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Experimental Section

Materials:

The following chemicals were used: N,N,N-trimethyl-1-adamantylammonium
hydroxide (TMAdaOH, 25% in water, Beijing Innochem Chemical Reagent Co.,
Ltd), N,N-diisopropylethylamine (DIPEA, 99%, Beijing Innochem Chemical
Reagent Co., Ltd), phosphoric acid (H3PO4, 85%, Beijing Innochem Chemical
Reagent Co., Ltd), pseudo boehmite (Shanghai Macklin Biochemical
Technology Co., Ltd), aluminum hydroxide (AI(OH);, 76.5% Alfa Aesar
Chemical Co., Ltd), potassium hydroxide (KOH, 85wt%, Energy Chemical),
sodium hydroxide (NaOH, 96%, Beijing Innochem Chemical Reagent Co., Ltd),
Ludox® HS-40 colloidal silica (SiO,, 40 wt%, Sigma-Aldrich Co., Ltd), fumed
silica (SiO,, 99.8%, Energy Chemical), copper (ll) acetate monohydrate
(Cu(CH3COO0),H,0, 98 wt.%, Beijing Innochem Chemical Reagent Co., Ltd).
All materials were used as received without further purification.

Synthesis of SAPO-18 seed:

2.65 g of pseudo boehmite and 4.15 g of phosphoric acid were added to 17.38
g of deionized (DI) water and stirred for 2 h. Afterwards, 4.14 g of N, N-
diisopropylethylamine (DIPEA) was introduced, and the mixture was stirred for
another 1 h. After adding 0.48 g of fumed silica, the mixture was stirred for an
additional hour. The resulting suspension was transferred into a 25 mL Teflon-
lined stainless-steel autoclave and heated at 160 °C for 8 d. The product was
centrifuged, washed several times with DI water, and dried at 80 °C overnight.
The as-synthesized SAPO-18 zeolite was used as a seed without calcination.
Synthesis of SSZ-13 zeolites:

SSZ-13 zeolites with varying Si/Al ratios, TMAda*/Si ratios, seed content, and
crystallization times were synthesized hydrothermally. Typically, 0.43 g of
NaOH, 0.2 g of KOH, and 0.3 g of Al(OH); were dissolved in 7.9 g of DI water.
Then, 0.5 g of TMAdaOH and 0.216 g of SAPO-18 seed were added, and the

mixture was stirred for 2 h. Afterward, 3.6 g of silica sol (HS-40) was introduced,

2



followed by another 2 h stirring. The final synthesis mixture had the composition
Al;O3: 16 SiO,: 2 KOH: 7 NaOH: 0.4 TMAdaOH: 302 H,0: seed (15 wt.%). The
mixture was transferred into a 25 mL autoclave and subjected to hydrothermal
synthesis at 160 °C for 0-30 h, depending on the desired crystallization time.
The resulting product was centrifuged, washed with DI water, and dried
overnight at 80 °C. To vary the Si/Al ratios, the amount of Al(OH); was adjusted
between 0.1 and 0.4 g, while the TMAdaOH content was varied between 0.25
and 1.0 g to achieve different TMAda*/Si ratios. Seed content (5-20 wt.%
relative to the theoretical zeolite yield) was also adjusted to study its effect on
SSZ-13 synthesis.

Synthesis of conventional SSZ-13 (SSZ.,,,~13) zeolites:

SSZ..n-13 was synthesized by a conventional hydrothermal method. Typically,
0.2 g of NaOH, 0.125 g of Al(OH)3, and 4 g of TMAdaOH were dissolved in 7.15
g of DI water and stirred for 1 h. Afterwards, 1.5 g of silica sol was added,
followed by 2 h of stirring. The molar composition of the final mixture was Al,O3:
16 SiO,: 8 NaOH: 7.6 TMAdaOH: 835 H,0O. The mixture was transferred into a
25 mL autoclave and heated at 160 °C for 4 d. The product was centrifuged,
washed with DI water, and dried overnight at 80 °C, followed by calcination at
600 °C for 8 h (Yield: ~60%).

lon exchange and hydrothermal aging treatment:

Cu-SSZ-13 and Cu-SSZ,.-13 zeolites were prepared via two-step ion-
exchanged process. For Cu-SSZ-13, the as-synthesized SSZ-13 zeolite was
ion-exchanged twice with 1 M NH4CI at 80 °C to remove Na* and K* ions,
forming NH4-SSZ-13. Copper ions were introduced by ion-exchange with a
0.004 M Cu(CH3COO), solution at 70 °C for 2 h. The zeolite slurries were then
filtered, washed with DI water, and dried at 80 °C overnight, and calcined at
550 °C for 6 h to remove the OSDA and NH;*. For Cu-SSZ,,-13, the SSZ.on-
13 zeolite was first calcined at 600 °C for 8 h before being exchanged with
NH,4Cl and Cu(CH3COO),, followed by calcination at 500 °C for 5 h.

To prepare CuCe-SSZ-13, 1 g of Cu-SSZ-13 was mixed with varying
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amounts of cerium(lll) nitrate hexahydrate (0.015 g, 0.030 g, 0.060 g) or
ceric(lV) nitrate (0.014 g, 0.028 g, 0.056 g), followed by grinding. The mixtures
were calcined at 750 °C for 4 h using a solid-state ion-exchange method.
Zeolitic catalysts with different Ce loadings were denoted as CuCe(lll)5-SSZ-
13, CuCe(lll);-SSZ-13, CuCe(lll)2,0-SSZ-13, CuCe(IV)o5-SSZ-13,
CuCe(IV)10-SSZ-13, CuCe(IV),0-SSZ-13, and CuCe(lll)y5Ce(IV)y5-SSZ-13
where the numbers of 0.5, 1.0, and 2.0 present Ce content.

To investigate hydrothermal stability, the catalysts were aged in flowing air
containing 10 vol.% H,0 at 800 °C for 8 h.
Characterization:
The crystallinity and phase purity of the samples were characterized by X-ray
diffraction (XRD) using Cu K, radiation (A = 1.5418 A) on a Rigaku D-Max 2550
diffractometer. The relative crystallinity was evaluated by comparing the sum of
peak intensity (206 = 9.7°, 16.3°,17.8°, 20.9°, 24.9°, 25.9°, 31.1° and 31.6°).
Scanning electron microscopy (SEM) images were measured with JEOL S-
4800. Transmission electron microscopy (TEM) images and elemental mapping
images were recorded on a Thermo Scientific Talos F200i. Nitrogen
adsorption/desorption characterization of samples was performed at 77 K after
degassing at 350 °C under vacuum using a Micromeritics 2020 analyzer.
Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of the samples in
the 200—-800 nm range were obtained on a U-4100 at the ambient temperature.
Ammonia temperature-programmed desorption (NH3-TPD) testing of samples
was performed using a Micromeritics AutoChemll 2920 automated chemical
adsorption analysis unit under helium flow using a thermal conductivity detector
(TCD). The hydrogen temperature-programmed reduction (H,-TPR) tests were
performed on an AutoChemll 2920 analyzer. Samples were pretreated at
550°C for 1 h in an Ar atmosphere (25 mL min-') and then TPR tests were
performed in 10% H, / Ar at a flow rate of 10 mL min-' from 40 to 825 °C at 10
°C min-'. X-ray photoelectron spectroscopy (XPS) spectra were tested using a

Thermo ESCALAB 250 spectrometer under monochromatic Al K, excitation.
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2TAl NMR tests were performed on Bruker Avance Neo 600 MHz WB
spectrometer with BBO MAS probe operating at a magnetic field strength of
141T.

Catalytic testing:

SCR of NO, was conducted in a fixed-bed quartz reactor with an inner diameter
of 6 mm. The catalyst (0.1 g, 40—60 mesh) was placed in the reactor, and the
test reaction conditions were as follows.

500 ppm NO, 500 ppm NH3;, 5% O,, 5% H,O, with N, as the balance gas
at a total flow rate of 500 mL/min, corresponding to a gaseous hourly space
velocity (GHSV) of 200,000 h-'. Inlet and outlet gas compositions were
monitored in real time using FTIR spectrometer (MKS, MultiGas 2030HS). NO
conversion was calculated as follows:

BINO] e+ [NO] e

1- x 100%
[No]in + [NOZ]in

NO conversion =
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Fig. S1 XRD patterns of (a) simulated SAPO-18, simulated SSZ-13 and as-
synthesized samples under various synthesis systems. XRD patterns of as-
synthesized samples (b) with different seed contents, (c) at TMAda*/Si ratio of
0.0125, (d) at TMAda*/Si ratio of 0.025 and (e) at TMAda*/Si ratio of 0.050. (f)

XRD pattern of conventional SSZ.,,,-13 zeolite crystallized at 120 h.

Fig. S2 SEM images of SSZ-13 zeolite crystallized at 6 h.
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Fig. S3 TEM image of SSZ-13 zeolite crystallized at 6 h.
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Fig. S4 FTIR spectra of the samples throughout the hydrothermal crystallization
period of 0-2 h.
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Fig. S5 Nitrogen adsorption-desorption isotherms of Cu-SSZ-13 and Cu-SSZ-
13-HTA zeolites.
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Fig. S6 Elemental mapping images of Cu-SSZ-13.
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Fig. S7 Elemental mapping images of Cu-SSZ-13-HTA.
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Fig. S8 UV-vis DRS spectra of Cu-SSZ-13 and Cu-SSZ-13-HTA zeolites.
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Fig. S9 NO conversion as a function of temperature for CuCe(lll)-SSZ-13
zeolites with different Ce(lll) content. Reaction conditions: 500 ppm NO, 500
ppm NHs, 5% O,, and 5% H,0, balanced with N, at a GHSV of 200,000 h-'.
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Fig. S10 NO conversion as a function of temperature for CuCe(IV)-SSZ-13
zeolites with different Ce(IV) content. Reaction conditions: 500 ppm NO, 500
ppm NH3, 5% O,, and 5% H,0, balanced with N, at a GHSV of 200,000 h-'.
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Fig. S11 NH3-SCR performance comparison between CuCe(lll)y 5-SSZ-13 and
CuCe(l11)0.5-SSZeonv-13.
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Fig. S13 Elemental mapping images of (a) CuCe(lll)o5-SSZ-13-HTA and (b)
CuCe(IV)10-SSZ-13-HTA.
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Fig. S14 UV-vis DRS spectra of CuCe(lll)y5-SSZ-13 and CuCe(IV)(-SSZ-13

zeolites.
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Table S1. Comparison of crystallization times between SSZ-13 synthesized
using SAPO-18 seeds in this study and SSZ-13 synthesized with various seeds

in previous reports.

Sample Seed Type Crystallization Conditions Reference
SSZ-13 SAPO-34 155 °C, 5d Ref 1
SSZ-13 SSz-13 100-120 °C, 2-6 d Ref 2
SSZ-13-TPg 03 SSZ-13 150 °C, 4 d Ref 3
CHA-type zeolite SSZ-13 170°C,20 rpm, 1d Ref 4

High-silica CHA-type
SSZ-13 170 °C,40 rpm, 2 d Ref 5
aluminosilicates

CC-SS-Seed SSZ-13 140 °C, 3 d Ref 6
SSZ-13-CA-S-6h SSz-13 160 °C, 6 h Ref 7
STM-24 SSz-13 120 °C, 24 h Ref 8
SSZ-13 SSz-13 160 °C, 5d Ref 9

SSZ-13 SAPO-18 160 °C, 6 h This work

Table S2. Chemical compositions of Cu-SSZ-13 and Cucon,-SSZ-13.

Sample Si/Al2 Cu/Al2
Cu-SSz-13 4.5 0.15
Cugon-SSZ-13 6.0 0.15

@ Measured by inductively coupled plasma (ICP).

Table S3. Texture properties of Cu-SSZ-13 and Cu-SSZ-13-HTA.

Sample SgeT (m2 9_1 2 Vmicro(Cm3 9_1 )b
Cu-SSZ-13 626 0.23
Cu-SSZ-13-HTA 522 0.14

a Sget (total surface area) calculated by applying the BET equation. ® Viicro

(micropore area) calculated using the t-plot method.
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