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1. Experimental Section
1.1 Chemical and Materials

18-crown-6 (Energy Chemical; 99 wt%), NaAlO, (Sinopharm Chemical Reagent
Co., Ltd; Al,O3 > 41.0%), NaOH (Tianjin Fuchen; NaOH > 96.0%), CsOH (3A; 50
wt% solution in water), Ludox AS-40 (Aldrich; 40 wt%, suspension in water), Pseudo-
boehmite (Sasol; 72.7 wt%), NaF (Xilong Scientific; > 98 wt%), SSZ-13 (Luoyang
JALON Micro-nano New Materials Co., Ltd; Si/Al = 10), SSZ-13 (Luoyang JALON
Micro-nano New Materials Co., Ltd; Si/Al = 8), NH4Cl (Tianjin Fuchen), Deionized
water.

1.2 Synthesis of RHO Seeds

RHO seeds were synthesized using a gel composition consisting of 1.8 Na,0: 0.3
Cs,0: 1.0 AL,Os3: 10 SiO,: 0.5 (18-crown-6): 100 H,O.! To prepare this, 16.22 g of
deionized water, 0.64 g of NaOH, 3.60 g of CsOH, 2.64 g of 18-crown-6, 4.25 g of
NaAlQO,, and 30.04 g of AS-40 were sequentially added and stirred for 24 h at ambient
temperature. The crystallization process was then conducted at 110 °C for 4 d in a 100
mL stainless steel autoclave in static conditions.

Afterwards, the mixture was separated, washed twice with deionized water, and
dried overnight at 80 °C. The resulting sample was calcined at 550 °C under air
atmosphere for 6 h to eliminate organic species, yielding a white powder, which was
collected and utilized as RHO seeds in subsequent procedures.

1.3 Preparation of OSDA

The synthetic procedure was based on the published findings of Ke et al.> In a 50
mL glass bottle, 21.2 g of 18-crown-6, 2.8 g of NaOH, 14.0 g of deionized water, and
8.0 g of CsOH were sequentially added, resulting in a molar composition of the mixture
of 0.081 (18-crown-6): 0.070 NaOH: 1.00 H,O: 0.027 CsOH. The mixture was stirred
in a water bath at 80 °C for 3 h. After cooling to ambient temperature under static
conditions, the clear phase, exhibiting a yellow coloration on the upper surface, was
separated and utilized as the organic directing-directing agent (OSDA) in subsequent
synthetic processes. According to the literature,> the formula of the OSDA is
(NaOH)1,4~(CsOH)~(18-crown-6)2.2-(H20)10.2.

1.4 Synthesis of RHO-8.7

RHO-8.7 was synthesized using a gel composition comprising 1.0 Al,O3: 20 SiO;:
2.8 OSDA: 100 H,0: 12% seeds (12 wt% of Si0,). To prepare, 7.5 g of SSZ-13 (Si/Al
= 10, calcined at 600 °C for 6 h to remove organic species) and 0.8 g of RHO seeds
were added to 10 g of deionized water. Subsequently, 15.5 g of OSDA was introduced
into the mixture, which was then stirred for 24 h at ambient temperature.

The crystallization process was conducted at 150 °C for 4 d in a 50 mL stainless
steel autoclave in static conditions. Following separation, the resulting product was
washed twice with deionized water and dried overnight at 80 °C, yielding a white
powder sample denoted as RHO-8.7. This sample was then calcined at 600 °C for 6 h
to eliminate organic species.

1.5 Synthesis of RHO-7.3



RHO-7.3 was synthesized using a gel composition consisting of 1.0 Al,0O5: 16 Si0;:
2.2 OSDA: 85 H,0: 10% seeds (10 wt% of SiO,). To begin the synthesis, 5.2 g of SSZ-
13 (Si/Al = 8, calcined at 600 °C for 6 h to remove organic species) and 0.5 g of RHO
seeds were combined with 7 g of deionized water. Subsequently, 10 g of OSDA was
added to the mixture, which was then stirred for 24 h at ambient temperature.

The crystallization process took place at 150 °C for 4 d in a 50 mL stainless steel
autoclave in static conditions. Upon completion, the mixture was separated, and the
resulting product was washed twice with deionized water before being dried overnight
at 80 °C. The resulting white powder sample was designated as RHO-7.3, and it was
subjected to further treatment by calcination at 600 °C under air atmosphere for 6 h to
remove organic species.

1.6 Synthesis of RHO-7.9C

As per the method outlined by Ke et al.,? high-silica RHO zeolites with a Si/Al ratio
of 7.9 were synthesized using a gel composition comprising 1.0 Na,O: 1.0 Al,O5: 25
Si0,: 0.5 NaF: 4.0 OSDA: 160 H,0: 3% seeds (3 wt% of SiO,). The synthesis process
involved adding 0.56 g of NaAlO,, 0.05 g of NaF, and 0.1 g of RHO seeds to 6.6 g of
deionized water. Subsequently, 9.0 g of OSDA and 8.45 g of Ludox AS-40 were
introduced into the mixture sequentially, followed by stirring for 24 h at ambient
temperature.

Crystallization was performed at 140 °C for 6 d in a 100 mL stainless-steel
autoclave under static conditions. After separation, the resulting product underwent two
washes with deionized water and was then dried overnight at 80 °C. The resulting white
powder sample was identified as RHO-7.9C and underwent further treatment through
calcination at 600 °C under air atmosphere for 6 h to remove organic species.

1.7 Synthesis of RHO-6.7C

As per the methodology outlined by Ke et al.,? high-silica RHO zeolites with a
Si/Al ratio of 7.9 were synthesized using a gel composition consisting of 1.0 Na,O: 1.0
ALLOs: 20 SiO;: 3.3 OSDA: 130 H,0: 3% seeds (3 wt% of SiO,). The synthesis
procedure involved adding 0.7 g of NaAlO, and 0.1 g of RHO seeds to 6.6 g of
deionized water. Subsequently, 9.0 g of OSDA and 8.45 g of Ludox AS-40 were
sequentially introduced into the mixture, followed by stirring for 24 h at room
temperature.

Crystallization was conducted at 140 °C for 6 d in a 100 mL stainless-steel autoclave
under static conditions. Upon separation, the resulting product underwent two washes
with deionized water before being dried at 80 °C overnight. The resulting white powder
sample was labeled as RHO-6.7C and underwent further processing through
calcination at 600 °C under air atmosphere for 6 h to eliminate organic species.

1.8 Ion Exchange

The calcined RHO zeolite was added to a 3 mol/L NH4Cl solution at a ratio of solid
(g) to liquid (mL) = 1:30. The mixture was stirred in a water bath at 80 °C for 5 h,
repeated four times. After each cycle, the solid was separated, washed, and dried at 80
°C. Subsequently, it was calcined at 550 °C under air atmosphere for 4 h.



2. Characterizations

Powder X-ray diffraction (PXRD) analyses were performed by Rigaku D/Max 2550
X-ray diffractometer in the scanning range of 26 between 4° and 40° with 12°/min using
copper Ka as the source of radiation (A=1.5418 A). PXRD data used for Rietveld
refinement was collected on the STOE STADI PESSENTIAL X-ray diffractometer
equipped with a Mythen II detector in the Debye-Scherrer mode with Cu Kal radiation
(A=1.5406 A) in the Debye-Scherrer mode. The relative crystallinity corresponds to:!

ZA(characteristic peaks)
Relative Crystallinity = X 100%
ZA(characteristic peaks of reference sample)

where A is the peak area of a characteristic peak.

Characteristic peaks of RHO zeolite at 20 = 8.4°, 11.9°, 14.6°, 18.8°, 22.3°, 23.9°,
26.7°, 29.2°, 32.9°, and 37.2° were taken into account for the calculation of relative
crystallinity of RHO zeolite. Characteristic peaks of SSZ-13 at 9.7°, 13.1°, 14.2°, 18.0°,
23.4°, 26.3°, 28.5°, and 31.1°were used for the calculation of relative crystallinity of
SSZ-13. Fourier transform infrared (FT-IR) spectra were recorded between 400 to 4000
cm™! by using Bruker VERTEXV 80 V spectrometer. The morphology and
microstructure were obtained with field emission scanning electron microscopy (SEM,
JSM-7800F). Thermogravimetric (TG) analysis was carried out on a TA TGA Q500
unit with a heating rate of 10 °C min! in air. The chemical compositions were
determined by a Thermo Scientific iCAP 7600 DUO ICP-OES. The local environments
of atoms were analyzed by 2’Al and ?°Si solid-state magic angle spinning nuclear
magnetic resonance (MAS NMR) measurements on a Bruker Avance NEO system with
14.09 T magnetic field intensity. The calculation of Si/Al ratio from NMR refers to the
formula as follows:*

Agiaary T Asigay T Asican + Asician + Asioan

Si/ADyyr =
Agicanry T 07545341 + 0.5Ag;247) + 0.25A5;(1 47

where Ag;4 15 the peak area of Si(nA1l) signal.

N, adsorption/desorption measurements were carried out on BSD-660M A6MB6M
at 77 K. The textural properties including total surface area, external surface area, and
micropore volume were measured using Brunauer-Emmett-Teller (BET) equation and
t-plot method, respectively. The total pore volume was obtained from the capacity of
N, adsorbed at P/Py = 0.99. The temperature-programmed desorption of ammonia
(NH;3-TPD) measurements were carried out on a Micromeritics AutoChem II 2920. The
elemental analysis was carried on Elementar vario MACRO cube CHNS elemental
analyzer.



3. Catalysis

Selective synthesis of methylamine was conducted under atmospheric pressure in a
fixed-bed quartz tubular reactor. The zeolites were pelletized, crushed, and sieved into
40-60 mesh size, then activated at 380 °C for 1 h under a nitrogen flow of 50 mL/min.
Following pre-treatment, the catalysts were exposed to a feed gas mixture composed of
ammonia and methanol (introduced into the reactor by nitrogen). The reaction
temperature ranged from 250 to 400 °C, and the weight hourly space velocity (WHSV)
of methanol varied from 0.813 to 4.3 h'l.

Product analysis was performed using an Agilent 7890A gas chromatograph
equipped with a flame ionization detector and a CP-Volamine capillary column,
enabling online monitoring of the products. The initial data collection commenced
immediately after the introduction of the feed gas into the reactor and continued for 0.5
h.

For the severer conditions, catalytic experiments were conducted in the reactor
under a pressure of 2.0 MPa. A 1.0 g portion of the calcined sample (20-60 mesh) was
loaded into the reactor along with glass beads to a total volume of 2 mL. Subsequently,
a liquid mixture of ammonia and methanol, with a weight ratio of 1/1 (molar ratio of
1.9/1), was introduced into the reactor at a flow rate of 23.4 mL/h. The reaction
temperature was maintained at 350 °C, and the liquid hourly space velocity (LHSV) of
the mixed liquid was 11.7 h'! (equal to the gas hourly space velocity (GHSV) of the
mixed gas at 7488 h!). Data collection began after the introduction of the mixed liquid
into the reactor for 2.0 h. Methanol conversion and the selectivity of methylamine were
calculated according to the following method:>

. moles of MeOH (in) — moles of MeOH (out)
MeOH conversion = . x 100%
moles of MeOH (in)

. moles of MMA
selectivity of MMA = X 100%
moles of products detected
. moles of DMA
selectivity of DMA = X 100%
moles of products detected
. moles of TMA
selectivity of TMA = x 100%

moles of products detected



Weight (%)

100 100 _
(a) l As-synthesized RHO-8.7 (b) o [ As-synthesized RHO-7.3
o 6.32% 5.63%
96 - 96
] R R e e e
§ L1 b SR, S O LR PR §
= 92 z 92
=
= 904 90
= sg4 10.63% F s 11:03%
86 86
84 849 >~
82 . . ; . . . 82 T T T T T T
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
100 = 100 ( )IUIJ
50 As-synthesized RHO-7.9C| (d) l As-synthesized RHO-6.7C ¢ As-synthesized RHO seed|
98 4.01% 98 4.10% 08
961 - - - oo
] 96
i b S s S sommssmaa 8.93%
F 944 g
92 < s
£ 02 b N
904 11.50% 2 5 2 9 I
ss] = 90 10.71% z
88 6.77%
86 88
_____________________ 86
84 860 | S~ e
82— T T T T T 84 &
100 200 300 400 500 600 700 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C) Temperature (°C)

Fig. S1. TG curves of the as-synthesized zeolites of (a) RHO-8.7, (b) RHO-7.3, (c) RHO-
7.9C, (d) RHO-6.7C, and (e¢) RHO seed.
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Fig. S2. Simulated and experimental XRD pattern of the isolated solid sample upon 2 d
heating in the crystallization of (a) RHO-8.7 and (b) RHO-7.3.
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Table S1. Textural properties of high-silica H-RHO samples

Sample SBET (mZ/g) Smicro (mZ/g) Vtotal (Cms/g) Vmicro (Cm3/g)
H-RHO-8.7 833 812 0.363 0.313
H-RHO-7.9C 870 850 0.361 0.323
H-RHO-7.3 911 893 0.367 0.338
H-RHO-6.7C 985 969 0.384 0.367

Table S2. The acidic properties of H-RHO-8.7, H-RHO-7.9C, H-RHO-7.3 and H-RHO-6.7C

Center of Acid Sites (°C)

Amount of Acid Sites (%)?

Sample
Weak Medium Strong  Weak Medium and Strong Total
H-RHO-8.7 169 217 506 9.3 64.8 74.1
H-RHO-7.9C 173 217 497 11.8 64.2 76.0
H-RHO-7.3 163 219 515 14.9 70.5 85.4
H-RHO-6.7C 174 229 542 18.6 81.4 100

3 The value was calculated by comparing the area of each acid sites with the total area of H-RHO-

6.7C.
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