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A B S T R A C T   

The development of environment-friendly, stable, and efficient catalysts to substitute Pt and Cr-based catalysts 
for propane dehydrogenation (PDH) is of great importance but challenging to make. Herein, we use zinc glu-
conate (Zn(C6H12O7)2), an organometallic biomolecule, to embed Zn atoms into pure silica MFI zeolite frame-
work (Zn-MFI) for PDH reaction. Due to the protection by the glucosyl groups in Zn(C6H12O7)2, Zn atoms can be 
well embedded into the MFI zeolite framework. Multi-scale characterizations (e.g., Cs-corrected HAADF-STEM, 
FTIR, UV–vis, and NMR spectroscopy) and DFT calculations demonstrate the formation of uniform tetrahe-
drally coordinated Zn sites in the MFI zeolite framework with two Zn–O–Si and two Zn⋯OH–Si linkages 
({(≡SiO)2Zn(HO–Si≡)2}). The Zn-MFI zeolites are used for PDH, exhibiting excellent catalytic performance. 
Pyridine-FTIR, C3H6-FTIR, C3H6-TPD/MS, and contrast experiments reveal the unique Zn active sites in Zn-MFI 
zeolites can promote the C–H bond cleavage and weaken the propylene adsorption, thus guaranteeing high 
activity and selectivity for PDH. The excellent catalytic performance of Zn-MFI zeolites indicates their promising 
utilization in industry.   

1. Introduction 

Propane dehydrogenation to propylene is one of the economical 
processes for propylene production due to its short process flow, low 
carbon emissions, and increased production of propane from shale gas. 
The direct dehydrogenation of propane (PDH) to propylene and H2 is a 
thermodynamically limited endothermic process. To decrease the ther-
modynamic limitations and increase the catalyst lifespan, an oxidizing 
agent such as O2 and CO2 is introduced into the alkane dehydrogenation 
process, namely the oxidation dehydrogenation (ODH) process. How-
ever, due to the deep oxidation of reactants and products, the ODH 
process suffers from low olefin selectivity, which has not been 
commercialized yet [1–3]. 

Direct propane dehydrogenation can be catalyzed by supported 
metal or metal oxide catalysts. supported Pt- and Cr-based catalysts have 
been widely used in industrial PDH processes, i.e., Catofin and Oleflex 

crafts [4–6]. However, the Pt- and Cr-based catalysts suffer from 
intractable problems in terms of high cost and environmental toxicity. 
The development of alternative catalysts with cheap and 
environment-friendly features for the PDH process has attracted great 
attention [7]. Over the past several decades, many novel catalysts have 
been exploited for alkane dehydrogenation, such as VOx, GaOx, ZrOx, 
ZnOx, carbides, nitrides, and carbon materials [8–13]. Among these 
catalysts, Zn-based materials represent a kind of promising catalyst for 
alkane dehydrogenation owing to their low cost and 
environment-friendly properties [7,11,14]. With the in-depth investi-
gation of Zn-based catalysts, it was found that the Zn sites located on 
diverse supports possessed different coordinated structures, which 
exhibited very different catalytic performances for alkane dehydroge-
nation [10,15,16]. For example, Hock and co-workers reported that the 
Zn/SiO2 catalyst synthesized by the electrostatic adsorption method 
possessed tetrahedrally coordinated Zn sites which could transform into 
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3-coordinated active centers and exhibited high propylene selectivity 
during PDH [17]. However, the Zn sites possess weak interactions with 
the SiO2 support, which would be easily aggregated into ZnO particles 
and result in rapid deactivation during PDH. 

To improve the catalytic performance of Zn-based catalysts, several 
recent studies were performed to introduce Zn species into zeolites 
[20–26]. Zeolite can provide a unique structure and microenvironment 
to modify the coordinated and electronic structure of the metal species, 
making them particularly beneficial for alkane dehydrogenation [18, 
19]. For instance, Zn ions introduced into HZSM-5 zeolite (Zn/HZSM-5) 
by ions exchange and incipient wetness impregnation methods were 
reported to be active for PDH. In the Zn/HZSM-5 zeolites, Zn ions 
interacted with two framework oxygen atoms or formed as [ZnOH]+

species were proposed as the active sites [20–22]. However, ZnO clus-
ters and nanoparticles would be easily formed on the HZSM-5 zeolite 
since most Zn ions could not transfer into the channels of zeolite during 
the ions exchange or incipient wetness impregnation processes [23–26]. 
Furthermore, the Brønsted acid sites in HZSM-5 would lead to cracking, 

deep dehydrogenation, and aromatization reactions. It is known that the 
introduction of Zn atoms into the zeolite framework is of great impor-
tance but challenge to make. Over the past several years, many methods 
have been developed for the synthesis of framework Zn-based zeolite. 
For example, Zn-Beta zeolites have been prepared by an improved 
two-step post-synthesis method, which consists of creating vacant sites 
with associated silanol groups by dealumination H-Beta and subse-
quently impregnation of Si-Beta with Zn precursors [27,28]. Also, the 
hydrothermal synthesis method using ethylenediamine coordinated zinc 
acetate dihydrate (Zn(NH2CH2CH2NH2)3(OAc)2) has been exploited for 
the synthesis of Zn@S-1 zeolite. However, a number of ZnO clusters or 
nanoparticles would be formed during these methods owing to the 
lability of the metal precursor in solution conditions [29,30]. Recently, 
Kondratenko and co-workers designed a H2-reduction method to embed 
Zn atoms into silicalite-1 zeolites by reducing ZnO and silicalite-1 
mixture in a high-temperature H2 atmosphere [31]. Due to the 
mobility of Zn sites, binuclear − Zn–O–Zn− sites would be formed within 
the silicalite-1 zeolite, which is highly active for PDH reaction. Based on 

Fig. 1. (a) Schematic illustration of the biomolecule-inspired synthesis process for Zn-MFI zeolites. (b) Liquid 13C NMR of synthesis gels at various crystallization 
times (0, 6, 36, and 72 h), and the spectra analysis is based on the website of SDBS (AIST). (c, f) Cs-corrected TEM and (d, g) HAADF-STEM images of 2.0%Zn-MFI 
zeolite. (e) EDS elemental mapping images of 2.0%Zn-MFI zeolite (O, Si, and Zn). 
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the above study, it can be found that Zn sites incorporated into the 
zeolite framework or attached to the silanol nests of zeolites exhibit high 
alkane dehydrogenation performance. Some previous research has re-
ported that organometallic precursors (e.g., diethylzinc, bis(2, 
4-dimethyl-1,3-pentadienide) iron(II), and (≡SiO)2VV(O)Mes (Mes =
2,4,6-trimethylphenyl)) can be used to synthesize isolated metal sites 
onto SiO2 and Al2O3 supports [16,32,33]. 

In this work, we use zinc gluconate firstly to incorporate Zn atoms 
into the pure silica MFI zeolite framework (Zn-MFI). Owing to the high 
solubility and good stability of zinc gluconate in alkaline and hydro-
thermal conditions, resulting in Zn atoms can be well incorporated into 
the MFI zeolite framework. The synthesized Zn-MFI zeolites possess 
good crystallinity and homogeneous isolated Zn sites in the MFI zeolite 
framework, which exhibit excellent catalytic performance for PDH. The 
structural and chemical properties of the isolated Zn sites are charac-
terized and illustrated by various characterizations and density func-
tional theory (DFT) calculations, revealing the unique Zn sites with two 
Zn–O–Si and two Zn⋯OH–Si linkages are particularly beneficial for PDH 
reaction. 

2. Results and discussion 

Zinc gluconate (Zn(C6H12O7)2) is a typical nutrient for the human 
body, ensuring normal skeletal growth and bone homeostasis. Zinc 
gluconate has a higher solubility and bioavailability than inorganic zinc 
because the organic branches prevent the formation of insoluble com-
plexes of zinc ions in the gastrointestinal tract [34]. Herein, inspired by 
the human body absorption of zinc ions from zinc gluconate, we 
incorporate Zn sites into the MFI zeolite framework (Zn-MFI) using zinc 
gluconate as the metal precursor (Fig. 1a). Typically, the Zn-MFI zeolites 
are synthesized in gel systems with the molar compositions of 
1.0SiO2:0.4TPAOH (tetrapropylammonium hydroxide):35H2O:aZn 
(C6H12O7)2 (a = 0.014, 0.018 and 0.028) under hydrothermal condi-
tions at 170 ◦C for 72 h. After calcination, Zn-MFI zeolites with different 
Zn contents can be obtained (Table S1). The powder X-ray diffraction 
(PXRD) patterns show that all the Zn-MFI samples possess typical 
diffraction peaks for MFI topological structure (Fig. S1). The enlarged 
XRD patterns from 23.0◦ to 25.0◦ show that the diffraction peaks of 
Zn-MFI shift to the lower angle as compared to those of silicalite-1. This 
is due to the isomorphous substitution of tetrahedral Si atoms (Si–O 
band, 1.62 Å) by Zn atoms (Zn–O band, 1.95 Å) [35,36]. The FTIR 
spectra of silicalite-1 and 2.0%Zn-MFI zeolites are shown in Fig. S2. 
Apart from the typical bands of the MFI zeolite structure at 445, 549, 
796, and 1224 cm− 1, the silicalite-1 zeolite exhibits a band at 1106 
cm− 1, which can be attributed to the asymmetric stretching of T-O band 
of zeolite framework. After introducing 2 wt% Zn in the MFI zeolite 
framework, the asymmetric stretching of the T-O band shifts to a lower 
frequency (1101 cm− 1). The FTIR result demonstrates that in the Zn-MFI 
zeolite, the Si atoms in the Si–O–Si bands are replaced by the Zn atoms to 
form Zn–O–Si bands [36]. Scanning electron microscope (SEM) images 
and N2 sorption results reveal the Zn-MFI zeolites are composed of 
uniform cubes with the size of ~200 nm (Fig. S3) and the specific surface 
areas of 390–400 m2 g− 1 (Fig. S4 and Table S1). 

To understand the role of zinc gluconate in the formation of Zn-MFI 
zeolite, the synthesis gels with various crystallization times are char-
acterized by the liquid 13C nuclear magnetic resonance spectroscopy 
(13C NMR, Fig. 1b). Clearly, the signals of TPAOH, zinc gluconate, and 
tetraethyl orthosilicate can be observed at different crystallization pe-
riods (0, 6, 36, and 72 h), suggesting the gluconate in zinc gluconate can 
prevent the Zn sites from precipitation during the whole crystallization 
process of Zn-MFI zeolite. The solid products are further investigated for 
different crystallization times (6, 36, and 72 h). Because only trace solid 
products are formed within 6 h, the solid products with crystallization 
times of 36 and 72 h are characterized by the XRD. The XRD pattern 
results show good MFI topological structure for the solid products at 36 
and 72 h (Fig. S5). The thermogravimetric-differential thermal analysis 

(TG/DTA) results show that the uncalcined silicalite-1 zeolite presents 
two weight loss steps in the temperature ranges of 30–250 and 
350–400 ◦C, respectively (Fig. S6), corresponding to the evaporation of 
adsorbed water and the thermal decomposition of TPAOH, respectively 
[30]. As to the uncalcined Zn-MFI sample, an extra weight loss step is 
observed in the temperature range of 450–500 ◦C, which can be 
attributed to the decomposition of Zn(C6H12O7)2. This result is in good 
accordance with the liquid 13C NMR spectra, suggesting that the Zn 
(C6H12O7)2 participates in the whole crystallization process. 

The optimized Zn-MFI zeolite (Zn content, ~2.0%) is characterized 
by Cs-corrected high-angle annular darkfield scanning transmission 
electron microscopy (HAADF-STEM), showing a well-defined MFI 
structure (Fig. 1c, f and S7). Noticeably, no ZnO particles and aggre-
gations can be observed over the Zn-MFI zeolite (Fig. 1d and g). The 
energy-dispersive X-ray spectroscopy (EDS) elemental mapping images 
of Zn-MFI verify the homogeneous distribution of Zn atoms (Fig. 1e). 

Several characterizations are performed to clarify the coordinated 
structure and the homogeneity of Zn sites within the MFI framework. In 
Fig. 2a, the ultraviolet–visible (UV–vis) results show that the bulk ZnO 
displays a prominent peak at ~370 nm due to the electron transition 
from the valence band to the conduction band [37]. For Zn-MFI zeolite, 
the peaks at 250–400 nm are invisible in the UV–vis spectrum, indi-
cating the absence of ZnO clusters or nanoparticles in the Zn-MFI 
channel. Notably, the weak peak at 190–200 nm is observed in the 
UV–vis spectrum of Zn-MFI, which is probably caused by the 
ligand-to-metal charge transfer transitions (i.e., O2− to Zn2+), suggesting 
the isolated Zn sites are homogenously embedded into Zn-MFI zeolite 
framework [38]. When the Zn content increases to 3.1%, a broad peak at 
250–400 nm can be observed (Fig. S8), indicating the formation of ZnO 
clusters or nanoparticles in the zeolite channel. The electronic states of 
Zn sites in Zn-MFI zeolite are characterized by X-ray photoelectron 
spectroscopy (XPS, Fig. S9). The Zn 2p XPS peak is so weak in Zn-MFI, 
probably because the isolated Zn sites are embedded into the zeolite 
framework [39,40]. The Zn-MFI possesses two peaks centered at 1022.6 
and 1045.8 eV, respectively, which are assigned to the Zn 2p1/2 and 
2p3/2 photoelectrons of Zn sites, respectively. The peaks of Zn 2p XPS in 
Zn-MFI shift to higher binding energies as compared with those of bulk 
ZnO (ΔE = 1.2 eV), which can be attributed to the electron transfer from 
the lower electronegativity of Zn to framework Si and thereby lead to a 
decrease valence electron density of Zn (Zn2+ to Si4+) [36]. For com-
parison, 2.0%ZnA-MFI and 2.0%ZnN-MFI zeolite are synthesized using 
Zn(OAc)2 and Zn(NO)3 as metal precursors, respectively (Fig. S10 and 
Table S2). The UV–vis results exhibit a broad peak at ~370 nm, which is 
assigned to ZnO clusters or nanoparticles in ZnA-MFI and ZnN-MFI 
(Fig. S11). The above characterizations illustrate the utilization of zinc 
gluconate can embed Zn atoms into the MFI zeolite framework. 

The hydroxyl groups in Zn-MFI zeolite are studied by diffuse 
reflectance infrared Fourier transforms spectroscopy (DRIFTS, Fig. 2b). 
After dehydration under vacuum at 450 ◦C, the Zn-MFI and silicalite-1 
zeolites exhibit two bands at ~3725 and ~3532 cm− 1, respectively, 
which are assigned to the isolated silanol group and silanol nests, 
respectively [41]. The silicalite-1 has a high concentration of silanol 
nests and a low concentration of isolated silanol group. After the 
introduction of Zn atoms, the band at 3532 cm− 1 decreased accompa-
nied by an increase of the band at 3725 cm− 1, indicating the increase of 
isolated silanol groups and the decrease of silanol nests. The 29Si 
magic-angle spinning nuclear magnetic resonance spectroscopy (29Si 
MAS NMR) spectra of silicalite-1 and Zn-MFI are shown in Fig. S12. All 
these two spectra exhibit an intense and broad peak at − 112 ppm, which 
is assigned to Q4 species (Si(OSi)4), while the shoulder at − 102 ppm is 
attributed to Q3 species (Si(OSi)3(OH)) silicon atoms of silanol groups, 
suggesting most of the silicon in silicalite-1 and Zn-MFI zeolites exist as 
Si(OSi)4. Furthermore, the 1H–29Si CP-MAS NMR spectra of silicalite-1 
and Zn-MFI zeolites are provided in Fig. 2c. The intensity of the Q3 

peak at − 102 ppm is dramatically improved. Moreover, two small 
1H–29Si CP-MAS NMR peaks at − 92 and − 112 ppm can be observed, 
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which are assigned to Q2 (Si(OSi)2(OH)2) and Q4 species, respectively 
[42]. As compared to silicalite-1, the peak of Q3 species decreases 
slightly after introducing Zn atoms into the MFI framework. Mintova 
and co-workers have reported that the incorporation of single W sites 
into the MFI zeolite could prevent the formation of silanol groups in 
W-MFI zeolite because the framework defects were saturated with W 
atoms coordinated with four or two Si atoms via oxygen bridges [43]. 
For Zn-MFI, the Si(OSi)3(OH) species still exist when Zn atoms are 
embedded into the MFI framework due to the Zn atoms cannot be 
directly coordinated with four Si atoms via oxygen bridges (Fig. 2c). 
Therefore, the increase of the band at 3725 cm− 1 must be caused by the 
formation of Zn⋯OH–Si linkages, and the decrease of the FTIR band at 
3532 cm− 1 is due to the formation of Zn–O–Si bands. 

Density functional theory (DFT) calculations are performed to make 
clear the structure of Zn sites in the MFI framework. Three typical sites 
(T8, T10, and T12) are molded and compared (Fig. 2e–i and S13). The Zn- 
MFI zeolite possesses a unique structure with two Zn–O–Si and two 
Zn⋯OH–Si linkages. For instance, the Zn–O distances in Zn–O–Si bonds 
are 1.814 and 1.843 Å, while the Zn⋯O distances in Zn⋯OH–Si linkages 
are prolonged (2.237 and 2.281 Å) at T8 site, which are very different to 
the silicalite-1 zeolite (Fig. 2e–i). This indicates that the incorporation of 
Zn atoms into the MFI framework result in a tetrahedrally coordinated 

Zn atom with two Zn–O–Si and two Zn⋯OH–Si linkages, {(≡SiO)2Zn 
(HO–Si≡)2}. The special structure of Zn sites might be good for PDH 
reaction. 

Furthermore, pyridine-FTIR experiments are performed to identify 
the acidity of Zn-MFI. All the Zn-MFI zeolites exhibit three bands at 
1453, 1490, and 1613 cm− 1 (Fig. 2d and S14), typical for Lewis acid 
sites. However, no characteristic bands about Brønsted acid sites (1640 
and 1550 cm− 1) are detected in Zn-MFI [19,28,44]. In Zn-MFI, there are 
two Zn–O–Si and two Zn⋯OH–Si linkages. The Zn sites can act as Lewis 
acid sites for pyridine adsorption, while the H in Zn⋯OH–Si linkage 
cannot polarize pyridine to generate Brønsted acid sites [45,46]. Based 
on the above analysis, it can be concluded that the incorporation of Zn 
atoms into the MFI framework only result in the Lewis acidic sites 
located in the MFI zeolite framework. 

When the isolated Zn sites are embedded into the MFI zeolite 
framework using zinc gluconate, the active Zn sites and the unique 
microenvironment of Zn-MFI might contribute together to propane 
activation and transformation. Typically, Zn-MFI zeolites exhibit steady 
conversion and high propylene selectivity over 600 min time on stream 
in PDH (Fig. 3a). The Zn content can affect the catalytic performance of 
Zn-MFI zeolites, i.e., the initial propane conversions of Zn-MFI are 22.5% 
(1.5%Zn-MFI), 30.1% (2.0%Zn-MFI), and 39.4% (3.1%Zn-MFI), 

Fig. 2. (a) UV–vis spectra of ZnO, Zn(C6H12O7)2, and 2.0%Zn-MFI samples. (b) DRIFTS spectra of 1.5%Zn-MFI, 2.0%Zn-MFI, 3.1%Zn-MFI, and silicalite-1 zeolites. 
(c) 1H–29Si CP MAS NMR spectra of silicalite-1 and 2.0%Zn-MFI zeolites. (d) FTIR spectra of 1.5%Zn-MFI, 2.0%Zn-MFI, and 3.1%Zn-MFI zeolites after pyridine 
adsorption and followed by evacuation at 100 ◦C. (e) The structure of silicalite-1 with Si atom at T8 site by DFT calculations. (f) Schematic illustration of Si atom in 
silicalite-1 zeolite framework. (g) The structure of Zn-MFI with Zn atom at T8 site by DFT calculations. (h) The distances between the Zn atom and the first coor-
dinated O atoms. (i) Schematic illustration of Zn atom in the Zn-MFI zeolite framework. 
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respectively. The 3.1%Zn-MFI exhibits a high activity but a lower pro-
pylene selectivity than 1.5%Zn-MFI and 2.0%Zn-MFI. According to the 
UV–vis results (Fig. S8), ZnO clusters and/or nanoparticles would be 
formed on 3.1%Zn-MFI. Therefore, secondary reactions such as 
aromatization and deep dehydrogenations would be occurred over 3.1% 
Zn-MFI owing to the Zn–O–Zn species. The effect of Zn content on the 
initial activity and propylene formation rate is further investigated 
(Fig. 3b). The propane conversion and propylene formation rate increase 
with the Zn content from 1.0% to 4.1%. At low Zn content <2.0%, the 
propane conversion and propylene formation rate show a good linear 
relationship to the Zn content. Further increasing the Zn content to 4.1% 
would result in a low increasing rate for propane conversion and pro-
pylene formation rate. This trend is in good accordance with the UV–vis 
results, indicating the formation of ZnO clusters or nanoparticles in Zn- 
MFI at high Zn content of over 2.0%. This also suggests the ZnO clusters 

or nanoparticles in Zn-MFI are inactive for PDH reaction. 
For comparison, Zn/SiO2 and Zn-MCM-41 are synthesized and tested 

for PDH, showing much lower propane conversion than Zn-MFI 
(Fig. 3c), i.e., 5.0% (Zn/SiO2) and 3.0% (Zn-MCM-41). Due to the lack 
of confinement effect in SiO2 and MCM-41 supports, ZnO particles 
would be formed and exhibit low PDH performance. Moreover, the 
catalytic performance of the previous Zn-based and other metal-based 
catalysts are listed in Table S3. Notably, the initial propane conversion 
of Zn-MFI is 30.1% and propylene selectivity is 97.5%, which is com-
parable to that of Zn-based and Cr-based catalysts, illustrating the 
excellent PDH performance. In Fig. 3d, the long-term stability of Zn-MFI 
is provided, showing high activity and stability for 1440 min time on 
stream. After regeneration, a high propane conversion and propylene 
selectivity can be obtained, suggesting the good stability of Zn-MFI 
zeolite. TG/DTA analysis of the spent Zn-MFI catalyst after 24 h time 

Fig. 3. (a) The propane conversion and propylene selectivity of Zn-MFI zeolites with time on stream. (b) The initial propane conversion and propylene formation rate 
of the Zn-MFI zeolites with different Zn contents (1.0%–4.1%). (c) The propane conversion and propylene selectivity of Zn/SiO2, Zn-MCM-41, and Zn-MFI with time 
on stream. (d) Regeneration of 2.0%Zn-MFI zeolite in PDH reaction, regeneration conditions: the spent Zn-MFI is calcined in air flow (20 mL min− 1) at 550 ◦C for 30 
min. (e) C3H6-FTIR spectra of 2.0%Zn-ZSM-5 and 2.0%Zn-MFI zeolites after adsorption of propylene and subsequently evacuation at 30 ◦C under Ar for 30 min. (f) 
C3H6-TPD/MS of 2.0%Zn-ZSM-5 and 2.0%Zn-MFI. (g) Schematic illustration of propane conversion on Zn/SiO2, Zn/ZSM-5, and Zn-MFI. Reaction conditions: 0.2 g 
catalysts, atmospheric pressure, 5%C3H8/Ar, WHSV = 0.6 h− 1, 550 ◦C. 
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on stream shows a weight loss of 0.45% in the temperature range of 
450–600 ◦C (Fig. S15), indicating the strong anti-coking property of Zn- 
MFI. According to the pyridine-FITR (Fig. 2d) and DFT calculations 
(Fig. 2g–i), the Zn atom possesses relatively weak interactions to O 
atoms in Zn⋯OH–Si linkages and only result in Lewis acid sites. 
Therefore, side reactions owing to the Brønsted acid sites can be avoi-
ded, guaranteeing high activity, selectivity, and stability for PDH. 

To further illustrate the excellent PDH performance of Zn-MFI, C3H6- 
FTIR and C3H6-TPD characterizations are performed. In Fig. 3e, the FTIR 
spectrum of Zn/ZSM-5 shows three bands at 2859, 2935, and 2956 
cm− 1, corresponding to the propylene absorbed on the zeolite surface 
[47]. However, only very weak bands can be observed over the Zn-MFI, 
suggesting the presence of weak interactions between propylene and 
Zn-MFI zeolite. Thus, the generated propylene can quickly leave the 
catalyst and avoid secondary reactions. Also, the C3H6-TPD/MS 
desorption result of Zn-MFI shows almost no propylene desorption 
signal (Fig. 3f), further confirming the presence of weak interactions 
between propylene and Zn-MFI zeolite. Based on the above character-
izations and analysis, it can be concluded that the Zn-MFI zeolites syn-
thesized using zinc gluconate possess good crystallinity and isolated Zn 
species into the MFI zeolite framework. The electronic and structural 
properties of metal sites are significantly modified by the zeolite 
framework, making them highly active for alkane dehydrogenation [31, 
48,49]. 

In Fig. 3g, we propose the possible catalytic processes for different 
Zn-based catalysts. For Zn/SiO2, the Zn ions loading on the silica surface 
result in ZnO particles due to the presence of weak metal-support in-
teractions, which leads to low PDH performance [16]. As to Zn/HZSM-5, 
the Brønsted acid sites in H-ZSM-5 would result in propane cracking, 
oligomerization, and aromatization, which are negative for PDH reac-
tion [50]. When Zn atoms are introduced into the pure silica MFI zeolite 
framework, tetrahedrally coordinated Zn sites ({(≡SiO)2Zn(HO–Si≡)2} 
with two Zn–O–Si and two Zn⋯OH–Si linkages) would be formed in the 
Zn-MFI, which are highly active for PDH reaction. Previously, we have 
demonstrated that the Co-MFI with {(≡SiO)2Co(HO–Si≡)2} structure 
exhibited high catalytic performance for PDH due to the fact that the 
isolated Co-motif together with MFI microenvironment collectively 
promotes the PDH process [19]. In this work, zinc gluconate (Zn 
(C6H12O7)2) as a precursor can embed isolated tetrahedral Zn atoms into 
the MFI zeolite framework, forming similar microstructure and micro-
environment to those of Co-MFI zeolite. The unique Zn sites in the form 
of {(≡SiO)2Zn(HO–Si≡)2} and the surrounding microenvironment can 
synergistically accelerate the PDH process. 

3. Conclusions 

In summary, we conduct a concise hydrothermal synthesis method to 
embed isolated Zn atoms into the MFI zeolite framework using zinc 
gluconate (Zn(C6H12O7)2). Owing to the solubility and good stability of 
zinc gluconate in alkaline and hydrothermal conditions, Zn atoms can be 
well incorporated into the MFI zeolite framework. The Cs-HAADF-STEM 
images and UV–vis spectra demonstrate that the Zn atoms are homo-
geneously dispersed throughout the MFI framework. FTIR, XPS, 1H–29Si 
CP NMR analyses, and DFT theoretical calculations confirm the forma-
tion of tetrahedrally coordinated Zn sites with two Zn–O–Si and two 
Zn⋯OH–Si linkages, {(≡SiO)2Zn(HO–Si≡)2}. In particular, the Zn–O 
interactions in Zn⋯OH–Si linkages are so weak and only result in Lewis 
acid sites. 

C3H6-FTIR and C3H6-TPD/MS results suggest that the isolated Lewis 
acid sites ({(≡SiO)2Zn(HO–Si≡)2}) in Zn-MFI can activate the C–H bond 
of propane and possess weak interactions to propylene, which can avoid 
cracking and polymerization during PDH reaction. Therefore, the Zn- 
MFI zeolites exhibit high activity, selectivity, stability, and regenera-
tion ability for PDH. This work presents a convenient and environment- 
friendly strategy for the preparation of Zn-MFI zeolite. The inspiration 
from biological processes may bring additional possibilities for the 

synthesis of other metal-zeolites in an environment-friendly way. 
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