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Early hydrothermal degradation of Cu-SSZ-13 and Cu-SSZ-39 zeo-
lites with similar Cu content was investigated. Electron ptychogra-
phy revealed the Cu occupancy at the eight-membered ring sites of
Cu-SSZ-39 is lower than that of Cu-SSZ-13, clearly demonstrating
that the former is more stable than the latter under hydrothermal
aging conditions.

Ammonia selective catalytic reduction (NH;3-SCR) is a key
exhaust purification technology for diesel vehicles that uses a
commercial catalyst, Cu-SSZ-13 zeolite with the CHA topo-
logy."™ The catalyst performance declines considerably after
hydrothermal aging (HTA) above 800 °C. This problem remains
unresolved despite extensive research.”'® However, Cu-SSZ-39
with the AEI topology has high hydrothermal stability and is
regarded as a promising alternative.''> Generally, the stability
of Cu-exchange zeolites is influenced by several factors, such as
the zeolite framework, Si/Al ratio, and Cu loading.>”*** The
hydrothermal stability of Cu-exchange zeolites is greater for the
AEI topology than the CHA topology and increases as the Si/Al
ratio and Cu loading decrease.>”'" Mechanistically, degrada-
tion is thought to involve dealumination and the redistribution
of Cu ions, leading to the formation of CuO, clusters and
collapse of the zeolite framework.®® Although these processes
originate at the atomic scale, previous analyses have relied on
spatially averaged data obtained using techniques such as X-ray
diffraction (XRD) and spectroscopy.'*"* Thus, the atomic-level
mechanisms remain poorly understood.

Transmission electron microscopy (TEM) enables direct
observation at the atomic scale.'®'” However, zeolites are
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very easily damaged by an electron beam.'®'® This sensitivity
is particularly pronounced in Al-rich catalytic zeolites, necessi-
tating a drastic reduction in the electron dose applied.*®
Consequently, it remains difficult to observe the degraded
structure of NH;-SCR catalysts at the atomic level, often limit-
ing observation to nanometer-scale Cu aggregates.” Electron
ptychography”’* has emerged as a promising low-dose tech-
nique to overcome this limitation. This technique has been
applied to various beam-sensitive materials, including
zeolite.>*>*> We previously used this technique to visualize Cu
ions in Cu-SSZ-13.**** Building on this foundation, our primary
goal in this study was to uncover the atomic-scale origins of
hydrothermal stability in Cu-exchanged zeolites.

To achieve this goal, we investigated two strategically chosen
zeolites with comparable Cu loadings (4.2-4.7 wt%): Cu-SSZ-39
(AEI; Si/Al = 5.2, Cu/Al = 0.29) and Cu-SSZ-13 (CHA; Si/Al = 12.6,
Cu/Al = 0.57). Compared with the Cu-SSZ-13 zeolite, the Cu-SSZ-
39 zeolite was expected to be more stable owing to its topo-
logy and lower Si/Al ratio. The compositions of the two zeolites
were optimized to balance NO, conversion rate, hydrothermal
stability, and selectivity.”*>*® We employed a multiscale approach
to evaluate the impact of HTA on both the catalytic activity and
structure of the zeolites. We used conventional structural char-
acterization techniques (XRD and TEM) to obtain macroscopic
information about the zeolites. We employed electron ptychogra-
phy specifically to visualize changes in the zeolite at the atomic
level. We combined these multiscale findings to elucidate the
hydrothermal degradation mechanism.

The topologies of the two investigated zeolites are shown in
Fig. 1a (CHA for SSZ-13) and Fig. 1b (AEI for SSZ-39). These
structures differ in the linkage of the double six-membered ring
(dér) units, which are arranged in parallel in CHA and are
connected via a mirror plane in AEL Fig. 1c shows the two Cu
sites in Cu-SSZ-13 at room temperature under ambient condi-
tions, as has been reported on the basis of Rietveld refinement
of XRD data.’” The Cu ion at the dér site (Fig. 1c, A site) is
hydrothermally more stable than the eight-membered ring
(8mr) site (Fig. 1c, B site), which is considered unstable.”®3®
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Fig. 1 Framework models of (a) SSZ-13 (CHA) and (b) SSZ-39 (AEI) viewed
along the [100] direction. (c) Two Cu sites in Cu-SSZ-13 viewed perpendi-
cular to the eight-membered ring (8mr) site:>” the double six-membered
ring (dér; A, large green atom) and 8mr (B, large pink atom). To guide the
eye, the dér and 8mr sites are indicated by green and pink lines connecting
Si atoms for SSZ-13, respectively, and by red and light-blue lines for SSZ-
39, respectively. Element colors: Si (Al) = blue, O = red.

Similarly, Cu-SSZ-39 is reported to possess two distinct Cu sites
analogous to those in Cu-SSZ-13.>>°

The hydrothermal stability of Cu-SSZ-13 and Cu-SSZ-39 was
evaluated via standard NH;-SCR activity tests. As shown in
Fig. S1 (gas hourly space velocity = 2.0 x 10° h™'), aging in
the 150-500 °C temperature range decreased the average
activity by 9.8% for Cu-SSZ-13 but by only 3.1% for Cu-SSZ-39.
Thus, it was confirmed that both zeolites exhibited reduced
activity due to aging, where the decrease in activity was smaller
for Cu-SSZ-39 than for Cu-SSZ-13.

To clarify the structural changes induced by HTA, we first
investigated the samples before and after aging using several
conventional characterization techniques involving spatial
averaging, including XRD, scanning electron microscopy-
energy dispersion X-ray spectroscopy (SEM-EDS), and TEM.
The XRD patterns of Cu-SSZ-13 and Cu-SSZ-39 (Fig. S2) con-
tained the characteristic diffraction peaks for the respective
frameworks. Comparison of the full widths at half maximum of
selected peaks in the patterns obtained before and after HTA
(Table S1) revealed no important differences for either zeolite,
indicating that crystallinity of the framework was preserved
upon aging. Similarly, no important changes were observed in
the Cu distribution in the zeolites: SEM-EDS mapping showed
that the Cu ions remained highly dispersed throughout the
zeolite particles, regardless of hydrothermal treatment (Fig. S3).
The TEM observations of the particle morphology (Fig. S4 and
S5) revealed numerous faceted particles with single crystalline
domains in both zeolites before and after HTA. Additionally,
the aged samples did not appear to contain CuO, clusters,>*°
which have been reported to form as a result of considerable
hydrothermal degradation. Considering the results of these
conventional characterization methods together shows that
HTA produced no important changes in the framework crystal-
linity, interparticle elemental distribution, or particle morphol-
ogy of either Cu-SSZ-13 or Cu-SSZ-39. This result suggests that
the initial loss in catalytic activity was caused by more subtle
structural alterations that were not discernible by the tech-
niques used.

We subsequently employed electron ptychography to per-
form a detailed, atomic-scale structural analysis of five sam-
ples: fresh and hydrothermally aged Cu-SSZ-13 and Cu-SSZ-39
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as well as Cu-free H-SSZ-13 as a reference for the visualization
of Cu ions. The observation orientations were selected as the
[100] directions in CHA and AEI, as shown in Fig. 1a and b
(Fig. S6). Using this orientation made the dér units align
parallel to the electron beam, directly revealing the structural
differences originating from the distinct linkage patterns of
these units. Fig. S7-S11 show the ptychographic images
acquired for the five samples over a field of view of approxi-
mately 10 nm square. It has been reported that large defocus in
ptychographic images can cause internal pore artifacts.*>**
Consequently, we carefully managed the defocus conditions
to ensure that the ptychographic observations were reliable. We
have previously demonstrated that under this observation con-
dition, artifacts are negligible for defocus below 5 nm, allowing
atomic columns containing Cu to be clearly distinguished from
those without Cu.** Accordingly, we confirmed that the defocus
for each reconstructed image was maintained below 5 nm (see
the captions of Fig. S7-S11). To enhance the signal-to-noise
ratio, a moving-average procedure was used to align and
average approximately 20 equivalent sites for each sample.*’
The averaged images are presented in Fig. 2. The CHA frame-
work (Fig. 1a) is clearly resolved in the image of the reference
H-SSZ-13 (Fig. 2a). The image of the fresh Cu-SSZ-13 sample
(Fig. 2b) contains distinct bright spots in the 8mr region (as
indicated by the white arrow). These spots are assigned to Cu
ions. This assignment is supported by the reconstructed defo-
cus value of —1.4 nm (Fig. S12). By contrast, no such bright
spots appear in the image of the sample subjected to HTA
(Fig. 2c). A similar trend was observed for Cu-SSZ-39. The AEI
framework is clearly resolved in the images of both the fresh
(Fig. 2d) and aged (Fig. 2e) samples and is consistent with the
model presented in Fig. 1b. The image of the fresh sample also
contains bright spots in the 8mr region, which are assignable to
Cu ions (reconstructed defocus: +1.4 nm; Fig. S13). However,
these spots are absent in the image of the aged sample. Direct
visualization of Cu ions at the dér sites proved inconclusive,
primarily because of strong overlap between the Cu ions and Si
(Al) atomic columns in the chosen projection (Fig. S14). This
challenge was particularly pronounced for the AEI structure,
which lacks an alternative zone axis that can enable clear dér
observation. The averaged and original nonaveraged images
(Fig. S7-S11) yielded consistent key results for the 8mr
sites—namely, the presence of Cu ions in the fresh samples
and the absence of these ions in the aged samples.

To determine the relative quantity of Cu ions at the 8mr sites
of the two zeolites and how this quantity changes upon HTA, we
compared the contrast values of the five samples. In ptycho-
graphy, the retrieved phase contrast increases with the pro-
jected potential of the sample, provided that the phase shift of
electron wave remains below 2n. Considering that no phase
inversion was observed for the Si (Al) columns, the relative
quantity of Cu ions at the 8mr sites was determined by
comparing the contrast for the five samples. Fig. 3 shows the
line profiles obtained from the averaged ptychographic images
of the five samples shown in Fig. 2. The extracted region
corresponds to the area between two O atomic columns

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Ptychographic images viewed along the [100] direction of (a) H-SSZ-13 (without Cu), (b) Cu-SSZ-13, (c) Cu-SSZ-13-HTA, (d) Cu-SSZ-39, and
(e) Cu-SSZ-39-HTA. All the images were subjected to moving averaging by performing alignment and averaging over approximately 20 sites. The white
arrows indicate areas of bright spots in the eight-membered ring (8mr) region of both zeolites before hydrothermal aging (HTA). Scale bar: 0.5 nm.

(delineated by the red box) in the SSZ-13 (CHA) and SSZ-39
(AEI) models viewed along the [100] direction, as illustrated in
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Fig. 3 Line profiles for the eight-membered ring (8mr) region obtained from
the ptychographic images shown in Fig. 2. The line profiles were acquired for
the regions between the two O atomic columns indicated by the red boxes in
the inset (left). The values on the vertical axis were normalized using the
maximum and minimum values for each line profile. The origin of the
horizontal axis is placed at one O column. The unnormalized profiles showing
identical relative trends for the samples are provided in Fig. S15.

This journal is © The Royal Society of Chemistry 2026

the inset (left) of Fig. 3. In the line profile of H-SSZ-13, a weak
peak appears near the center between the O columns. This
peak is presumed to mainly result from contributions from
adsorbed volatile organic compounds or a surface amorphous
layer produced by beam damage. In the line profile of the
fresh Cu-SSZ-13 sample, the large peak near the center
between the two O columns can be interpreted as originating
from Cu ions, as mentioned above. Notably, the high peak
intensity for the line profile of the fresh Cu-SSZ-13 sample
decreases in the line profile of the aged sample. The peak
intensity for the aged sample profile is similar to that of
H-SSZ-13, indicating a substantial reduction of Cu ions in
the 8mr upon aging. Similar behavior is observed for Cu-SSZ-
39: the 8mr center contrast for the fresh sample exceeds
that of H-SSZ-13, suggesting the presence of Cu ions; however,
the 8mr center contrast for the aged sample is comparable
to that of H-SSZ-13, again indicating Cu loss from the 8mr.
The contrast for the 8mr region in the aged sample was
higher for Cu-SSZ-13 than for Cu-SSZ-39. Both samples
were prepared to have similar Cu contents. In previous
studies,>>®**? Cu sites were reported to be either 8mr or der.
Therefore, the Cu-SSZ-39 sample studied here has a lower Cu
occupancy at the 8mr site than Cu-SSZ-13. That is, Cu-SSZ-39
can be considered to have a higher Cu occupancy at the dér
site than Cu-SSZ-13.
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Next, we present a mechanism for hydrothermal degrada-
tion on the basis of our experimental results. Although the
activity tests indicated differing stabilities for the two zeolites,
no structural changes reflecting different degradation levels
were detected using the conventional techniques. By contrast,
atomic-scale electron ptychography clearly revealed a reduction
in the Cu ion occupancy at the 8mr sites after aging. A key
finding is that the less stable Cu-SSZ-13 contained a higher
initial quantity of Cu ions at these 8mr sites than the more
stable Cu-SSZ-39. This observation supports previous reports
proposing that these mobile 8mr ions migrate to form
framework-disrupting CuO, clusters.””? Therefore, the loss of
Cu ions from the 8mr sites can be interpreted as the onset of a
structural response to HTA.

In this study, electron ptychography was used to visualize
early hydrothermal degradation at the atomic level. Subtle
changes in the Cu ion occupancy at the 8mr sites were success-
fully captured using this technique, whereas no structural
changes were observed using XRD or conventional TEM. These
findings provide concrete, atomic-scale evidence for the
proposed degradation mechanism, going beyond previous
inferences from spatially-averaged data.'*'® Considering that
the 8mr and dér Cu sites are known to differ not only in
hydrothermal stability but also in activity and selectivity,™ a
multiscale approach including electron ptychography provides
guidelines for the rational design of highly durable and high-
performance zeolites based on control of the arrangement of
Cu ions.
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