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ABSTRACT: Flexible small-pore zeolites are interesting candidates for flue and natural gas processing due to their high sorption
capacity and selectivity. It is generally accepted that their high CO,/CH, selectivity is due to cation gating behavior such as the
“trapdoor” effect or cation-controlled molecular sieving. Herein, nanosized RHO-type zeolite containing only inorganic cations (Na*
and Cs") has been prepared from a colloidal precursor suspension at 90 °C for 1 h without the use of expensive organic structure
directing agents. The high Cs content significantly improved the thermal stability of the RHO nanocrystals up to 550 °C. The flexi-
bility of the RHO cages upon water adsorption/desorption is demonstrated. The dehydration of the nanosized RHO zeolite resulted
in two dehydrated RHO phases, the first one presents an enlargement of the cubic unit cell and a transformation from distorted to the
more regular d8r units, and the second one presents a reduction of the cubic unit cell and an increase of the distortion of the d8r units.
The 8-rings elliptical distortions of the as synthesized RHO (hydrated form) of 1.87 A changed to 0.94 A and 2.16 A for the two
dehydrated RHO forms. The flexibility of the nanosized RHO zeolite is due to the ability of the Cs™ cation to displace out from and
in to the D8R window sites which is of great importance for controlling the selective adsorption capacity of the RHO zeolite. The
flexible RHO-type nanosized zeolite exhibited great selectivity towards CO, over CH,. The adsorption capacity is retained after 10

cycles of CO, adsorption/desorption and the crystalline structure is fully preserved.

m INTRODUCTION

Zeolite materials are microporous crystalline solids possessing
networks of channels and cages. As of 2019 the number of ap-
proved structure types is 249, of which 25 have been prepared
with nanosized dimensions. Reducing the particle size of zeo-
lites from the micro to the nanoscale leads to significant
changes in their properties such as an increase in the external
surface area and reduced diffusion path length, enhancing the
accessibility of guest molecules to active sites within the mi-
cropores and cages.! Several methods for the synthesis of na-
nosized zeolites have been developed in recent years including
post-synthesis modification, one-step hydrothermal crystalliza-
tion in the presence of mesopore modifiers, and synthesis with
organic structure directing agents (OSDAs).? The synthesis of
nanosized zeolites without OSDAs is an important research tar-
get because the post-synthetic removal of OSDAs requires ad-
ditional energy, generates emissions (COx, NOx), and can re-
duce the crystallinity of the zeolite which negatively impacts
their performance.**

Zeolite frameworks, composed of SiO4* and AlO,* tetrahedra,
maintain charge neutrality by the presence of extra-framework
cations, the most common of which are Na” and K*. In addition
to providing charge neutrality, extra-framework cations have
also been shown to influence the zeolite crystallization process;
acting as inorganic structure directing agents.’ For example, the
presence of specific type and amount of cations, with or without
the use of OSDAs, is required to facilitate the formation of

RHO-type zeolites as reported by several groups.®’ In particu-
lar, it has been shown that not only is the presence of Cs” cations
required, but a specific mixture of Na” and Cs™ is necessary to
avoid the formation of other zeolite phases such as FAU or
ANAS®

Due to the change in global energy demands, there is an increas-
ing need for porous materials able to separate the components
of natural gas, mainly CH, and CO,. In this context small pore
zeolites are interesting candidates due to their high sorption ca-
pacity and CO,/CH, selectivity. The RHO topology is con-
structed from d87 units that act as windows to /ta cages resulting
in two 3D interpenetrating but unconnected pore systems.’
RHO-type zeolites have promising applications in catalysis and
gas separation,'” NOx removal,” MTO reactions,” '' and
CO,/CH, separation.'*'* Furthermore, the synthesis of zeolites
with high adsorption selectivity and nanoparticle morphology
creates new opportunities in medical applications for the tar-
geted delivery of therapeutic gases.'® The origin of the high se-
lectivity for CO, is a combination of the narrow pore size (3.6
A) and the presence of different extra-framework cations, such
as Na" and Cs”, which sit in the pores and restrict access to the
internal cages.'® The ability of extra-framework cations to se-
lectively control the access of molecules to the zeolite channels
is described as cation gating and may occur through different
mechanisms: the “trapdoor” effect and molecular sieving. The
proposed “trapdoor” effect'” occurs due to the ability of mole-
cules which possess a relatively large quadrupole moment and



polarizability, such as CO, as compared to N, or CHs, to dis-
place extra-framework cations from the pore opening. How-
ever, other studies propose the interaction of CO, with the zeo-
lite and the amplitude of the thermal motion of the extra-frame-
work cations is responsible for allowing CO; into the cage while
blocking N, and CH4."® Molecular sieving of gas mixtures by
zeolite RHO occurs due to the influence of extra-framework
cations on the framework structure resulting in changes to the
pore size. In addition, temperature, the presence of water, and
adsorption of CO; have also been reported to affect zeolite RHO
structure.'*?

Herein, we present the first synthesis of nanosized flexible
RHO-type zeolites without the use of expensive OSDAs or
seeds. Highly crystalline nanoparticles of zeolite RHO were ob-
tained using inorganic structure directing agents, Na" and Cs™
cations, only. The zeolite RHO nanocrystals have a diameter of
less than 70 nm and the framework structure and position of the
cations have been determined by Rietveld refinement based on
XRD patterns. The distortion of the d8r units as well as the
displacement of the Na™ and Cs™ cations within the cages upon
adsorption of water and CO, was studied by temperature de-
pendent in situ XRD.

m EXPERIMENTAL

Synthesis. RHO-type nanosized zeolite was prepared by hydro-
thermal synthesis from a colloidal precursor suspension using
the following chemicals without further purification: sodium
aluminate (53% ALO; 47% Na,O by mass, Sigma-Aldrich),
colloidal silica LUDOX AS40 (40% by mass in water, Sigma-
Aldrich), sodium hydroxide (99%, Sigma-Aldrich) and cesium
hydroxide (98%, Alfa-Aesar). Doubly deionized water was
used throughout the synthesis and post-synthesis treatments.
Syntheses were carried out in 100 cm?® polypropylene bottle (PP
bottle) at autogenous pressure without agitation up to 100 °C
and in autoclave above 100 °C.

A clear colloidal suspension was prepared by mixing 516 mg of
sodium aluminate in 3 g of dd H,O. 1.82 g of sodium hydroxide
and 588 mg of cesium hydroxide were added to the clear sus-
pension. During the mixing, the suspension was maintained at
room temperature (i.e. 25 °C) while being stirred vigorously.
The stirring at room temperature was continued for at least 2 h
and afforded a clear (colloidal) aqueous alkali aluminate sus-
pension. 5 g of LUDOX AS40 was added dropwise to the clear
suspension. During the addition it was maintained at room tem-
perature while being vigorously stirred. The pH of the resulting
clear aqueous suspension was about 12. The resulting clear
aqueous suspension with a molar composition, 10 SiO»: 0.8
ALO;: 8 Na,0O: 0.58 Cs,O: 100 H>O, was then aged on a mag-
netic stirrer for 14 h at room temperature. Then, the hydrother-
mal crystallization was conducted at 90 °C for 1 h so as nano-
crystals RHO zeolite was synthesized. The solid was separated
and recovered by high-speed centrifugation (20000 rpm, 10
min) and purified with hot double distilled water (heated at 100
°C for 30 min) until the pH of the decanting water was about
7.5. Further in the paper, the as synthesized nanosized RHO ze-
olite sample in hydrated form will be abbreviated as NaCs-
RHO(H>0) and the dehydrated sample at high temperature (350
°C) will be abbreviated as NaCs-RHO.

Characterization. The powder X-ray diffraction (PXRD) pat-
terns were measured on a Bruker D8 Advance Variol diffrac-
tometer equipped with a primary germanium (111) Johansson
monochromator (\Kal = 1.5406 A) and a LynxEye detector.

The PXRD patterns were collected at room temperature with
variable divergent slits and constant illuminated sample length
of 6 mm, between 5 and 120° 26 with a step of ~0.014° 26.
Temperature-dependent powder in situ X-ray diffraction (TD-
PXRD) patterns were recorded on the same diffractometer with
an Anton Paar HTK1200N chamber, under a flow of N, (the
first pattern was recorded at 350 °C with the same conditions as
the previous one). Dehydration and hydration of the RHO sam-
ples were also performed between 30 and 300 °C in air. In situ
CO, adsorption was also followed by TD-PXRD. The samples
were pre-treated in situ at 350°C under N, atmosphere for 2 h
to remove the adsorbed water. The CO, flow (1 bar) was deliv-
ered at 350 °C for 3 h. Diffractograms were then recorded every
20 °C until 30 °C under a constant flow of CO; (1 bar). The
sample was maintained under CO, for 10 hours to check any
evolution of the amount of adsorbed CO,.

The whole profile matching of the PXRD diagrams were per-
formed using the JANA2006 program® (the /-43m space group
was used). The structures were solved using the ab initio ap-
proach with the SUPERFLIP program?* and the Rietveld refine-
ments were performed with the JANA2006 program assuming
fundamental approach for peak-shape fitting and crystallites
size determination (Table S1). All the atomic positions and iso-
tropic displacement parameters (Uis,) were refined (Table S2).
Anisotropic atomic displacement parameters (ADPs) were
taken into consideration for all the Csl atoms of the double
eight-rings (D8Rs) except for the NaCs-RHO-2 structure; in the
latter, the refinements of the ADPs gave unrealistic values.

The crystal size and morphology of the samples were first char-
acterized using a FEI Tecnai G30 (LaBg, Vi = 300 kV) trans-
mission electron microscope (TEM) on diluted colloidal sus-
pensions of zeolite materials. High resolution transmission elec-
tron microscopy (HRTEM) was performed on a JEOL ARM
200F (cFEG, Ve =200 kV) TEM.

Chemical composition was obtained by energy dispersive X-
Ray spectroscopy (EDS) using a JEOL 2010 (LaB¢, Vacc =200
V) TEM. The chemical composition of the RHO samples was
further confirmed by inductively coupled plasma (ICP) optical
emission spectroscopy using a Varian ICP-OES 720-ES and by
deconvolution of the *Si solid state MAS NMR signals using
DMEFIT software. The **Si solid state MAS NMR spectra were
collected on a Bruker Avance I1I-HD 500 (11.7 T) spectrometer
operating at 99.3 MHz, using 4-mm outer diameter zirconia ro-
tors spun at 12 kHz. The ? Al MAS NMR spectra were recorded
on a Bruker Avance I1I-HD 500 (11.7 T) spectrometer operating
at 130.3 MHz, using 4-mm outer diameter zirconia rotors spun
at 14 kHz.

N; adsorption/desorption isotherms were measured at -196 °C
and CO; adsorption isotherms were measured at 25 °C using a
Micrometrics Model ASAP 2020 volumetric adsorption ana-
lyzer. Samples were degassed at 300 °C under vacuum for 12 h
prior to analysis. Thermogravimetric analysis (TGA/DTG) of
samples was carried out on a SETSYS 1750 CS evolution in-
strument (SETARAM). The samples were heated from 25 °C to
800 °C with a heating ramp of 5 °C/min under nitrogen (flow
rate: 40 mL/min).

Cycles of CO, adsorption/desorption were conducted 10 con-
secutive times by alternating between activation at 350 °C for 2
h under N, flow (flow rate: 40 mL/min) and CO, adsorption at
room temperature (flow rate: 40 mL/min, 1 bar) for 2 h. CO,
and CH4 adsorption on RHO was studied by in situ IR spectros-
copy using a self-supported pellet (10 mg.cm?) of RHO; the



transmission IR spectra were recorded with a Nicolet Avatar
spectrometer. A room temperature IR-cell equipped with a heat-
ing device was used to activate the samples at 350 °C prior to
the measurements. The cell was connected to a high vacuum
line of 10”° Pa. The sample was activated at 100 °C for 0.5 h
followed by heating at 350 °C for 3 h under high vacuum. All
IR spectra were recorded at room temperature, CO; cycling ex-
periments were conducted under 1 bar of COs. IR spectra were
recorded on the sample under an atmosphere of equal volume,
1:1 of CO,:CH, from 0 to 1 bar. The background spectra of the
empty transmission cell was recorded under high vacuum at
room temperature.

m RESULTS AND DISCUSSION

A whole profile matching of the PXRD pattern of sample NaCs-
RHO(H»0) was performed considering the /-43m space group.
The refined unit-cell parameter was a = 14.8118(1) A. All re-
flections were indexed confirming a single polycrystalline
phase. The structure was solved and the location of the Na* and
Cs" cations were identified by ab initio approach (see the ex-
perimental section). All the atomic positions and isotropic dis-
placement parameters (U;,,) were refined and summarized in
Table S2. Atomic displacement parameters (ADPs) were taken
into consideration for the Csl atom. The oxygen atoms of the
water molecules were localized from Fourier difference maps.
The final reliability factors obtained after the last refinement
cycle are: Regps = 4.87% and Ry, = 4.80% (see Figure 1 for the
corresponding PXRD fit). The average size of the diffracting
domains of sample NaCs-RHO(H,O) calculated from the
Rietveld refinement is 57(1) nm. The size and morphology of
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Figure 1. (a) Rietveld refinements from PXRD pattern of the na-
nosized NaCs-RHO(H,O0) zeolite sample. (b) Views of the RHO
framework with the specified localization of Cs*, Na™ and O atoms
of the water molecules. Ellipsoids are drawn at the 50% probability
level.

the crystals were further studied by TEM (see below). The
chemical composition of the NaCs-RHO(H,O) sample deter-
mined by ICP analysis, EDS, and TGA are similar:
Na3.4Cs6.0S128.5A119.5096 36H,0 (ICP/TGA), and
Nay37Cs6.5S127.6A1l20 4096 36H,0 (EDS/TGA). The Slight differ-
ences in the chemical composition is attributed to the different
sensitivity of each technique. The results from the Rietveld re-
finements show the preferential site of the Cs* cations is in the
center of the D8R windows, while Na* and water molecules are
located in the /ta cages, outside the single six-ring (S6R) win-
dow site (Figure 1b). The ability of the Cs* to move along the
“8-fold”axis of the D8R is observed. Indeed, the anisotropic dis-
placement parameter is larger along the “8-fold”axis of the
D8Rs (U;; = Uy = 0.07335 A2) compared to the perpendicular
direction (U = Uy = 0.03114 A?). The structure of the NaCs-
RHO(H>0) was refined in the acentric /-43m cubic space group
instead of the “ideal” centric /m-3m space group when the el-
liptical distortion of the D8Rs is taken into account. According
to Parise et al?’, the elliptical distortion, or ellipticity, of the
D8Rs can be evaluated by a parameter A, which corresponds to
the O1-02 distance projected on the (001) plane, i.e. the aver-
age of the difference between the longest and the shortest O—O
distances within the cross-section of the D8R, vide infra. For
NaCs-RHO(H-0), with a formula
Nal3_1CS5_2(Si29_7A118_3096)(H20)41, A is 1.87 A This value is
slightly larger than the one reported by Baur A = 1.57 A% Ac-
cording to Corbin et al.'’, the degree of distortion is related to
the charge density of the cations located within the D8R win-
dows. In this work, for NaCs-RHO(H,O) the occupancy factor
of the Cs" cations sitting in the center of the D8R window site
is larger than the one reported by Baur in agreement with a
lower Si/Al ratio.”® These extra-framework charge-compensat-
ing cations influence the distortion of the D8Rs, which is simi-
lar to the effect of temperature, ion-exchange or adsorption of
different molecules in RHO-type zeolites. On the other hand, it
has been shown that the high water content of the NaCs-
RHO(H>0) sample is due to the higher Si/Al ratio which can
also influence the RHO framework, i.e. inducing a degree of
flexibility. Similarly, the flexible structure of MER-type has
been recently reported. The authors showed that the zeolite
structure tunes itself to coordinate extra framework cations
when dehydrated or upon CO, uptake.”’ In our case, the evolu-
tion of the unit cell parameter of NaCs-RHO(H»O) at room tem-
perature under N, flow was determined from the XRD data. It
varies from 14.810 to 14.778 A with a decrease in the unit cell
volume from 3248.5 to 3227.2 A3 after 10 h of continuous ex-
posure to N (Figure S1).

The thermal stability of the as-synthesized NaCs-RHO(H,O)
sample is studied. The PXRD patterns of as synthesized and
calcined sample at 550 °C and 650 °C are shown in Figure 2a.
Bragg peaks corresponding to the RHO-type framework only
were present in all patterns of the samples, as-prepared and after
the calcination (Figure 2). Partial amorphization of the NaCs-
RHO(H>0) sample after treatment at 650 °C was observed; ap-
proximately 60% of the crystallinity was retained as determined
from the XRD patterns obtained after calcination at 650 °C. Ion-
exchange with NH4Cl followed by thermal treatment at 400 °C
resulted in the collapse of the structure, demonstrating that the
presence of the Cs* cations improves the thermal stability of the
zeolite (Figure S2). The distortion of the NaCs-RHO(H»O) ze-
olite was further investigated by NMR. *Si and Al MAS
NMR spectra of the sample NaCs-RHO(H,O) before and after
calcination at 550 °C were found to be identical, confirming no



removal of Al from the zeolite framework (Figure 2). Single
peaks corresponding to tetrahedrally coordinated Al were ob-
served at 60 ppm, and no peak at 0 ppm corresponding to octa-
hedrally coordinated Al was present (Figure 2c). The Q°(4Al),
Q'(3AI), Q*(2Al), Q*(1Al) and Q*(0Al) species at -84 ppm, -88
ppm, -92 ppm, -98 ppm and -102 ppm, respectively are present
in the spectrum of NaCs-RHO(H,O) (Figure 2c). Using the *°Si
spectra, the Si/Al ratio of the as synthesized NaCs-RHO(H,O)
zeolite is calculated to be 1.50. Additional EDS and ICP anal-
yses confirmed the Si/Al ratio of the sample to be in the range
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Figure 2. (a) PXRD patterns of as synthesized nanosized NaCs-
RHO(H:0) (black), and after calcination at 550 °C (red) and at 650
°C (blue); (b) YAl NMR and (c) 2°Si NMR NMR spectra of as-
synthesized NaCs-RHO(H,O) (black) and after calcination at 550
°C (red).

of 1.4-1.5. TEM images reveal uniform nanosized crystals with
a size of less than 100 nm in diameter (Figure 3). The as syn-
thesized RHO nanocrystals have low microporosity due to the
presence cations (Na*, Cs") that block access of N, to the mi-
cropores (Figure S3). However, the comparatively high total
pore volume is attributed to the interparticle mesoporosity. Na-
nosized crystals with a uniform size distribution and a high ex-
ternal surface area form regular interparticle mesopores when
dried.

Flexibility of Nanosized RHO Zeolite upon Dehydra-
tion.

The flexibility of the nanosized RHO zeolite upon hydration/de-
hydration was studied using in situ XRD. The XRD patterns of
sample NaCs-RHO(H»O) subjected to heating from 30 to 300
°C and subsequent cooling to 30 °C were collected in air and
under N, flow (Figure 4). Overall, fully reversible dehydration
was observed for the NaCs-RHO(H,O) sample; a splitting of
the peak at 8.45° 20 under heating of the sample at 180 °C was
measured, while during the cooling to 120 °C the splitting dis-
appeared. The dehydration of the nanosized RHO-type zeolite
is accompanied by an enlargement of the cubic unit cell and a
transformation of the RHO structure from the distorted d8r
units (/-43m acentric space group) to the more regular d8 units
(Im-3m centrosymmetric space group). This phenomenon was
observed previously for RHO-type zeolites subjected to very
high pressure®® or during the adsorption of CO,.'® The enlarge-
ment of the unit cell can be seen clearly in the PXRD patterns,
i.e. the (101) reflection at 8.5° 26 shifts towards higher degrees
20. In the case of the sample NaCs-RHO(H,0), the (101) re-
flection splits in two when the sample is heated above 120 °C
(Figure 4). The splitting of the reflection remains present up to
300 °C. A complementary PXRD experiment performed until
440 °C showed that there is no evolution of the position and
intensity of the split (101) reflection under heating from 270 to
440 °C (Figure S4). Initially, it was suspected that water was
retained in the NaCs-RHO(H,0) zeolite sample up to 300 °C.
However, the TGA results showed complete dehydration of the
sample above 300 °C (Figure S5). Alternatively, it was consid-
ered that the splitting of the reflections could be due to a lower-
ing of the symmetry. However, the diffraction peaks above 120
°C can only be indexed by two RHO cubic unit cells with

Figure 3. TEM images of nanosized RHO-type zeolites at different magnifications. (a) TEM image showing the homogeneous crystal size.
(b) and (c) HRTEM images revealing the high crystallinity of the sample, insets show the FFT from the areas encircled in white corresponding

to [1-11] and [100] oriented crystals, respectively (SG: I-43m).
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Figure 4. In situ PXRD patterns of nanosized NaCs-RHO(H,0)
zeolite recorded in air upon (a) heating from 30 to 300 °C (dehy-
dration process), and (b) cooling from 300 to 30 °C (rehydration
process); (¢) Rietveld refinement of the PXRD pattern of nanosized
NaCs-RHO zeolite collected at 350 °C under N, atmosphere.

different values for the lattice parameter, a = 15.1603(3) A and
a=14.5179(5) A. It appears that two different dehydrated RHO
phases are present at high temperature (350 °C), compared to
the presence of one structure after rehydration at lower temper-
ature (< 150 °C). To investigate this unexpected and completely
reversible behavior, the structural analysis of the NaCs-RHO
samples was conducted by assuming the existence of two
phases (NaCs-RHO-1 and NaCs-RHO-2). The coexistence of
two structural phases has been observed previously for NaCs-,
K- and Cs-RHO in response to changes in applied the pressure
of CO,."3 18 According to Parise et al.®® the decrease of the unit
cell parameter corresponds to an increase in the elliptical dis-
tortion of the D8Rs and the structure retaining the acentric /-
43m symmetry. Conversely, with the enlargement of the unit
cell, the elliptical distortion of the D8Rs decreases and the struc-
ture acquires the centric /m-3m symmetry. With these consider-
ations, both structures were first solved and refined, considering
the space groups Im-3m for the phase with the largest unit cell
(NaCs-RHO-1), and I-43m for the phase with the smallest unit
cell (NaCs-RHO-2). The obtained figures of merit (Reops-1 =
6.38%; Rpops-2 = 6.32 % and Ry, = 5.37%) were further im-
proved by considering the /-43m space group for both phases
leading to the final result with: Reobs-1 = 4.39%; Rrobs-2 =4.31%
and Ry, = 4.39%. The two different RHO frameworks related
to NaCs-RHO-1 and NaCs-RHO-2 are shown in Figure 5. The
chemical formulas determined from the Rietveld refinements
for the phases NaCs-RHO-1 and NaCs-RHO-2 are
Na74Cs11.0(Size6Alis4)O9s and NayzsCsz.6(Siz19Alis.1)Os with
the mass concentrations of 49(1) and 51(1)%, respectively. An

increase of the elliptical distortion of the D8Rs from A = 1.87
A for NaCs-RHO(H,0) to A = 2.16 A for NaCs-RHO-2 is ob-
served (Figure 6). This is comparable to the value calculated for
pure Na-RHO reported earlier (A = 2.10 A with a unit cell pa-
rameter of a = 14.4139(2) A).""** The structure of NaCs-RHO-
2 is similar to the hydrated NaCs-RHO(H,O) zeolite sample and
similar to the dehydrated structure reported in the literature.'
Both the Cs™ and Na* cations can occupy the same locations as
in the hydrated sample, i.e. inside the D8R window and outside
of the S6R window respectively. However, the amount of Cs*
in the sample NaCs-RHO-2 is reduced in comparison to the as
synthesized hydrated NaCs-RHO(H,0) sample. The occupancy
factor of Cs* in the D8R window site decreased from 0.863 to
0.323. A small amount of Cs* (0.080) is also present on the Nal
S6R window site. On the other hand, the unit cell parameter of
sample NaCs-RHO-1 increased to 15.1603(3) A, corresponding
to a decrease in the elliptical distortion with A = 0.94 A. To the
best of our knowledge this is the largest unit cell parameter re-
ported for the RHO type zeolite structure. The amount of Cs*
increases from 5.2 in the as synthesized NaCs-RHO(H,O) to
11.0 in the NaCs-RHO-1 phase. Such a large amount of Cs*
cannot stay in the central D8R window site. The Cs* cations
move out from the D8R window site to reside in the /ta cages,
i.e. in front of the D8R. Again, we can notice the large aniso-
tropic displacement of the Cs* cations along the “8-fold” axis
of the D8Rs (Figure 5a) (U, = 0.291(6) A? and UL = 0.070(2)
A?). The ability of the Cs* cations to be displaced in and out of
the D8Rs is the basis for the change of the selective adsorption
ability of RHO, which is described as “trapdoor” behavior. The
opposite displacement was observed for Na®, from outside to
inside of the S6R. It appears that all of the Cs" and Na" cations
are inside the /ta cages, replacing the water molecules, and thus
stabilizing the zeolite framework. After rehydration of the sam-
ple at room temperature, the PXRD pattern was identical to that
of the as-synthesized NaCs-RHO(H,O) nanosized zeolite. It is
hypothesized that two RHO phases are present in the as synthe-
sized sample, however, it is difficult to differentiate them due
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Figure 5. Views of the RHO framework of the two structures (a)
NaCs-RHO-1 and (b) NaCs-RHO-2 obtained after dehydration of
the as synthesized NaCs-RHO(H>O) nanosized zeolite. Ellipsoids
are drawn at the 50% probability level.



to the presence of water. This means that the structural model
we proposed for NaCs-RHO(H,O) actually corresponds to an
average structure between two hydrated structures with identi-
cal unit cell parameters, but with slightly different chemical
compositions, and different Cs*/Na* distributions.

CO; adsorption study on flexible RHO nanosized zeo-
lite.

The CO, adsorption process was also followed by in situ TD-
PXRD (Figure S6). After dehydration under N, atmosphere at
350 °C the nanosized zeolite sample was exposed to CO; at 1
bar at 350 °C. This was followed by a decreasing of the temper-
ature until 30 °C while maintaining the CO, atmosphere. The
PXRD patterns presented in Figure 7a clearly reveal the pres-
ence of the two zeolites, NaCs-RHO-1 and NaCs-RHO-2, after
dehydration at 350 °C. Then, during the temperature decrease,
the splitting of the reflection completely disappears below 110
°C, similar to the behaviour observed for the rehydration pro-
cess. After cooling the sample to 30 °C under CO, atmosphere
a single NaCs-RHO(CO,) phase is obtained. The structure of
NaCs-RHO(CO,) was refined by the Rietveld method from the
PXRD pattern recorded at 30 °C, which was recorded immedi-
ately after cooling of the sample exposed to CO, to avoid any
moisture contamination. The substructure of the RHO

|/ NaCs-RHO(H,0)
A=1.87A

NaCs-RHO-1

NaCs-RHO(CO,)
A=197A

Figure 6. 8-rings elliptical distortions from as synthesized NaCs-
RHO(H0) nanosized zeolite to the dehydrated forms NaCs-RHO-
1 and NaCs-RHO-2 and the COj-sorbed nanozeolite NaCs-
RHO(CO,). The A parameter is the average of the difference be-
tween the two O—O distances delineated by dotted lines.
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Figure 7. CO, adsorption process in the nanosized zeolite NaCs-
RHO followed in situ by TD-PXRD measurements. (a) PXRD pat-
terns of nanosized NaCs-RHO1-2 zeolites recorded in CO, atmos-
phere at 1 bar upon cooling. (b) Views of the RHO framework of
the NaCs-RHO(CO,) structure at room temperature after CO, ad-
sorption. Ellipsoids are drawn at the 50% probability level. (c)
Rietveld refinement of the PXRD pattern of nanosized NaCs-
RHO(CO:y) zeolite collected at 30 °C under CO, atmosphere.

framework was refined and the cationic positions determined in
the /-43m space group, with a cubic unit-cell parameter of a =
14.6937(18) A. However, the CO, molecules could not be ac-
curately located within the RHO cage. The Fourier difference
map clearly revealed residues close to the Na* cations, however
the atomic positions of the CO, molecules could not be satisfac-
torily refined. The approximate positions of the CO, molecules
were retained in our model to take into account the electronic
density present in the RHO cage. Thus, the positions C5, O5
and O6 of our model should be considered as approximate po-
sitions, since the C-O distances (dC1-04 = 1.5626(1) A, dC1-
05=1.2977 (1) A) are longer than those expected for CO, (1.16
A). Tt is likely that the CO; molecules are disordered around
these positions, close to the Na* cations. The final reliability
factors obtained after the last refinement cycle are: Rpops =
3.44% and Ry, = 6.02% (see Figure 7c for the corresponding
PXRD fit). All the atomic positions are summarized in Table
S1. The elliptical distortion parameter A = 1.97 A of the D8Rs
in the NaCs-RHO(CO,) structure has an intermediate value be-
tween those of the hydrated NaCs-RHO(H»O) and dehydrated
NaCs-RHO-2 (Figure 6). This is in agreement with the unit-cell
parameter a = 14.6937(18) A. This demonstrates that the flexi-
ble behaviour of the RHO framework is retained even during
the adsorption of CO,. In the NaCs-RHO(CO») structure the Cs*
and Na' cations retain similar positions to those of the hydrated
structure NaCs-RHO(H,O) (Figure 7b), and the cationic com-
position remains the same, CS5_2N313_1Si29_7A118_3096(C02)18.



In addition to the structural refinement in the presence of CO»,
the CO, adsorption behaviour of the nanosized RHO-type zeo-
lite was also investigated further by adsorption analysis, TGA,
and in situ FTIR experiments. The CO, isotherm recorded up to
900 mmHg, corresponding to 1.2 bar, is described with a Lang-
muir shape until P = 0.4 bar followed by a nearly linear trend
up to P = 1.2 bar. At the highest absolute pressure (P = 1.2 bar,
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Figure 8. (a) TGA of NaCs-RHO under alternating atmospheres of
Nz (350 °C) and CO; (25 °C), (b) integrated band areas of physi-
and chemisorbed CO, measured by in situ FTIR of NaCs-RHO un-
der alternating vacuum and CO, atmosphere (1 bar), activation
(blue triangle), adsorption (red circle), desorption (blue square), (c)
XRD patterns of NaCs-RHO(H,0) before and after TG cycling.

25 °C) the RHO nanosized zeolite adsorbed 1.56 mmol CO; per
gram of zeolite (Figure S7). TGA confirmed that 1.37 mmol of
CO; (at 1 bar) per gram of RHO was adsorbed (Figure S8). The
stability of the RHO nanosized zeolite under CO, adsorption
was confirmed by performing 10 consecutive cycles of adsorp-
tion and desorption under alternating atmospheres of N, and
CO; (Figure 8a). In addition to the TGA, the stability of the
RHO nanosized zeolite was investigated by in situ FTIR (Figure
8b). Following activation of the sample at 350 °C under vacuum
(blue triangle), the adsorption of CO, was monitored by the in-
tegration of the FTIR bands attributed to physi- and chemi-
sorbed CO,. Multiple cycles of activation and adsorption clearly
demonstrate that the adsorption capacity is maintained; the band
areas (red circles) reached the same level in all cycles. In addi-
tion, the adsorption of CO, appeared fully reversible as the band
area after desorption (blue squares) always returned to the ini-
tial value (blue triangle). This result confirmed that the adsorp-
tion capacity of the RHO nanosized zeolite is preserved over
the 10 cycles. Finally, XRD analysis revealed no loss of crys-
tallinity of the sample after the 10 consecutive cycles of CO,
adsorption/desorption (Figure 8c). To investigate the selectivity
of the RHO nanosized zeolite towards CO, over CHy, in situ IR
spectroscopy was performed using a mixture of CO, and CHs
(1/1 in volume) gases (1 bar) delivered to the RHO self-sup-
ported pellet. The FTIR spectra collected at different concentra-
tions are presented in Figure S9. The selective CO, adsorption
in the RHO zeolite is confirmed by the presence of the bands at
2650 cm™ and 1650 cm™, corresponding to the physi- and chem-
isorption CO, respectively (Figure S9). At the same time, no
band in the region 27002900 cm™ corresponding to CHy ad-
sorption was observed. The rovibrational bands observed cen-
tred at 3050 cm™! are attributed to free CHs molecules.

m CONCLUSIONS

Flexible small-pore RHO-type nanosized zeolite has been pre-
pared free of OSDAs with a size of individual particles below
100 nm. The RHO nanosized crystals have a Si/Al atomic ratio
of 1.50 and high Cs* content that significantly improved the
thermal stability up to 550 °C. Variable temperature in situ
PXRD experiments reveal the flexibility of the RHO structure
upon dehydration. Two different phases have been refined re-
vealing different behavior upon dehydration according to their
chemical compositions and different distributions of Cs* and
Na* within the unit cell of RHO. The 8-rings elliptical distor-
tions of the as synthesized RHO (hydrated form) of 1.87 A
changed to 0.94 A and 2.16 A to two dehydrated RHO forms.
The Rietveld refinements of the RHO zeolite revealed the large
anisotropic displacement parameters of the Cs* cations along
the 8-fold axis of the DSR. The NaCs-RHO-1 structure shows
the ability of the Cs* cation to displace out from and in to the
D8R window site. This displacement is the basis of “trapdoor”
behavior controlling the selective adsorption capacity of the
RHO zeolite. The high stability and selectivity towards CO, of
the RHO-type nanosized zeolites is demonstrated. The integra-
tion of the flexible nanosized RHO zeolites in membranes is
currently under investigation.
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