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Abstract Hierarchically porous zeolites are promising
candidates in catalytic conversion of relatively bulky
molecules, and their syntheses have attracted significant
attention. From both industrial and scientific perspectives,
different carbon materials have been widely employed as
hard templates for the preparation of hierarchically porous
zeolites during the past two decades. In this review, the
progress in synthetic strategies using carbon materials as
templates is comprehensively summarized. Depending on
the affinity between the carbon templates and zeolite
precursors, the substantial strategies for synthesizing
hierarchical zeolites are introduced in direct templates
and indirect templates. Direct templates methods, by which
the carbon materials are directly mixed with precursors gel
as hard templates, are first reviewed. Then, we discuss the
indirect templates method (crystallization of carbon-silica
composites), by which the carbon is produced by in situ
pyrolysis of organic-inorganic precursors. In addition, the
technique of encapsulating metal species into zeolites
crystals with the assistance of carbon templates is also
discussed. In the conclusion part, the factors affecting the
synthesis of carbon-templated hierarchically porous zeo-
lites are remarked. This review is expected to attract
interest in the synthesis strategies of hierarchically porous
zeolites, especially cost-effective and large-scale produc-
tion methodologies, which are essential to the industrial
application of hierarchical zeolites.
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1 Introduction

With well-defined micropores, strong intrinsic acidity, and
high (hydro)thermal stability, zeolites have been indust-
rially used in the field of gas adsorption-separation,
heterogeneous catalysis, and ion exchange [1]. However,
the limited accessibility inherited from the subnanometer-
scale micropore of zeolites strongly restricts the catalytic
performance for conversion of bulky molecules. Great
effort has been devoted to the fabrication of zeolites with
hierarchical porosity to integrate shape selectivity of
micropores and enhanced mass transfer of auxiliary
porosity system. Furthermore, hierarchically porous zeo-
lites possess the merits of modulating the product’s
selectivity, inhibiting rapid deactivation, and improving
utilization of active sites located inside the channel.
Various innovative strategies for the preparation of
hierarchically porous zeolites are mainly divided into post-
synthesis (dealumination and desilication) [2-5], soft
templating [6—16], hard templating [17-22] and other
approaches [23-25]. Post-synthetic treatment suffers from
the destruction of microporous architecture, low product
yield, and limitation by framework composition. Soft
templates, such as surfactant [6—8], amphiphilic organosi-
lane [9-11], and supramolecular polymer [12-16], are
generally expensive, which are unrealistic for large-scale
industrialization. What’s more, hard templating routes
have been developed, and readily available carbon
materials [17,18], SiO, [19,20], polymer [21], and
CaCOj; [22], etc. have been served as solid templates.
Among the numerous hard templates, carbonaceous
materials are mostly employed because of the controllable
structure, tunable pore size, diverse morphologies, and
easily modified surface. The reported carbon templates
include carbon black nanoparticles [26], carbon nanotubes
(CNTs) [17], carbon aerogel [27], graphite oxide (GO)
[28], ordered mesoporous carbon (CMK-n) [29] and
colloid-imprinted carbon [18], and so on. Recently, the
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research on the crystallization of carbon-silica composites
has received extensive attention. The tight connection
between carbon and silica is beneficial for the well-
penetration of carbon solid into the crystallized zeolite
particles. For carbon-templated zeolites, the regularity and
interconnectivity of macro/mesopores are strongly related
to many factors, such as channel structure, morphology,
the particle size of carbon, and the interaction between the
templates and the zeolites precursors.

In this review, we focus on the synthesis of carbon-
templated zeolites with pore hierarchy. First, the recent
progress in the direct templates method is reviewed
(Section 2). The additional carbon templates are directly
immersed into zeolite precursor mixture, which consisted
of microporous structure-directing agent, alkali source, Si
source, and Al source. The adopted crystallization
approaches mainly include hydrothermal synthesis (HTS,
Section 2.1) and dry gel conversion (DGC, Section 2.2).
Then, the achievements of the indirect templates method,
which referred to the zeolitization of the carbon-silica
composites, are elaborated (Section 3). The typical process
involves infiltration of the composite with the structure-
directing agent and then crystallization at high tempera-
ture. These composites are summarized in sections of
CMK-n-silica composites (Section 3.1), carbon-coated
silica composites (Section 3.2), and carbon-silica mono-
lithic composites (Section 3.3). Finally, we discuss the
functionalization of the zeolites by encapsulating metal
species with carbon templates (Section 4).

With the substantial achievements and significant
advantages of the hierarchical zeolites, there have been
reviews focusing on the carbon templated zeolites. Here,
we present recent progress in the direct-templates method
according to different synthetic procedures, emphasizing
the advantages and limitations of each approach. Further-
more, the indirect-templates process with benefits, such as
highly efficient utilization of carbon, is particularly
emphasized to inspire more attention in this field. Besides,
we also mention the current challenges and future
perspectives in carbon-templating methods for hierarchi-
cally porous zeolites.

2 Direct templates

The direct templates method refers to the strategy of
constructing hierarchical zeolites using additional carbon
materials as hard templates, which is generally applied to
create porosity during crystallization. The added carbon
templates are dispersed into the zeolite precursor gel/
solution and then be encapsulated in the zeolite crystal
particles. Due to the chemically inert characteristic and
controllable size, various carbon materials, such as carbon
nanoparticles, CNTs, biomass-derived carbon, GO, three-
dimensionally macro/mesoporous carbon, and CMK-n
carbon, are widely used as sacrificial templates. In general,
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these strategies can be subdivided into two main
categories: HTS and DGC.

2.1 Hydrothermal synthesis

Among the synthetic strategies of zeolites, the HTS
method exhibit inherent flexibility and versatility in the
fabrication of zeolites with different architectures and
compositions. In a typical procedure, the solid carbon
templates are evenly mixed into the zeolite precursor, and
the resulting mixture is subjected to one-pot hydrothermal
treatment in a Teflonlined steel autoclave. The removal of
carbon is accomplished by calcination under air, during
which the occupied space is released, and the porosity is
created in zeolites.

Carbon nanoparticles, such as commercial BP 2000,
formed by incomplete combustion of petroleum residues,
have been served as hard templates for hierarchically
mesoporous zeolites by the HTS process [30,31]. The
morphology of the used templates significantly affected the
connectivity of the auxiliary porosity in the zeolites. Using
carbon nanoparticles as secondary templates, hierarchical
silicoalumophosphate (SAPO)-34 with isolated pores
located inside the solid, was generated. Contrarily, with
the addition of the CNTs, the produced SAPO-34
possessed intracrystalline pores accessible from the surface
of the particle [32]. Then, various zeolites containing
interconnected pores, such as ZSM-5 [33], SAPO-34 [34],
Beta [35], silicalite-1 [36], were formed with the aid of
CNTs, and the size of the mesopores usually matched with
the diameter of the CNTs wrapped in the crystals.
However, the high cost of CNTs inhibited their large-
scale application. Due to the tailorable porosity, facile
preparation, low cost, and obtainable in monolithic form,
carbon aerogels were also investigated as potential
templates for the generation of intracrystalline mesoporous
zeolites [37,38]. The obtained monolithic zeolites with
abundant and uniform pores were expected in the catalytic
application, because of the greater accessibility to the
active sites and the rigid mechanical strength. Since
sustainable raw materials and cost-effectivity, biomass-
derived carbon materials, such as sugar/protein-derived N-
doped carbonaceous monolith [39], pyrolyzed wood [40]
were considered. The possibility of extending the synthetic
process to other biomass-derived materials and other
zeolites framework structures is worth exploring. How-
ever, biomass material is the most abundant and renewable
resource for the production of carbon templates, but the
energy consumed in the pyrolysis process is still a limiting
factor for industrial-scale preparation.

The critical issue of the HTS is the incompatibility of
inert carbon in the precursor sol system. Due to the
hydrophobic surface of ordinary carbon materials, the frail
binding force between solid matrix and precursor solution
would induce serious phase segregation. As predicted, GO
with hydrophilic oxygen-containing groups could disperse
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in gel very well, and some studies of GO templated zeolites
were reported. The readily dispersed GO blocked the
further growth of zeolite units, resulting in well-connected
pores [28]. Some researchers even demonstrated the
intergrowth of the silicalite-1 zeolite-GO composites.
SEM observation indicated that silicalite-1 crystals grew
on the surface of GO nanosheets. The affinity between GO
templates and zeolite framework was the decisive factor in
producing zeolite-GO composites [41]. The hydrophobic
graphene was also used to synthesize zeolites, and the size
and morphologies of the crystallized particles changed
remarkably with the addition of graphene. Due to the
hindering effect of the physical barriers on the growth of
nanocrystals, the synthesized zeolites became significantly
smaller as the amounts of employed graphene increased
[42]. The particle-shaping role of the hydrophobic
graphene is claimed, which is different from the pore-
directing effect of hydrophilic GO in the synthetic system
of hierarchical zeolite. Except for GO, the commercial
hydroxyl-functionalized CNTs, which were surface mod-
ified by abundant -OH and —COOH species, favored the
formation of mesoporous ZSM-5 [43]. Driven by the
desire to improve the interfacial effect between the rigid
substrate and zeolite precursor, the hydrophilic modifica-
tions of the template have been performed. For example,
carbon black treated with NaClO could be well dispersed
in the initial precursors, leading to hierarchical ZSM-5
with uniform porosity [44]. As a powerful oxidant, the
HNO; solution was also used for the modification of
carbon materials. Typically, the oxidative treatment of
Merck carbon was performed by mixing with HNO;
solution and subsequently evaporating until dryness [45].
Recently, Huang’s group reported the preparation of highly
efficient carbon templates by carbonization of the mixture
of polythene oxide and urea. The -C—O—C— groups on the
surface were transformed into -C—O-H bonds in the gel
system, thereby enhancing the hydrophilicity and compat-
ibility of the carbon templates [46]. So, it can be concluded
that the surface chemical characteristics of the added
carbon make a significant impact on the natural features of
zeolites, such as porosity, particle size, and morphology.
The hydrophilic modifications could avoid the extrusion of
carbon during the growth of zeolite crystal, but this
operation is accompanied by complicated routes and high
economic costs. Therefore, the large-scaled production of
efficient and cheap carbon templates is expected.
Three-dimensionally ordered macro/mesoporous
(3DOM/3DOm) structured zeolites, which exhibit the
advantages of ordered porosity, high interconnection, and
superior hydrothermal stability, are of considerable interest
for scientific research and industrial application. The
electron microscopy and schematic illustration of ordered
macro/mesoporous structured zeolites synthesized by the
HTS route were shown in Fig. 1. Novel carbon materials
with 3DOM/3DOm were precisely prepared. The synthesis
route mainly involved three steps: the infiltration of the
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organic precursor into colloidal interstitial space, carboni-
zation in flowing inert atmosphere, and removal of
templates. As Yoo et al. reported [47,48], 3DOM carbon
with pore size of ~350 nm was synthesized using poly
(methyl methacrylate) colloidal crystals and resorcinol-
formaldehyde as templates and carbon sources, respec-
tively. Then, the surface was alternately modified with
positive and negative polyelectrolytes. The charged 3DOM
carbon was employed to synthesize silicalite-1 using
recycled infiltration/hydrothermal method. Typically, the
carbon was immersed into the zeolite solution during
hydrothermal treatment. Then the seeded zeolites were
recovered and re-inserted into a fresh solution to critically
control the crystal growth process, and the operation was
repeated several times. When the 3DOM carbon was
soaked in the precursor solution with high silica concen-
tration (H,O/Si= 11.4), the monodisperse silicalite-1
spheres trapped in the cages of 3DOM carbon templates
were formed (Fig. 1(a)). Contrarily, The condition of low
silica concentrations (H,O/Si= 475) favored the crystal
growth. The growth of seeds could extend to adjacent
cages of 3DOM through the window, resulting in the
formation of interconnected single-crystal domains with
diameters of several micrometers after five cycles (Figs. 1
(b) and 1(c)).

Subsequently, through this straightforward multiple
hydrothermal treatments, 3DOm-structured zeolites could
be realized [18]. The 3DOm carbon templates were
prepared by filling furfuryl alcohol into the packed space
of mesoscopic-sized silica colloidal. Using precursors with
low silica concentration (H,O/Si= 405), the 3DOm-
structured zeolite single crystals were synthesized. The
confined growth of zeolite in the interior space of 3DOm
carbon could be achieved, which avoided the crystal
formed outside. Moreover, as displayed in Fig. 1(d),
further studies demonstrated that various zeolites, includ-
ing those with *BEA, MFI, FAU, LTL, LTA topologies,
were synthesized by this confinement effect. Based on the
above research, the 3DOm ZSM-5 [49], *BEA [50], Sn-
MFI [51], SAPO-34 [52], * BEA/MFI nanocomposites [53]
were also successfully fabricated, indicating the feasibility
of the strategy. From a scientific perspective, the confined
synthesis of ordered macro/mesoporous zeolites provides a
reference example for understanding the crystallization
mechanism of zeolite and arouses inspiration for designing
novel synthetic schemes. The precursor concentration is a
decisive factor for the features of the obtained zeolites,
such as porous structure and particle size. In this strategy, a
lower concentration is necessary to be controlled to
construct the interconnected porous structured zeolites.
The three-dimensionally ordered pores endows the zeo-
lite’s interconnected structure, which makes it possible to
establish a relationship between the porous structure and
the performance of zeolites. However, further industrial
production might be limited due to the complicated and
time-consuming process.
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Fig. 1 Summary of zeolites using ordered porous carbon as templates via HTS process: (a) Scanning electron microscopy (SEM) image
of the agglomerate of close-packed spheres with high silica concentration. Reprinted with permission from ref. [47], copyright 2008
Wiley. (b) SEM and (c) transmission electron microscopy (TEM) images of the sample obtained with low silica concentration. Reprinted
with permission from ref. [48], copyright 2009 American Chemical Society. (d) Schematic illustration and TEM images of 3Dom-
structured zeolites through multiple hydrothermal treatments. Reprinted with permission from ref. [18], copyright 2011 American

Chemical Society.
2.2 Dry gel conversion

DGC is a technique of transforming dried precursor gel
into crystal under water steam or mixed vapor of steam and
volatile microporous structure-directing agent, where the
precursor mixture is not directly in contact with the liquid
medium. To eliminate the phase separation during
hydrothermal crystallization, DGC is extensively utilized
in the synthesis of carbon templated zeolites. The mass
transport of the DGC process is much lower than that of the
HTS method, because of the limited amount of water
medium presented in the precursor gel mixture. So it is
beneficial for realizing the in situ confined crystallization
in porous channels of carbon templates, avoiding the
migration of precursors from the pores networks to form
separate bulk zeolites. The rational synthesis consists of
three steps: 1) preparation of dried carbon-gel mixture by
impregnating the precursor solution on carbon templates
and subsequent aging, drying; 2) crystallization in a
designed autoclave with sufficient water at the bottom;
3) combustion of carbon templates in air or O, flow.
Many researchers have focused on the DGC route to
synthesize hierarchical zeolites for the efficient utilization

of carbon templates. The TEM images of different carbon-
templated zeolites were exhibited in Fig. 2. Nanosized
zeolite crystals, such as silicalite-1, ZSM-5, zeolite Beta,
zeolite X, and zeolite A, were synthesized by impregnating
low-viscosity precursor solutions into the mesopore
system of carbon black inert matrix through the DGC
process [54—56]. However, with excess zeolite gel, large
zeolite single crystals with intracrystal mesopores formed
(Fig. 2(a)), indicating that seeded zeolite nucleated inside
the mesopores and outside the templates. The carbon
nanoparticles were trapped in zeolite single crystal during
the crystallization, giving rise to auxiliary pores [26,57—
61]. To improve the porosity of carbon nanoparticles-
templated ZSM-5, desilication in NaOH solution was
performed, and the porous volume of the corresponding
product was increased compared with the parent sample
[62]. Subsequently, to realize the accessibility of the pores,
CNTs were selected as pore-forming agents [17,63]. The
TEM image in Fig. 2(b) depicted that the straight channels
derived from the penetration of CNTs were randomly
oriented. Moreover, the sizes of the mesopores could be
adjusted by controlling the diameter of CNTs. Besides, the
dispersed CNTs in gel could affect the nucleation and
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Fig. 2 Summary of TEM images of carbon templated zeolite via DGC process: (a) Hierarchical ZSM-5 using carbon black as templates.
Reprinted with permission from ref. [26], copyright 2000 American Chemical Society. (b) Hierarchical silicalite-1 using CNTs as
templates. Reprinted with permission from ref. [17], copyright 2001 American Chemical Society. (c) Hierarchical silicalite-1 using carbon
aerogel as templates. Reprinted with permission from ref. [27], copyright 2008 Elsevier. (d) Hierarchical silicalite-1 using carbonized
carbohydrates as templates. Reprinted with permission from ref. [65], copyright 2007 Wiley.

growth behaviors of zeolites, which lead to the generation
of mesopores. However, it was claimed that the mesopores
were not due to the space occupation of carbon. The
addition of carbon modified the crystallization process and
gave rise to the formation of mesopores [64]. Carbon
aerogels were of great interest to the researchers, because
of the three-dimensional mesoporous network and uniform
size of nanoparticles. As observed in Fig. 2(c), the created
pores in a zeolite particle were interconnected. Using
aerogel obtained with different resorcinol to catalyst molar
ratio as templates, the mesoporous size of resulting Meso-
S-1 could be adjusted [27]. The tailorable pore size of the
products was significant to study the effect of porosity on
catalytic performance.

Considering the economic costs, inexpensive carbohy-
drate was employed as raw materials of carbon templates.
The mesoporous carbon was available by hydrothermal
treatment of widely available sucrose in ammonia solution
and subsequent carbonization in an inert atmosphere. As
shown in Fig. 2(d), with porous carbon as a template,
ZSM-5 with abundant mesopores were synthesized [65].
The one-pot fabrication of hierarchical zeolites assisted by
in situ generated carbon, where the crystallization of
zeolite and formation of porogen took place simulta-
neously, was also developed [66,67]. Precursor mixture
was obtained by mixing carbohydrate and zeolite gel,
which was then subjected to heat treatment. In this case,
the step of carbonization at high temperature was omitted,
leading to time and energy savings, and the hydrothermal
carbonization of carbohydrate created the porosity.

Recently, the construction of 3DOM/3DOm zeolite was
also achieved via the DGC process, as shown in Fig. 3.
According to the literature [47,48], the usage of polyelec-
trolyte modified carbon templates resulted in ordered
macro/mesoporous structured zeolites with a diameter of
several micrometers by recycled infiltration/hydrothermal
process. However, the preparation is time-consuming and
complex. In this study [68], ordered macro-mesoporous
carbon (OMMC) materials with macropore sizes of
~200 nm acted as templates for synthesizing micron-sized

zeolite Beta. Typically, the OMMC templates were
impregnated into excess zeolite Beta precursor slurry,
followed by aging, drying, and steam-assisted crystal-
lization process. The ordered macro-mesoporous single
crystals Beta were synthesized. As shown in Figs. 3(a) and
3(d), the representative Beta crystals of 1.5-2 um were
composed of many tightly intergrown zeolite spheres of
200 nm. The release of space occupied by the OMMC
templates through combustion form interconnected chan-
nels inside crystalline particles. The thermal and hydro-
thermal stability test claimed that the well-defined
frameworks with high crystallinity were intact after
treatment, indicating significant potential for practical
applications. Then, with OMMC as templates, the
hierarchical single-crystal ZSM-5 with different Si/Al
molar ratios were successfully prepared by this versatile
confined crystallization process [69]. Due to the inter-
connected macro-meso-micropores, single-crystal nature,
and high pore volume, the ZSM-5 showed higher activity
and lower coking rate in cracking of bulky-molecule and
methanol to olefins reaction. With the merits of inter-
connected porosity, universal versatility, micron-sized
crystal, and simplified operation, the ordered macro-
mesoporous structured zeolite is valuable for fundamental
research and industrial applications.

Fan et al. also achieved the nanofabrication of zeolites
with three-dimensionally ordered mesopores via DGC
treatment [70]. The transparent silicalite-1 sol was
immersed into the 3DOm carbon templates to ensure that
the amount of SiO, accounted for 30 wt-% of the carbon
templates. Followed by steam-assisted crystallization at
high temperature, the 3DOm-structured silicalite-1 single
crystal was synthesized. As shown in Figs. 3(b) and 3(e),
the isolated particulate domains were composed of
uniformly sized nanocrystals, which diameter was con-
sistent with the mesopores size of the 3DOm carbon
templates (~20, 30, and 40 nm). The single-crystal nature
of the domain was confirmed by the representative electron
diffraction pattern. Later, the fabrication of *BEA/MFI
zeolite nanocomposites by overgrowing MFI crystals on
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Fig. 3 Summary of three-dimensionally ordered porous structured zeolites via DGC process: (a) SEM and (d) TEM image of ordered
macro-mesoporous zeolite Beta. Reprinted with permission from ref. [68], copyright 2020 Wiley. (b, ¢) TEM images of 3DOm carbon
templated silicalite-1 single crystals. Reprinted with permission from ref. [70] copyright 2008 Nature. (c) SEM image and (f) TEM image
of CMK-L templated silicalite-1 crystals. Reprinted with permission from ref. [29], copyright 2011 Elsevier.

3DOm-structured *BEA was reported [53]. First, 3DOm-
structured *BEA zeolite with 35 nm nanocrystalline grew
in the confined space provided by carbon templates. Then
3DOm-structured *BEA was impregnated with MFI
precursor sol. Finally, through dry gel transformation,
zeolite nanocomposites with different micropore frame-
works were generated. However, as indicated in character-
ization, the isolated particles with the size of about 100—
300 nm belonged to the category of nano-sized zeolite,
which resulted in difficult separation. More importantly,
the utilization efficiency of 3DOm-structured carbon was
not satisfactory because part of the template was not
involved in directing crystallization of mesoporous zeolites
(Fig. 3(b)).

CMK-type carbon materials were delicate replications of
ordered mesoporous silica with different topologies and
pore structures [71,72], which were used to template
ordered mesopore structure in the zeolite. In fact, it is
challenging to crystalize the gel in the confined mesopor-
ous channels because of the incompatibility between the
narrow channels (several nanometers) and structural units
of zeolites. Surprisingly, Ryoo’s groups reported a
successful attempt to replicate CMK-type materials into
ordered mesoporous zeolites under steaming condition
[29]. In this research, CMK-L with 10 nm pore diameters
and 5.1 nm wall thickness was chosen as a rigid template
derived from mesoporous silica KIT-6. As illustrated in
Figs. 3(c) and 3(f), under optimum humidity, the MFI
zeolites with preserved ordered mesopores and fully
crystallized walls were synthesized. The relative humidity,
channel diameter, and framework rigidity of the template
were all the keys to precisely control the crystallization in

the mesopore network. This work provided the guiding
significance for the synthesis of ordered mesoporous
zeolites from the aspects of the selection of porous carbon
templates and the determination of crystallization condi-
tions.

In summarizing the literature, significant progress has
been made in the synthesis of hierarchical zeolites by the
direct templates method. The summary of carbon-tem-
plated zeolites by HTS and DGC process was listed in
Table 1. The characteristics of zeolites, such as morphol-
ogy, size, and porous structure, are strongly related to the
nature of carbon templates and the selection of crystal-
lization approach. The HTS approach which exhibits
advantages, such as versatility of different zeolites and
simplicity of operation, were versatile for fabricating
different zeolites, but it is limited by the severe phase
separation and low utilization of carbon templates. The
advantages of the DGC are its low consumption of solvents
and efficient utilization of carbon, while the disadvantages
of this approach include the requirement of designed
devices and a limited list of available zeolites.

3 Indirect templates

In contrast to the syntheses accomplished by mixing
additional carbon templates into the zeolite precursor
mixture, impregnating the C-Si composites, which formed
by carbonization process, into the microporous structure-
directing agent for zeolitization was developed. In this
case, the composites were used as both Si precursors and
pore-generating agents. Due to the enhanced affinity
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between silica and carbon template in the composite, the
templating effect of carbon could be fully exploited. In this
section, according to the porous structure and preparation
method, different composites were further classified into
CMK-n-silica composites, carbon-coated silica compo-
sites, and carbon-silica monolithic composites. The
electron micrographs of obtained hierarchical zeolites
were shown in Fig. 4 (cf. Section 3.3).

3.1 CMK-n-silica composites

To synergize the advantages of the ordered mesoporosity
and unique acidity of zeolites, in situ crystallization of the
ordered mesoporous materials synthesized by the surfac-
tants template method was performed. To prevent the
collapse of periodic mesostructure, the ordered mesopor-
ous silica-CMK typed composites were formed by the
carbonization of filled organic species or surfactants in the
mesopore channels. Carbonaceous CMK-n served as the
stabilizer to support the silica framework during crystal-
lization. According to previous researches, the complete
conversion of pore wall into microporous crystalline has
not been realized. In most cases, the generation of
mesoporous materials with deposited zeolite frameworks
has been proved [73,74]. The silicalite-1/SBA-15 compo-
site was obtained by crystallizing the carbon-filled SBA-15
through solid-phase transformation and the short-ranged
crystal domains were embedded inside the mesoporous
SBA-15 matrix [75]. Moreover, the partially crystallized
composites were of great interest for industrial purposes as
the improved diffusion and zeolitic characteristics. How-
ever, it is challenging to obtain ordered mesoporous
zeolites with the completely crystallized mesoporous wall
because the poorly thin wall is not rigid enough to hold
zeolite building units. With the prolonged crystallization

20 nm

SO A
e
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time, the ordered mesoporous silica-CMK-n composites
were completely crystallized into mesoporous zeolites
without mesostructured periodicity [76,77]. The CMK-n
materials were wrapped in zeolites particles and served as
templates of auxiliary porosity during the crystallization.
In this zeolitization transformation process, the ordered
mesopores walls of silica were unstable and completely
collapsed, so the advantages of the ordered mesostructure
were not preserved and utilized.

CMK-n-silica nanocomposites were also synthesized by
the nonionic triblock copolymer templating method.
Through the co-assembly of the silica precursors, carbon
precursors, and mesomorphous micelles of surfactant, the
composites with meso-channel walls consisted of carbon
and silica were generated. During the crystallization of the
CMK -n-silica nanocomposites, the inter-embedded carbon
in the composites framework could impede the growth and
aggregation of generated zeolite seeds. So, in this case,
some domains did not convert into microporous zeolite
because of the locking effect of carbon species. Careful
control of the moderate crystallization condition should be
made to yield the complex with a partially maintained
mesostructured framework and microcrystalline units
[78—80]. As displayed in SEM and TEM images (Figs. 4(a)
and 4(e)), hierarchical ZSM-5 zeolites were constructed,
and each particle was composed of linked microcrystalline
units [81]. The CMK-n-silica composites with intergrowth
pore walls tended to form partially crystallized zeolites
framework due to the confined effect of carbon.

3.2 Carbon-coated silica composites
The carbon-coated silica composites were produced by

immersing silica with the required amount of organic
carbon precursor, such as sucrose, dopamine, and

Fig. 4 Summary of hierarchical zeolites derived from carbon-silica composites. Top: SEM images. Bottom: TEM images. (a, ¢) ZSM-5
zeolite. Reprinted with permission from ref. [81], copyright 2020 Wiley. (b, f) Silicalite-1 zeolite. Reprinted with permission from ref.
[85], copyright 2018 Royal Society of Chemistry. (c, g) Silicalite-1 zeolite. Reprinted with permission from ref. [91], copyright 2013
Royal Society of Chemistry. (d, h) Zeolite Beta. Reprinted with permission from ref. [92], copyright 2016 Elsevier.
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subsequent carbonization. The deposited carbon layer on
the surface of silica served as the sacrificial template for
generating auxiliary pores. During the crystallization, the
carbon template trapped in crystal particles leads to pores
[82—84]. Furthermore, the “wall” effect of the carbon layer
to confine the overgrowth of zeolite nanocrystals was
demonstrated. As reported [85,86], by steam-assisted
crystallization, core-shell structured carbon-silica compo-
sites converted into meso-microporous MFI-type zeolites,
which were packed by numerous interlinked nanocrystals.
As shown in Figs. 4(b) and 4(f), the size of nanocrystals
was close to that of added silica sphere, which proved the
effect of carbon shell on restricting the epitaxial growth of
zeolite.

Another direct deposition method to prepare carbon-
coated silica composites by decomposing and depositing
carbonaceous gases on the surface of silica was developed,
thereby simplifying the operation procedures. Silica
spheres were subjected to the heating treatment of
carbonaceous gas flow, such as methane, acetylene, and
propane. Varying the gas concentration and deposition
time, the composites with different coke/silica ratios could
be yielded, which were used to adjust the porosity of
zeolites [87-90]. The advantages of this approach are its
simplicity and controllability of the porosity. However, it is
limited by the consumption of expensive hydrocarbon gas
and the safety issues in the carbonization process.

3.3 Carbon-silica monolithic composites

Great attention is also paid to zeolite synthesis by adopting
carbon-silica monolithic composites as raw materials. The
carbon-silica monolith with the component of 40 wt-%
carbon and 60 wt-% SiO, were hydrothermally prepared
with carbohydrate, polymerized resin, and tetraethyl
orthosilicate as raw materials. Using that as the precursor,
single-crystal MFI-type zeolite microspheres with 5-10
um diameter was yielded (Figs. 4(c) and 4(g)). The percent
of carbon had a significant influence on the formation of
microspherical structures. With the features of micron-
scaled crystal size, simple preparation process, and
interconnected pores, zeolite microspheres showed great
potential for practical application [91]. Hierarchically
porous zeolite Beta was synthesized by impregnating the
zeolites Beta sol into the carbon-silica monolith. The
resultant Beta zeolites were spherical aggregates made of
stacked nanoparticles (Figs. 4(d) and 4(h)), and the voids
of nanoparticles formed the hierarchical pores inside
crystals [92].

In the above research, the morphology and particle size
of carbon-silica raw materials were not preserved during
crystallization. According to the mechanism of zeolite
crystallization, precursor species dissolve in alkaline
solution to form a gel and then convert into crystalline
particles. So it is challenging to achieve in situ crystal-
lization without migration of Si species. Huang et al. [93]
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described a confined space approach to synthesize
tailorable sized zeolite NaA using colloidal silica with
the average size of 100 nm as a SiO, source. With the
presence of Pluronic P123, furfuryl alcohol self-polymer-
ized on the surface of SiO, to produce the silica-P123-
furfuryl alcohol monolith. To prevent silica from penetrat-
ing outside the composites, surface coating of the monolith
was further performed with polymerization of FA. The
silica-P123-furfuryl alcohol complex was heat-treated at
500 °C in N, flow, leading to the produce of carbon-silica
monolithic composites with porous carbon coating. Then,
the penetration of alkaline zeolite NaA solution and
hydrothermal crystallization was carried out. In this
study, partial silica spheres embedded in porous carbon
monolith were in situ converted into NaA zeolite without
change of morphology and size. Much effort is worthwhile
in this field, which involves the study of crystallization
mechanism, and provides guiding significance for the
construction of zeolites.

Monolithic zeolite with a hierarchically porous structure
of interconnected macro/mesopore and micropore is
promising in diverse high throughput or requiring low
pressure drop processes. The carbon templating method as
a simple and general procedure has been established to
fabricate such zeolite monolith with pore hierarchy.
Hierarchically porous ZSM-5 monolith with 2 cm diameter
x 5 mm thick obtained by the crystallization of SBA-15
containing carbon in the pores with the induce of TPAOH.
Similarly, the ZSM-5 crystal films deposited on the glass
were also successfully obtained [94]. What’s more, various
shaped zeolite Beta monoliths could be easily synthesized
by converting carbon-containing silica molded in different
shapes via hydrothermal crystallization [95]. With the
production of monolithic zeolite, the shaping procedure of
the catalyst could be omitted in the application process.
The mass transport and accessibility of active sites were
improved with the introduction of hierarchical pores, so the
carbon templated zeolite monolith is an exciting catalyst
material and deserves more attention in the future.

In summarizing the literature, hierarchical zeolites were
successfully fabricated through the indirect template
method. The summary of the indirect templated zeolites
was listed in Table 2. Compared to the direct templates
methods, the highly efficient utilization of carbon
templates was realized due to the enhanced interaction
between carbon and silica. However, the complex of
amorphous and crystallized phase easily formed during
this process, which could be overcome by prolonging the
crystallization time.

4 Fixation of metal nanoparticles into
hierarchical zeolites

Fixation of transition metal or noble metal species into the
zeolitic framework, could further extend the performance
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of hierarchically porous zeolites. Hierarchically porous
zeolites loaded with metal species, combining the
advantages of shape selectivity of micropores, mass
transport of auxiliary pores, and catalytic activity of
metal active sites, presented excellent catalytic perfor-
mance in various processes. Currently, recognized strate-
gies to prepare metal@zeolite catalysts typically include
ion exchange [96,97], incipient impregnation [98,99], and
in situ encapsulation approach [100,101]. Ion exchange is
restricted by the amount of Brensted acidic sites,
hydrophilic/hydrophobic property, and pore size of
zeolites. The incipient impregnation method suffers from
inhomogeneity, low dispersion, and severe aggregation. To
inhibit fast precipitation of metal precursors in alkaline
synthetic gel, expensive organic ligands, for example,
ethylenediamine, mercaptosilane, are required in reported
in situ encapsulation of metal species into zeolite frame-
work. Hierarchical porous channel of zeolites significantly
improves the mass transport, accessibility of active sites,
and sintering resistance of the catalyst. So, it is desirable to
develop an approach with low economic cost and wide
versatility for immobilizing metal nanoparticles into the
internal voids of hierarchically porous zeolites.

With the addition of carbon solid templates and metal
sources into the zeolite precursor solution, simultaneously,
the metal-containing hierarchical zeolites would be
afforded after crystallization. A series of successive
impregnations of the different zeolite precursors into
carbon matrix BP 2000 was conducted to form the Co-
AIPO4 mixture. The obtained micron-sized hierarchical
CoAIPO-5 stacked with numbers elongated-shaped nano-
particles possessed both intra- and intercrystalline pores
[102]. Applying the multiple hydrothermal crystallization
method reported in previous literature, Cho et al. described
the synthesis of hierarchical Sn-MFI with the addition of
SnCly - 5H,0 using 3DOm carbon as templates [51]. More
directly, the metal salts, such as Ni(NOj3),, Co(NOs),, and
CNTs were sequentially added to the final zeolite gel. The
hierarchical MeSAPO-34 (Me= Co, Ni) with embedded
metal particles was successfully synthesized [103].

A more efficient method was proposed to realize the
fixation of metal species into the zeolite framework. By
depositing metal species on the surface of carbon
templates, the strategy of one-pot synthesis of metal-
supported hierarchically porous zeolites was demonstrated.
Take the synthesis of Co-ZSM-5 zeolite as an example to
introduce the preparation process in detail. Before the
synthesis of Co-ZSM-5, the CNTs templates were
impregnated into cobaltous nitrate solution and calcined
in N, flow at 400 °C. The obtained Co/CNTs were placed
into ZSM-5 zeolite sol as sacrificial templates and metal
sources. Through hydrothermal crystallization, the Co/
ZSM-5 porous composites with encapsulated CoO were
produced [104]. Based on the above research, different
metal species, such as Mg, Ni, were incorporated into
ZSM-5 zeolites to expand the further application of zeolite
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in the fields of catalysis, adsorption, and biomedical
science [105]. By the hydrothermal carbonization of
cellulose and Fe(NOs);, the Fe nanoparticles fixed in the
carbon sphere were prepared as precursors for the
fabrication of zeolite Y microcrystals with embedded Fe
species [106]. The steam-assisted crystallization was also
deployed to synthesize metal-containing hierarchical
zeolites. The hierarchical Ga/ZSM-5 composed of
assembled nanounits and Ga,O; nanoparticles were
obtained by adopting a similar procedure [107]. What’s
more, the location of Ga species in Ga-CNTs composites
significantly impacted the properties of the Ga-loaded MFI
zeolites [108].

The migration and sintering of metal species, which lead
to the loss of activity, could be overcome by the fixation of
the nanoparticles into hierarchical zeolites. With the
assistance of carbon templates, the facile formation of
the hierarchical zeolites with encapsulated metal species
was realized by the one-pot synthesis process, exhibiting
the promising potential for use. Moreover, for wide
application, this approach is required to be generally
applicable in syntheses with different metal species, carbon
templates, and targeting zeolite structures.

5 Conclusions and perspectives

In conclusion, hierarchically porous zeolites with char-
acteristics of integrating macro/mesopores into the micro-
porous framework are readily available by the carbon
templating method. With the advantages of controlled
generation of porosity, wide versatility, and low cost, the
carbon-templating process is the most promising strategy
to fabricate hierarchical zeolites with different architecture
and compositions on an industrial scale. Based on the
above summary and discussion, the following issues are
essential for carbon templating synthesis: 1) Interaction
between carbon matrix and zeolite precursor/framework.
In addition to spatial confinement, chemical interaction
between carbon and zeolite precursor/framework also exits
in the synthetic system, which determines whether the
carbon matrices can be implanted into product crystals or
not. By altering the hydrophilic/hydrophobic properties of
inert carbon surface, the interfacial effects can be
improved, which is beneficial for achieving the efficient
utilization of template by occupying more voids space
inside crystals. Compared with zeolites synthesized by
additional carbon templates, the crystallization of carbon-
silica composites tends to form zeolites with more
abundant pores. 2) Nature of carbon templates. The texture
properties of zeolites are undoubtedly affected by the
characteristics of carbon templates, such as the addition
amount, morphology, particle size, and pore structure.
Remarkably, the regularity and interconnection of the
porous tunnels of produced zeolite mainly depend on the
structure of templates, because it is usually a model
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replication process, where introduced pores were derived
from the release of encapsulated carbon by combustion. As
the amount of added template increase, more carbon
matrices are implanted into crystals, giving rise to the rise
of the pore space. 3) Selection of crystallization approach.
Adopting different crystallization methods, the crystal-
lization kinetics and mechanism are different, significantly
affecting the growth process and final structure of zeolites.
Compared with traditional HTS, mass transport is much
slower under stream conditions in the DGC process. So,
the phase separation can be eliminated to some extent,
which is favorable for the encapsulation of carbon into
zeolite bodies. 4) Control of zeolite gel components.
Besides the templates, the composition of zeolite gel, such
as precursor source, concentration, and Si/Al molar ratio,
also need to be specially modulated. The alkalinity,
viscosity, and chemical property of the precursor solution
can be altered with different amounts of Al source, leading
to differentiated interaction between templates and gel.

Hierarchically porous zeolites are desirable materials for
industrial applications, and significant progress has been
achieved in the synthesis of carbon templated zeolites.
With the need for large-scale production, it is highly
desirable to develop a simple method to effectively
improve the utilization of carbon and precisely control
the interconnectivity of the pores. From a scientific point,
very little progress has been accomplished in the in situ
crystallization of carbon-silica composites, where the
morphology and size of raw materials were maintained.
The effort is worthwhile in this respect because it is
beneficial for researching the crystallization mechanism of
zeolites. Besides, with the potential in industrial applica-
tions, the development of synthetic strategy of the
monolithic zeolite catalyst is expected. For carbon
templating synthesis, the crucial role of carbon as well as
interaction between carbon matrix and zeolite precursor/
framework still needs further experimental verification and
detailed characterization.
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