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A B S T R A C T   

SAPO-34 with low silica content and good mass transfer property is highly desired catalytic material for syngas- 
to-olefins and methanol-to-olefins (MTO) reactions. However, the synthesis of low-silica SAPO-34 by common 
low-cost template remains a challenge as the product is always bothered by impurity contamination or CHA/AEI 
intergrowth. Here, a metal assistance (Me = Zn, Mg, Co, Mn) and in situ etching strategy was developed to allow 
the construction of hollow low-silica SAPO-34, which exhibited long catalytic lifespan and ultra-high ethylene 
plus propylene selectivity (86.9 wt%) in MTO reaction. The crystallization process was studied by monitoring the 
evolution of a Zn-containing low-silica gel with triethylamine (TEA) as the template. It was revealed that Zn 
atoms were more active than Si atoms to participate in the nucleation of ZnAPSO-34, which effectively inhibited 
the CHA/AEI intergrowth. ZnAPSO-34@SAPO-34 was obtained with further crystallization. The selective 
etching of Zn-containing components occurred in subsequent cooling stage owing to inhomogeneous distribution 
of framework T atoms, leading to the hollow low-silica SAPO (Si/(Si + Al + P) ≈ 0.07 in mole) with pure CHA 
phase. This work provides a facile approach for the synergic regulation of crystal phase, composition and 
morphology of SAPO materials.   

1. Introduction 

Molecular sieves with well-defined microporous channels, tunable 
acidity and good (hydro)thermal stability are efficient shape-selective 
catalysts, which have found wide applications in petrochemical in
dustry, coal chemical industry and emerging biorefineries [1–3]. The 
catalytic properties of molecular sieves have been demonstrated to be 
determined by their topologies, compositions and morphologies [4–10]. 
It would be highly desirable to develop strategies to realize the synergic 
control of specific molecular sieves with targeted compositions and 
morphologies, as the former is closely related with the acidity of the 
materials and the latter strongly affects the mass transfer properties. 
Nevertheless, conventional morphology control strategies using meso
porogens/modifiers often narrow the synthetic phase region of molec
ular sieves [11–13], making the synergic control of compositions and 

morphologies a challenging work. 
SAPO-34 with three dimensional 8-MR channels and large cages [14] 

represents one of the most attractive molecular sieves, which has 
exhibited excellent catalytic performance in reactions such as methanol- 
to-olefins (MTO) [15–17], syngas to olefins [18–20] and selective cat
alytic reduction of NOx by NH3 (NH3-SCR) [21–23], etc. The successful 
industrialization of MTO process with SAPO-34 as the main active 
component in 2010 further aroused great research interests into the 
targeted synthesis, morphology control and catalysis of SAPO-34 [24]. It 
has been demonstrated that SAPO-34 with low Si content (low acid 
density) and nanosized crystallites can restrain side reactions, enhance 
mass diffusion and reduce coking rate, leading to an improved MTO 
catalytic performance [15]. However, green and economic synthesis 
approach to the targeted SAPO-34 catalyst for MTO reaction hitherto 
remains an open challenge. This is because the synthesis of low-silica 
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SAPO-34 (Si/(Si + Al + P) ≤ 0.07 in mole) by using regular low-cost 
templates such as triethylamine (TEA) is always contaminated by im
purities (SAPO-5, SAPO-11, etc.) or intergrown with AEI phase [25–30]. 
Both cases cause an obvious decrease of the selectivity towards ethylene 
and propylene. 

With the aim to realize rational synthesis and property tuning of 
SAPO materials, considerable efforts have been devoted to under
standing the nucleation and crystal growth mechanisms of SAPO-34 
[31–36]. Our recent work revealed that small fragments containing Si- 
O-Al bonds are critical species for the nucleation and fast crystalliza
tion of SAPO-34 [37,38]. The strong interactions between the negative 
Si-O-Al fragments and template cations are believed to guide the for
mation of initial nuclei. Meanwhile, previous works have shown that 
MeAPO-34 (Me = Zn, Co, Mg, etc.) can be readily synthesized using TEA 
template without the presence of Si atoms [39–42], which implies that 
the incorporation of metal atoms and the formation of negative Me-O-P 
fragments can help TEA to direct the formation of CHA structure without 
its intergrowth with AEI phase. These results suggest that metal assis
tance may provide an effective way to facilitate the crystallization of 
SAPO-34 in a TEA-templated low-silica system. 

In this work, a metal assistance and in situ etching strategy was 
developed to realize the facile synthesis of SAPO-34 with pure CHA 
phase, low silica content and hollow morphology (wall thickness of 
100–300 nm) by using a TEA template. The moderate acidity and good 
mass transfer properties of the resultant SAPO-34 lead to a superior light 
olefins selectivity (86.9 wt%) and prolonged catalytic lifetime in MTO 
reaction. A detailed investigation of crystallization process based on a 
Zn-containing system was conducted to elucidate the effect of metal 
assistance and the selective etching mechanism of metal-containing 
components. Moreover, multiple metals were demonstrated to be 
effective for the strategy and the mother liquid of synthesis can be 
recycled. 

2. Experimental section 

2.1. Chemical reagents 

The chemical regents used include phosphoric acid (H3PO4, 80 wt%, 
Sichuan Xianfeng Chemical Co.), silica sol (SiO2, 27.7 wt%, Shenyang 
Chemical Co.), pseudoboehmite (Al2O3, 67.5 wt%, Shandong Chemical 
Co.), distilled water, triethylamine (TEA, N(CH2CH3)3, 99 wt%), zinc 
oxide (ZnO, 99 wt%), magnesium acetate (Mg(CH3COO)2, 99 wt%), 
manganese acetate (Mn(CH3COO)2, 99 wt%), nickel acetate (Ni 
(CH3COO)2, 98 wt%), cobalt acetate (Co(CH3COO)2, 99.5 wt%). TEA 
and all transitional metal sources were obtained from Tianjin Damao 
Chemical Reagent Co. All the chemicals were commercial suppliers and 
used directly without further purification. 

2.2. Synthesis of hollow low-silica SAPO-34 

The typical synthesis procedure was carried out from a gel with 
molar composition of 3 TEA: 1 P2O5: 1 Al2O3: 0.25 SiO2: 0.02 ZnO: 50 
H2O. Pseudo-boehmite, distilled water, phosphoric acid, silica sol, TEA 
and ZnO were sequentially added into a plastic beaker. The resulting 
mixture was stirred at room temperature for 30 min to form a homog
enous gel. After further addition of ball-milled SAPO-34 seed (1.5 wt%, 
relative to the inorganic oxide in the initial gel) [43], the mixture was 
transferred into a stainless-steel autoclave and sealed quickly. The 
autoclave was then transferred into an oven and kept for a three-stage 
crystallization period under rotation (40 rpm). For the first stage, the 
oven was heated from room temperature to 160 ◦C with a heating rate of 
1 ◦C/min, and maintained for 15 h. Then, the oven was heated from 
160 ◦C to 200 ◦C with a heating rate of 1 ◦C/min, and maintained for 12 
h. For the third stage, the heating was stopped, and the oven door was 
opened to allow cooling of autoclaves to room temperature (2 h). Af
terwards, the product was washed and dried at 110 ◦C overnight. The 

product was named SP0.02Zn. The precursor of SP0.02Zn (without the 
etching stage) was named SP0.02Zn-P, which was obtained by quickly 
cooling after crystallization at 200 ◦C. The detailed crystallization pro
cedure is illustrated in Fig. 1. 

The mother liquid can be collected and reused to synthesize another 
batch of hollow low-silica SAPO-34. The crystallization procedure and 
gel composition were the same as those of SP0.02Zn except the partial 
replacement of organic and inorganic sources by mother liquid. The 
product was named SP0.02Zn-MLRecycle. 

2.3. Synthesis of reference SAPO-34 samples 

Without the assistance of ZnO: The syntheses were the same as the 
sample in 2.2 except the absence of ZnO addition (Fig. 1). The product 
was named SP0Zn. The precursor of SP0Zn (without the etching stage) was 
named SP0Zn-P. 

Without the low-temperature crystallization stage: The syntheses were 
the same as the sample in 2.2 except the absence of the crystallization at 
160 ◦C (Fig. 1). The product was named SP0.02Zn-200. 

Without the low-temperature crystallization stage and the assistance of 
ZnO: The syntheses were the same as the sample in 2.2 except the 
absence of the crystallization at 160 ◦C and ZnO addition (Fig. 1). The 
product was named SP0Zn-200. 

SAPO-34 with different Zn contents: The synthesis of ZnAPSO-34 with 
0.8 wt% Zn content was the same as that in 2.2 except the addition of 
0.03 ZnO and without the III stage (Fig. 1). The synthesis of ZnAPSO-34 
with 1.7 wt% Zn content was the same as that in 2.2 except the addition 
of 0.03 ZnO and the absence of the II and III stages (Fig. 1). 

2.4. Synthesis of hollow low-silica SAPO-34 by using other metal sources 

For the synthesis of hollow low-silica SAPO-34 by using other metal 
sources, the crystallization procedure and gel molar composition were 
the same as those of SP0.02Zn except the replacement of ZnO by other 
metal sources. The product was named SP0.02Me (Me refers to the metal 
type). 

2.5. Characterization 

The powder X-ray diffraction (XRD) data used for the phase identi
fication were collected from powder as-made samples using a PAN
alytical X’Pert PRO X-ray diffractometer with the Cu Kα radiation (λ =
1.54059 Å), operating at 40 kV and 40 mA. The crystal morphology was 
observed using a scanning electron microscope (Hitachi SU8020). 
Transmission electron microscopy (TEM) images were recorded with a 
JEM-2100 electron microscope. The bulk compositions of samples were 
determined with Philips Magix-601 X-ray fluorescence (XRF) spec
trometer. X-ray photoelectron spectroscopy (XPS) measurements were 
conducted on a Thermo ESCALAB 250Xi XPS instrument. The X-ray 
excitation was provided by a monochromatic Al Kα (1486.6 eV, 15 kV, 
10.8 mA) source. The surface atomic concentrations were determined 
from the photoelectron peak areas of Si 2p, Al 2p, P 2p and Zn 2p. The 
textural properties of the calcined samples were measured by N2 sorp
tion at − 196 ◦C on a Micromeritics ASAP2020 volumetric adsorption 
analyzer. Prior to the measurement, the sample was degassed at 350 ◦C 
under vacuum for 4 h. The total surface area was evaluated based on the 
BET equation. The micropore surface area and micropore volume were 
calculated using the t-plot method. The acid properties of H-form zeo
lites were determined by NH3-TPD on a Micromeritics 2920 chemical 
adsorption instrument. Each sample (40–60 mesh, 200 mg) was loaded 
into a quartz U-shaped reactor and pretreated at 600 ◦C for 1 h in 
flowing He. After the pretreatment, the sample was cooled to 100 ◦C and 
saturated with NH3. Then, NH3-TPD was carried out under a constant 
flow of He (20 mL min− 1) from 100 to 600 ◦C at a heating rate of 10 ◦C 
min− 1. A Bruker Tensor 27 spectrometer (MCT detector) was adopted 
for the measurement of Fourier transform infrared spectra (FTIR). The 
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samples were pressed self-supported wafers and placed into the in-situ 
quartz cell. Subsequently, the wafers were dehydrated at 350 ◦C in a 
vacuum for 30 min to remove adsorbed water and other molecules. After 
cooling to room temperature, the spectra were collected by a MCT de
tector in the range of 400–4000 cm− 1 with a resolution of 4 cm− 1. 
Thermal gravimetric analyses (TG-DSC) were carried out on NETZSCH 
ATS 449 F3 analyzer from room temperature to 900 ◦C with a heating 
rate of 10 ◦C min− 1 in an air flow of 20 mL min− 1. 

The uptakes of propane on the SAPO-34 catalysts were carried out by 
intelligent gravimetric analyzer (IGA) equipped with a mesh type sam
ple cell. The SAPO-34 catalyst (30.0 mg) was added to the chamber and 
evacuated at 450 ◦C for 4 h. The increase in mass with the adsorption of 
propane over SAPO-34 was measured at 40 ◦C (0 → 5 mbar). Fick’s 
second law was used to quantify the effective diffusivity, and the vari
ation of the propane concentration with time inside the SAPO-34 cata
lysts can be described as follows [44–46] 

∂C
∂t

= Deff

(
∂2C
∂x2

)

(1)  

Where x, t, C and Deff represent the diffusion distance, diffusion time, 
propane concentration inside the particle, and the diffusivity, respec
tively. In the initial stage of uptake, the solution of this equation can be 
approximated as follows: 

mt

m∞
=

2̅
̅̅
π

√

̅̅̅̅̅̅̅̅
Deff

L2

√
̅̅
t

√
(2)  

Where L, t and mt/m∞ are the characteristic diffusion length, diffusion 
time and the normalized propane uptake, respectively. 

The solid-state NMR experiments were performed at a wide-bore 
11.7 T superconducting magnet on a Bruker Avance NEO 500 spec
trometer. The 29Si MAS NMR spectra were recorded at a spinning rate of 
8 kHz using high-power proton decoupling with a π/4 pulse width of 2.5 
μs and a 10 s recycle delay. The chemical shifts were referenced to 
Kaolinite at − 91.5 ppm. The 27Al MAS NMR spectra were recorded at a 
spinning rate of 12 kHz using one pulse sequence. 200 scans were 
accumulated with a π/8 pulse width of 0.75 μs and a 2 s recycle delay. 
Chemical shifts were referenced to NH4Al(SO4)2⋅12 H2O at − 0.4 ppm. 
The 31P MAS NMR spectra were recorded with a spinning rate of 12 kHz 
using high-power proton decoupling. 64 scans were accumulated with a 
π/4 pulse width of 2.4 μs and a 10 s recycle delay. Chemical shifts were 
referenced to 85 % H3PO4 at 0 ppm. 

2.6. Catalytic evaluation 

The catalytic performance of the samples in the MTO reaction was 
tested in a quartz tubular fixed-bed reactor under atmospheric pressure. 
Typically, 0.3 g of calcined catalyst (40–60 mesh) was loaded in the 
quartz reactor and activated under a nitrogen flow at 550 ◦C for 1 h. 
After cooling to reaction temperature of 450 ◦C, methanol was fed by 
switching the carrier gas to pass through methanol saturator giving a 
methanol weight hourly space velocity (WHSV) of 3.65 h− 1. The prod
ucts were analyzed by an online gas chromatograph (Agilent GC 7890 N) 
equipped with a flame ionization detector (FID) and a Plot-Q column. 
The amount of generated coke in catalysts after the MTO reactions was 
determined by thermal analysis on a TA SDTQ600 analyzer at a heating 

rate of 10 ◦C min− 1 from room temperature to 900 ◦C under air flow. 

3. Results and discussion 

3.1. Synthesis, characterization and MTO results 

Hollow low-silica SAPO-34 (SP0.02Zn) was synthesized by a ZnO 
assistance and in situ etching strategy, which involved the use of cost- 
effective TEA as OSDA and three-stage variable temperature crystalli
zation. As shown in Table 1 and Fig. 2, SP0.02Zn possesses pure CHA 
phase in high crystallinity. For reference sample SP0Zn synthesized 
without ZnO addition, it exhibited pronounced characteristic peaks 
belonging to CHA/AEI intergrowth [47]. Fig. S1 displays the compari
son of the experimental XRD patterns of the samples with those simu
lated with DIFFaX, revealing that there is about 30–40 % of AEI phase 
and 60–70 % of CHA phase in the intergrowth structure of SP0Zn. This 
indicates that the introduction of a small amount of ZnO can efficiently 
inhibit the AEI intergrowth in the product. The compositions of the 
samples are listed in Table 1. All samples contain a low Si content of 
about 7 %. The Si contents in SP0.02Zn and SP0Zn are slightly higher than 
in their corresponding precursors, implying that the etched part of 
SP0.02Zn-P and SP0Zn-P is relatively lack in Si. Moreover, the Zn residue in 
SP0.02Zn is only 0.028 wt%, which is significantly lower than that in its 
precursor (0.494 wt%), evidencing the effectiveness of the etching 
process (III stage) for the removal of Zn-containing compositions. 

The N2 adsorption isotherms of the calcined samples are given in 
Fig. S2, which present a type I isotherm. The micropore volume and 
micropore surface area of SP0.02Zn are 0.28 cm3⋅g− 1 and 585 m2⋅g− 1, 
respectively, a bit higher than that of reference sample SP0Zn (0.26 
cm3⋅g− 1 and 572 m2⋅g− 1) (Table S1), confirming the high crystallinity of 
the synthesized low-silica SAPO-34. SEM images shown in Fig. 2d and e 
reveal that SP0.02Zn has a hollow box morphology with wall thickness of 
about 100–300 nm. This is distinct from the perfect cubic crystals of 
SP0.02Zn-P precursor (Fig. 2f and g) and agrees with the decrease of solid 
yield from 85.9 % to 64.1 %, although the crystal phase and relative 
crystallinity of SP0.02Zn are basically unchanged after in situ etching 
process (Fig. 2a). For the reference samples synthesized without ZnO 
addition, the crystal morphology seems no apparent change before and 

Fig. 1. Synthesis procedure of hollow low-silica SAPO-34 by metal assistance and in situ etching strategy.  

Table 1 
Solid yields, product phases and compositions.  

Sample Yield 
(%)[a] 

Product 
phase 

Si/(Si 
+ Al +
P) in 
mole[b] 

Zn 
content 
(wt 
%)[b] 

Unit cell composition[c] 

SP0.02Zn  66.1 CHA  0.070 0.028 |TEA3.1(H2O)9.1| 
[Si2.5Al18.0P15.5O72] 

SP0.02Zn- 
P  

85.9 CHA  0.067 0.494 |TEA3.4(H2O)10.4| 
[Si2.4Al17.9P15.6Zn0.2O72] 

SP0Zn  58.8 CHA/ 
AEI  

0.067 0 |TEA3.3(H2O)9.9| 
[Si2.4Al18.3P15.3O72] 

SP0Zn-P  86.1 CHA/ 
AEI  

0.065 0 |TEA3.1(H2O)9.0| 
[Si2.3Al18.0P15.7O72] 

[a] Yield (%) = (Mproduct × 85 %/Mgel × 100 %), where Mproduct and Mgel stand 
for the weight of the as-synthesized solid products and the dry mass of inorganic 
oxides in the starting gel, respectively. 
[b] Determined by XRF. 
[c] Determined by XRF and TG. 
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after etching process (Fig. 2h and j). However, a further grinding 
treatment reveals the hollow interior of SP0Zn (Fig. 2i and k), which 
demonstrates that the sample synthesized without ZnO (SP0Zn-P) also 
suffered etching in the III stage and led to the reduced product yield. 
These results suggest that the etching occurs selectively in the crystal 
interior of the SAPO material, whatever the addition of ZnO or not. 

The 31P MAS NMR spectra of the as-synthesized samples (Fig. 2b) 
show a dominant signal at − 28 ppm corresponding to the framework P 
(4Al) species [48]. Moreover, a weak signal at − 21 ppm can be observed 
in the spectrum of SP0.02Zn-P. Considering the existence of Zn atoms in 
SP0.02Zn-P (~0.5 wt%), it is supposed that the signal may arise from P 
(3Al, 1Zn) owing to the formation of P-O-Zn bonds [41,42,49]. To 
confirm this assignment, a series of ZnAPSO-34 with varied Zn contents 
were synthesized (Fig. S3) and their 31P spectra were measured. From 
Fig. S4, the signal at − 21 ppm gradually accumulates with the increase 
of Zn content, verifying the assignment well. The formation of P(3Al, 
1Zn) species evidences the existence of Zn in the framework of SP0.02Zn- 
P. The 29Si MAS NMR spectra of the samples (Fig. S5a) present a 
dominant peak at − 92 ppm exclusively, demonstrating the presence of 
isolated Si(4Al) species and the absence of silica islands [50]. The 27Al 
MAS NMR spectra of the samples are displayed in Fig. S5b. The intense 
peak at 40 ppm arises from tetrahedral Al. The weak peak appearing at 
13 ppm should be due to pentacoordinate Al atoms formed by interac
tion of template or/and water with framework Al atoms [51]. Less 
pronounced changes in the 29Si and 27Al spectra can be found for 
SP0.02Zn and SP0Zn in comparison with their unetched precursors. These 
results imply that the etching of Zn-containing components during the 
III stage has little effect on the coordination environments of the 

framework atoms. 
Fig. 2c shows the ν(OH) vibration region of the FTIR spectra of the 

calcined samples. Clearly, SP0.02Zn-P and SP0.02Zn possess similar spectra 
with the existence of very small amount of Al-OH and P-OH defects [52]. 
NH3-TPD experiments are carried out to learn the acid properties of the 
samples. The results are illustrated in Fig. S6 and Table S2. The samples 
before and after the etching process have almost the same NH3-TPD 
curves and acid amounts. 

The MTO reaction results of the samples are summarized in Fig. 3a, 
3b and Table 2. Under the investigated conditions, the SP0.02Zn exhibited 
the longest catalytic lifetime of 276 min and the highest ethylene plus 
propylene selectivity of 86.9 wt%. The results are at the top level even 
among the low-silica SAPO-34 catalysts (Table S3). It is noted that the 
trace amount of Zn in SP0.02Zn did not cause the extra CH3OH decom
position (giving CO and CO2 products). This agrees with our previous 
works on the Zn-modified SAPO-34, which gave only a trace amount of 
CO and CO2 in the MTO reaction [53]. The lifetime of SP0.02Zn-P was 
significantly shortened (157 min) than that of SP0.02Zn. Given the similar 
acid amounts of SP0.02Zn and SP0.02Zn-P, the fast deactivation and higher 
coke deposition rate observed for SP0.02Zn-P are supposed to be due to its 
solid morphology and the existence of Zn (0.494 wt%). The latter (as 
Lewis acid sites) has been evidenced to prompt the dehydrogenation and 
cyclization of alkanes/alkenes and thus the formation of aromatics and 
coke [54–56]. On the other hand, the reference sample SP0Zn containing 
about 30–40 % of SAPO-18 intergrowth shows shorter catalytic lifetime 
(225 min) than SP0.02Zn and obviously low selectivity of ethylene plus 
propylene (83.2 wt%). This result is reasonable as previous work has 
demonstrated that the relatively large aei cage of SAPO-18 can allow the 

Fig. 2. (a) XRD patterns and (b) 31P MAS NMR spectra of the as-synthesized samples. (c) FTIR spectra of the ν(OH) vibration region of the calcined samples. (d–k) 
SEM images of the as-synthesized samples. The inset in (e) is the corresponding TEM image. The (i) and (k) are SEM images of crushed samples to show the inner of 
the crystals. 
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formation of larger active polyaromatic intermediates, leading to the 
decrease of ethylene selectivity, but the increase of propylene and 
butylene [4]. This also emphasizes the importance of pure CHA phase 
for achieving high selectivity of ethylene plus propylene. The catalytic 
lifetime of SP0Zn-P was shorter than SP0Zn, similar as those observed for 
SP0.02Zn/SP0.02Zn-P, which implies the improved mass transfer proper
ties in the hollow catalysts. The coking rates are also displayed in 
Table 2, which show good consistence with the catalytic lifetimes of the 
samples. 

The transport properties of the catalysts were further evaluated by 
IGA. As shown in Fig. 3c, the propane uptake rate on hollow SP0.02Zn is 
obviously faster than on SP0.02Zn-P. Quantitative analyses were carried 
out based on Fick’s second law (Eq. (2)). The fitting results of mt/m∞ 
versus t1/2 show a good linearity (Fig. 3d), and the diffusion time con
stant (Deff/L2), good indicators of the mass transfer properties, could be 
evaluated from the slopes [45,46,57]. The calculated Deff/L2 value is 8.4 
× 10− 4 for SP0.02Zn and 3.1 × 10− 4 for SP0.02Zn-P, evidencing the better 
mass transfer properties of SP0.02Zn. The IGA results of SP0Zn and SP0Zn-P 
evidence that the hollow SP0Zn also shows better mass transfer proper
ties than the latter (Fig. S7). 

3.2. Effect of crystallization conditions on synthesis 

To elucidate the crucial parameters for the formation of the hollow 
low-silica SAPO-34, syntheses with varied SiO2 and ZnO addition in the 
initial gel were investigated. As shown in Table S4 and Fig. S8, sufficient 
SiO2 addition was important for a successful synthesis. When the SiO2 
dosage dropped to 0.20, the yield decreased and the products became a 
mixture of CHA and AFI phases. However, the appearance of tiny 
amount of ZnO was found to be effective for restraining the intergrowth 
of CHA/AEI. Product with apparent CHA phase can be obtained when 
the ZnO dosage was as low as 0.01. 

The importance of the crystallization at 160 ◦C (the I stage) for the 
synthesis is illustrated in Fig. 4 and Table S5. A CHA/AEI intergrowth 
(SP0.02Zn-200) was obtained when the synthesis was carried out without 
the crystallization at 160 ◦C. SP0.02Zn-200 possesses a hollow 
morphology similar as SP0.02Zn. The Zn content of SP0.02Zn-200 is close to 
its precursor SP0.02Zn-200-P, which is distinct from that observed for 
SP0.02Zn/ SP0.02Zn-P (Table 1). This implies a homogenous Zn distribu
tion in the crystals of SP0.02Zn-200-P, as evidenced by XPS results 
(Table 3). It is speculated that the increased reactivity of Si source at 
200 ◦C reduces the Zn incorporation degree in SP0.02Zn-200-P, causing 

Fig. 3. (a) Methanol conversion and (b) selectivity of ethylene plus propylene with time on stream over samples. Reaction conditions: WHSVmethanol = 3.65 h− 1, T =
450 ◦C. (c) Propane uptake rate curves of the investigated catalysts. (d) Initial uptake rate. The symbols and dashed lines represent the experimental data and fitting 
results by eq (2) in the section 2.5, respectively. 

Table 2 
Lifetime and products distribution of the samples in the MTO reaction.  

Sample Lifetime[a] (min) C2
= (wt%) C3

= (wt%) C2
=+C3

=[b] (wt%) Coke content[c] (%, g gcat
− 1) Rcoke

[c] 

(mg gcat
− 1 min− 1) 

Deff/L2 

(s− 1) 

SP0.02Zn 276  55.0  31.9  86.9  27.3  0.88 8.4 × 10− 4 

SP0.02Zn-P 157  55.0  31.3  86.3  24.1  1.21 3.1 × 10− 4 

SP0Zn 225  48.3  34.9  83.2  25.9  0.91 7.1 × 10− 4 

SP0Zn-P 208  49.0  34.3  83.3  25.9  1.07 2.5 × 10− 4 

[a] Reaction conditions: WHSVmethanol = 3.65 h− 1, T = 450 ◦C. Catalyst lifetime is defined as the reaction duration with >99 % methanol conversion. 
[b] The highest selectivity of C2

= and C3
= under >99 % methanol conversion. 

[c] Determined based on the weight loss between 200–900 ◦C in the TG curves of the spent catalysts. Rcoke = coke amount/(catalyst weight * reaction time). 
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homogenous Zn distribution and restraining its positive effect for 
inducing pure CHA phase. Fig. 4d shows the inferior MTO catalytic 
performance of SP0.02Zn-200. The importance of seed addition on the 
synthesis is shown in Fig. S9. The absence of seed in the gel led to a 
product with large crystal size and higher Zn content. It is speculated 
that the positive effect of Zn was reduced under conditions with slower 
nucleation process, causing diminished Zn accumulation in the core of 
crystals. Moreover, it is noted that the III stage is important for the 
formation of box morphology, as no etching occurs just by prolonging 
the crystallization at 200 ◦C for even 20 h. 

3.3. Crystallization process investigation 

The crystallization process of low-silica SP0.02Zn was monitored to 
figure out the formation mechanism of hollow morphology and to un
derstand how Zn atom plays its role for achieving the pure CHA phase. 
As a comparison, the crystallization process of SP0Zn without the addi
tion of ZnO was also investigated. From the XRD patterns shown in 
Fig. S10, all the samples of the SP0.02Zn system possess pure CHA phase, 
while those of the SP0Zn system exhibit obvious CHA/AEI intergrowth 
throughout the whole crystallization process, showing that Zn atoms 
work since the very initial stage. Fig. 5a displays the evolution of solid 
yields of the samples. In the first stage of crystallization at 160 ◦C, the 
solid yields of the SP0.02Zn system are clearly higher than those of the 
SP0Zn system. The yield shows a rapid increase with the crystallization 
temperature rising to 200 ◦C. The two systems show similar and high 
yields in the II crystallization stage and the values are less changed. In 
the following III stage, both the yields show a fast drop from ~86 % to 
~60 % owing to the occurrence of etching in the crystal interior. 

The chemical compositions of the samples are shown in Fig. 5b. The 
contents of Al and P in the initial SP0.02Zn(5 h) have almost reached 

equilibrium values, which show little change in the following crystalli
zation. On the contrary, the SP0Zn(5 h) sample possesses excessive Al 
content (62.9 %), confirming the existence of amorphous particles 
observed in the SEM images (Fig. 5e). The product Si contents in both 
systems present an increasing trend from ~5.0 % to ~7.0 % with the 
proceeding of crystallization, implying a gradual incorporation of Si into 
the framework. For the evolution of Zn content of the SP0.02Zn system, 
the initial SP0.02Zn(5 h) sample has the highest Zn content of 2.6 wt%, 
which decreases gradually to ~0.5 wt% at the end of the II stage and 
further drops to 0.028 wt% after the III stage (etching). Notably, the 
utilization of Zn in SP0.02Zn(5 h) is obviously higher than that of Si 
(Fig. 5c, 71.9 % vs 9.8 %), which suggests the relatively high reaction 
activity of Zn species at the initial crystallization stage (160 ◦C). 
Moreover, given the gradually increased solid yield of SP0.02Zn system 
before 18 h, the reduced Zn contents in the products suggest that the 
newly crystallized solids should be SAPO-rich, but Zn-deficient. 

The SEM images of the samples are displayed in Fig. 5d and e. Only 
perfect crystals can be found for the initial SP0.02Zn(5 h) sample, while 
small amount of amorphous particles still exist for SP0Zn(10 h). This 
indicates that ZnO addition can effectively accelerate the nucleation and 
the subsequent crystallization, as evidenced by the solid yield results 
(Fig. 5a). The crystal sizes of the two systems increase slowly following 
the proceeding of crystallization. The sizes of SP0.02Zn system are always 
smaller than those of SP0Zn system, which should be owing to the 
increased nucleation prompted by Zn atoms. 

The XPS results of the samples are shown in Table 3. The surface Zn 
contents of the samples of SP0.02Zn system show a decrease trend from 
SP0.02Zn(10 h) to SP0.02Zn-P, in agreement with the composition evolu
tion of the bulk phase. Given the absence of Zn species on the surface of 
SP0.02Zn-P and the almost complete utilization of Zn for SP0.02Zn(15 h) 
(Fig. 5c), it is speculated that the SP0.02Zn-P crystals have a core–shell 

Fig. 4. (a) XRD patterns and (b, c) SEM images of SP0.02Zn-200-P and SP0.02Zn-200 synthesized without the low-temperature (I) crystallization stage. (d) Methanol 
conversion and selectivity of ethylene plus propylene with time on stream over SP0.02Zn-200. Reaction conditions: WHSVmethanol = 3.65 h− 1, T = 450 ◦C, catalyst 
weight = 300 mg. 

Table 3 
Bulk and surface compositions of the samples.  

Sample Bulk composition (XRF) Surface composition (XPS) 

Normalization to TO2 (in mole) Zn content (wt%) Normalization to TO2 (in mole) 

SP0.02Zn(10 h) Al0.489Si0.057P0.439Zn0.015O2 1.648 Al0.471Si0.080P0.431Zn0.017O2 

SP0.02Zn(15 h) Al0.492Si0.063P0.436Zn0.009O2 0.924 Al0.472Si0.082P0.434Zn0.012O2 

SP0.02Zn-P Al0.496Si0.067P0.433Zn0.005O2 0.494 Al0.488Si0.089P0.423O2 

SP0.02Zn Al0.498Si0.070P0.431O2 0.028 Al0.503Si0.101P0.396O2 

SP0Zn-P Al0.499Si0.065P0.436O2 0 Al0.497Si0.093P0.409O2 

SP0Zn Al0.508Si0.067P0.426O2 0 Al0.493Si0.105P0.402O2 

SP0.02Zn-200-P Al0.486Si0.063P0.446Zn0.005O2 0.576 Al0.444Si0.154P0.380Zn0.023O2 

SP0.02Zn-200 Al0.489Si0.066P0.442Zn0.004O2 0.414 Al0.468Si0.182P0.335Zn0.015O2  
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structure (ZnAPSO-34@SAPO-34) with enriched Zn species in the inte
rior of the crystals. Moreover, all samples possess higher surface Si 
content than the bulk phase, which implies an increased Si content from 
the core to the shell of the crystals and consists with our previous 
findings [58]. 

In summary, the Zn atoms take participant in the framework for
mation of low-silica SAPO-34 since the initial stage at 160 ◦C, owing to 
the rapid and facile formation of Zn-O-P bonds (Fig. 2b) [59]. The 
negative Zn-O-P bonds are supposed to have strong interactions with the 
protonated TEA cations, and thus help direct the formation of pure CHA 
phase. Similar findings have also been reported by previous works 
[42,60]. Owing to the high framework incorporation ability of Zn in the 
first stage (Fig. 5c), the product crystals (before etching) possess Zn- 
enriched core and thus a core–shell structure of ZnAPSO-34@SAPO- 
34. Regarding the formation of hollow morphology, the similar 
morphology observed for SP0.02Zn, SP0Zn, SP0.02Zn-200 and SP0Zn-200 
(Figs. 2, 4 and S11) and the less changed Zn content between SP0.02Zn- 
200-P and SP0.02Zn-200 (Table 3) suggest that the existence of Zn atoms 
is not the key factor for inducing the etching of ZnAPSO-34@SAPO-34. It 
is generally acknowledged that the etching of molecular sieve crystals is 
guided by defect sites [61–63] and/or inhomogeneous spatial distribu
tion of framework T atoms [64–66]. Herein, given that the ZnAPSO-34 
core (sample SP0.02Zn(15 h)) has similar defect amount as that of 

ZnAPSO-34@SAPO-34 and the etched product (Fig. 2c), it is speculated 
that the inhomogeneous P distribution in the crystals may be the main 
reason for the occurrence of biased etching in alkaline mother liquid, as 
the [PO4]+ has the worst resistance to the attacks of OH– among the 
framework TO4 species [67]. That is, the relatively high P content of the 
crystal interior (0.439bulk for SP0.02Zn(10 h) vs 0.423surface for SP0.02Zn-P, 
Table 3) results in the priority etching therein. On the basis of the above 
discussions, the formation of pure phase low-silica SAPO-34 with hollow 
morphology are rationalized and illustrated in Scheme 1. 

3.4. Synthesis of hollow low-silica SAPO-34 with mother liquid and other 
metal sources 

The present strategy provides a facile and inexpensive route for the 
preparation of highly efficient SAPO-34 catalyst. To further improve the 
environmental friendliness of the synthesis, the mother liquid after the 
synthesis was collected, analyzed and used as partial sources for a 
renewed synthesis. The details of the synthesis are presented in Fig. S12. 
Both the composition, crystallinity and morphology of SP0.02Zn-MLRe
cycle resemble those of SP0.02Zn synthesized with conventional sources. 
This proves that recycled mother liquid can be reused to synthesize low- 
silica SAPO-34 with high quality. 

In addition to ZnO, more metal sources (Me = Mg, Mn, Ni and Co) 

Fig. 5. (a) Solid yields, (b, c) chemical compositions and (d, e) SEM images of the as-synthesized samples following the evolution of crystallization time.  
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were explored for the synthesis of low-silica SAPO-34, as they have 
exhibited better incorporation ability into the SAPO framework 
[68–70]. As displayed in Fig. S13, the XRD patterns of the samples ev
idence the good ability of these metals for inducing the formation of 
pure CHA phase. The corresponding SEM images show that the products 
are hollow cubic morphology. The product compositions are shown in 
Table S6. It can be seen that Mg is easily removed from the framework, 
yielding hollow SAPO-34 with a Si content of ~0.07. The residue masses 
of Mn and Co in the final products are slightly higher than that of 
SP0.02Zn. However, for the Ni-containing synthesis, the Ni contents in the 
products before and after etching only show little change, which implies 
the relatively homogenous distribution of Ni atoms in the crystals. The 
MTO catalytic performance of these samples are displayed in Fig. S14 
and Table S7. SP0.02Mg presents long catalytic lifetime (293 min) 
together with high selectivity of ethylene plus propylene (maximum of 
86.6 wt%). The values are comparable with those of SP0.02Zn. The other 
three samples also exhibit better catalytic performance than reference 
sample SP0Zn. Characterizations (Fig. S15, Table S1 and S2) show that 
both the mass transfer properties and acidity of SP0.02Mg are comparable 
with those of SP0.02Zn, which should contribute to its excellent MTO 
catalyst performance. 

4. Conclusions 

In summary, a metal assistance and in situ etching strategy was 
developed to synthesize hollow low-silica SAPO-34 (wall thickness of 
100–300 nm) by using low-cost TEA template. The simultaneous 
achievement of pure CHA phase, suitable acidity and good mass transfer 
property helps the material exhibit excellent MTO catalytic performance 
with long lifespan and high ethylene plus propylene selectivity. Based on 
Zn-containing low-silica gel, it was revealed that Zn atoms were more 
active than Si to participate in the nucleation of ZnAPSO-34, which 
effectively inhibited the CHA/AEI intergrowth. ZnAPSO-34@SAPO-34 
was obtained with further crystallization, which was followed by se
lective etching of Zn-containing components in subsequent cooling 
stage. The relatively high P content ([PO4]+ species) in the crystal 
interior, which is more susceptible to the alkaline mother liquid, is 
speculated to cause the priority etching therein. Moreover, mother 
liquid of synthesis can be recycled for the synthesis of target product. It 
is believed that this facile strategy offers an attractive alternative for 
preparing highly efficient MTO catalyst. We hope that the discoveries in 
this work provide more ideas for exploring the synergic control of SAPO 
synthesis. 
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