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A B S T R A C T   

YNU-5 (YFI type) is the first zeolite reported with interconnected 12-, 12-, and 8-ring pores showing a 
remarkable catalytic potential towards the dimethyl ether (DME)-to-olefin reaction. In this work, the structures 
of the as-synthesized, calcined and dealuminated YNU-5 zeolites, were investigated by various techniques with 
special emphasis on advanced electron microscopy methods. The frameworks of the three materials were solely 
determined by three-dimension electron diffraction tomography, and the space group for the three of them was 
determined to be Cmmm, which is of higher symmetry than the previous reported result. Rietveld refinement was 
performed against synchrotron Powder X-ray diffraction data in order to obtain precise information of the 
framework and to locate the organic species, cations and water. Additionally, spherical aberration-corrected 
scanning transmission electron microscopy was employed to study the local fine structure and to indicate sur
face reconstruction associated to the displacement of the vacancies through the dealumination process. Finally, a 
minor phase, whose structure was solved by electron microscopy was found to be MSE framework type, appeared 
in all the three YNU-5 materials. 

Overall, the electron microscopy analyses reported in the present work provide additional information 
regarding the YNU-5 structure in terms of space group determination, additional surface terminations and the 
identification of a minor phase.   

1. 1Introduction 

Due to the versatile pore size distribution, adjustable particle size 
and morphology, thermal stability and large specific surface areas, 
zeolite field is vital and prosperous in both industry and academia. To 
date, 253 uniqueframework type have been approved by the Interna
tional Zeolite Association (IZA). YNU-5 (YFI type) is the first zeolite with 
an interconnected 12–, 12–, 8–ring pore system which has a large and 
continuous space favorable for mass transfer [1]. The structure of YNU-5 
was firstly solved based on powder X-ray diffraction (PXRD) assuming 
the C2/m (monoclinic, No.12) space group [1]. 

YNU-5 has been synthesized using FAU-type zeolite as part of the 

starting silica source [1,2] and dimethyldipropylammonium 
(Me2Pr2N+) as organic structure-directing agent (OSDA). Under these 
conditions, YNU-5 with very high purity can be obtained in a very 
narrow synthesis window with MSE, MFI and *BEA as its competing 
phases. 

Among the different structural properties of zeolites, the Si/Al ratio 
is crucial due to its direct relationship on chemical properties such as 
ion-exchange, hydrophilicity, stability and acidity. Zeolites obtained by 
direct synthesis usually have high aluminum content. However, the 
inherent thermal/hydrothermal stability is a common problem for high 
Al concentration frameworks; in general, high Si/Al ratio (low Al con
tent) frameworks tend to be used as catalysts, while low Si/Al 
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frameworks are mainly used as ion-exchangers. To modify the 
aluminum content, various post-synthetic dealumination procedures 
have been developed that increase the Si/Al ratio such as (i) mineral 
acid treatment [3,4], (ii) steaming method [5–8] or (iii) reaction with 
the dealumination agent and supplement Si, such as ammonium hexa
fluorosilicate ((NH4)2[SiF6]) [9,10]. For the particular case of YNU-5, 
the Si/Al ratio of the framework can be increased from 9 to 350 by a 
simple treatment with nitric acid with different concentrations under 
reflux while preserving the crystallinity and thermal stability [2]. 
Because of the unique structural parameters, excellent thermal stability 
and tunable Si/Al ratio, YNU-5 displays outstanding performance for the 
conversion of dimethyl ether to propylene, butylene or other light ole
fins [1]. In fact, YNU-5 is a suitable material for solid acid catalysis due 
to its controllable Si/Al ratio, which was found to strongly influence the 
conversion of dimethyl ether obtaining high values at a short time of 
stream (TOS), 5 min, that rapidly decreased as the TOS was increased. 
However, this aspect could be improved by modifying the Si/Al ratio 
and by introducing a small amount of an impurity phase [1,11]. 

In order to further developing the catalytic properties of zeolites, a 
deep structural understanding down to the atomic level is required. In 
this sense, electron microscopy shows special advantages in structural 
characterization at the nanoscale such as: (i) diffraction and image in
formation can be obtained simultaneously; (ii) coulomb interaction is 
much stronger with matter than X-ray’s scattering. Therefore, to achieve 
the same intensity, X-Ray needs around 108 times more sample amount 
in volume in comparison with electron microscopy [12]; (iii) electrons 
are matter waves with much shorter wave length, therefore high spatial 
resolution can be achieved. 

Furthermore, with the implementation of continuous automated 
rotating sample holders, it is possible to achieve three-dimensional 
electron diffraction tomography from small crystals that can be 
assumed as single crystal particles. Subsequently, combining these data 
with direct methods, several zeolite frameworks [13–20] have been 
solved without the necessity of obtaining large single crystals. In addi
tion, imaging in high-resolution mode can provide unique local infor
mation of the framework, structural defects or of surface terminations 
[21–26]. 

In the present work, we have investigated YNU-5 by advanced 
electron microscopy methods solving the structure of the three materials 
(as-synthesized, calcined and dealuminated) by three-dimension elec
tron diffraction tomography (3D-EDT) to evaluate the possible differ
ences among them and to compare with the previous reported data. 
Rietveld refinement against powder X-ray diffraction data allowed 
further analysis of the OSDA location, the extra-framework cations and 
the water content. The local structure was studied by Cs-corrected STEM 
at atomic level, which allow the identification of substantial differences 
on the crystal surfaces before and after the dealumination process. 

Finally, an additional minor phase was detected both on scanning 
electron microscopy (SEM) and on transmission electron microscopy 
(TEM). Its structure was solved by 3D-EDT as MSE framework type. 

2. Experimental section 

2.1. Sample preparation 

YNU-5 materials were prepared according to the reported procedures 
[1,2]. YNU-5 zeolite was synthesized using FAU type zeolite as Si and Al 
sources, Me2Pr2N+OH− as the OSDA and aqueous solutions of NaOH and 
KOH as alkaline additives. Colloidal silica was also added to adjust the 
input Si/Al ratio. The resulting mixture was placed in a Teflon-lined 
autoclave and heated statically in a convection oven for 165 h at 433 
K. The resulting material was collected by filtration, extensively washed 
with deionized water and dried overnight. The calcined YNU-5 was 
obtained by heating the as-synthesized YNU-5 in a muffle furnace at 823 
K for 6 h after raising the temperature from room temperature to 823 K 
with a ramp rate of 1.5 K min− 1. The De-Al YNU-5 was obtained by 

treatment with a 13.4 mol L− 1 HNO3 solution at 403 K in an oil bath for 
24 h. 

2.2. Electron microscopy observations 

Electron microscopy. For electron microscopy analyses, the sam
ples were firstly crushed for 15 min using agate mortar and pestle, with 
the intention of obtaining very thin crystals, dispersed in HPLC ethanol 
by ultrasonic treatment and then few drops of the suspension were 
placed onto a carbon-coated copper grid. SAED patterns, high-resolution 
transmission electron Microscopy (HRTEM) images and 3D-EDT data 
were collected in JEM-2100 Plus in TEM mode at 200 kV with a TVIPS 
F416 camera using the JEOL.Shell software by Analitex. 

For the 3D-EDT experiments, the data sets were collected using a 
high-angle titlt holder. A nanocrystal was tilted along one axis at a 
constant speed from − 60◦ ​ to ​ 60◦ within 8 min for each set of data. The 
reciprocal spaces were reconstructed and the unit cell parameters and 
diffraction intensities were extracted afterwards. 

The SEM images were collected on JSM 7800F Prime with a work 
distance of 7 mm and landing voltage of 1.00 kV. 

Cs-corrected STEM high-angle annular dark field (HAADF) images 
were taken in a JEOL JEM-ARM300F operated at 300 kV equipped with 
a cold field emission gun (FEG), and double Cs correctors for TEM and 
STEM measurements. 

2.3. Sample characterization 

Si, Al, K analysis. The chemical composition corresponding to Si, Al, 
K was measured by inductively coupled plasma atomic emission spec
trometry (ICP-AES; Thermo Fisher iCAP 7400). 5.040 mg/5.035 mg/ 
5.043 mg of as-synthesized YNU-5/calcined YNU-5/De-Al YNU-5 were 
dissolved in 2 mL HCl (conc.) and 0.5 mL HF (40%) aqueous solution, 
respectively. Then, the samples were diluted in water in three 50 mL 
volumetric flasks. Three different characteristic spectrum peaks were 

Fig. 1. Electron diffraction patterns of as-synthesized YNU-5. Projected 
diffraction patterns obtained from 3D-EDT along a) [010]; b) [100] and c) 
[001] directions. d) Selected area electron diffraction (SAED) pattern along 
[001] direction. The dashed lines are mirror planes and the circles in figure d) 
with the same colors mark the strong spots that should have the same intensity 
according to the Laue class for orthorhombic system. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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chosen for each element for element type determination. 
C, H, N analysis. C, H, N composition was analyzed using a Perki

nElmer 2400 (Clarus 580) operated at 975◦C. Each sample was tested at 
least twice in parallel to ensure repeatability. 

PXRD collection. High-resolution powder diffraction data of YNU-5 
samples were collected at the ID22 beamline at the European Synchro
tron Radiation Facility (ESRF) using a wavelength of 0.40003952 Å. 
Rietveld structure refinement and Pawley refinement were carried out 
using the Topas6 software [27]. 

FT-IR collection. Fourier Transform Infrared Spectroscopy was used 
to study the structure YNU-5 materials in order to identify different 
molecules. These measurements were performed using a PerkinElmer 
Frontier spectrometer in the range of 400–4000 cm− 1 with a step width 
of 1 cm− 1 and 16 scanning times for each step and each sample. 

3. Results and discussion 

3.1. Framework determination 

3D-EDT enables to collect single crystal diffraction analysis from a 
nanocrystal. Therefore, a Bravais lattice witht he unit cell parameters 
and Laue-class can be obtained not only from the distribution of the 
diffraction spots, but also from the distribution of their intensity. 

For the as-synthesized YNU-5, Fig. 1a–c corresponds to the electron 
diffraction (ED) patterns extracted from the 3D-EDT along the [010], 
[100] and [001] projections respectively, where mirror planes are 
marked by dashed lines. Even though from diffraction distribution, the 
lattice type may be trigonal, hexagonal or orthorhombic, in the recon
structed reciprocal space processed by 3D-EDT data, the symmetry of the 
intensity distribution along [001] indicates a C-centered orthorhombic 
Bravais lattice with unit cell parameters; a = 18.67 Å, b = 32.37 Å, c =
12.80 Å, and V = 7736 Å3 that after refinement against PXRD turned to 
be a = 18.12514 (4) Å, b = 31.75158(7) Å, c = 12.62636(3) Å, and V =
7266.49(3) Å3 (Table S1) and mmm Laue class, where the mirror planes 
are marked by dashed lines (Fig. 1c and d). 

Among the possible space groups, Cmmm, Cm2 m, Cmm2, C222, the 
highest symmetry, Cmmm, was selected using standard direct method in 
Sir2014 software [28]. Fig. 2a displays the model, along the main 
crystallographic zone axes c, b and a, based on the obtained structural 
solution, with oxygen atoms in red and “T” atoms in yellow wrapped in 
green electrostatic potential map. The characteristic 8-ring channel can 
be observed along the c axis (indicated by a blue dashed circle in Fig. 2a 
and by a yellow arrow in Fig. 2b). The model in Fig. 2b corresponds to 

the single straight 8-ring channel. Six 5-rings (56Rs) and two 6-rings 
(62Rs), colored in pink in Fig. 2b surround the straight 8ring channel, 
in light transparent blue color. Calcined YNU-5 and De-Al YNU-5 
frameworks were also successfully solved assuming the same space 
group Cmmm (see Table S1). 

Spherical aberration corrected scanning transmission electron mi
croscopy (Cs-corrected STEM) coupled with an annular dark field de
tector (ADF) was employed to analyze the crystal framework of the as- 
synthesized YNU-5. Fig. 2c depicts the atomic observation along the 
[001] orientation, from which the c2mm can be directly inferred, 
Fig. 2d, confirming that the Cmmm space group should be adopted, 
where the ellipse represents the 2-fold rotation axis normal to the paper 
and the solid lines represent mirror plane and the dashed lines represent 
the axial glide lines (1/2 along line parallel to projection plane) for the 
c2mm symbol. The schematic model obtained from the diffraction data 
has been overlaid corroborating a perfect matching between the data 
obtained from diffraction with the atomic-resolution image. 

A layer of amorphous carbon can be observed in Fig. 2c; it is 
attributed to a contamination effect that took place over some zeolite 
crystallites. Despite that the sample preparation conditions were kept as 
clean as possible, some carbon compounds from the environment could 
fall over the TEM grids, especially if the samples were not directly 
transferred to the electron microscopy column after preparation. To be 
sure that the layer observed in some of the crystallites was present 
before irradiation and it corresponded to impurities and not due to beam 
damage, some crystals were imaged directly before exposing them to 
any electron beam interaction observing that the layer was already 
present. 

3.2. Extraframework species 

ICP-AES and organic element analyzer were used to obtain the 
chemical composition, Table S2. The chemical compositions obtained 
were: (i) As-synthesized YNU-5: Si109Al11K5.7C45H141N6O222; (ii) 
Calcined YNU-5: Si108Al12K5.9 C5.1H109O275; (iii) De-Al YNU-5: 
Si108Al0.48C16.4H76O239. As-synthesized YNU-5 contains 6 OSDA and 
around 6 K+ per unit cell. After calcination, the OSDA was removed and 
the calcined YNU-5 contains around 50 water molecules per unit cell. 

After obtaining the framework structure by 3D-EDT, more detailed 
information of guest molecules or cations was obtained by Rietveld 
refinement against synchrotron PXRD data using TOPAS6 [27] with the 
framework solved from 3D-EDT as the initial model. The presence of 
extraframework species mainly influences the diffraction intensities of 

Fig. 2. a) Complete framework solved from as- 
synthesized YNU-5 3D-EDT data set. Color scale: 
red, oxygen; yellow, “T” (Si/Al). The green surface 
covered outside the atom is the electrostatic po
tential map reconstructed from 3D-EDT data. b) 
Structure model of the area within blue circle in a). 
c) Cs-corrected STEM-ADF image of YNU-5 as- 
synthesized; d) Averaged high-resolution image 
with p1 symmetry of the yellow region in c). The 
plane group c2mm is marked with yellow color. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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low angle reflections. During the refinement process, a 2θ range between 
6◦ and 30◦ was firstly used to refine the framework atomic positions and 
the scale parameter. Then, the entire structure, including the extra
framework species (OSDA, water molecules, and K atoms), was refined 
using the complete 2◦–30◦ 2θ range. 

3.2.1. As-synthesized YNU-5 
Assuming that all “T” sites (T = Si, Al) can be either occupied by Si or 

Al with equal probability, the negative cloud (blue color) and the pos
itive one (orange) observed in the Fourier difference maps, Fig. 3a–c, 
may correspond to a possible vacancy or Al site for the negative signal 
and to the presence of the OSDA or K+ for the positive one. 

Thus, the positive cloud can belong either to the K+ or to the OSDA. 
In Fig. 3b and Fig. 3c three 8-rings are marked as 1, 2, 3 red, blue and 
green rectangles in Fig. 3b and with translucent colored (same color 
code) octagons in Fig. 3c. The 8Rs marked 2 and 3 are symmetry related 
by a mirror plane, while 2′ and 3’ are equivalent to 2 and 3. 

In Fig. 3b, for the 8Rs marked as 2 and 3, the cloud signals are 
continuously curving; meanwhile in 1, the cloud signal is straight and 
not continuous. Therefore, it is reasonable to assume that K+ is located 
in the channels 1, and, it was introduced in the model. The OSDA was 
then placed in the other channels (2 and 3). The simulated annealing 
method was used to obtain the location and conformation of the OSDA 
molecules, and the structure was then refined. 96.3% of the K+ (5.49 K+

compared with 5.7 K+ from chemical element analysis) were located in 
channel 1. A good match for the OSDA was also retrieved (6 and 6.0 
molecules per unit cell obtained from PXRD and chemical analysis, 
respectively). The final structure is displayed in Fig. 3d, with the K+

represented as pink spheres and the OSDA in white for H, yellow for C 
and purple for N. 

3.2.2. Calcined YNU-5 
For the calcined YNU-5, as there was no OSDA, the positive signal 

obtained was directly attributed to the K+ cations that were located 
inside the straight 8Rs denoted as number 1 in Fig. 3b and Fig. 3c. The 
final Rietveld refinement structure is presented in Fig. S1. For this ma
terial, the water content significantly increased up to 11–12 wt% as a 
consequence of OSDA removal and subsequent hydration from the at
mosphere, which was not found in the 8R channel (Fig. 2b yellow arrow) 
in agreement with the results from NMR analysis reported in the 

literature [2]. According to the Rietveld refinement, the water molecules 
filled the empty space left by the OSDA molecules. The amount of water 
(53H2O molecules per unit cell) and K+ (5.77 K+ compared with 5.9 K+

from chemical element analysis) matched well with the chemical 
element analysis data. 

3.2.3. De-Al YNU-5 
For De-Al YNU-5, most of Al atoms were removed (Si/Al ratio = 305) 

and no K+ was detected. A Pawley refinement (Fig. S4) was performed to 
determine the unit cell parameters, Table S1. For each Al removed from 
the framework, there will be a silanol nest left around that vacancy if 
there are no other atoms to supplement that position. 

FT-IR analyses of the three samples are presented in Fig. S2. By 
checking the range between 1350 and 4000 cm− 1, significant differences 
were evidenced. For as-synthesized YNU-5 (Fig. S2a), a strong and sharp 
band appears at 1500 cm− 1 corresponding to the positively coordinated 
N that belong to the OSDA. This band almost completely disappeared 
after calcination, Fig. S2c. However, another band appeared at the same 
wavenumber for the De-Al YNU-5 (Fig. S2e) associated to some NO3

−

molecules that remained after the dealumination process with nitric 
acid. 

At higher energies, the vibrations corresponding to the [SiO–H] and 
[SiO–H⋯OH] groups appeared around or above 3650 cm− 1 [29]. For 
as-synthesized YNU-5, a very weak band was observed at around 3650 
cm− 1 which significantly increased and widened for calcined YNU-5 
(Fig- S2c) due to the aggregation of [O–H] through hydrogen bonding 
([SiO–H⋯OH] groups). Finally, very sharp bands appeared in the De-Al 
YNU-5 spectrum (Fig. S2e) associated to the formation of [SiO–H] 
groups. 

On the other hand, in the region between 400 and 1350 cm− 1, the 
most significant difference was observed around 950 cm− 1 which is 
associated to the existence of Si–OH vibrations [30]. No band was 
detected for the as-synthesized YNU-5 and calcined YNU-5 (Figs. S2b-d), 
suggesting the absence or very low content of silanol groups. However, 
because of the dealumination process [Si–OH] were generated in De-Al 
YNU-5, and correspond to the signal at around 950 cm− 1 (Fig. S2f). 
[Si–OH] and [SiO–H] bands due to the dealumination procedure are 
marked with red character in Figs. S2e and S2f [31,32]. 

Fig. 3. Rietveld refinement for as-synthesized YNU-5 (red, oxygen atoms; yellow, silicon atoms; pink, potassium atoms). a) Fourier difference map obtained from the 
PXRD with data range 6–30◦; b), c) Fourier difference map obtained from the PXRD with data range 2–30◦; d) Final structure model from Rietveld refinement with 
range 2–30◦. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Surface fine structures 

Besides the excellent spatial resolution that (Scanning) Transmission 
electron microscopy provides [22,25], this methodology also allows the 
characterization of the surface termination of the crystals, unraveling 
unique details (for the shake of clarity; hereafter, the all “T” atoms in the 
models will be colored in blue instead of yellow as it was done in the 
structure analysis part). For YNU-5, Nakazawa and co-workers [1] 
proposed certain surface terminations of the calcined YNU-5, the surface 
was perfectly flat formed by complete units denoted in that work as 
object 1, colored in green (composed of 8Rs surrounded by 5 and 6Rs 
when observed along the [001] projection) see Fig. 4a, green unit. 
Additionally, they also proposed that the outermost surface could also 
terminates with these fully formed objects 1 and in between incomplete 
units of the so-called object 2 (Fig. 4a, orange color). In here, we have 
analyzed the different surface terminations along the distinct facets for 
the as-synthesized and for De-Al YNU-5 along the [001] projection and 

compared the results among themselves and with the previous reported 
data completing the series of YNU-5. 

3.3.1. As-synthesized YNU-5 surface analysis 
Fig. 4b displays the Cs-corrected STEM-ADF (along [001] zone axis) 

image of the (110), (310) facets, where the existence of surface steps 
from different layers denoted as I, II and III are evidenced. These steps 
correspond to what it can be deduced as a building unit for YNU-5, 
which would correspond the object 1, in agreement with the data re
ported by Nakazawa et al. However, in here, such unit was observed at 
different growing steps (resulting in different termination sites) pointed 
by numbered arrows, Fig. 4b. For the outermost layer named as I, the 
arrow numbered as 1 shows the first non-complete object 1, where two of 
the top 5Rs were not formed; in this case, the surface termination cor
responded to a 6R and a 5R with the 8Rs opened. The next unit denoted 
here with number 2, exhibits a very similar termination with opened 8Rs 
and where the 5Rs which were fully formed are now also incomplete 
leading into a more opened termination. The next unit, number 3, is the 
same as number 2 with the 8Rs and the 5Rs not completed. Finally, 
number 4 corresponds to the last unit observed in this step; in this case, 
it can be appreciated a barely formed object 1, with only 53Rs fully 
formed. This observation was slightly different than the one reported by 
Nakazawa, where they only visualized complete object 1 units for the 
same {110} facets. 

The following step denoted here as II is also composed by both 
complete and not fully formed objects 1 units. In this layer, number 1 has 
been marked as a fully formed object 1 unit. Number 2 corresponds to a 
termination where the 8R is fully formed but not the units which 
compose it; thus, the two 5Rs on top are not complete. The last unit of 
this step displays an open 8R with three of the 5Rs missing and one of the 
6R opened due to its incompleteness. 

Finally, the last step, III, is fully formed by complete objects 1 in a 
similar termination as that one described by Nakazawa [1]. 

Fig. 4. Termination structure of as-synthesized YNU-5 crystal. a) Schematic 
drawing of the as-synthesized YNU-5 framework along [001], with two pro
posed building units (objects 1 and 2) marked in different colors, green and 
yellow, respectively. b) Cs-corrected STEM-ADF image of the termination of a 
YNU-5 crystallite. Crystal termination models of different layers (layer I, II, III) 
is displayed below the STEM-ADF image. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. Cs-corrected STEM-ADF data of as synthesized YNU-5 along the [001] 
zone axis. a) Low magnification image with the Fourier diffractogram (FD) 
inset. b) Edge of the crystal showing the (100), (110) and (130) facets. c) 
Zoomed in view of the (100) facet. d) Analysis of the crystal surface at atomic 
level, with different types of termination marked by colored arrows. The model 
with similar structure is also presented using the same color coded arrows to 
point out different terminations. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5 depicts an entire YNU-5 particle of around 140 nm sitting on its 
[001] zone axis, the different surface facets are marked with (100), 
(110), (130) and (130), Fig. 5a and Fig. 5b correspond to a closer 
observation of these facets, for the (110), a surface step similar to the 
observation presented in Fig. 4 can be visualized. In addition, a 
magnified observation of the (100) facets is depicted in Fig. 5c, 
observing a nearly flat surface. In order to have such an almost flat 
surface, the space between the object 1 units should be filled by objects 2 
as described by Nakazawa [1]. In our work; however, the objects 2, 
which are intercalated between objects 1 are fully formed, as denoted by 
red arrows in Fig. 5d. Furthermore, partially formed objects 1 can be also 
identified, confirming that the surface termination on the {100} and on 
the {130} facets are formed by fully formed objects 2, partially formed 
objects 1 (yellow arrows) and fully formed objects 1 (green arrows). For a 
better understanding a schematic representation of the structure is 
presented with the termination units also indicated by dashed circles. 
This observation suggests that the growth formation of YNU-5 takes 
place through a two dimensional assembly, where layers of complete 
objects 2 and objects 1 form a nearly flat surface, on which the next layer 
would start to grow (as partially formed units) on a new plane of the 
layered structure. 

3.3.2. De-Al YNU-5 surface analysis 
It has been reported the excellent crystallinity and thermal stability 

of the De-Al YNU-5, which can be achieved after acidic treatment (nitric 
acid) at temperatures higher than 100 ◦C, as a consequence of Si- 
migration, which would terminate with the Si atoms from the surface 
of the crystals. However, no evidence of surface reconstruction has been 
proved yet. In here, we have studied the atomic configuration of the 
surface for the De-Al YNU-5 in the same way as we did it for the as- 
synthesized material. Fig. 6a exhibits the low-magnification image of 
an entire particle sitting on the [001] zone axis with dimensions of 
around 340 nm × 240 nm. The different facets of the crystal have been 
denoted by colored rectangles with the correspondent indexing. Flat 
surfaces are observed for the (010) termination, Fig. 6b, in a similar 
manner as it was observed for the {110} termination of the as- 
synthesized YNU-5 (Fig. 4b, surface denoted as III), formed by com
plete objects 1, marked by red arrows, which were subsequently linked 
by object 2 units that were not fully formed, pink arrow. For a clearer 
visualization of the surface termination, a magnified region together 
with the model indicating the same units as experimentally observed are 
shown inset. More interestingly, it is the surface termination observed 
for the (130) facets, Fig. 6c and Fig. 6d; in this case, a zig-zag 

arrangement was present which was not detected for the as-synthesized 
material. The building units responsible for this formation are marked 
by a yellow dashed oval and by yellow arrows, Fig. 6d. In this case, the 
most significant difference with the parental YNU-5 is that the building 
units that would be in between two objects 1 that would correspond to an 
object 2 were missing. This is also evidenced in Fig. 6e and f which 
correspond to the (100) facets. Fig. 6e exhibits the region indexed as 
(100) facet, where the two types of terminations can be observed 
marked with dashed rectangles numbered 1 and 2. 

The amplified micrograph is depicted in Fig. 6f where the different 
ending units together with its schematic model are pointed by green 
arrows. The region marked as 1 corresponds to the termination already 
observed in Fig. 5 along the {100} and {110} surfaces and in the data 
reported by Nakazawa [1], where a fully formed object 2 was formed in 
between two objects 1. On the other hand, a zig-zag surface was also 
identified for this facet that would correspond to the missing object 2. 
This effect was also observed for additional (100) and (130) surfaces 
observed at the top of the crystal, Fig. 6g. In this region, the morphology 
was a truncated triangle with a flat (110) termination observed between 
the (100) and the (130) facets where in both cases the missing objects 2 
were evidenced. The schematic representation of each of the three facets 
is also displayed pointing, blue arrows, at the object 1 units. 

3.3.3. Surface change after dealumination 
As already mentioned, during the dealumination process it would be 

expected that vacancies would be generated within the framework 
decreasing the thermal stability. This effect was observed for sample 
processed at low temperatures (80 ◦C) [2]. However, for higher tem
peratures the thermal stability and in consequence the crystallinity was 
maintained and even improved. From the electron microscopy 
perspective, the dealuminated material was very similar to the 
as-synthesized sample displaying very good crystallinity and similar 
electron beam stability. Such a good thermal stability was explained in 
terms of Si-migration; for this to occur, Si atoms would be hydrolyzed 
creating monosilicic species (Si(OH)4) that would enter in the frame
work in the site defects (aluminum vacancies) via condensation. The 
new vacancy created would be then filled by another Si that would 
hydrolyze and condensate in the same manner. After repeating this 
process several times, the defects would “move” towards the surface, 
where they could be visualized. 

From the observations carried out on the De-Al YNU-5, the defects 
generated on the surface are primarily associated to the object 2 units 
that, based on the experimental evidence, would be more subjected to be 
hydrolyzed than the objects 1. In fact, after performing the Rietveld 

Fig. 6. Cs-corrected STEM-ADF observation of 
dealuminated YNU-5. a) Low magnification image 
with the areas analyzed marked by colored rect
angles. b) Closer observation of the (010) facet 
with a magnified image and the schematic model 
shown inset. c) and d) High-magnification images 
of the (130) termination. The yellow arrows point 
at the different termination units. The schematic 
surface termination is shown inset in d). e) and f) 
Close-up observation of the (100) surface. g) 
Magnified region of the top part of the crystal with 
different facets identified (100), (110) and (130). 
The blue arrows indicate the different termination 
units in the experimental data and in the different 
models for each surface. (For interpretation of the 
references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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refinement of the calcined YNU-5 (containing a high amount of water) it 
was found that the straight 8-rings were more hydrophobic and less 
subjected to accommodate water molecules. This observation is also in 
agreement with the 27Al DE MAS NMR spectra analyses carried out for 
different dealumination conditions, where they suggested that the atoms 
inside the isolated 8-rings channels (the inner part of the object 1) were 
less subjected to be hydrolyzed because the diffusion of water along 
these channels may be restricted. Although there are still quite a number 
of vacancies left due to the dealumination process according to the FT-IR 
spectrum, this mechanism does improve the stability of the De-Al YNU- 
5. 

3.4. Minor phase in YNU-5 samples 

Although the H2O/Si ratio was controlled very carefully during the 
synthesis process, there was several small peaks in the PXRD pattern that 
could not be indexed with the refined cell parameters in all the three 
samples, suggesting the existence of another phase (Fig. S4). Several 
crystals with tetragonal morphology that differed from the common 
morphology of YNU-5 were found in the SEM data (Fig. 7a). However, 
the content of this phase determined by PXRD was less than 0.2 wt% 
(Fig. S4); therefore, the diffraction intensity could not be used to solve it. 
For this analysis, TEM is very advantageous over PXRD as it allows the 
analysis of single crystallites. The SAED pattern along a certain direction 
exhibited a clear 4-fold symmetry which did not belong to the YNU-5 
structure, Fig. 7b. Through 3D-EDT data, the unit cell parameters 
were determined to be a = b = 18.2 Å, c = 20.7 Å, α = β = γ = 90◦, 
confirming the tetragonal symmetry, (Fig. 7c and d). The reflection 
conditions could be summarized as: 0 kl: k + l = 2n, 00l: l = 2n, h00: h =
2n, with only three possible space groups that could satisfy these con
ditions: P42nm (No.102), P-4n2 (No.118) and P42/mnm (No.136). Since 
the three of them belong to the same Laue class but different point 
group, P42/mnm with the highest symmetry was adopted for structure 
solution from the 3D-EDT data. These results were in agreement with the 
MSE topology (Fig. 7e). Furthermore, HRTEM data taken along [001] 
direction (Fig. 7f), exhibited the characteristic arrangement of large 
pores (12R) and small pores (6R). For direct comparison the schematic 
model obtained from the 3D-EDT data has been overlaid. 

4. Conclusions 

In this work, 3D-EDT technique combined with direct methods were 

used to solve the framework of the as-synthesized, calcined and De-Al 
YNU-5 zeolites assuming Cmmm as the space group. High-resolution 
Cs-STEM analyses supported the solution obtained from 3D-EDT. 

Rietveld refinement of the as-synthesized and of the calcined YNU-5 
were used to obtain a more precise structure solution including the ac
curate location of the OSDA, extra-framework cations and water mole
cules using the Cmmm space group. In the absence of specific or definite 
guest species in De-Al YNU-5, only Pawley refinement was used to 
obtain precise unit cell parameters. 

Based on atomic-resolution image analyses, different surface termi
nations were identified for the as-synthesized material and for the 
dealuminated one. The structural defects observed for the dealuminated 
material could explain the formation and migration of the vacancies 
created during the dealumination process. 

Additionally, a tetragonal minor phase was identified by SEM and 
TEM observations. This unknown structure, which was present in less 
than 0.2 wt% according to the PXRD, was solely solved by 3D-EDT to be 
MSE framework type. 
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