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ABSTRACT: We report the one-pot synthesis of a chabazite
(CHA)/erionite (ERI)-type zeolite intergrowth structure charac-
terized by adjustable extents of intergrowth enrichment and Si/Al
molar ratios. This method utilizes readily synthesizable 6-
azaspiro[5.6]dodecan-6-ium as the exclusive organic structure-
directing agent (OSDA) within a potassium-dominant environ-
ment. High-throughput simulations were used to accurately
determine the templating energy and molecular shape, facilitating
the selection of an optimally biselective OSDA from among
thousands of prospective candidates. The coexistence of the crystal
phases, forming a distinct structure comprising disk-like CHA
regions bridged by ERI-rich pillars, was corroborated via rigorous
powder X-ray diffraction and integrated differential-phase contrast scanning transmission electron microscopy (iDPC S/TEM)
analyses. iDPC S/TEM imaging further revealed the presence of single offretite layers dispersed within the ERI phase. The ratio of
crystal phases between CHA and ERI in this type of intergrowth could be varied systematically by changing both the OSDA/Si and
K/Si ratios. Two intergrown zeolite samples with different Si/Al molar ratios were tested for the selective catalytic reduction (SCR)
of NOx with NH3, showing competitive catalytic performance and hydrothermal stability compared to that of the industry-standard
commercial NH3-SCR catalyst, Cu-SSZ-13, prevalent in automotive applications. Collectively, this work underscores the potential of
our approach for the synthesis and optimization of adjustable intergrown zeolite structures, offering competitive alternatives for key
industrial processes.
KEYWORDS: small-pore zeolites, zeolite intergrowth, erionite (ERI), chabazite (CHA), selective catalytic reduction (SCR) of NOx

■ INTRODUCTION
Zeolites, with their unique porosity, diffusional pathways, and
adjustable acid sites, have been extensively employed in
industrial applications.1,2 A distinct category within the zeolite
family is zeolite intergrowths, which are formed through the
coexistence of multiple crystal phases in a single crystal arising
from particular lattice anomalies such as rotations, reflections,
or translations.3 This phase coexistence enables unique
catalytic and diffusional properties to emerge depending on
the local crystallographic environment within a pore. For
example, prior studies have shown how stacking faults can
modify product selectivity as well as permeation and selectivity
properties.4−6 Moreover, intergrown zeolites have demon-
strated superior performance in the selective catalytic
reduction (SCR) of NOx compared to that of their pure-
phase counterparts.7−10

However, the synthesis of intergrown zeolites is a
challenging task, mainly due to the difficulties in controlling
stacking disorders during crystallization. Among the existing
approaches, one common strategy is to use two or more

organic structure-directing agents (OSDAs) to control the
intergrowth.10−12 For example, mixing tetrapropylammonium
(known to crystallize MFI)13 with tetrabutylammonium
(known to crystallize MEL)14 generates intergrown ZSM-5/
ZSM-11 zeolites,12 which are akin to how mixtures of 15-
crown-5 ether and 18-crown-6 ether are used to crystallize
FAU/EMT intergrowths.11 Similarly, Cu-tetraethylenepent-
amine, tetraethylammonium, and hexamethonium were used
to crystallize the intergrowth of chabazite (CHA)/erionite
(ERI).10 However, the need for two or more OSDAs to
crystallize zeolite intergrowth stresses the complexity and cost
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associated with such methods, requiring more streamlined and
cost-effective approaches.15

Considering these limitations, we investigated the one-pot
synthesis of a CHA/ERI intergrowth zeolite using a single
multiselective OSDA. Our strategy relied on high-throughput
screening simulations to determine the binding energies
between thousands of organic molecules and hundreds of
zeolite frameworks.16−19 This methodology allowed us to
identify those OSDA candidates with ideal shapes and binding
energies for the simultaneous formation of the desired zeolite
phases within the intergrowth.
Gratifyingly, we were able to synthesize a zeolite intergrowth

comprising mainly CHA/ERI topologies with a minor
component of single offretite (OFF) layers dispersed within
the ERI phase. We employed a single OSDA, 6-azaspiro[5.6]-
dodecan-6-ium hydroxide, identified by our high-throughput
simulations. Further, the synthesis was carried out in a
potassium-rich environment, and the resulting architecture
was confirmed by integrated differential-phase contrast
scanning transmission electron microscopy (iDPC S/TEM)
and powder X-ray diffraction (PXRD). The ERI/OFF regions
were highly enriched in ERI, with single OFF layers present as
stacking faults. When ion-exchanged with Cu2+, the zeolite
intergrowths showed deNOx activity and hydrothermal
stability rivaling those of pure Cu-CHA materials with
analogous physicochemical properties.

■ RESULTS AND DISCUSSION
We identified OSDAs having the necessary geometries and
binding energies to facilitate the crystallization of the target

zeolite phases in the intergrowth. Specifically, we applied our
high-throughput simulation pipeline to compute the templat-
ing energies of each OSDA-zeolite pair, quantifying the
directing potential of each OSDA. Templating energy�a
weighted average of four distinct zeolite-OSDA binding
energies defined in our prior work�serves as a quantitative
metric of the likelihood of crystallizing the target zeolite
framework with the specified OSDA.18 N,N,N-Trimethyl-1-
adamantylammonium (OSDA 1, Figure 1a) is known for
templating the formation of CHA (SSZ-13), while both N1,N4-
diethyl-N1,N1,N4,N4-tetramethylbutane-1,4-diaminium (OSDA
2, Figure 1a) and 1,4-dimethyl-1,4-diazabicyclo[2.2.2]octane-
1,4-diium (OSDA 3, Figure 1a) govern the crystallization of
ERI (UZM-12 and SSZ-98, respectively).20,21 Figure 1b
depicts the templating energy for CHA and ERI zeolite
frameworks for OSDAs 1 through 4 against a density plot of
previously calculated molecules. Here, OSDA 1 is situated on
the left of the graph, indicating a high affinity for CHA, while
OSDA 2 resides close to the bottom, signaling an affinity for
ERI. OSDA 3, on the contrary, exhibits templating energy that
strays from the preferred regions for ERI zeolite framework
formation, leading to a constrained synthesis space for ERI and
the emergence of competitive phases such as KFI and PST-
29.22,23 In the case of OSDA-3, it is evident that inorganic
cations play an important role in directing phase competition
to a specific topology.24

Figure 1c displays the measured dimensions of the two
major axes for nearly 1,000 known OSDAs. Here, OSDAs 1
and 2 occupy distinct regions since both molecules have similar
widths (ca. 5 Å) but different lengths (i.e., 7 Å vs 11 Å). We

Figure 1. (a) OSDA reported to crystallize CHA and ERI with the candidate OSDA presented. (b) Comparison between the templating energies of
the OSDAs with the CHA and ERI frameworks. (c) Relationship between the shape of the OSDAs and their binding energies toward CHA or ERI.
Red (blue) indicates the more favorable binding energy toward CHA (ERI). Squares represent the energies/shapes of OSDAs shown in (a).
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surmised that a singular OSDA molecule with the capacity to
stabilize both the ERI and CHA phases in the intergrowth
should exhibit intermediate characteristics to those of OSDAs
1 and 2, both in terms of energy and geometry. That is, the
optimal OSDA should exhibit relatively low templating
energies toward the two distinct frameworks constituting the
desired intergrowth and also maintain a shape that not only
stabilizes both frameworks but also promotes crystallization.8

By applying these criteria to filter potential OSDAs, we
identified 6-azaspiro[5.6]dodecan-6-ium (OSDA 4) as a
promising candidate for synthesizing CHA/ERI intergrowths.
This molecule exhibits templating energies favorable to both
the CHA and ERI frameworks (as depicted in Figure 1b). Its
templating energy resides near the coordinate origin and aligns
almost symmetrically along the y = x axis toward both the
CHA and ERI frameworks, indicating a potential to crystallize
the CHA/ERI intergrowth. Additionally, as illustrated by the
color-coded representation in Figure 1b, the minimal differ-
ence in competitive energies between CHA and ERI suggests
that OSDA 4 demonstrates nearly equivalent structural
directivity toward both CHA and ERI. Moreover, the
geometric profile of OSDA 4 falls between those of OSDA 1
and 2, suggesting its suitability to simultaneously stabilize both
cha and eri cages (refer to Figure 1c).
Next, we carried out a synthesis campaign to crystallize

CHA/ERI intergrowths using OSDA 4. OSDA 4, synthesized

in a one-step reaction, such as the delineation shown in Figure
S1, was characterized utilizing both 1H and 13C nuclear
magnetic resonance (NMR) spectroscopy (Figure S2). Earlier
work by our research group established that OSDA 4 can
facilitate the formation of the CHA framework in a sodium-
rich environment.18 In the present work, however, we used
potassium to provide cations adept at stabilizing secondary
building units present in both CHA and ERI. Synthesis gels
with compositions of 1 SiO2: 0.03−0.17 Al: 0.2−0.4 OSDA:
0.1−0.3 KOH: 15 H2O were subjected to hydrothermal
conditions at 140−175 °C for 7 days. PXRD analysis of the
crystalline product predominantly revealed the coexistence of
CHA and ERI phases, albeit minor beta phase impurities were
detected in certain gel compositions (indicated by an asterisk
in Figure S3).
To mitigate the crystallization of the undesired beta zeolite

phase, two distinct strategies were deployed. One approach
involved the introduction of H-CHA seeds into the synthesis
gels (Figure S3). It is worth noting that the intensity of the
characteristic CHA diffraction peak at 9.5° was found to be
independent of the quantity of the CHA seed added,
corroborating that the CHA phase in the samples is not
sourced from the seed. Another approach was to use sodium as
a costructure-directing agent to further drive the crystallization
process toward the CHA phase. Figure S4 depicts the PXRD
patterns of samples synthesized in a mixed sodium and

Figure 2. (a) PXRD patterns of the reference FAU, OFF, ERI, CHA, and calcined CHA/ERI/OFF sample. (b) SEM image of the calcined sample.

Figure 3. (a) ADF-S/TEM image of the CHA/ERI/OFF intergrown zeolite sample sectioned by using ultramicrotomy to a thickness of 50 nm.
There is a CHA disc in the middle with ERI-rich epitaxial layers on both ends. (b) iDPC-S/TEM image of the ERI-rich region of the sample,
marked in blue. The image reveals the AABAAC packing (ERI structure) with a layer of AAB packing (OFF structure), as depicted in Figure S5.
(c) iDPC-S/TEM image of the CHA core region, marked in green in (a); the light area is identified as CHA and the gray area is a mixture of pure
ERI and disordered ERI. (d) SED data shows characteristic CHA diffraction from the core disk close to the [100]CHA direction and characteristic
ERI diffraction from both sides viewed along ∼ [100]ERI. Virtual dark-field maps based on the 010ERI- and 101CHA-reflections, respectively, show
that the CHA is localized to the core disc with the ERI-rich material on the sides.
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potassium environment without the use of the CHA seed. A
significant beta impurity peak (* in Figure S4) was discernible
in samples with small quantities or the absence of sodium (Na/
K ≤ 0.05). However, with an optimal balance of sodium and
potassium (0.1 ≤ Na/K ratio ≤3), the diffraction pattern
shows the exclusive presence of both CHA and ERI phases.
When exceeding this ratio (i.e., Na/K ≥ 4), only the CHA
framework was observed. Using this information, we selected
an optimal gel composition: 1 SiO2: 0.17 Al: 0.3 OSDA: 0.2
KOH: 15 H2O. This was subjected to a temperature of 160 °C
over a period of 7 days, followed by calcination in an air
environment at 580 °C for 6 h. The resulting crystals gave rise
to the red PXRD pattern depicted in Figure 2a. This pattern
features peaks at 7.8 and 9.5° 2θ angles, which correspond to
the ERI/OFF and CHA frameworks, respectively.
Quantifying the phase enrichment between these phases

using PXRD is challenging and requires the use of additional
techniques. The SEM image in Figure 2b reveals a uniform
crystal structure featuring rod-like crystals emerging from a
thin central layer. The consistent morphology negates the
potential for a physical mixture of crystals with distinct
topologies. The crystal structure of the zeolite sample was
further investigated via iDPC-S/TEM imaging and scanning
electron diffraction (SED). The cross-sectional image of the
crystal shown in Figure 3a reveals a thin central disk that is
framed by rod-like epitaxial layers on both sides. Detailed
inspection of the central disc (as indicated by the blue box in
Figures 3a and S6) revealed a CHA domain with a thickness of
approximately 20 nm. In contrast, the protruding structures
surrounding the central disc (demarcated by the green box in
Figure 3a) comprised predominantly ERI-rich domains
intermittently interspersed with single OFF layers (Figures
3b,c and S5). The ERI and OFF structures are assembled from
can cages that adhere to ABAB and AAAA sequences,
respectively. Virtual dark field mapping of the SED data
validates this configuration (Figures 3d and S7).
Energy-dispersive X-ray (EDX) spectroscopy analysis

revealed Si/Al ratios of 9.0 for the CHA core and 6.3 for the
ERI-rich domains (Figure S8). The discrepancy in the atomic
topology between the CHA core and ERI-rich shells implies a

potential shift in the overall Si/Al ratio of the material. This is
noteworthy as the Si/Al ratio may have direct implications for
the performance and stability of the catalyst, contingent upon
the relative ratios of the CHA cores and ERI-rich shells.
Consequently, a CHA-enriched intergrown catalyst might
exhibit higher overall Si/Al ratios as compared to those of an
ERI-enriched intergrowth. To the best of our knowledge, this
is the first triphasic intergrown zeolite synthesized using a
single OSDA.
The morphology of zeolite intergrowth is significantly

influenced by the crystal size. Specifically, when the crystal
size is below 200 nm, the derived intergrown material shows a
unique morphology that deviates from the morphology of
larger crystals. These smaller crystals show an intergrowth
reminiscent of domains, where CHA domain “islands” appear
dispersed within ERI-rich regions. This stands in contrast to
the morphology of larger crystals, which present CHA-domains
centrally and ERI-domains extending from both ends. The
PXRD pattern of this domain-like intergrown sample, as
depicted in Figure S9a, presents a characteristic CHA/ERI-
type intergrown material pattern. However, due to the smaller
crystal size, each representative peak appears somewhat
broader. The SEM image (Figure S9b) shows a particle size
less than 200 nm, while the virtual dark field mapping of the
SED data, along with the iDPC-S/TEM (Figure S9c,d), further
supports the idea of dispersed CHA islands throughout the
ERI region. This domain-like intergrowth represents a
potential catalyst for the NH3-SCR reaction; however,
achieving the perfect random alternation of CHA and ERI
domains poses a considerable challenge. Therefore, generating
an alternating type of CHA/ERI intergrown zeolite will be
reserved for future studies.
Although the precise mechanism and crystal growth kinetics

of the intergrowth are currently being investigated, the
formation of a triphasic crystal can be rationalized by
crystallization heuristics and density functional theory (DFT)
calculations. First, the CHA/ERI-type intergrowth features
structural motifs in the form of cancrinite (can), cha, and swy
cavities, as illustrated in Figure S10a. Prior reports have shown
that potassium cations provide stability to the formation of can

Table 1. Synthesis Table from Different FAU Sources: (a) CBV-712 (Zeolyst, Si/Al = 6), (b) CBV-720 (Zeolyst, Si/Al = 15),
and (c) CBV-760 (Zeolyst, Si/Al = 30)a

aThe H2O/Si ratio was fixed to 15, and the crystallization was performed at 160 °C for 7 days. The color code at (d) shows the results of each
crystallization characterized with PXRD. Unreacted material includes amorphous and FAU precursors. The values marked in the bold box indicate
the highest Si/Al ratios of the CHA/ERI(OFF)-type materials confirmed with ICP-AES.
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cages, which are crucial components of building ERI layers.
Second, in our previous work, we documented that OSDA 4
stabilizes the cha cavity, which is essential for the formation of
the CHA framework.18 Indeed, the most favorable binding
energy is exhibited by the optimal crystallographic conformer
of OSDA 4, as shown in Figure S10b. Finally, the interface of
single OFF layers with the ERI domains forms a unique swy
cavity, where DFT calculations indicate that two OSDAs can
colocate within a swy cavity to stabilize the organic−inorganic
complex (see Figure S10c). This calculation is coherent with
our thermogravimetric results, which reveal that 2−3 OSDAs
are occluded within the 36 tetrahedral sites of the framework
(details in the Supporting Information). Therefore, these
findings imply that the large cavities in the CHA/ERI-type
intergrowth are predominantly occupied by the OSDA, which
is in line with our calculations that affirm the significant role of
the OSDA in stabilizing these cavities.
Considering the novel nature of the CHA/ERI-type

intergrown material, we undertook synthesis campaigns,
modifying the synthetic parameters within the precursor gels,
to understand the key aspects of this intergrowth, including its
synthesis window, tunability of phase enrichment, and range of
accessible Si/Al ratios. We found that the enrichment of the
CHA and ERI in the intergrown material can be controlled by
adjusting the relative amounts of potassium and OSDA. A
qualitative determination of each phase’s relative abundance
can be made based on the characteristic peak areas’ ratios at
7.8 and 9.5° 2θ regions. Specifically, at the gel composition of 1
SiO2: 0.17 Al: 0.35 OSDA: 0.1−0.3 KOH: 15 H2O, with 5 wt
% of the CHA seed, different portions of CHA/ERI/OFF
phases surfaced after 7 days at 160 °C. When the K/Si ratio is
0.15, the resultant zeolite leans toward an ERI(OFF)-rich
character. Increasing potassium content to 0.3, with other

ratios held constant (green arrow in Figure S11), resulted in
decreasing relative peak areas at the 7.8 to 9.5° 2θ region,
suggesting a shift toward CHA character.
Table 1 provides synthesis conditions for crystallizing the

CHA/ERI-type intergrowth zeolites from a variety of FAU
precursors used as Si and Al sources. Holding the H2O/Si ratio
constant at 15, we successfully produced the intergrown
zeolites using different concentrations of OSDA and potassium
relative to Si, as demonstrated in the PXRD patterns in Figures
S12−14. When the synthesis gel’s OH/Si ratio was very low or
high, beta and CHA were observed. Using FAU zeolites as the
silicon source facilitated the creation of CHA/ERI-type
intergrown zeolites across a wide synthesis window. Interest-
ingly, using a FAU with a higher Si/Al ratio shifted the
synthesis window toward a region requiring higher pH and
cation concentrations for crystallization.
The variation in the relative peak intensities at 9.5° 2θ

(CHA) and 7.8° 2θ (ERI) regions provides a key to
understanding the synthesis space. The categorization of
intergrowths in Table 1d, determined by a relative peak
intensity cutoff of 1.5, uncovers preferential conditions for each
phase’s enrichment, which, in essence, implies a systematic
control of CHA or ERI(OFF) proportions within the CHA/
ERI-type intergrowth by adjusting OSDA/Si and K/Si ratios.
This ability to regulate phase enrichment can be instrumental
in fine-tuning the catalyst design for specific applications.
The values inside the bold box in Table 1 indicate the

highest Si/Al ratios of the intergrown materials after 7 days of
crystallization at 160 °C, as confirmed with inductively coupled
plasma atomic emission spectroscopy (ICP-AES). Using FAU
precursors with a high Si/Al ratio showed a concomitantly
higher Si/Al ratio in the product zeolites. The trend implied
that there was a loss of silicon atoms from the precursors that

Table 2. Synthesis Conditions and Properties of Cu-CHA/ERI (4.4) and Cu-CHA/ERI (6.7), Which Were Synthesized with
the Gel Compositions of 1 SiO2: 0.17 Al: 0.3 SDA: 0.2 KOH: 15 H2O, 5 wt % CHA Seed Using CBV-712 as a Starting
Precursor and 1 SiO2: 0.07 Al: 0.3 SDA: 0.2 KOH: 15 H2O, 5 wt % H-SSZ-13 Seed Using CBV-720 as a Starting Material for 7
Days at 175 °C, Respectivelya

sample product textural properties
ICP after ion-
exchange aging condition

crystal size [μm] surface area [m2/g] micropore volume [cc/g] micropore area [m2/g] Si/Al % K % Cu

Cu-CHA/ERI (4.4) 1−1.2 480 0.135 313 4.4 4.5 3.5 600 °C 16 h
Cu-CHA/ERI (6.7) 0.8−1 605 0.196 460 6.7 1.5 3.6 750 °C 13 h

aBoth catalysts were characterized with PXRD and iDPC S-TEM to confirm the CHA/ERI-type intergrown materials.

Figure 4. Catalytic results for NH3-SCR of NOx. NO conversion results from fresh calcined catalyst (dashed line) and aged catalyst (solid line) of
(a) low-Si SSZ-13 (4.4) and CHA/ERI (4.4) and (b) intermediate-Si SSZ-13 (8.7) and CHA/ERI (6.7). The value in parentheses indicates the
Si/Al ratio confirmed with ICP-AES after ion-exchange.
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were not used for the crystallization of the intergrowth. The
loss of silicon atoms in the final product aligns with the EDX
results in Figure S8, where the low-Si ERI domains decrease
the overall Si/Al ratio of the intergrowth. However, the Si/Al
ratio >11 appears to be the highest among all the reported
CHA/ERI-type materials. As shown in Figure S11, the Si/Al
ratio in the same type of intergrowth tends to decrease toward
the lower right of the synthesis table, which represents higher
OH/Si molar ratios, since there are more organic and
inorganic structure-directing cations to incorporate aluminum
atoms inside the intergrowth. Hence, the values inside the bold
boxes, located in the upper left corner of the synthesis table,
are expected to be the highest Si/Al ratios achievable in this
system.
Future demand for SCR catalysts in heavy-duty vehicles will

likely call for zeolite-based catalysts with midrange Si/Al ratios
between 4.5 and 7.25 Accordingly, we prepared two samples
within these ranges (see Table 2 for synthesis conditions and
chemical compositions and Figures S15 and S16 for
thermogravimetric analysis and solid-state NMR character-
ization) and ion-exchanged them with 3.5 wt % of Cu for
evaluation as catalysts in the NH3-SCR of NOx.
The Cu-exchanged zeolites were tested under conditions

resembling those encountered in heavy-duty applications by
employing a feed composition of 500 ppm of NO, 500 ppm of
NH3, 5% of steam, and 7% of oxygen with a gas hourly space
velocity (GHSV) as high as 450,000 mL/(h.gcat) at a wide
range of reaction temperatures (170−550 °C).8,26,27 The
catalysts showed remarkable NOx conversion, as shown in
Figure 4. The NO conversion values were comparable to those
of the Cu−CHAs with similar Si/Al ratios.8,26 Notably, the
CHA/ERI-type intergrown zeolite samples showed stable
catalytic profiles when subjected to high-temperature steam
treatments at 600 and 750 °C, which are well-established aging
treatments to evaluate catalyst stability for heavy-duty diesel
vehicles.25 The sustained activity of these Al-rich zeolites, even
after hydrothermal treatment at 600 and 750 °C, suggests their
structural stability, likely attributed to the selection of an
optimal OSDA. This structural stability is further evidenced by
the PXRD patterns presented in Figure S17. While some of the
characteristic peaks have diminished after a harsh hydro-
thermal treatment, the catalysts’ crystallinity still remains
notably high. While the low-Si Cu-CHA/ERI (4.4) showed
analogous stability compared to that of its CHA counterpart,
the medium-Si Cu-CHA/ERI (6.7) showed a slight improve-
ment of its stability after being aged compared to that of its
CHA counterpart (Figure 4), while producing an insignificant
amount of N2O byproduct, as shown in Figure S18. The
excellent hydrothermal stability and high deNOx conversion
suggest that the CHA/ERI-type intergrown zeolites can be
applicable to NH3-SCR under conditions relevant to heavy-
duty diesel applications.25

■ CONCLUSIONS
In this study, we have successfully synthesized a unique CHA/
ERI-type intergrown zeolite using a single OSDA, meticulously
selected through high-throughput simulations. This approach
resulted in a distinctive triple intergrowth structure composed
of a central CHA disc core encapsulated by ERI-rich domains.
Notably, the proportion of each phase in the intergrowth can
be effectively modulated by adjusting the OSDA concentration
or the ratio of cations within the precursor gels. This allows the
Si/Al ratios within the intergrowth to vary from low (4) to

moderate (11), demonstrating the versatility of our method-
ology. Furthermore, the intergrown zeolite samples exhibit
excellent catalytic performance in the NH3-SCR reaction and
excellent hydrothermal stability, making them a potential
candidate for rigorous applications such as heavy-duty diesel
engines. We believe that the strategic deployment of high-
throughput simulations to identify the feasible and optimal
OSDA and the methodology used to synthesize the CHA/ERI-
type intergrowth set a robust foundation for controlling the
phases of other complex zeolite intergrowth structures, thereby
unlocking further potential in the field of zeolite synthesis and
catalysis.
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