 2.0 55 43 0.5 6.2 AlF3;(OH);

S-60 -15.2 1.5 1.9 1.3 0.5 35.6 AlFs AlF2.52(OH)o.48
-11.2 3.0 3.6 3.0 1 37.7 AlF5(OH)
-8.5 3.0 4.7 3.0 1 21.7 AlF4(OH),  AlF>.44(OH)o.s56
-5.3 2.2 55 4.3 0.5 4.9 AlF;(OH);

S-185 -15.2 1.5 1.9 1.3 0.5 35.1 AlFs AlF2.52(OH)o.48
-11.3 3.2 3.6 3.0 1 38.9 AlF5(OH)
-8.7 3.0 4.7 3.0 1 19.8 AlF4(OH)>  AlF1.48(OH)o.52
-5.5 2.2 5.5 4.3 0.5 6.2 AlF;(OH);

S-300 -15.2 2.2 1.9 1.3 0.5 28.9 AlFs AlF2.43(OH)o.57
-11.4 3.5 3.6 3.0 1 37.4 AlFs(OH)
-8.5 3.5 4.7 3.0 1 234 AlF4(OH):  AlF>41(OH)o.59
-5.2 3.0 55 4.3 0.5 10.3 AlF3(OH);

S-345 -15.1 2.0 1.9 1.3 0.5 28.4 AlFs AlF2.42(OH)o.58
-11.3 3.5 3.6 3.0 1 39.1 AlFs(OH)
-8.7 3.7 4.7 3.0 1 20.4 AlF4(OH):  AlF>39(OH)o.61
-5.2 3.0 55 43 0.5 12.3 AlF;(OH)3
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Table 3. Probabilities of occurrence (%) of the AlFs.y(OH)y groups, for various AlF3.4«(OH)x
chemical compositions, assuming an equal OH content in both All and Al2 sites and based on a
OH/F distribution on F1 and F2 sites (probabilities of occurrence of AIF(OH)s and Al(OH)s

equal to zero) and (in italic) on all F sites (probabilities of occurrence of AI(OH)e negligible).

Composition  AlFs AlF5(OH) AlF4(OH): AIF3(OH); AlF2(OH)4 AIF(OH)s

AlF25(OH)s  31.6 42.2 21.1 4.7 0.4 0
335 40.2 20.1 5.4 0.8 0.1

AlF24(OH)o.s  24.0 412 26.5 7.6 0.8 0
26.2 39.3 24.6 8.2 15 0.2

Table 4. Probabilities of occurrence (%) of the FALFi0..(OH), groups for two AlF3.x(OH)x
chemical compositions, based on a OH/F distribution on F1 and F2 sites (negligible for z = §,

equal to zero for z =9 and 10) and (in italic) on all F sites (negligible for z = 8, 9 and 10).

Sol:ligl;:;lion =0 z=1 z=12 z=3 z=4 z=5 z=6 z="17

AlF>5(OH)os 15.2 32.6 30.2 15.7 5.1 1.1 0.1 0.0
16.2 32.3 29.1 155 54 1.3 0.2 0.0

AlF2.4(OH)o6 9.8 26.8 31.5 20.8 8.5 2.2 0.4 0.0
10.7 26.8 30.2 20.1 8.8 2.6 0.6 0.1
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Table 5. Isotropic chemical shifts (Jiso, ppm), line widths (LW, ppm) and relative intensities (Z,
%) of the six 'F NMR lines used for the fits of the ’F MAS NMR spectra of the five B-AlFs.

x(OH)x samples, and average diso (ppm) and assignment of these lines.

Line 1 2 3 4 5 6

Siso  -172.5 -169.3 -165.3 -160.8 -154.5 -149.5
S-25 LW 49 7.1 7.9 9.7 6.6 6.0

1 16 32.8 28.8 17.7 3 1.7

Siso  -172.8 -170.3 -165.7 -160.7 -154.2 -146.6
S-60 LW 45 7.4 7.1 7.7 8.0 9.0

1 17.7 324 294 12 6.4 2.1

G0 -172.6 -169.5 -165.3 -160.9 -155.1 -149.0
S-185 LW 5.0 7.5 7.7 8.6 8.0 6.0

1 18.7 32.9 28.9 12.7 5.6 1.2

G0 -174.4 -171.2 -166.2 -161.8 -156 -148.4
S-300 LW 6.8 5.6 59 7.7 9.2 9.5

1 10.5 28.1 31.8 19.8 7.7 2.1

Sso -173.6 -171.1 -166.1 -161.9 -156 -149.3
S-345 LW 7.2 5.7 5.6 7.6 8.6 8.1

1 10.2 28.7 31.3 20.6 7.9 1.3
<&iso> -173.2 -170.3 -165.7 -161.2 -155.2 -148.5

Assignment FAlelo FA12F9(OH) FAleg(OH)z FA12F7(OH)3 FAleé(OH)4 FAles(OH)s
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Optimised synthesis allow obtaining B-AlF3:.x(OH)x nanoparticles with specific surface area
ranging from 25 to 345 m2.g!. Their OH contents, estimated using >’Al high-field solid-state
NMR which allows to discriminate four resonances assigned to four distinct AlFs.y(OH)y groups

(y = 0 to 3), increase slightly, from ~16% (AIF2.52(OH)o.48) to ~ 19% (AlF2.42(OH)o 53).
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