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Na*-free Cu-SSZ-13 zeolites have been rationally synthesized via a
cooperative strategy, which has the advantages of rapid crystal-
lization (9—48 h), high yield (86—94%) and adjustable Cu content.
The NH3—-SCR catalytic performance and hydrothermal stability of
the calcined materials were studied and correlated with their
physicochemical properties.

Metal-containing zeolites are an important class of catalytic
materials, and have attracted great attention in recent years due
to their remarkable performance for many reactions,"” such as
hydrogenation, dehydrogenation, oxidation, etc. The micro-
pores and cavities of zeolites can provide a confinement effect
for metal species to inhibit their migration and aggregation.
Meanwhile, the abundant and interconnected channels in
zeolites allow free access of reactant molecules to the encapsu-
lated metal species. On the other hand, owing to the proximity
of the metal species and acid sites in the confined spaces of
zeolites, cooperative bifunctional catalysts can be created,
which have found wide applications.

Cu-containing SSZ-13 (CHA topology with 8-ring channels
and nanosized cavities) is one of the important metal-
containing zeolites, which shows promising performance for
the direct conversion of methane into methanol®* and has
been used commercially for the NH;-SCR reaction.> NH;-SCR
technology is currently recognized as one of the most effective
ways to remove environmentally harmful NO, emissions from
diesel vehicles. It has been demonstrated that the Cu-SSZ-13
SCR catalyst works in a bifunctional manner, wherein isolated
Cu®" ions act as SCR active centers, and acid sites are an NH;
reservoir that supplies NH; via migration for active centers.®’
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One-pot synthesis of Na*-free Cu-SSZ-13 and its
application in the NHs;—SCR reactiont
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Over the past few decades, great efforts have been dedicated
to the synthesis and optimization of SSZ-13, including variations
of organic template, Si/Al ratio, crystal morphology, etc.®™°
Cu-SSZ-13 is generally prepared by the post-synthesis ion
exchange method,""* which involves multiple steps including
the synthesis of SSZ-13, calcination to remove organics, NH," ion
exchange to remove Na*, Cu® ion exchange and finally high-
temperature calcination and activation treatment. Such a
complex procedure is obviously time and cost-consuming and
unfavourable for industrial production.

In 2011, Xiao et al."? first reported the direct synthesis of Cu-
SSZ-13 in the presence of the Cu**-tetraethylenepentamine(Cu-
TEPA) complex and NaOH, wherein Cu-TEPA acts as both Cu
source and organic structure directing agent (OSDA). However,
the Si/Al ratios of the products are low (4-7), and the Cu content
is rather high. Although post-synthesis ion exchange can help
remove part of Cu®>" and Na*, the hydrothermal stability of the
products still needs to be improved. Subsequently, Corma
et al.'* prepared Cu-SSZ-13 following the co-template method
with the use of N,N,N-trimethyl-1-adamant ammonium hydro-
xide (TMAdaOH) and Cu-TEPA in alkaline media (NaOH). The
introduction of TMAdaOH (typical OSDA for SSZ-13) allows the
control of product Cu content and Si/Al ratio at a satisfying
level. Unfortunately, the synthesis period of this method is
rather long (14 days). Therefore, developing a novel/one-pot
strategy for the efficient synthesis of Cu-SSZ-13 with high SCR
activity and hydrothermal stability would be highly desirable.
Ideally, the synthesis system should not contain alkali cations
(Na*) and yield Na‘-free Cu-SSZ-13 product, which allows the
direct conversion of the material to active catalyst with abun-
dant acid sites by simple calcination.

Herein, we report the one-pot synthesis of Na'-free Cu-SSZ-
13 by a designed cooperative strategy, which involves the use of
TMAdaOH, Cu-amine complex, small size amine and SSZ-13
seeds. The substitution of small size amine for NaOH enables
the building-up of the Na'-free synthetic system and can help
reduce the consumption of expensive TMAdaOH. The resultant
products were characterized in detail. Moreover, the NH;-SCR
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Table 1 Starting gel compositions, product phases, SiO,/AlLOs ratios, Cu contents and yields of Na*-free SSZ-13 and CuSSZ-13

Sample” x  TMAdaOH/SiO, in gel ~Crystallization time (h) Product phase Si0,/Al,0; Cu (Wt%) Cu incorporation” Yield* (wt%)
SSZ-13myaon  —  0.05 9 CHA 24.8 — — 86
SSZ-13g54 — 0.05 72 CHA 24.8 — — 87
CuSSz-13-1 0.6 0.05 48 CHA 27.4 1.48 80% 86
CuSSZ-13-2 1.0 0.05 48 CHA 24.5 2.42 76% 90
CuSSZ-13-3 1.5 0.05 48 Amor. + CHA — — — —
CuSSZ-13-4 1.0 0.075 9 CHA 23.8 2.43 76% 93
CuSSZ-13-5 1.5 0.075 9 CHA 24.9 3.80 79% 94

“ Gel molar composition for SSZ-13yaon and SSZ-13p,: 30Si0,: 1A1,0;: 3TMAOH (or 4BA): 600H,0 : 1.5TMAdaOH; gel molar composition for
CuSSZ-13: 30Si0, : 1Al,05 : 3TMAOH : 600H,0 : 2.25TMAdaOH: x Cu-TEPA (10 wt% seeds addition). T'= 175 °C. b Cu incorporation = (Cu/Si)product/

(Cu/Si)ger. © Solid yield was calculated on the basis of inorganic oxides.

catalytic performance and hydrothermal stability of the cal-
cined Na'-free Cu-SSZ-13 were investigated and correlated with
its physicochemical properties.

The synthesis of Na'-free SSZ-13 was first explored to learn
the possibility of small size amines in place of NaOH and to
determine the optimal choice of amines. Table 1 lists the
optimized synthesis conditions and the product compositions.
Clearly, Na'-free SSZ-13 can be successfully synthesized under
the presence of tetramethylammonium hydroxide (TMAOH)
within a short crystallization time of 9 h. The usage of TMA-
daOH (TMAdaOH/SiO, = 0.05) is at a very low value, as
compared with previous works.®™° It is noted that the appear-
ance of seeds in the synthetic system is also very critical for the
fast completion of the crystallization (Fig. S1, ESIT). Otherwise,
an amorphous product was obtained even after 3 days. Besides
TMAOH, many small alkylamines and NH; (aq) were also found
to be effective for the synthesis (Table S1, ESIf). The former
includes butylamine (BA), diethylamine (DEA), ethylenedia-
mine (EDA), and piprazine hexahydrate (PIP). However, longer
crystallization time was needed for alkylamines and NH; (aq)
than for TMAOH, which is likely due to their weaker alkalinity.

Fig. 1 and Fig. S2-S4 (ESIt) display the characterization
results of Na'-free SSZ-13. The samples present typical XRD
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Fig. 1 (a) XRD pattern, (b) SEM image of the as-synthesized Na*-free SSZ-
13tmaon. (©) liquid *C NMR spectrum of the as-synthesized SSZ-13tmaon
dissolved in HF solution and (d) liquid *C NMR spectrum of TMAdaOH
solution.
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diffraction peaks associated with the CHA-type zeolite. The
SEM images reveal the cubic-like morphology of the samples
with a crystal size of about 1 pm. To figure out the exact effect of
small amines in the synthesis, liquid ">C NMR spectra of the as-
synthesized samples dissolved in HF solution were measured.
As seen in the spectra shown in Fig. 1 and Fig. S3 (ESIT), the
observed resonances are mainly associated with TMAda" for all
samples, implying that small size amines are not occluded in
the products. It is thus speculated that the small size amines do
not play the structure-directing role for the formation of SSZ-13
under the present conditions. They are responsible for
the enhancement of gel alkalinity. This also explains well
the diversity of small amines effective for the synthesis. The
thermal analysis result of SSZ-131yaon is shown in Fig. 2. The
minor weight loss between 100-250 °C resulted from water
desorption; the distinct weight loss between 400-750 °C was
due to the removal of organics. Based on the TG and XRF
results, the occluded TMAda' per cage is calculated to be 1,
which agrees with the value reported previously.

According to the above results, the gel system of SSZ-
13tmaon With the fastest crystallization rate was employed
for the synthesis exploration of Na'-free CuSSZ-13. The Cu-
TEPA complex was utilized as a Cu source. As shown in Table 1,
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Fig. 2 (a) XRD pattern, (b) SEM image, (c) UV/Vis spectrum and (d) TG
curve of the as-synthesized Na*-free CuSSZ-13-4. For comparison, the
UV/Vis spectrum of calcined CuSSZ-13-4 and TG curve of SSZ-13tmaoH
are shown in (c) and (d), respectively.
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Na'-free CuSSZ-13 could be synthesized from the Cu-TEPA-
added system of SSZ-13pmaon, but the crystallization time
had to be prolonged to 48 h to achieve well-crystallized pro-
ducts (CuSSZ-13-1 and CuSSZ-13-2). When the Cu/Si ratio in the
starting gel was higher than 1/30, the product would be con-
taminated with a large amount of amorphous materials, indi-
cating that the addition of the Cu-TEPA complex raised the
difficulty of crystallization. Attempts to slightly increase the
amount of TMAdaOH in the gel (OSDA/SiO, = 0.075) can
effectively speed-up the crystallization even with larger addition
of the Cu source, and the syntheses completed in 9 h giving a very
high yield of >90% (samples CuSSZ-13-4 and CuSSZ-13-5). The Cu
incorporation degree is also calculated and listed in Table 1,
showing that all samples have high Cu incorporation of above 75%.

The XRD patterns and SEM images of the as-synthesized
Na'-free CuSSZ-13 are displayed in Fig. 2 and Fig. S5, S6 (ESI{).
All samples present a typical XRD pattern of CHA-type zeolite
with a crystal size of about 1 um, similar to those of Na'-free
SSZ-13. The UV/Vis spectra of the samples are shown in Fig. 2¢
and Fig. S7 (ESIt). The as-synthesized CuSSZ-13 samples present
a strong absorption centered at 270 nm, which disappears in the
spectra of the calcined samples. According to the previous
literature,"* this signal can be assigned to the Cu-amine complex
and is a clear indication that Cu-TEPA has been incorporated
into the product. Fig. 2d presents the TG result of the Na'-free
sample. As compared with SSZ-131yaon, CuSSZ-13-4 shows
comparable organics content, but the complete removal of
organics occurs at a lower temperature. This difference may
imply that the decomposition of the Cu-TEPA complex is rela-
tively easy. The textural properties of CuSSZ-13-4 were investi-
gated by N, adsorption. As shown in Table S2 (ESIf), the
micropore area and micropore volume are 583 m”> g ' and
0.27 cm® g, respectively. These values are close to the results
previously reported for SSZ-13 and confirm the good crystallinity
of Na'-free CuSSZ-13.

The *°Si and *’Al MAS NMR spectra of the as-synthesized
CuSSZ-13-4 are given in Fig. S8 (ESIt). The three resonances
assigned at —101, —106 and —111 ppm in the *°Si spectrum can
be attributed to Si(3Si)(OH), Si(1Al) and Si(0Al), respectively."®
The framework SAR is thus calculated to be 24.4, which is close
to the value derived from XRF. For the >’Al spectrum, the strong
signal at 56 ppm is attributed to tetrahedrally coordinated
framework Al species. The small peak at 5 ppm is likely to be
associated with the framework octahedral Al species formed by
the additional interaction with water.

CuSSZ-13-4 with a Cu/Al molar ratio of 0.31 (ion exchange
level ~62%) was selected for the NH;-SCR test, as previous
works have suggested that this level is an optimum value to
provide more active Cu®* ions for the reaction and prevent the
formation of large CuO, clusters.'® The latter would be detri-
mental to the long-term stability of the catalyst.’” As shown in
Fig. 3, the NO, conversion on the fresh sample can reach
~100% in a wide temperature range of 200-450 °C. Upon
hydrothermal aging at 750 °C for 16 h, the sample exhibits
an obviously enhanced low-temperature activity (<200 °C),
and almost 100% NO, conversion in the temperature range of
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Fig. 3 Standard SCR reactions over the CuSSZ-13-4 before and after
hydrothermal aging treatment (HTA). Reaction conditions: feed gas con-
sisted of 500 ppm NHsz, 500 ppm NO, 6.4% H,0, 6.4% O,, balance Ny;
GHSV = 100000 h™*.

200-350 °C. Although the high-temperature activity (>450 °C)
over the aged sample shows a slight decline, the NO, conver-
sion can still be kept at higher than 80% at 550 °C. The N,
selectivity on the catalysts is given in Fig. S9 (ESIt), which is
very high (>97%) even after aging treatment.

To understand the activity variation of CuSSZ-13 before and
after hydrothermal treatment, the crystallinity, acidity, reduci-
bility and active Cu®" contents of the catalysts were examined.
The XRD patterns of the fresh and aged catalysts are shown in
Fig. S10 (ESIt), which confirms the good structural stability of
CuSSZ-13 and no peaks related to CuO species can be observed.
NH;-TPD was carried out to investigate the acid properties of the
samples and the results are shown in Fig. S11 (ESIt). For SSZ-13,
the strong peaks at 200 °C and 521 °C can be assigned to weakly
bound NH; and the NH; desorbed from strong Brgnsted acid
sites, respectively.'® In the case of CuSSZ-13-4, the NH;-TPD
profile shows the presence of two extra desorption peaks at
369 °C and 433 °C, which suggests that the presence of Cu
species generates additional adsorption sites for NH;. Mean-
while, the high-temperature peak indicates broadening and
decrease in intensity, implying the increase in heterogeneity of
these sites with reduced numbers after the incorporation of Cu
species. After hydrothermal aging, the high-temperature peak
almost disappears, corresponding to the loss of strong Brensted
acid sites (framework dealumination). The signal around 280 °C
becomes obviously enhanced, owing to the formation of Lewis
acid sites resulted from the extraframework Al species. Rela-
tively, the peaks related to Cu species show less changes.

EPR was used to estimate the isolated Cu®>" amounts of the
catalysts (Fig. S12, ESIf). In this study, the hydrated samples
were used to avoid the formation of EPR silent species (e.g.
Cu(OH)") due to the dehydration treatment.'® The quantitative
results are presented in Table S3 (ESIt). Both samples contain
the same amounts of isolated Cu®>* ions (2.11 wt%), implying
that most of the Cu species on the samples (86.8% of the total
Cu loading) are active species for the NH;-SCR reaction. These
results also demonstrate the good hydrothermal stability of
isolated Cu** on the Na*-free Cu-SSZ-13.

This journal is © The Royal Society of Chemistry 2021
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H,-TPR experiments were used to evaluate the reducibility of
Cu species. From Fig. S12 (ESIt), the fresh sample shows four
reduction peaks, which are located at 203 (A), 364 (B), 495 (C)
and 708 °C (D). According to the literature,'® peaks A and B
correspond to the reduction of isolated Cu®** to Cu. More
specifically, the former peak may be associated with the
reduction of [Cu(OH)]"-Z~ to Cu", while the latter peak is due
to the reduction of Cu®>*-2Z~ to Cu’. Moreover, peak A may also
contain the reduction of nanosized CuO patrticles to Cu® (the
CuO amount is low as deduced from EPR results). The small
peak C arises from the reduction of Cu® ions to Cu°, and the
broad high-temperature peak D is assigned to the reduction of
highly stable Cu" to Cu®.*® As all the Cu" species come from the
reduction of Cu®", the smaller peak area of (C + D) than that of
(A + B) implies that some of the Cu" species are difficult to
reduce before 800 °C. After the hydrothermal treatment, the
low-temperature peak moves forward, and the reduction of
isolated Cu®" species becomes easier, while the reduction
of in situ formed Cu" is more difficult. Given that the amount
of isolated Cu®** remains the same before and after aging, it is
speculated that the location/distribution of Cu®>* species may
alter during the hydrothermal aging and leads to the change of
the reducibility of Cu species.

Based on the above characterizations, the variation of NH;-
SCR performance of the catalyst upon hydrothermal treatment
can be analyzed as follows. It has been recognized that the
NH,;-SCR reaction follows a redox mechanism via a cycle of
Cu”*and Cu*,>""** which means that the redox properties of the
catalysts are critical to their SCR performance. Moreover, our
work has evidenced that NH; adsorbed on the moderate acid
sites has higher reactivity for the low-temperature SCR reaction
than on the strong acid sites.>>** Therefore, the enhanced low-
temperature NH;-SCR activity of the aged CuSSZ-13-4 catalyst
should be attributed to its improved reducibility of Cu** to Cu”
and the increased moderate acid sites. On the other hand, the
loss of strong Brensted acid sites on the aged catalyst is
unfavourable for the inhibition of the NH; oxidation reaction,
especially at high temperature,”® which causes the apparent
decrease in the high-temperature SCR activity.

In summatry, an efficient one-pot synthesis strategy for Na'-
free SSZ-13 and Cu-SSZ-13 has been rationally developed. In
this cooperative strategy, TMAdaOH has the most powerful
effect in directing the formation of the CHA structure, the Cu-
TEPA complex acts as a Cu source and as an OSDA, small size
amine replaces NaOH to provide enough alkalinity for the gel
system and reduce the usage of TMAdaOH, and the seeds help
overcome the difficulty in nucleation and speed-up the crystal-
lization. Thus, the syntheses can be accomplished with a rapid
crystallization rate and high yield. The calcined Na*-free CuSSZ-
13 possesses a high proportion of isolated Cu®" ions and shows
~100% NO, conversion in a wide temperature range of 200-
450 °C in NH;3-SCR reaction under the investigated conditions.
After hydrothermal treatment, the sample exhibits enhanced
low-temperature activity (<200 °C), and the high-temperature
activities can still be kept at >80% at 550 °C. It is anticipated

This journal is © The Royal Society of Chemistry 2021
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that this methodology will benefit the syntheses of more Na'-
free zeolite catalysts.
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