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Abstract: Microporous triclinic AIPO4-34, known as APO-Tric, serves as an excellent water adsor-
bent in thermal energy storage, especially for low temperature thermochemical energy storage.
Increased water adsorption capacity of thermochemical material usually leads to higher thermal
energy storage capacity, thus offering improved performance of the adsorbent. The main disad-
vantage of aluminophosphate-based TCM materials is their high cost due to the use of expensive
organic templates acting as structure directing agents. Using ionic liquids as low cost solvents with
associated structure directing role can increase the availability of these water adsorbents for TES
applications. Here, a green synthesis of APO-Tric crystals at elevated and ambient pressure by using
1-ethyl-3-methyl imidazolium bromide ionic liquid is presented. Large 200 pum romboid shaped
monocrystals were obtained at 200 °C after 6 days. The structure of APO-Tric and the presence of
1,3-dimetylimidazolium cation in the micropores were determined by single crystal XRD at room
temperature and 150 K. Water sorption capacity of APO-Tric prepared by ionothermal synthesis
at elevated pressure increased in comparison to the material obtained at hydrothermal synthesis
most probably due to additional structural defects obtained after calcination. The reuse of exhausted
ionic liquid was also confirmed, which adds to the reduction of toxicity and cost production of the
aluminophosphate synthesis.

Keywords: APO-Tric; water adsorption capacity; thermal energy storage; green ionothermal synthe-
sis; single-crystal structure determination

1. Introduction

Microporous aluminophosphates are zeolite-like or zeotype materials which gain a
lot of attention in the last years as the advanced water adsorbents for low temperature
adsorption heat transformation applications such as thermal energy storage (TES), heat
pumps and chillers [1]. These adsorbents known as thermochemical materials (TCMs) rely
on reversible physical adsorption and desorption process of gases on porous solids, an
essentially exothermic phenomenon. Adsorption-based TES is considered to be quite a
promising technology both for seasonal and daily storage applications, nevertheless, its
commercial diffusion is still not fully developed, mainly due to its cost and the lack of
technical knowledge at a system level, meaning that development and research is still
needed in order to make the technology commercially competitive [2]. The current trend is
focused on a development of water adsorbents with enhanced adsorption capacity and
hydrothermal stability. Increasing water adsorption capacity of TCM material usually
leads to higher thermal energy storage density, thus offering improved performance of the
adsorbent. The main advantages of the aluminophosphate TES adsorbents are high thermal
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energy storage density, good stability under repeated adsorption-desorption process and,
most impostant, significantly lower regeneration temperature, as compared to zeolites, due
to hydrophobic-hydrophilic character shown as type V water adsorption isotherm [3]. On
the other hand, the main drawback, which limits their use in TES applications, is significant
preparation cost, especially when expensive templates or structure directing agents are
used such as diethylamine and tetraethylammonium hydroxide [1]. These templates are
used, for example, for the synthesis of SAPO-34 [4], which is known as the best proven
catalyst for methanol to olefin (MTO) conversion since 1990 [5].

Microporous aluminophoshaptes, discovered in the early 1980s by Union Carbide [6]
are crystalline materials, having three dimensional neutrally charged frameworks build of
strictly alternating [AlO,]~ tetrahedra, and [PO4]* tetrahedra, some structures containing
also [AlOs]™ and [AlOg]™ polyhedra, with wide range of pore openings, showing great
structures diversity. These materials are thermal stable up to 1000 °C and hydrothermal
stable up to 600 °C in steam.

In the last decade only few aluminophosphate structures were investigated for TES
applications, such as SAPO-34 (AQSOA-Z02) with chabazite structure as the most stud-
ied [7-11] and commercialized (Mitsubishi Plastics) adsorbent, APO-5 (AQSOA-Z05),
FAPO-34 (AQSOA-Z01) [10], APO-18 [1], APO-Tric [9], and APO-LTA [12] (APO-n;
n = structure type). All listed aluminophospahtes have small pore opening (around 0.4 nm)
with 3D pore arrangements, except FAPO-5 containing 1D pore arrangement with large
pore opening of 0.73 nm. Adsorption capacity of aluminophospahtes can be increased by
incorporation of silicon or metal (Fe; FAPO) cations into the aluminophosphate framework,
introducing structural defects as additional adsorption sites. On the other hand, hydrother-
mal stability is usually decreased due to dislodgement of the silicon or metal cations from
the structure leading to amorphisation of the crystalline structure, for example, SAPO-34 syn-
thesized by using morpholine as the template was not stable under hydrothermal stress [13].

Aluminophosphates are hydrothermally or solvothermally synthesised at relatively
high temperatures (120-200 °C) in Teflon-lined stainless steel autoclaves at elevated pres-
sures by using expensive structure-directing agents or organic templates, and chemicals
containing Al and P atoms. The framework formation can be affected by various pa-
rameters, such as the reactants, reaction mixture composition and pH, template chemical
structure, solvent type, as well as the crystallization temperature and time. Crystallization
at atmospheric pressure can be achieved by ionothermal synthesis, thus eliminating safety
concerns, where ionic liquid (IL) has a dual role, i.e., it is used as a solvent and as the
template, due to the cation of the ionic liquid, around which the final solid material forms
during the reaction process. [14] Ionic liquids are special molten salts that consist of organic
cations and inorganic anions with melting temperatures below 100 °C [15], and are well
known as environmentally benign and designable solvents. They have relatively low
viscosity, high electric and thermal stability, are good solvents for a wide range of organic
and inorganic materials, and, importantly, have negligible vapor pressure [16,17]. These
characteristics enable ionic liquids to be widely used as a green solvent. The requirement
for ambient pressure is very convenient when it comes to coating substrates and production
(»up-scaling«) of materials. Ionothermal synthesis of aluminophoshates was introduced
by Morris and his co-workers in 2004 [18], using 1-ethyl-3-methylimidazolium bromide
ionic liquid. So far the number of frameworks (AEL, AFO, CHA, SOD, LTA, CLO [19]
and new structures) prepared by ionothermal synthesis remains lower than for solvo- and
hydrothermal syntheses [20].

Here we present an environmental-friendly template-free synthesis route of APO-
Tric large monocrystals by using 1-ethyl-3-methylimidazolium bromide ionic liquid as
a low-cost solvent. Crystal structure of the as-synthesised APO-Tric crystals was deter-
mined by single crystal XRD at room temperature and at 150 K, which both revealed the
presence of 1,3-dimetylimidazolium cation in the micropores. Textural properties of the
calcined APO-Tric prepared at elevated pressure were determined with nitrogen physisorp-
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tion, while hydrophilic character was investigated by gravimetrically measurement of
water adsorption.

2. Materials and Methods
2.1. Materials

Aluminium isopropoxide (>98%), phosphoric acid (>85%) hydrofluoric acid (40%)
and ethanol (96%) were purchased from from Merck (Darmstadt, Germany). 1-ethyl-3-
methylimidazolium bromide (EMIMBz, 99%) was purchased from Ionitec (Heilbronn, Germany).

2.2. Synthesis

APO-Tric crystals were synthesised from a modified ionogel [18,19] with a reactants
molar ratio: 1 Al;O3:1.5 P,O:3.2 HF:104 EMIMBr. The synthesis procedure was as follows:
H3PO4, HF and EMIMBr were added together in a beaker. The reaction mixture was stirred
and heated to 95 °C for 1 h. Subsequently, aluminium isopropoxide was added to the
reaction mixture which was then stirred for another hour at 95 °C. Half of the mixture
was transferred into Teflon-lined stainless steel autoclave and heated in an oven at 200 °C
for 6 days, while the other half was added in the capped glass bottle for crystallization
at 200 °C and ambient pressure for 3 days in the oven. The products were filtered and
washed thoroughly with ethanol before drying overnight at room temperature, while
filtrate containing ionic liquid was collected and recycled several times. Ethanol was
removed by evaporation from the filtrate. Recycled IL was used as the solvent and the
structure directing agent for further syntheses of the APO-Tric products. All as-synthesised
samples were calcined at 600 °C overnight in a furnace under air flow to remove the
structure directing agent from the micropores.

APO-Tric powder ionothermally prepared at elevated pressure is named APO-Tric-EP,
while APO-Tric powdered sample obtained at ambient pressure is denoted APO-Tric-AP.
APO-Tric-IL stands for calcined APO-Tric prepared at elevated ionothermal synthesis,
while APO-Tric-HT was obtained at hydrothermal synthesis.

2.3. Methods

Powder XRD of the sample were collected on a PANalytical X'Pert PRO (Panalytical,
Almelo, The Netherlands) diffractometer using CuKe; radiation (A = 1.5406 A) at room
temperature in the range from 5 to 50° 26 with step 0.017 per 100 s using a fully opened
X’Celerator detector. Morphology of single crystals was studied by scanning electron mi-
croscopy (SEM) on a Zeiss SupraTM 3VP SEM microscope. (ZEISS, Jena, Germany). High
Temperature X-ray powder diffraction (HT-XRD, Panalytical, Almelo, The Netherlands)
using PANalytical X'Pert PRO high-resolution diffractometer in the 20 range from 5° to
50° using a step of 0.026° per 100 s. XRPD patterns were collected at constant temperatures
between room temperature and 500 °C. Between the scans, the sample was heated at a rate
of 10 °C / min in air. Single-crystal diffraction data have been collected on an Agilent Super-
Nova dual source diffractometer with an Atlas detector using a mirror monochromator and
MoK« radiation at 150 and 293 K (Agilent, Santa Clara, CA, USA). The diffraction data were
in both cases processed using CRYSALIS PRO software [21]. All structures were solved
by direct methods, using SIR97 [22]. Full-matrix least-squares refinements on F? were done
with anisotropic displacement parameters for all non-hydrogen atoms. All H atoms were
observed in difference Fourier maps. Finally, they were placed at calculated positions
and treated as riding model. SHELXL-97 software [23] was used for structure refinement
and interpretation. Drawings of the structures were produced using ORTEP-III [24] and
Mercury [25]. Structural (bond lengths and angles) and other crystallographic details on
data collection and refinement have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication numbers CCDC Deposition Number 2086014
and 2086013 for low (APO-Tric-LT) and room temperature (APO-Tric-RT) data, respectively.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(accessed on 26 May 2021) (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK;
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fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk. Nitrogen physisorption measure-
ments were obtained at —196 °C on a Quantachrom autosorb iQ3 instrument. Before the
meauserment, samples were outgassed under vacuum for 16 h at 150 °C. The BET specific
surface area, Sggr was calculated using the adsorption branch. The total pore volume, Vt,
was estimated from the amount adsorbed at a relative pressure of 0.95. Water sorption
characteristic of the sample was determined by an IGA-100 gravimetric analyzer (Hiden
Isochema Ltd., Warrington, UK) at 25 °C. Before adsorption measurements, the samples
were outgassed to a constant weight under ultrahigh vacuum (<10~> mbar) at 150 °C
for 5 h.

3. Results and Discussion

Crystalline APO-Tric powder was first obtained from the ionogel containing 1-ethyl-3-
methylimidazolium bromide at ambient pressure at 200 °C after 3 days. Longer crystal-
lization time led to the formation of AIPO4-11, product with a different crystal structure
and AEL topology. Contrary, pure APO-Tric crystals were crystallized at an elevated pres-
sure ionothermal synthesis only after longer crystallization time (6 days). Pure APO-Tric
powder was obtained via ionothermal route at shorter crystallization time (5 days), only
when lower (half) amount of the ionic liquid was used for the ionogel preparation. When
crystallization was extended, non-porous phase (i.e., crystobalite) was obtained.

Figure 1 shows powder XRD patterns of the as-synthesised sample obtained at 200 °C
after 3 days at ambient pressure (APO-Tric-AP) and 5 days at elevated pressure (APO-Tric-
EP), which reveal the chabazite framework with triclinic symmetry [26] of the samples.
The calculated XRD pattern was determined on the basis of the single-crystal XRD data
of APO-Tric obtained at elevated pressure at 200 °C after 6 days. The sample prepared at
ambient pressure shows wider diffraction maxima than the sample prepared at elevated
pressure (Figure 1a). Figure 1b shows XRD patterns of as-synthesised APO-Tric samples
prepared form fresh and reused ionic liquid, showing highly crystalline products.

APO-Tric-ambient pressure APO-Tric 4th time reused IL

Lkl

APO-Tric 1st time reused IL

Ll

APO-Tric fresh IL

APO-Tric-elevated pressure

é

calculated APO-Tric

20 () 20()
(a) (b)

Figure 1. (a) XRD patterns of the as-synthesised APO-Tric obtained at 200 °C after 3 days at ambient
pressure (top), 5 days at elevated pressure (middle), and the calculated APO-Tric (bottom); (b) XRD
patterns of the as-synthesised APO-Tric from fresh IL (bottom), 1st time reused IL (middle) and 4th
time reused IL (top).
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Large crystals of 200 pm with romboid shape (prism) were prepared after 6 days at
elevated pressure (Figure 2a). 10-20 um hexagonal prisms composed of nanosized particles
were obtained at ambient pressure as it can be seen in Figure 2b, while agglomerated
rectangular prisms of 20 pm were obtained after 5 days (Figure 2c). Ionothermal synthesis
at elevated pressure thus favors formation of rectangular shape of crystallites.

(b)

Figure 2. SEM micrograph of the as-synthesised APO-Tric samples prepared at 200 °C: (a) 6 days at elevated pressure,
(b) 3 days at ambient pressure and (c) 5 days at elevated pressure.

Large 200 um crystals of the as-synthesised APO-Tric (elevated pressure) were used
for a single-crystal X-ray diffraction determination. The structure was determined at room
temperature (RT) and at 150 K (LT), showing the triclinic deformation of chabazite frame-
work [26] at both temperatures with 1,3-dimethylimidazolinium cation placed in the pores.
The crystal data for the structure determined at room temperature (APO-Tric -RT) and at
150 K (APO-Tric -LT) are shown in Table S1 (see in Supplementary Materials). Here we
show the crystal data determined at room temperature (APO-Tric -RT): CsHgAl3FN»O1,P3
(M = 481.99 g/mol): triclinic, space group P-1 (no. 2), a = 9.0875(5) A, b = 9.2281(5)A,
c=9.3073(5) A, a« = 76.515(5)°, B = 87.258(4)°, v = 89.442(4)°, V =758.13(7) A3, Z = 2,
T =293(2) K, w(MoKa) = 0.653 mm~!, Dcalc = 2.111g/cm?, 6652 reflections measured
(2.8° <206 < 30.5°), 3925 unique (Rint = 0.035, Rsigma = 0.101) which were used in all
calculations. The final R1 was 0.0562 (I > 20(I)) and wR2 was 0.1452 (all data).” APO-
Tric -LT (Figure 3) and APO-Tric-RT (Figure 4) structures are practically the same. With
lowering of temperature from 293 to 150 K the structure only slightly contracts along
all three unit cell axis, resulting in slightly smaller unit cell. As expected displacement
parameters of atoms in APO-Tric-LT are smaller due to less thermal motion of atoms, which
can be seen by the comparison of ORTEP figures of asymmetric units of both structures
(Figure 4). The asymmetric unit consists in both cases of three Al, three P, 12 O, one F
atom and one 1,3-dimethylimidazolium cation. The structure at 150 K had been already
determined using synchrotron X-ray diffraction data using a single crystal obtained from
the ionogel containing 1-buthyl-3-methylimidazolium chloride ionic liquid [27]. We per-
formed laboratory-based structure analysis using single crystal and obtained positions
of framework and template atoms including H atoms. In the asymmetric unit Al and P
atoms occupy three different crystallographic sites on general positions. All three P atoms
and two Al atoms are tetrahedrally coordinated by four O atoms. All is octahedrally
coordinated by four O atoms and two apical F atoms. Tetrahedrons and octahedrons
with alternating P and Al central atoms are connected via corners into negatively charged
three-dimensional framework with the largest channels running parallel all three unit
cell axes. These channels are confined by eight-membered rings. At the intersections of
channels there are small cages, where 1,3-dimethylimidazolium cations are placed, which
balance the negative charge of the framework.
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Figure 3. ORTEP drawing of asymmetric unit of the as-synthesised APO-Tric -LT. Ellipsoids are represented at the 50%
probability level.

O7

012

Figure 4. ORTEP drawing of asymmetric unit of the as-synthesised APO-Tric -RT. Ellipsoids are represented at the 50%
probability level.

In each pore there are two parallel cations which are symmetry related by a centre
of symmetry in the centre of pore (Figure 5). The distance between the ring centroids is
3.728(2) A in APO-Tric-LT and 3.766(2) A in APO-Tric-RT which means that both structures
are additionally stabilised via -7t interactions of aromatic rings.

Beside the stabilising contacts between parallel cations within the cage, there are also
van der Waals interactions among cations from the neighbouring cages, shown in Figure 6.
This figure shows also intermolecular interactions with corresponding contact distances
(A) between cation and framework.

The interesting observation is, that during crystallization trans-alkylation of 1-ethyl-
3-methylimidazolium bromide occurred in the presence of HF, leading to the forma-
tion of 1,3-dimethylimidazolinium cation, which was encapsulated in the pores. This
phenomenon was, for example, observed for 1-propyl-3-methylimidazolium, 1-butyl-3-
methylimidazolium and 1-pentil-3-methylimidazolium chlorides [27,28], but up till now
not for 1-ethyl-3-methylimidazolium bromide. Namely, when 1-ethyl-3-methylimidazolium
bromide was used by Morris, 1-ethyl-3-methylimidazolium cations were detected also
in the crystals. Griffin [29] explained that the reason could be the presence of a more
nucleophilic anion (C17) in the ionogel.
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Figure 5. Mercury drawing showing a crystal packing in the as-synthesised APO-Tric-LT. The orange, gray, red, yellow-

green, black, blue and white sticks represent P, Al, O, F, C, N and H atoms, respectively. (a): view on the structure along b

axis and (b): along a axis.

Figure 6. Mercury drawing of the content of one cage showing contact distances (A) of stabilising
interactions among cations and those between cations and framework in APO-Tric-LT. Due to clarity
only contact distances of one cation from the cage are shown. Contact distances of the other are
the same due to the symmetry. The orange, gray, red, yellow-green, black, blue and white sticks
represent P, Al, O, E, C, N and H atoms, respectively.

The amount of 1,3-dimetylimidazolium cation in the samples was further determined
with thermogravimetry. Figure 7 shows TG/DTG curves of the as-synthesised sample
prepared at the elevated pressure (top) from the ionogel containing half amount of the
ionic liquid. Total weight loss was determined to be 25.4%. TG/DTG curves of this sample
show water loss of 1.2% up to 250 °C and mass loss of 24.2 % between 250 and 600 °C
due to decomposition and release of 1,3-dimethylimidazolinium cation and fluoride per
[AIPO4]3 formula unit (calculated 24.1%). The sample prepared at ambient pressure shows
different TG/DTG curves. Total weight loss is lower (19.9%) with larger water loss (2.6%)
up to 250 °C.
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Figure 7. TG/DTG curves of the as-synthesised APO-Tric -EP (top) and APO-Tric -AP pow-
ders (bottom).

Desorption temperature of both hydrated calcined samples was determined from
DTG curves [30] in Figure 8. Two different desorption sites for water molecules can be
observed in the APO-Tric-EP sample, i.e., at 30 °C and at 68 °C. Desorption temperature
is lower for 30 °C comparing to the hydrothermally prepared sample [31]. The water
loss of the sample prepared at elevated pressure is higher to the water loss of the sample
obtained from the ionogel at ambient pressure, which can be due to lower crystallinity of
this sample clearly seen in Figure 1a. Desorption temperatures of APO-Tric-AP is 47 °C.
Hydrothermally prepared sample APO-Tric showed 23% water loss (Figure S1 see in
Supplementary Material).

95 L s
hidrated calcined APO-Tric-EP

Water loss (%)
feel
wm
. NN N
T
DTG ( C/min)

1 T 1 ! I ' I ' 1 ' I ' I ! I ' 4
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94 | |
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DTG (C/min)
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Temperature ‘o)

Figure 8. TG/DTG curves of hydrated calcined APO-Tric-EP (top) and APO-Tric -AP powders (bottom).

Thermal stability of the sample’s structure prepared by ionothermal elevated syn-
thesis was checked by high temperature X-Ray diffraction (Figure 9) and compared to
the hydrothermally prepared sample [31]. The analysis revealed comparable stability of
both samples, through symmetry changes from triclinic (room temperature to 400 °C) to
rhombohedral (AIPO4-34) (500-600 °C) and after cooling to room temperature (25 °C) to
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new triclinic symmetry due to the air humidity [32]. These symmetry changes of the as-
synthesised triclinic AIPO4-34 to dehydrated calcined rhombohedral AIPO4-34 to hydrated
calcined new triclinic AIPO4-34 are well known [33]. Material retained rhombohedral
symmetry after dehydration. This deformation due to hydration and dehydration is
completely reversible.

25°C

600 °C after 2h
ALA__A_A‘_LLM A“._A_A_A A
} 600 °C
lm/\__AJk_,\«—A—M%—/‘\/L——M/\__M_A_o—/\.J\—

l
500 °C
AJL}LA_)\_J \ﬁx_,’PL_»M_.f\Jx_MJ""\ﬂ_,_ux_/\_M__N__.J_@
I [T W ST T DR, .

\ T SR __300°C
) ol 200 °C
| TN W e 100 °C

Al A 'AA_M_./:_J‘L.M'AJ\ TJ\A_A—- . - - 25 ?_glz
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26(°)

Figure 9. High Temperature XRD of the as-synthesised APO-Tric-EP.

Textural properties of the sample prepared from the ionogel with fresh IL at elevated
pressure revealed specific surface area of 778 m?/g and total pore volume of 0.281 cm?/g,
while the sample prepared from the hydrogel showed lower specific surface area (422 m?/g)
and total pore volume (0.221 cm®/g). Textural properties of the sample prepared from the
reused IL (765 m?/g; 0.310 cm3/g) were similar to the sample prepared from the ionogel
with fresh IL.

Hydrophilic properties were determined for the calcined samples prepared from
ionogel at elevated (IL) and of the sample prepared from hydrogel (HT) at elevated pressure
by gravimetric water sorption analysis. Maximal water adsorption capacity of APO-Tric-IL
(elevated) ionothermally synthesised was determined at relative pressure of 0.8, which is
similar (32.8%) to the material prepared from the hydrogel (APO-Tric-HT). Furthermore,
different types of water isotherms can be observed, as shown in Figure 10. The APO-Tric-IL
exhibit type I isotherm with less steep uptake, indicating on more hydrophilic character
than APO-Tric-HT, while hydrothermally prepared sample APO-Tric-HT shows typical V
type isotherm of hydrophobic-hydrophilic character. It can be concluded that the synthesis
path influences the hydrophilic character of the product. The water uptake of APO-Tric
-IL prepared from the ionogel determined at the relative pressure 0.3 is higher for 10%
than the water uptake of the APO-Tric -HT sample obtained from the hydrogel, which can
be explained by the formation of the sample with higher specific surface area and larger
pore volume [30] after removal of the template. It is known that during synthesis different
templates lead to formation of chabazite structures with various crystal unit cells [34] or
local disorder in crystals [35], which can influence the creation of different structural defects
as possible adsorption sites and is in accordance with determined large specific surface
area and pore volume [30].
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Figure 10. Water adsorption isotherms of calcined APO-Tric prepared from ionogel (APO-Tric -IL) at
elevated pressure and from hydrogel (APO-Tric -HT) at elevated pressure.

4. Conclusions

The crystalline microporous APO-Tric was synthesised at ambient and elevated pres-
sure using 1-ethyl-3-methylimidazolium bromide ionic liquid as solvent and structure
directing agent, which led to the formation of the adsorbent with high thermal stability
up to 600 °C and enhanced hydrophilic character. Duration of crystallization at elevated
pressure increased product particle size from 20 to 200 pm. Single crystal XRD deter-
mination revealed the presence of 1,3-dimethylimidazolium cations in the pores, which
were fully ordered. Hydrophilic properties were tailored by the ionothermal synthesis
parameters and calcination. Although the product with stronger hydrophilic character
was obtained at ionothermal synthesis at elevated pressure, the desorption temperature
decreased for 30 °C.

After the crystallization the used ionic liquid was recycled and reused, showing highly
crystalline products. Therefore ionothermal synthesis of aluminophosphates can reduce
toxicity and cost production. In the future this approach will enable the access to top-
performing aqueous adsorbents for heat storage or heat pump applications and could be a
breakthrough in the low-cost industrial production of aluminophosphate adsorbents.
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