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One-pot ethanol-mediated synthesis of surface
Si-zoned ZSM-5 zeolites
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Passivation of external surface acid sites in zeolites is a widely used strategy to enhance catalytic stability
and to mitigate undesired non-shape-selective reactions. However, the synthesis of zeolites with a
uniform and thickness-controllable Si-zoned shell in a true one-pot process remains a significant
challenge. Here, we develop an ethanol-mediated one-pot route to synthesize surface Si-zoned ZSM-5
zeolites. Ethanol creates a favorable synthesis environment that promotes a classical, layer-by-layer
crystallization pathway, enabling the near-quantitative utilization of aluminosilicate species during the
initial crystallization stage. This complete consumption of framework-forming species allows soluble
silicate species to be subsequently added directly into the mother liquor, where they are selectively
incorporated onto the preformed ZSM-5 crystals to build a thickness-tunable silica-rich shell. Notably,
bulk and surface analyses together with probe reactions using bulky molecules confirm that the silica-
rich shell is structurally continuous and effectively inert toward bulky reactants. This ethanol-mediated
strategy offers a facile, high-yield, and scalable one-pot platform for engineering surface compositions
in zeolites. The resulting surface Si-zoned ZSM-5 offers a versatile basis for the design of catalysts with
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1. Introduction

ZSM-5 zeolites are widely used as catalytic materials in industry
due to their unique acidic properties and nanoporous struc-
tures.”” Bronsted acid sites located inside the channels and
on external surfaces collectively determine the overall acidity of
H-form zeolites, while the well-defined pore system imposes
molecular shape-selectivity and thereby enhances product
selectivity. However, acid sites on the external surface often
lead to a diminished selectivity toward target products and
accelerate catalyst deactivation,® which is further intensified
by the surface Al enrichment in zeolites. Notably, such surface
Al zoning, that is, an Al-enriched external surface relative to the
bulk framework Al concentration, is widely observed in ZSM-5
crystals.®® Therefore, extensive efforts have been devoted to
passivating the external surface acidity of ZSM-5, including acid
leaching,’ chemical vapor'®'! or liquid deposition of silicon
compounds,'>'® deposition of metal oxides or inorganic
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improved stability and shape-selectivity.

coatings,"**® and growth of silica-rich crystalline layers (e.g.,

silicalite-1) on the surface.'”2° Among these approaches, the
construction of surface Si-zoned ZSM-5, featuring a Si-enriched
outer shell on an Al-containing core, has attracted significant
attention. Such materials effectively passivate external surface
acid sites while simultaneously mitigating the adverse effects
commonly associated with other methods, such as defect
formation, pore narrowing, or partial pore blockage.*"**
Despite this progress, most reports rely on a two-step core-
shell synthetic protocol.”® In a typical procedure, an Al-
containing zeolite core is first synthesized and subjected to
washing, drying, or calcining to remove residual species. The
pretreated core is then re-dispersed in a separate precursor
solution, where an aluminum-free zeolite shell is grown hydro-
thermally. To promote uniform shell growth and suppress
homogeneous nucleation, a high H,0/SiO, ratio (often >
100) is usually required,>*® resulting in large volumes of dilute
mother liquor and low silica utilization. Conceptually, it is
more desired to grow an epitaxial non-acidic zeolite shell on
an acidic zeolite core in a single synthesis system, thereby
omitting the separation of zeolite core from synthesis system
and maximizing the utilization of silica species. However,
a true one-pot route to surface Si-zoned ZSM-5 remains highly
challenging for at least two reasons. First, one must ensure that
all aluminum-containing species are incorporated into the core
crystals during the initial crystallization stage. Second, after
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core formation, the newly introduced silica source must pre-
ferentially crystallize epitaxially around the existing zeolite
crystals rather than nucleating homogeneously to form second-
ary particles. Achieving both criteria simultaneously in a single
synthesis batch has rarely been accomplished.

Alcohols, as common organic solvents, have been widely
used in zeolite synthesis systems, particularly as pore-filling
agents in the synthesis of high-silica zeolites*® and as modifiers
of crystal morphology during growth.””*® Notably, in our pre-
vious work,*® we demonstrated that ethanol, when used as a co-
solvent, can suppress nonclassical crystallization pathways and
significantly promote classical crystallization. This indicates
that ethanol can modify the crystallization environment and
favor a growth mode at the crystal-solution interface in which
soluble silicate species add to existing crystal surfaces in a
layer-by-layer manner. Such a growth mode is attractive for
surface modification as it facilitates the formation of smooth
and conformal shells, while simultaneously suppressing homo-
geneous nucleation associated with the nonclassical pathway.
Motivated by these insights, in this work, we develop an
ethanol-mediated one-pot strategy for synthesizing surface Si-
zoned ZSM-5 zeolites. Ethanol promotes the initial crystal-
lization stage, driving near-complete incorporation of silicon
and aluminum species into ZSM-5 crystals, resulting in an Al-
depleted mother liquor. Subsequent addition of soluble silica
to the same system, under the continued influence of ethanol,
induces classical epitaxial growth of a silica-rich shell with
tunable thickness at the crystal surface, yielding ZSM-5 zeolites
with well-defined surface Si zoning. The specific preparation
route is illustrated in Scheme 1. This integrated ethanol-
enabled route provides a one-pot, high-yield synthesis of sur-
face Si-zoned ZSM-5, ensuring near-quantitative utilization of
framework-forming species without core isolation while allow-
ing precise control over the thickness and uniformity of the
silica-rich shell. These features offer a versatile platform for
tailoring external surface composition in zeolites and pave the
way for designing ZSM-5-based catalysts with enhanced stabi-
lity and shape-selective performance.

2. Experimental section
2.1. Chemical and materials

All of the following reagents are directly used without further
purification. Tetraethyl orthosilicate (TEOS, CsH,00,Si, >98%,
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Scheme 1 Schematic illustration of the ethanol-mediated one-pot
synthesis of Si-zoned ZSM-5 zeolites.
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Shanghai Aladdin Biochemical Technology Co., Ltd), Tetrapro-
pylammonium hydroxide (TPAOH, C;,H,oNO, 25 wt% in H,0,
Kente Catalysts Inc.), Aluminum isopropoxide (AIP, CoH,;AlO;,
>99.9% metals basis, Shanghai Aladdin Biochemical Technology
Co., Ltd), Deionized water (H,0O, Watsons), Deuterium oxide (D,O,
>99.9 atom% D, Shanghai Aladdin Biochemical Technology Co.,
Ltd), Ethanol (EtOH, C,HcO, >99.7%, Sinopharm Chemical
Reagent Co., Ltd), Isopropanol (IPA, C;HgO, >99.7%, Sinopharm
Chemical Reagent Co., Ltd), Dialysis tube (Spectra Por 3, Spectrum
Laboratories), 1,3,5-triisopropylbenzene (TIPB, CisH,;, =>95%,
Shanghai Aladdin Biochemical Technology Co., Ltd), 2,6-di-tert-
butylpyridine (DTBPy, C;3H,;N, >97.0%, Shanghai Aladdin Bio-
chemical Technology Co., Ltd), Commercial HZSM-5 zeolite (NKF-
5, Si/Al molar ratio = 200, Nankai University Catalyst Co., Ltd).

2.2. Synthesis procedures

ZSM-5 zeolite with surface Si-Zoning was prepared under
microwave heating starting from an aqueous clear sol with
the molar composition 1 SiO,: 0.36 TPAOH: 0.0025 Al,O3: 12.20
H,0: 4 ethanol. Briefly, 0.017 g of AIP was added to 3.472 g of
TEOS, and the resulting mixture was stirred at room tempera-
ture overnight. Finally, 4.881 g of TPAOH solution was added.
The obtained mixture was rapidly stirred at room temperature
for 24 h to ensure complete hydrolysis, then transferred into a
30 mL explosion-proof glass tube for a two-step heating pro-
cess. Firstly, the solution was heated at 90 °C for 90 min under
microwave irradiation, where the beginning time was defined
as —90 min. Secondly, the obtained clear liquid was immedi-
ately heated at 130 °C for 6 h. After cooling to room tempera-
ture, a certain amount of ethanol was added into the slurry to
reach an ethanol/Si molar ratio of 10. The suspension was
stirred at room temperature for 2 h, followed by further micro-
wave heating at 160 °C for 30 min. Finally, a certain amount of
secondary silicate solution, with a molar composition of 0.5
SiO,: 0.39 TPAOH: 10 ethanol: 13.21 H,O, was further intro-
duced into the cooled slurry. The resultant mixture was stirred
at room temperature for 2 h and subsequently heated at 140 °C
for 2 h under microwave irradiation. The solid product was
collected by centrifugation at 10000 rpm for 10 min, redis-
persed and washed three times with deionized water. And the
collected solid was freeze-dried in vacuum at —50 °C and then
calcined at 550 °C for further analysis. The sample was desig-
nated as Z5-200-Si, where 200 represents the initial Si/Al ratio,
and Si indicates the additional silica added in the secondary
step. Furthermore, to differentiate samples with different sec-
ondary silica loadings, the notation Z5-200-kSi was used, where
k refers to the molar ratio of post-added silica to the silica in
initial sol, varied between 0.3 to 1.1. No extra silica-added
sample was named as Z5-200.

For the system with an initial Si/Al ratio of 100, the corres-
ponding sample Z5-100 were obtained using an initial heating
at 90 °C for 90 min and a secondary heating at 150 °C for
6 hours. All other procedural parameters were maintained
consistent with those described above.

For the isopropanol-mediated synthesis, isopropanol (IPA)
was used as an alternative alcohol. Prior to hydrothermal

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qm00097e

Open Access Article. Published on 17 April 2026. Downloaded on 5/8/2026 11:44:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

treatment, the ethanol generated from TEOS hydrolysis in
both the initial system and the secondary silicon source was
removed by rotary evaporation at 35 °C, and an equimolar
amount of IPA was subsequently added. All other conditions
remained unchanged.

2.3. Characterization

The Malvern Zetasizer Nano-ZS dynamic light scattering (DLS)
instrument was employed to measure the particle size change
during MFI zeolite synthesis. A certain amount of solution was
taken from the explosion-proof glass tube at different heating
time and was dilute and disperse with deionized water for DLS
test. Every test at least 10 times and the average of the 6 test
results was taken as accurate date. The morphologies and
surface features of the samples were monitored by FEG
S-4800 field emission scanning electron microscope. The struc-
ture features of the samples were visualized by JEM-F200
Transmission electron microscope. Powder X-ray diffraction
(XRD) experiments were conducted with a Bruker D2 diffract-
ometer (Cu-Ka, 10 kV, 30 mA) from 5 to 50°. Thermogravimetric
measurements were performed on a SDT Q600 (TA) from
50 to 800 °C at a heating rate of 10 °C min~ ' under a flow
(100 mL min~") of high purity air. The Quantachrome iQ-2
physical adsorption instrument was used to acquire the adsorp-
tion isotherms and pore size distributions by Ar-sorption
experiments at 87 K after outgassing at 573 K for 7 h, and
textural parameters were calculated by Brunauer-Emmett-
Teller (BET) method and ¢-plot method. The pore size distribu-
tions were also calculated by NLDFT method. All liquid *°Si
nuclear magnetic resonance (NMR) spectra were obtained on a
Bruker AVANCE III HD 500 MHz spectrometer. An appropriate
amount of the supernatant (0.6-0.8 mL) was transferred into
5 mm NMR quartz tube with a modified background-free
commercial probe, and a small amount of D,O was added in
the tube for a lock signal. A solution tetramethylsilane (TMS) of
in CDCl; as an external reference showed that the monomer
resonance was at —71.9 ppm relative to TMS, which was then
used as an internal reference. The relative amount of Q" in
oligomer fraction was calculated by decomposing the *°Si NMR
spectra.

The acidic properties of samples were obtained by temperature-
programmed desorption of ammonia (NH;-TPD) performed on the
Micromeritics 2920 chemisorption analyzer. The analysis of the
externally accessible Breonsted acid sites was completed by using
the Bruker Invenio S instrument Fourier-transform infrared spec-
trometer to collect 2,6-di-tert-butylpyridine infrared (DTBPy-IR)
spectra. Self-supported wafer of sample was places in the IR cell
and evacuated at 450 °C for 75 min with a vacuum system.
Reference spectra at 200 °C were recorded. Prior to collecting the
DTBPy-IR spectra, the outgassed samples were placed in 2,6-di-tert-
butylpyridine vapor at room temperature for 15 min. The DTBPy-
IR spectra were collected after outgassed 2,6-di-ter¢-butylpyridine at
200 °C in a vacuum environment for 30 min. The element content
and ratios in the products were analysed by inductively coupled
plasma-atomic emission spectrometry (ICP) on a PE-8000 spectro-
meter. X-ray photoelectron spectroscopy (XPS) experiments were
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conducted on a Thermo Fisher Scientific K-Alpha (Al-Ko) to analyze
the surface Si/Al ratio of the zeolite.

To assess the absence of Brgnsted acid site on external
surface, 1,3,5-triisopropylbenzene (TIPB) cracking over the var-
ious zeolite products was conducted in a tandem p reactor
(Frontier lab, Rx-3050TR). Typically, 60 mg of catalyst was
loaded into a quartz tube p-reactor and activated by N, with a
flow rate of 45 mL min~" at 550 °C for 2 h. TIPB was then
introduced into the reaction system through pulse injection,
with each injection being 0.40 pL at 450 °C. The products were
analyzed online using a Shimadzu GC-2030 chromatograph
equipped with a hydrogen ion flame detector (FID) and HP-5
capillary column. The main products were benzene, diisopro-
pylbenzene (DIPB) and isopropylbenzene (IPB) and the conver-
sion was calculated using the following equation:

Conversion(%)

1 moles of residual TIPB
B moles of (residual TIPB + DIPB + IPB + benzene)

3. Results and discussion

3.1. Synthesis and structural characterization of surface
Si-zoned ZSM-5

ZSM-5 zeolite with a Si-enriched surface was synthesized via
an ethanol-enabled one-pot, two-step strategy. In the first step,
ZSM-5 zeolite cores with different initial Si/Al ratios were
synthesized under ethanol-assisted conditions. Subsequently,
a controlled amount of hydrolyzed pure-silica solution
was introduced into the same synthesis system, followed by
further thermal treatment to grow the silica-rich shell. The
resulting zeolites are denoted as Z5-x-kSi, where x refers to the
Si/Al ratio of the initial synthesis gel and k represents the molar
ratio of post-added silica to the silica in the initial sol.
In addition, a commercial HZSM-5 zeolite (Com-ZSM-5,
Si/Al = 200) was used as a reference material for structural
and catalytic comparison.

The elemental composition of the bulk and surface was
quantified by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and X-ray photoelectron spectroscopy
(XPS). As summarized in Table 1, the surface Si/Al ratios of both
Z5-200-1.1Si and Z5-100-1.0Si tend to oo, much higher than
their corresponding bulk values, indicating a pronounced Si
enrichment at the outer region. Consistently, the Al 2p signal is

Table 1 The Si/Al ratios and textural properties of Z5-x-kSi samples

Pore volume
(em’ g™

Surface area

(m*g™)

Si/Al ratio Si/Al ratio

Sample (ICP'AES) (XPS) SBETa Smicrob Sextb Vtotalc Vmicr()b
75-200-1.1Si 327 0 550 413 137 0.36 0.16
Z5-100-1.0Si 189 0 517 387 130 0.33 0.16

“ Determined by the multi-point BET method. ? Analyzed by t-plot
method. ¢ Using the adsorption data at P/P, = 0.974.
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nearly absent in the XPS spectra (Fig. 1a), demonstrating that
aluminum species from the initial synthesis gel are almost
completely incorporated into the zeolite cores and do not
significantly enter the subsequently grown shell. This decoupling
of bulk and surface composition is particularly noteworthy given
the one-pot nature of the synthesis, and confirms that this
synthesis strategy indeed enables a clean, aluminum-free environ-
ment for the secondary silica deposition.

The integrity and catalytic inertness of the silica-rich shell
were further assessed using two complementary bulky probe
molecules, 2,6-di-tert-butylpyridine (DTBPy) and 1,3,5-triisopropyl-
benzene (TIPB), both of which are too large to enter the micro-
pores of ZSM-5 and thus probe only Bregnsted acid sites located at
or near the external surface.>* > Compared with Com-ZSM-5 with
similar bulk Si/Al ratio, the characteristic 1616 cm ™" band in the
DTBPy-IR spectra almost completely disappears for Z5-x-kSi
(Fig. 1b), indicating effective blocking or removal of external
Bronsted acid sites. In line with this observation, the TIPB
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cracking activity is drastically suppressed under identical condi-
tions (Fig. 1c). The convergence of these two independent probe
reactions demonstrates that the silica-rich shell formed in the
one-pot route is not only structurally continuous but also cataly-
tically inert toward bulky reactants. In addition, NH;-TPD mea-
surements show that the acid strength remains essentially
unchanged, whereas the total acidity decreases after shell growth
(Fig. S1 and Table S1), consistent with dilution of acid sites by the
silica-rich shell.

The crystallinity and textural properties of the shell-coated
ZSM-5 are preserved during the secondary growth step. Powder
X-ray diffraction (PXRD) patterns of the Z5-200-1.1Si and Z5-
100-1.0Si (Fig. 1d) display only the diffraction characteristic of
the MFI framework, with no additional peaks attributable to
amorphous silica (20-30° in 26) or other crystalline impurities.
Argon adsorption-desorption isotherms (Fig. 1e) exhibit typical
type I adsorption behavior, characteristic of purely microporous
materials. The BET surface areas and micropore volumes are

a b - 100
—— Com-ZSM-5 ~——Com-ZSM-5
Z5-200-1.1Si Z5-200-1.1Si
Al2p  ___ 75.100-1.0Si S | —25100-1.0Si prBRYH: ~ 80/
- @ #1616 cm =
& [ 1 S 60
g g B
3 g VJ\/V g
F= 40
(&} o : .
8 o
< \__\\:\/,\\_ 20+
% | N
——————————r———— . . . . 0 : .
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Fig. 1 Characterization results of the Z5-x-kSi and commercial ZSM-5 zeolites: (a) Al 2p XPS spectra; (b) in situ FT-IR spectra of DTBPy adsorption at
200 °C; (c) catalytic TIPB cracking over ZSM-5 samples at 450 °C; (d) XRD patterns; (e) Ar adsorption—desorption isotherms at 87 K and (f) pore size
distributions calculated by NLDFT and TEM images of (g) and (h) Z5-200-1.1Si and (i) and (j) Z5-100-1.0Si.
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comparable to those of conventional MFI zeolites reported in
the literature (Table 1),>*** and the pore size distribution
reveals a dominant micropore centered at 0.52 nm (Fig. 1f),
corresponding to the intrinsic MFI channel system and confirm-
ing accessible and well-connected microporous channels.?>3®
High-resolution transmission electron microscopy (HRTEM)
images further reveal well-resolved lattice fringes throughout
the entire crystals (Fig. 1g-j), demonstrating a fully crystalline
and structurally continuous MFI framework. Thermogravi-
metric analysis (TGA) provides supplementary evidence consis-
tent with the thermal decomposition behavior of typical TPA-
containing ZSM-5 materials (Fig. S2). Taken together, these
results confirm that the one-pot, two-step strategy successfully
produces ZSM-5 zeolites with a Si-enriched, catalytically inert
surface shell while maintaining high crystallinity and micro-
porosity in the entire MFI framework.

3.2. Thickness control of the silicon-rich shell in surface Si-
zoned ZSM-5

Siliceous zeolite layers surrounding an acidic zeolite core,
beyond passivating external acid sites, are known to modulate
molecular diffusion by extending the effective diffusion path
length of reactants, thereby enhancing diffusion-controlled
product shape selectivity.®”*® Nevertheless, excessive shell
growth may introduce undesirable diffusion limitations and
reduce catalytic accessibility,*® highlighting the importance of
precisely controlling shell thickness. Traditionally, shell thick-
ness has been controlled either kinetically, by quenching
hydrothermal growth at a predetermined time,"” or thermo-
dynamically, by adjusting the total silica content to reach
equilibrium incorporation.*® Since kinetic control can lead to
incomplete utilization of the silica source and potentially lead
to amorphous deposition, in this work we tune the shell
thickness by varying the amount of secondary silica added.
The system with an initial Si/Al ratio of 200 was selected for
detailed investigation.

Dynamic light scattering (DLS) measurements reveal a
steady, monotonic increase in particle size with increasing
levels of secondary silicate addition (Table S2). Notably, the
dependence of the shell thickness on the amount added can be
well described by the following equation (Fig. 2a and Table S2):

VIitk—1

T—d
O

1)

The parameter d represents the average diameter of the parent
Z5-200 cores and k is the molar ratio of post-added silica
(as Si0,) to the silica in the initial sol. T is the shell thickness
of the final Z5-200-kSi particles. As detailed in the Supporting
Information, the derivation of this relation is based on three
key assumptions: (i) the initial silica source is completely
incorporated into the ZSM-5 cores, (ii) no homogeneous nuclea-
tion occurs during pure-silica shell formation, and (iii) the
secondarily added silica is nearly completely consumed in the
growth of the shell. The excellent agreement between the
experimentally obtained thicknesses and those predicted from

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 2 (a) Comparison between experimentally measured and calculated
shell thicknesses of ZSM-5 at different k values. Filled red symbols
represent thicknesses determined by DLS measurements, while open
symbols denote calculated values. Error bars indicate the standard devia-
tion of the DLS measurements (n = 6); (b)—(g) SEM images of Z5-200 and
Z5-200-kSi samples (Insets: Size distribution of samples in the visual field);
(h) and (i) HAADF-STEM images of (h) Z5-200-0.9Si and (i) Z5-200-1.1Si.

eqn (1) indicates that these conditions are essentially fulfilled
in our ethanol-assisted one-pot system (Fig. 2a).
Morphological analysis further supports this conclusion.
As shown in Fig. 2b-g, the particles evolve toward more regular,
well-defined morphologies as the silica addition increases,
and the size distributions derived from scanning electron
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microscopy (SEM) are in good agreement with the DLS results
(Table S2). Moreover, when the silica addition reaches a suffi-
cient level, a silica-rich overlayer can be directly visualized in
High-angle annular dark-field STEM (HAADF-STEM) images
(Fig. 2h, i and Fig. S3). For example, in the Z5-200-1.1Si sample,
the HAADF image reveals a silica-rich overlayer with an esti-
mated thickness of approximately 20 nm (Fig. 2i), in good
agreement with the theoretically calculated value (Fig. 2a and
Table S2). This quantitative consistency between calculated and
observed shell thickness, together with the monotonic particle-
size evolution, demonstrate that the prerequisite condition is
fulfilled, namely the absence of homogeneous nucleation and
the high utilization efficiency of both the initial and post-added
silica sources.

HRTEM images show continuous lattice fringes across all
zeolite samples with varying shell thicknesses. The alignment
of lattice orientations between the outer shell and the crystal
core (Fig. S4) confirms that the post-added silicate species are
incorporated into zeolite core via epitaxial growth. The external
surface acidity was further investigated for samples with
systematically tuned shell thicknesses employing the same
surface-sensitive probes described above. As shown in Fig. S5,
even when the post-added silica level is reduced from & = 1.1 to
0.3, the external surfaces consistently remain acid-passivated
and catalytically inert toward bulky reactants. Notably, even at
the lowest post-added silica level (k = 0.3), corresponding to a
shell thickness of approximately 7 nm, complete surface cover-
age is still achieved, highlighting a key advantage of the present
approach, namely its ability to enable uniform deposition of
post-added silica across the entire crystal surface. This behavior
benefits from a classical layer-by-layer growth mode, as further
substantiated in the following section. Overall, the thickness of
the silica-rich shell in surface Si-zoned ZSM-5 can be precisely
controlled by adjusting the amount of secondary pure-silica
solution introduced into the system. The geometric correlation
between silica dosage, particle size, and shell thickness
provides an independent verification of the ethanol-enabled
one-pot, two-step strategy.

3.3. Role of ethanol in one-pot construction of surface
Si-zoned ZSM-5

3.3.1. Role of ethanol in core formation. Ethanol as a co-
solvent can substantially modify the solvation environment
and enhance the reactivity of silicate-aluminate species.*' ™
However, previous studies,**** including our own work,> have
shown that the presence of ethanol prolongs the nucleation
period and significantly slows down the subsequent crystal
growth, particularly during the rapid particle-attachment stage
associated with nonclassical crystallization. To avoid these
kinetic disadvantages while still exploiting the beneficial effect
of ethanol, we adopted a post-addition strategy in which
ethanol was introduced only after the completion of the initial
crystallization stage, followed by further thermal treatment.

The synthetic procedure of core ZSM-5 was monitored by
dynamic light scattering (DLS) measurement, which provides a
quasi in situ characterization of particle size evolution in the
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Fig. 3 (a) Particle size evolution of the precursor suspension and solid

yield during hydrothermal treatment in the synthesis system with an initial
Si/Al ratio of 200. The curves represent particle diameters and the bar
charts show the solid yields obtained by centrifugation after removing the
structure-directing agent via calcination at 550 °C. Error bars indicate the
standard deviation (SD). The data for particle size are presented as the
mean =+ SD (n = 6), and those for yield are presented as the mean £ SD (n =
4); (b) 2°Si NMR spectra of the supernatants were obtained by centrifuga-
tion at 360 min before and after the addition of ethanol (without further
heating) and the oligomer Q" ranges are indicated, and Q" distribution of
oligomers determined with liquid-state 2°Si NMR spectroscopic analysis
and average connectivity n of the Q"-type silicon atoms in the oligomers
(c) before and (d) after ethanol addition (without further heating); (e) 2°Si
NMR spectra of the supernatants obtained by centrifugation at different
crystallization times during the post-ethanol addition stage.

mother liquor, with no post-treatment such as centrifugation or
washing performed prior to analysis except for necessary dilu-
tion, and thus reflect the crystallization progress of the system.
As shown in Fig. 3a, prior to ethanol addition (yellow region),
the crystallization process displayed a typical S-shaped curve,
which could be easily divided into nucleation and crystal
growth stages, separated by an ‘“inflection point”. Upon reach-
ing the inflection point (35 min), a rapid increase in particle
size was observed, accompanied by the visible change from a
colorless, transparent solution to a milky suspension (Fig. S6)
and the formation of centrifugable crystalline ZSM-5 zeolites
(Fig. S7), with sizes matching DLS results (Fig. S8). Finally, the
average particle size stabilized at approximately 135 nm, and
the centrifugation yield plateaued at about 74%. After ethanol
addition, however, further heating led to an additional increase
in particle size and centrifugation yield (Fig. 3a). As summar-
ized in Table S3, the practically complete yield indicates nearly

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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full utilization of reactive species, which is also observed in
systems with higher Al content. These results show that ethanol
facilitates further crystal growth rather than nucleation of new
nuclei and drives the system toward a clean, species-depleted
mother liquor that provides an ideal environment for the
subsequent pure-silica shell growth.

To clarify how ethanol promotes this additional crystal-
lization, liquid-state 2°Si nuclear magnetic resonance (NMR)
was employed to identify types and distribution of silica species
in the supernatant obtained by centrifugation before and after
ethanol addition. Generally, broad signals arise from nano-
particles whereas narrow resonances correspond to dissolved
monomeric and oligomeric silicate species.*®™*® As shown in
Fig. 3b, only sharp singlets are observed in the *°Si NMR spectra
of the supernatant, both before and after ethanol addition
(without further heating), suggesting that particulate Si species
are essentially absent from the liquid phase. To independently
confirm the depletion of particulate species, we compared
the solid yields obtained by centrifugation and by dialysis
(Table S4). Because dialysis selectively removes soluble species
while retaining zeolite crystals and ultra-small particles that
cannot be retained during centrifugation (such as nuclei),
the solid yield obtained by dialysis reflects the total amount
of particulate species in the system.*’ The good agreement
between the yields determined by dialysis and by centrifugation
therefore corroborates that the liquid phase contains predomi-
nantly soluble silicate species, in line with the NMR analysis.
Besides, the spectral regions assigned to Q" environments in
Fig. 3b are consistent with the existing literature reports on
silicate speciation.*®™*° Notably, quantitative analysis of
the 2°Si NMR spectra (Fig. 3c, 3d) reveals that, upon ethanol
addition at room temperature, the percentage of silicon in Q°,
Q' and Q? environments decreases, while the Q* contribution
increases, leading to a higher average connectivity of silicon
atoms in the soluble silicate species. As heating proceeds in the
presence of ethanol, both the intensity and number of these
sharp resonance peaks markedly diminish (Fig. 3e), which is
attributed to the progressive incorporation of these soluble
silica species into the solid zeolite phase, in agreement with
the observed increase in centrifugation yield (Fig. 3a). Taken
together, these observations indicate that ethanol perturbs the
intrinsic speciation of dissolved silicate oligomers, shifting the
dissolution-condensation equilibrium toward more highly con-
nected species that are more readily incorporated at the crystal-
solution interface and thereby generating a clean, Al-depleted
mother liquor. This “clean” liquid phase is a prerequisite for
the subsequent pure-silica shell growth and is thus central to
the success of the ethanol-enabled one-pot construction of
surface Si zoning.

3.3.2. Role of ethanol in shell growth. Introduction of a
secondary silica source is required to construct the silica-rich
outer shell. The speciation and composition of this silica
source are crucial: an inappropriate speciation or composi-
tion may promote homogeneous nucleation or non-uniform
deposition,®™* thereby compromising controlled and confor-
mal shell growth. Guided by the results in Section 3.3.1, we
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prepared an ethanol-rich pure-silica solution whose composi-
tion mimics that of the ethanol-containing supernatant
obtained after core formation, characterized by a high alkali-
to-silicon ratio and a high ethanol content. This feed is here-
after referred to as the ethanol-rich silicate solution.

As shown in Fig. 4a, decreasing the OH ™ /Si molar ratio of the
ethanol-rich silicate solution leads to broad *°Si NMR signals
indicative of particulate silicate species. Dialysis experiments
corroborate this observation: the ethanol-rich silicate solution
gives negligible solid residue (< 1%), whereas the solution with
a reduced OH /Si ratio yields about 40% solid recovery
(Table S5). These results unequivocally demonstrate that parti-
culate species are essentially absent in the ethanol-rich silicate
solution but are abundant when the OH/Si ratio is reduced.
Such particulate silicate species are undesirable, as they readily
act as precursors for homogeneous nucleation and promote
uncontrolled crystal growth. Moreover, their incorporation also
disrupts uniform shell formation and leads to the rough sur-
face morphologies depicted in Fig. S9.

We further examined the role of ethanol by lowering only the
ethanol content of the silicate feed while keeping the OH /Si
ratio comparable. In the low-ethanol silicate solution (ethanol
originating solely from TEOS hydrolysis), the silicate species
still appear predominantly as monomeric and oligomeric
forms, as evidenced by the presence of sharp *>°Si NMR singlets
and the near-zero solid recovery upon dialysis (Fig. 4a and
Table S5). However, quantitative analysis shows that the aver-
age silicate connectivity is significantly reduced relative to the
ethanol-rich silicate solution (Fig. 4b and c), consistent with the
conclusion that ethanol promotes the formation of more highly
connected soluble silicate species. When both silicate solutions
were subjected to hydrothermal treatment at 140 °C for 2-8 h,
only the ethanol-rich silicate solution crystallized to form
zeolite after 3 h (Fig. S10a and c), with a final centrifugation-
derived solid yield exceeding 90%. In contrast, the low-ethanol
silicate solution remained clear and transparent throughout
(Fig. S10b), indicating no crystallization occurred. These results
further substantiate ethanol’s critical role in promoting zeolite
crystallization from highly connected, yet still soluble silicate
oligomers.

When the ethanol-rich silicate solution is added to the Z5-
200 core suspension and heated at 140 °C, the added silica is
consumed within only 2 h, corresponding to a markedly high
utilization rate that is substantially faster than that observed for
independent crystallization of the same solution (Fig. S10a).
This accelerated consumption in the presence of pre-existing
crystals indicates that, under ethanol-mediated conditions,
these highly connected yet still soluble silicate species prefer-
entially undergo classical addition onto existing zeolite surfaces
rather than following the more energetically demanding path-
way of de novo nucleation followed by growth.>* Owing to this
ethanol-assisted layer-by-layer classical growth mode, the sec-
ondary silica source is efficiently utilized, allowing for precise
control over the shell thickness by varying the amount of added
silicate, as demonstrated for the Z5-200-kSi series (Fig. 2 and
Fig. S3, S4). Furthermore, SEM images (Fig. 4d-g) directly
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75-100 (d) and (e) and Z5-100-1.0Si (f) and (g).

contrast the Z5-100 cores and the corresponding Z5-100-1.0Si
products. The initially rough and irregular core surfaces are
converted into smooth, continuous shells after shell growth,
illustrating that the ethanol-assisted strategy can uniformly
coat even morphologically non-ideal cores.

To examine whether the present strategy is specific to
ethanol, isopropanol (IPA) was also tested as an alternative
alcohol under otherwise comparable conditions after removal
of ethanol generated from TEOS hydrolysis. The resulting
samples still exhibited the MFI framework and showed
smoother particle surfaces after secondary silica addition
(Fig. S11), indicating that shell growth can also occur in the
IPA-assisted system. However, the decrease in the DTBPy-IR
signal and the suppression of TIPB cracking were less pro-
nounced than in the ethanol-assisted case, suggesting weaker
external acid-site passivation under the present conditions.
Considering that establishment of the IPA-assisted system
required an additional ethanol-removal step, which may alter
the liquid-phase silicate/aluminate speciation, these results
indicate that the present strategy is not uniquely limited to
ethanol and further support the mechanistic picture proposed
here, namely that alcohol-mediated modulation of liquid-phase
species facilitates efficient species incorporation and subse-
quent silica-shell growth.

In summary, ethanol plays a critical role in the one-pot
synthesis of surface Si-zoned ZSM-5 zeolites with tunable shell
thickness. In the core-formation stage, ethanol enables near-
quantitative utilization of aluminosilicate species, thereby
creating an Al-depleted mother liquor that is ideally suited for
subsequent pure-silica shell growth. In the shell-growth stage,

Mater. Chem. Front.

ethanol modifies the speciation of dissolved silicate oligomers,
shifting the dissolution-condensation equilibrium toward more
highly polymerized yet soluble species that are readily incorpo-
rated via classical monomer/oligomer addition at the crystal-
solution interface. This classical addition pathway under
ethanol-rich conditions ensures uniform deposition of soluble
silicate species across the entire crystalline surface, including
regions of high curvature or geometric confinement, thereby
enabling controlled construction of a smooth, silica-rich shell
without homogeneous nucleation.

4. Conclusion

To sum up, we have developed an ethanol-assisted one-pot,
two-step strategy for synthesizing surface Si-zoned ZSM-5 zeo-
lites with tunable shell thickness. Ethanol promotes a classical
crystallization pathway and enables near-complete utilization
of aluminosilicate species in the core-formation stage, generat-
ing an Al-depleted mother liquor suitable for subsequent pure-
silica shell growth. Upon addition of an ethanol-rich silicate
feed to the same system, soluble silicate species are incorpo-
rated via a classical layer-by-layer growth mode to form a silica-
rich shell with tunable thickness, yielding ZSM-5 zeolites with
well-defined surface Si zoning. Bulk and surface analyses,
complemented by DTBPy-IR spectroscopy and TIPB cracking
tests, confirm that the outer shell is silica-rich, structurally
continuous, and effectively inert toward bulky reactants. Over-
all, this ethanol-enabled one-pot strategy provides a high-yield
and compositionally efficient route to surface Si-zoned ZSM-5

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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and offers a versatile platform for tailoring external surface
properties in zeolite-based catalysis.
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